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Preface

Building on its heritage in planetary science, remote sensing of the Earth’s atmo-
sphere and ionosphere with occultation methods has undergone remarkable devel-
opments since the first GPS/Met ‘proof of concept’ mission in 1995. Signals of
Global Navigation Satellite Systems (GNSS) satellites are exploited by radio occul-
tation while natural signal sources are used in solar, lunar, and stellar occultations. A
range of atmospheric variables is provided reaching from fundamental atmospheric
parameters such as density, pressure, and temperature to water vapor, ozone, and
other trace gas species. The utility for atmosphere and climate arises from the unique
properties of self-calibration, high accuracy and vertical resolution, global coverage,
and (if using radio signals) all-weather capability. Occultations have become a valu-
able data source for atmospheric physics and chemistry, operational meteorology,
climate research as well as for space weather and planetary science.

The 3rd International Workshop on Occultations for Probing Atmosphere and
Climate (OPAC-3) was held September 17–21, 2007, in Graz, Austria. OPAC-3
aimed at providing a casual forum and stimulating atmosphere for scientific discus-
sion, co-operation initiatives, and mutual learning and support amongst members of
all different occultation communities. The workshop was attended by 40 participants
from 14 different countries who actively contributed to a scientific programme of
high quality and to an excellent workshop atmosphere.

The programme included 6 invited keynote presentations and 16 invited presen-
tations, complemented by about 20 contributed ones including 8 posters. It covered
occultation science from occultation methodology and analysis via results of recent
occultation missions and application of occultation data in atmospheric and climate
science to the presentation of future occultation missions. The detailed programme
and all further workshop information will continue to be available online at the
OPAC-3 website at http://www.uni-graz.at/opac3.

Key challenges, as defined by the workshop participants, are to establish occul-
tation as a future climate monitoring system demanding the demonstration of trace-
ability to the International System of Units (SI), which is a fundamental property of
a climate benchmark data type. Enhancement and validation of processing chains for
the quantification of uncertainty between different retrieval methods and processing
systems are further important requirements. Of high importance in this respect is
the continuation of GNSS radio occultation missions with a sufficient number of
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vi Preface

satellites as well as the conveyance of new mission concepts towards new horizons
in occultation research.

This book was compiled based on selected papers presented at OPAC-3 and well
represents in its five chapters the broad scope of the workshop. Occultation method-
ology and analysis with an overview on applications is given in chapter 1. The use
of solar, lunar, and stellar occultations from SCIAMACHY and GOMOS onboard
ENVISAT for atmospheric studies is described in chapter 2. Chapter 3 and chapter 4
present applications of GNSS occultation from the current missions CHAMP and
Formosat-3/COSMIC for atmospheric and climate studies. The topics comprise the
use of occultation data in numerical weather prediction and atmospheric wave anal-
ysis as well as in climate monitoring and change research. Upcoming occultation
missions and new concepts are presented in Chapter 5.

We cordially thank all OPAC-3 colleagues, who contributed as authors and co-
authors to the book, for their effort and work. All papers were subject to a peer
review process, involving two independent expert reviewers per paper from the com-
munity of OPAC-3 participants and beyond. We very much thank these reviewers
for their important service to ensure scientific correctness and high quality of the
book. The reviewers, in alphabetical order, were S. P. Alexander, L. K. Amekudzi,
C. O. Ao, G. Beyerle, C. Boone, K. Bramstedt, S. Cho, L. B. Cornman,
M. Dominique, A. von Engeln, U. Foelsche, J. M. Fritzer, S. Healy, S.-P. Ho, K.
Hocke, N. Jakowski, Y.-H. Kuo, B. C. Lackner, F. Ladstädter, K. B. Lauritsen, S. S.
Leroy, A. Löscher, J.-P. Luntama, A. G. Pavelyev, M. Petitta, D. Pingel, B. Pirscher,
P. Poli, T. M. Schrøder, S. Schweitzer, V. F. Sofieva, S. V. Sokolovskiy, A. K. Steiner,
M. Stendel, S. Syndergaard, A. de la Torre, F. Vespe, J. Wickert, and J. J. W. Wilson.

Special thanks are due to Mrs. Helen Rachner and Mrs. Janet Sterritt-Brunner
from Springer Verlag, Heidelberg, for the kind offer to issue this book as Springer
publication and for the related technical support. Many thanks also to all others who
provided support in one or another way, in representation of which we thank the
sponsors of OPAC-3 (http://www.uni-graz.at/opac3). The Department of Science
and Research of the Province of Styria is especially thanked for providing financial
support enabling to cover the costs of the book.

We hope that, in the spirit of the OPAC-3 aims, the book will become a useful
reference for the members of the occultation-related community but also for mem-
bers of the science community at large interested in the present status and future
promise of the field of occultations for probing atmosphere and climate.

Graz, Austria Andrea K. Steiner
July 2009 Barbara Pirscher

Ulrich Foelsche
Gottfried Kirchengast
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Analysis, and Applications



GPS Radio Occultation with CHAMP,
GRACE-A, SAC-C, TerraSAR-X,
and FORMOSAT-3/COSMIC: Brief
Review of Results from GFZ

J. Wickert, T. Schmidt, G. Michalak, S. Heise, C. Arras, G. Beyerle,
C. Falck, R. König, D. Pingel, and M. Rothacher

Abstract Several GPS Radio Occultation (RO) missions (GRACE-A (GRavity
And Climate Experiment), FORMOSAT-3/COSMIC (FORMOsa SATellite
mission-3/Constellation Observing System for Meteorology, Ionosphere, and
Climate), and MetOp) started data provision in 2006 and 2007. Together with the
measurements from CHAMP (CHAllenging Minisatellite Payload, since 2001) and
the recently launched (June 15, 2007) TerraSAR-X an operational multi-satellite
constellation for precise GPS based atmospheric sounding became reality. The
data base is supplemented by measurements from SAC-C (Satélite de Aplicaciones
Cientı́ficas-C). Our contribution briefly reviews current GFZ activities regarding
processing and application of GPS RO data from different satellites. These activ-
ities include precise satellite orbit determination and the provision of near-real
time analysis results for weather forecast centers within 2 h after measurement.
Available satellite data are used for climatological investigations of global gravity
wave characteristics.

1 Introduction

During the last decade ground and space based GPS techniques for atmospheric and
ionospheric remote sensing were established (see, e.g., Wickert et al. 2007). The
currently increasing number of receiver platforms (e.g., extension of regional and
global GPS ground networks and additional Low Earth Orbiting (LEO) satellites)
together with future additional transmitters (GALILEO, reactivated GLONASS,
new GPS satellite generations, and COMPASS) will extend the potential of these
innovative sounding techniques during the next years. Here, we focus on GPS
radio occultation for the derivation of vertical profiles of atmospheric parameters
on a global scale (e.g., Kursinski et al. 1997). We present selected examples of

J. Wickert (B)
German Research Centre for Geosciences (GFZ), Potsdam, Germany
e-mail: wickert@gfz-potsdam.de

A. Steiner et al. (eds.), New Horizons in Occultation Research,
DOI 10.1007/978-3-642-00321-9 1, C© Springer-Verlag Berlin Heidelberg 2009
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4 J. Wickert et al.

Fig. 1 Current GPS radio occultation missions: CHAMP (launch July 15, 2000), GRACE (March
17, 2002), TerraSAR-X (June 15, 2007), MetOp (October 19, 2006), FORMOSAT-3/COSMIC
(April 15, 2006), and SAC-C (November 21, 2000)

recent GFZ activities. These include orbit, atmospheric, and ionospheric occulta-
tion data analysis for several satellite missions (CHAMP (Wickert et al. 2004),
GRACE-A (Wickert et al. 2005), SAC-C (Hajj et al. 2004), TerraSAR-X, and
FORMOSAT-3/COSMIC (Anthes et al. 2008); see Fig. 1) , but also scientific appli-
cations of the GPS radio occultation data.

2 Status of Radio Occultation with CHAMP and GRACE

CHAMP is in orbit already for more than seven years. Currently it is expected to get
occultation data until 2009. CHAMP’s observations form the first and unique long
term set of GPS radio occultation data. The measurements are recorded with a con-
sistent receiver firmware since March 2002. Continuous activation of GRACE-A
occultations (settings only) began on May 22, 2006 (Fig. 2), after a longer tem-
porarily measurement campaign in January/February 2006. The GRACE mission
is currently expected to last at least until 2012/13. We note that setting GRACE-B
occultations (except the initial measurements, (see, e.g., Beyerle et al. 2005; Wickert
et al. 2005, 2006a) were activated only for a short period between September 23
(14:00 UTC) and 30 (12:00 UTC), 2005. During this time GRACE-B trailed
GRACE-A and its occultation antenna pointed to anti-velocity direction. A valida-
tion study for occultation results within this period with ECMWF (European Centre
for Medium-Range Weather Forecasts) showed nearly identical characteristics as
those from GRACE-A (Wickert et al. 2006b). The major difference between the
GRACE satellites is the better value for the long-term stability of the Ultra Sta-
ble Oscillator (USO) aboard GRACE-B (about 30 ns/s) compared to GRACE-A
(about 230 ns/s). The current GRACE constellation would allow for the additional
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Fig. 2 Number of daily vertical atmospheric profiles, derived from CHAMP (left) and GRACE-
A (right) GPS occultation measurements (GFZ processing). For the 2357 days of CHAMP RO
activation 329 295 profiles have been collected (on average about 140 per day) as of December 31,
2007. The number of available profiles from GRACE-A for 618 days of RO activation is 77 136 as
of the same day (on average about 120 daily)

activation of rising occultations aboard GRACE-B. Technical aspects of such acti-
vation are currently under evaluation. For more details see Wickert et al. (2009) and
references therein.

3 Data Analysis and Validation

We briefly review current GFZ activities in RO data processing and validation
(Sects. 3.1–3.4) and present new gravity wave results (Sect. 4). Other activities at
GFZ, related to the application of GPS RO data as, e.g., global investigations of
tropopause parameters and ionospheric disturbances, are treated by, e.g., Schmidt
et al. (2005, 2006); Viehweg et al. (2007); Wickert et al. (2009).

3.1 Vertical Profiling of the Neutral Atmosphere

GPS RO data from CHAMP, GRACE (complete data set, see Fig. 2), and SAC-C
(August 18–October 22, 2001 and March 11–November 16, 2002) have been pro-
cessed by GFZ, including precise satellite orbit determination (GPS and LEO),
atmospheric excess phase calibration, and inversion to get atmospheric parame-
ters. The algorithms for the GFZ orbit and occultation processing are described in
several publications (e.g., Wickert et al. 2004, 2006a, 2009; König et al. 2005a,b).
The FORMOSAT-3/COSMIC temperature profiles for the gravity wave study, pre-
sented in Sect. 4, were provided by UCAR (University Corporation for Atmospheric
Research, Boulder).

Current plans at GFZ related to the GPS RO data analysis are, e.g., a complete
reprocessing of the CHAMP and GRACE data including the calibration files (level
2, PD, atmospheric Phase Delay) and the extension of the operational analysis soft-
ware to process OpenLoop (OL, see, e.g., Sokolovskiy et al. (2006)) data from
FORMOSAT-3/COSMIC, TerraSAR-X, or SAC-C (after 2003). Initial GFZ results
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of orbit and OL processing for selected examples of FORMOSAT-3/COSMIC data
were presented by Michalak et al. (2007a) and Wickert et al. (2009). There are cur-
rently no plans for an operational FORMOSAT-3/COSMIC processing at GFZ.

3.2 Ionosphere Profiling: Initial Results

The GFZ processing system will be extended to operationally generate vertical elec-
tron density profiles. These data can be used for several applications in ionospheric
research and space weather monitoring and forecast (e.g., Hajj et al. 2000; Jakowski
et al. 2005).

Figure 3 shows the first vertical electron density profile, derived with GFZ soft-
ware from CHAMP SST (Satellite-Satellite Tracking) GPS observation processing
level. The data are compared with inversion results from UCAR (Schreiner et al.
1999), DLR (Jakowski 2005), and in-situ data, provided by the Planar Langmuir
Probe (PLP) aboard CHAMP. We have used the differences of the excess phases
L1 − L2 during the occultation (1 Hz data), which directly can be converted to a
series of TEC values (Total Electron Content). Orbit and clock errors are automat-
ically eliminated in the difference. The series of TEC data can be converted to a
vertical electron density profile using the spherical symmetry assumption by Abel
inversion. Details of this technique are given by Schreiner et al. (1999). In contrast
to the authors, we apply an alternative technique for the absolute calibration of the
TEC values before Abel inversion, described by Lei et al. (2007). This approach is
used to estimate the exponential decrease of the electron density vs. height above
the orbit altitude.

The initial GFZ results are in nearly perfect agreement with profiles from UCAR
and DLR. Depending on the different scale heights used, 98 km and 182 km (right

Fig. 3 First vertical profiles of electron density (red) from CHAMP, completely derived using GFZ
analysis software. The data are compared with processing results from UCAR (green), DLR (dark
blue diamond), and in-situ data from the PLP (Planar Langmuir Probe, light blue cross). A sporadic
E-layer was observed at ∼100 km altitude. The GFZ profiles are derived using two different scale
heights for the estimation of the TEC (Total Electron Content) above the orbit altitude (scale height
for exponential decrease of the electron density 182 km, left; and 98 km, right)
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and left plot in Fig. 3), the GFZ profile is more close to the UCAR or DLR solution.
GFZ and UCAR profiles show remarkably good agreement with the completely
independent PLP measurements. Future work will be related to the optimal choice
for the TEC calibration and to the automatization of the ionosphere profiling.

3.3 Water Vapor Comparison with MOZAIC

Beside radiosonde observations and meteorological analyses, aircraft measurements
of pressure, temperature, and humidity provide a valuable data source for GPS
RO validation in the troposphere region. The MOZAIC (Measurement of OZone
and wAter vapor by Airbus Inservice airCraft) program currently includes five air-
crafts performing up to 2500 flights per year. These data are not assimilated to
ECMWF analyses and consequently provide an opportunity to assess whether GPS
RO data could provide significant additional water vapor information compared to
ECMWF data without assimilating RO. In a first comparison study for GPS RO
and MOZAIC data (Heise et al. 2008), about 320 coinciding profiles of CHAMP
and MOZAIC (Fig. 4) were found from March 2001 until March 2006 (coincidence
radius: 3 h, 300 km). Between about 650 hPa and 300 hPa (not shown here), this
comparison reveals slightly better agreement of MOZAIC humidity with CHAMP
than with ECMWF analyses. Figure 5 gives an example of CHAMP (1DVAR and
DWVP, Direct Water Vapor Pressure, retrievals) specific humidity (left) and refrac-
tivity (right) vertical profiles in comparison to MOZAIC and ECMWF data. Here,

Fig. 4 Global distribution of coincidences of CHAMP and MOZAIC (during aircraft ascent and
descent) vertical profiles from March 2001 until March 2006 (coincidence criteria: 3 h, 300 km)
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Fig. 5 Comparison of vertical specific humidity (left) and refractivity (right) profiles derived from
CHAMP (1DVAR and DWVP) retrieval with MOZAIC and ECMWF data. Example for a CHAMP
occultation on April 12, 2002, 20:33 UTC, 33.32◦N, 132.09◦E

both CHAMP humidity retrieval methods come to similar results revealing signifi-
cant improvement over the ECMWF specific humidity in comparison to MOZAIC
data. This is obviously due to better refractivity agreement between MOZAIC and
CHAMP than between MOZAIC and ECMWF (Fig. 5, right).

3.4 Near-Real Time Data Processing

The Near-Real Time (NRT) processing is an essential key in ensuring that the
GPS radio occultation data collected by CHAMP and GRACE are fully exploited
and benefit the numerical weather prediction. Various weather forecast centers
monitor and assimilate GPS RO bending angle and refractivity profiles from
FORMOSAT-3/COSMIC, CHAMP, and GRACE since September 2006. These cen-
ters are ECMWF, Met Office, Japan Meteorological Agency (JMA), Meteo France,
National Center for Environmental Prediction (NCEP, US), and Deutscher Wet-
terdienst. Results of a recent impact study with GPS RO data from CHAMP and
GRACE-A NRT data were published by Healy et al. (2007).

The GFZ work on NRT data provision is supported by an international research
project (NRT-RO, Near-Real Time Radio Occultation), funded by the German
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Fig. 6 Time delay between CHAMP (left) and GRACE-A (right) occultation measurements
aboard the satellites and availability of corresponding bending angle and refractivity profiles
(BUFR file format, Binary Universal Form of Representation of meteorological data) at the GFZ
NRT ftp-server in 2007. Light gray triangles indicate the daily mean time delay for all occultation
events. The significant reduction of the delay end February (CHAMP) and June (GRACE-A) is
due to the activation of an improved NRT processing mode

Federal Ministry of Education and Research within the GEOTECHNOLOGIEN
research program. The project is also supported by contributions from ECMWF
and Met Office.

The main goals of this project are: 1. The development of appropriate analysis
software for the precise and rapid derivation of GPS and LEO satellite orbits and
globally distributed atmospheric profiles from GPS SST data; 2. The demonstra-
tion of a NRT provision of atmospheric data from CHAMP and GRACE-A with
an average delay of less than 2 h; and 3. The corresponding assimilation in global
weather models. Bending angles and refractivities are made available with average
delay between the LEO measurements and provision of corresponding atmospheric
data of less than 2 h since 2007 with the activation of the new NRT processing mode
on February 21 (doy 52) for CHAMP and on June 26 (doy 177) for GRACE-A (see
Fig. 6, Fig. 7). The monitoring of the GFZ data product latency at the Met Office
(http://monitoring.grassaf.org) confirms that processing at GFZ delivers continu-
ously data in a timely manner – some 50% of the data arrives in less than 2 h and
almost all within 3 h (personal communication, Dave Offiler, Met Office, 2008). A
crucial task of the NRT data analysis is the precise and rapid satellite orbit determi-
nation. More details on this task are given by Michalak et al. (2007b) and Wickert
et al. (2009).

4 Selected RO Application: Global Gravity Wave Characteristics

Gravity waves (GW) play an important role for the general atmospheric circula-
tion, as they transport energy and momentum between different regions of the atmo-
sphere. Various satellite data sets enable a global view on major GW parameters, as
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Fig. 7 Number of daily
provided NRT profiles from
CHAMP and GRACE-A in
2007. The data are provided
since February 2007 in BUFR
format and are currently
distributed also via the Global
Telecommunication Service
(GTS)

e.g., temperature variances, momentum fluxes, or (potential) energy. But this view
depends on the used measurement characteristics, which was described in more
detail by Wu et al. (2006). According to the categorization of Wu et al. (2006) GPS
RO belongs to the sensors, which observe the atmosphere through a long transpar-
ent LOS (Line of Sight) path centered at the tangent point where most of the signal
comes from. Since such instruments normally have a narrow field of view (FOV),
their vertical resolution is often excellent, while their horizontal resolution is coarse
due to the LOS-smearing. Thus, GPS RO is mostly sensitive to GWs with small ratio
of vertical to horizontal wavelengths λz/λh . Up to the present, GW analysis from
GPS RO temperature measurements is restricted to vertical wavelengths mostly less
than ∼10 km to separate the GWs from the background and planetary waves (PW).
The current restriction to provide only vertical GW information with GPS RO is
caused by the sparse temporal and spatial measurement density provided by a sin-
gle satellite only (e.g., CHAMP). Data from missions as FORMOSAT-3/COSMIC
could also allow to derive information on horizontal GW properties.

In the past several GW studies based on GPS RO were mainly focussed on the
lower stratosphere (Tsuda et al. 2000; Ratnam et al. 2004a,b; de la Torre et al.
2006a,b, 2009; Fröhlich et al. 2007). A study to Kelvin waves using the CHAMP
data set from 2001 to 2003 was performed by Randel and Wu (2005).

De la Torre et al. (2006b) applied a Gaussian filter to investigate different vertical
wavelength ranges (λz <10 km, λz < 4 km, and 4 km< λz <10 km). The authors
used the specific potential energy Ep to describe the GW activity. Here we use also
the potential energy derived for vertical wavelengths less than 10 km, expressed by
db values, to describe the wave activity. Figure 8 (top) shows the global GW activ-
ity averaged over the northern hemispheric (NH) winter (DJF) and summer (JJA)
months between 20 km and 25 km based on CHAMP data from 2001 to 2007. The
maximum GW activity is clearly seen in the tropics with slightly higher values dur-
ing NH winter. In the extra-tropics the maximum GW activity is also found during
winter. Due to the sparse data density of the CHAMP measurements the horizontal
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Fig. 8 Above: Global mean potential energy between 20 and 25 km altitude derived using a
Gaussian filter for CHAMP/SAC-C/GRACE for northern hemispheric winter (DJF) and summer
(JJA) based on the data from May 2001 to June 2007. The latitude/longitude resolution represent
10◦ × 10◦. Below: same as above, but using FORMOSAT-3/COSMIC data from DJF 2006/2007
and JJA 2006/2007. The latitude/longitude resolution is 2.5◦ × 2.5◦

resolution is only 10◦ × 10◦. The FORMOSAT-3/COSMIC mission offers new pos-
sibilities because of the much better data density (about 10 times more temperature
profiles daily than CHAMP). Figure 8 (bottom) demonstrates this showing only one
NH winter and summer season, but with a horizontal resolution of 2.5◦×2.5◦. These
plots represent first GW related results with FORMOSAT-3/COSMIC data using the
GFZ GW analysis software, which is described in more detail by de la Torre et al.
(2006b) for the CHAMP data.

5 GPS Radio Occultation with TerraSAR-X

The German TerraSAR-X satellite (see Fig. 1) was launched on June 15, 2007 with a
Dnepr-1 rocket from the Aerodrome Baikonur. The main science instrument aboard
is a new generation X-band radar (9.65 GHz) for Earth observation with up to
1–2 m resolution (spotlight mode). GFZ (together with University Texas) is oper-
ating an IGOR (Integrated GNSS Occultation Receiver). The operational activation
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Fig. 9 Comparison of NRT
orbits from TerraSAR-X with
SLR measurements between
August 28 and October 8,
2007. The mean RMS is
3.7 cm. The orbits were
calculated during the test
periods for the multi mission
reception of GPS data from
CHAMP, GRACE-A, and
TerraSAR-X at the receiving
station Ny Ålesund,
Spitsbergen

of occultation measurements is planned for 2008. GFZ is planning a near-real time
data provision similar to CHAMP and GRACE-A.

The multi mission reception of GPS data from CHAMP, GRACE-A, and Terra-
SAR-X at the GFZ receiving station Ny Ålesund, Spitsbergen, was already success-
fully demonstrated. Several test campaigns took place between July and October
2007 using both antennas for either redundant or parallel satellite reception. Dur-
ing these time periods also near-real time orbit processing was activated. Figure 9
shows results of a comparison of TerraSAR-X NRT orbit data with SLR (Satellite
Laser Ranging) measurements between August 28 and October 8, 2007. The com-
parison yields an average RMS of 3.7 cm, which is in good agreement with the NRT
orbit comparisons from CHAMP and GRACE-A with SLR (Michalak et al. 2007b).
The operational NRT reception of IGOR data from TerraSAR-X was activated for a
longer period from October 2007 until mid February 2008. The TerraSAR-X occul-
tation data are recorded in OpenLoop (OL) mode (see, e.g., Beyerle et al. (2006);
Sokolovskiy et al.(2006)). To analyze the OL data the navigation bit information
from the respective occulting GPS satellite is required. For this purpose GFZ oper-
ates a dedicated global ground network (Beyerle et al. 2008), which currently (as of
end 2008) consists of 6 stations.

6 Conclusions and Outlook

Several GFZ results from the current GPS RO multi-satellite constellation were pre-
sented. CHAMP is generating the first long-term set of GPS radio occultation data,
which is expected to cover at least a period of 8 years. GRACE-A is expected to
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extend this data set until at least 2013. CHAMP and also GRACE-A data are pro-
vided to various international weather centers and stimulated the use of GPS RO
data for numerical weather forecast. Currently these data are provided with average
delay of less than 2 h.

Initial results of ionospheric occultation processing at GFZ were presented. The
profiles are in good agreement with inversion results from other centers but also with
PLP data from CHAMP. Further work is needed for an automatization of the pro-
cessing. FORMOSAT-3/COSMIC orbit and occultation data are processed at GFZ
for selected periods. Currently the OpenLoop analysis of the occultation data is not
yet operational.

Results on validation of RO data with airplane measurements within the interna-
tional MOZAIC research program were presented. It was shown, that these data
are a valuable source for the evaluation and improvement of the GPS RO data
quality.

Data from CHAMP, GRACE-A, SAC-C, and FORMOSAT-3/COSMIC are used
to derive characteristics of vertical gravity waves on a global scale. It was shown,
that especially the FORMOSAT-3/COSMIC data allow a significant enhancement
of the spatial and temporal resolution of these investigations.

It is expected that TerraSAR-X will extend the current multi-satellite configura-
tion for GPS RO with continuous occultation activation in 2008. Current activities
are aimed to provide TerraSAR-X occultation data also in near-real time, similar to
CHAMP and GRACE-A. Initial results on NRT orbit determination of TerraSAR-X
were presented, indicating appropriate accuracy for precise occultation processing.

MetOp (EUMETSAT, launched October 2006) GPS occultation data are avail-
able since 2008. The Indian OCEANSAT-2 satellite is schedule for launch in 2009
and will carry an Italian GPS flight receiver with occultation capability (ROSA,
Radio Occultation Sounder Antenna for the Atmosphere).

In general the described multi-satellite configuration significantly increases the
potential of GPS RO for atmospheric sounding on a global scale with application in
weather forecast, climate research, and for other atmospheric investigations.
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Error Estimate of Bending Angles
in the Presence of Strong Horizontal Gradients

M.E. Gorbunov and K.B. Lauritsen

Abstract The CT/FSI (Canonical Transform/Full-Spectrum Inversion) technique
permits achieving a high accuracy and vertical resolution in the retrieval of bending
angle from radio occultation data. This technique can be universally applied for the
(hypothetical) spherically-symmetric atmosphere and any multipath situation can be
unfolded. The reason is that the CT/FSI technique uses a Fourier Integral Operator
that maps the measured wave field into the impact parameter representation, and for
a spherically-symmetric medium each ray has a unique impact parameter. For the
real atmosphere with horizontal gradients the situation is different. Horizontal gra-
dients result in the variation of the impact parameter along a ray. In the presence of
strong horizontal gradients, a bending angle profile can become a multi-valued func-
tion. In this case, the CT/FSI technique in its standard variant will fail to correctly
retrieve the bending angle profile. It is, however, possible to estimate bending angle
errors. For this purpose we apply the sliding spectral analysis of the CT-transformed
wave field. The spectral width is used as a measure of the bending angle errors. We
perform numerical simulations with global fields from re-analyses of the European
Centre for Medium-Range Weather Forecasts and show that this radio holographic
technique can be effectively used for error estimation in the areas of multi-valued
bending angle profiles.

1 Introduction

The Canonical Transform (CT) (Gorbunov 2002; Gorbunov and Lauritsen 2004),
Full-Spectrum Inversion (FSI) (Jensen et al. 2003), and Phase Matching (Jensen
et al. 2004) methods were designed for the reconstruction of the ray manifold struc-
ture from the measurements of the complex wave. They are widely used for the
retrieval of bending angle profiles from radio occultation (RO) data. The central
concept of the CT method is the ray manifold in the phase space. The canonical
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coordinates (coordinates and momenta) in phase space can be chosen in different
ways. A particular choice is the physical coordinate and ray direction vector pro-
jection to the coordinate axis. This coordinate system is used for the description
of the physical wave field. Multipath propagation corresponds to the multi-valued
projection of the ray manifold to the coordinate axis. For the retrieval of the ray
manifold structure it is however necessary to find another coordinate axis such that
the ray manifold should have a single-valued projection upon it. For the rays in a
spherically-symmetrical atmosphere the impact parameter is an invariant quantity
that is constant for each ray. The impact parameter is, therefore, a unique coordi-
nate along the ray manifold. Impact parameter and bending angle are conjugated
coordinate and momentum. The canonical transform from the physical coordinate
and ray direction vector projection to impact parameter and bending angle would
then completely disentangle multipath structure. The impact parameter provides a
universal coordinate choice for the case of the spherically symmetrical atmosphere.

The situation changes as we consider the atmosphere with horizontal gradients.
In this case, it is possible to introduce the effective impact parameter, whose defini-
tion will depend on the horizontal gradients of refractivity. It turns out that the stan-
dard CT algorithm can work in most practical situations. However, numerical sim-
ulations with global fields from the European Centre for Medium-Range Weather
Forecasts (ECMWF) do also reveal cases where atmospheric horizontal gradients
are strong enough to make the bending angle a multi-valued function of the effec-
tive impact parameter. Because the structure of the ray manifold depends on the
unknown horizontal gradients, it proves impossible to specify a universal coordi-
nate choice that can unfold multipath. Therefore, it is necessary to estimate bending
angle errors.

Two approaches were introduced for the dynamic estimate of bending angle
errors, both based on the analysis of the CT/FSI-transformed wave field: (1) the
sliding spectral analysis of the full complex wave fields in the transformed space
(Gorbunov et al. 2005, 2006) and (2) the analysis of the fluctuation of the ampli-
tude of the wave field in the transformed space (Lohmann 2006). The first approach
is applied in the operational processing of RO data. The second approach was
recently used to estimate the summary effect of receiver tracking errors and lower-
tropospheric turbulence and to generate maps of convection and turbulence struc-
tures (Sokolovskiy et al. 2007).

Here, we estimate errors of the bending angle retrieval by using the sliding-
spectral analysis of the CT-transformed wave field. We will present some atmo-
sphere examples with horizontal gradients and obtain results for the corresponding
bending angle error estimates.

2 Ray Manifold and its Description in the Phase Space

In a RO experiment rays are emitted by a GPS satellite, pass through the atmo-
sphere, where they undergo refraction, and are received by a Low-Earth Orbiter
(LEO). Each ray may be characterized by its impact parameter p. For a spherically
symmetrical medium, Snell’s law reads (Kravtsov and Orlov 1990):
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Fig. 1 Schematic drawing of the occultation geometry. The various quantities are discussed in the
main text

nr sinψ = p = const (1)

where ψ is the angle between the ray direction and the radius vector r (Fig. 1)
and n is the refractive index. Since the GPS and LEO satellites are located outside
of the atmosphere where n = 1 (here we neglect the ionosphere), it follows that
p = rG sinψG = rL sinψL, which equals the leveling distance between the ray and
the Earth’s curvature center.

When considering an atmosphere with horizontal gradients, the situation
changes. The complex wave field in the inhomogeneous medium can be written
in the following form: u(x) = A(x) exp(ikΨ (x)), where x = (xi ) is the coordinate
vector, k = 2π/λ is the wave number, λ is the wavelength, A(x) is the amplitude,
and Ψ (x) is the eikonal. The geometrical optics of inhomogeneous media is based
on the eikonal equation (Kravtsov and Orlov 1990):

(∇Ψ )2 = n2(x) (2)

Rays are described by the Hamilton system, where the Hamilton function follows
from Eq. (2): H (p, x) = 1/2 · (p2 − n2(x)), where p = ∇Ψ is the momentum. The
associated Hamilton equations for a ray take the following form:

dx
dτ

= p;
dp
dτ

= n∇n, (3)

where τ is the trajectory parameter. Along the ray trajectories, H (p, x) = 0, there-
fore |dx/dτ | = |p| = n(x), which allows for the conclusion that dτ = ds/n (since
ds = |dx|). Consider now polar coordinates (r, θ ) and the corresponding metrics
diag(1, r2). The equations for the angular component of the momentum pθ take the
following form:



20 M.E. Gorbunov and K.B. Lauritsen

pθ = r2 dθ

dτ
= nr

rdθ

ds
= nr sinψ ;

dpθ
dτ

= n
∂n

∂θ

(4)

From the first equation we see that in the polar coordinates the angular component
of momentum equals the ray impact parameter as it is defined for a spherically
symmetrical medium, i.e., p = pθ . The second equation generalizes Snell’s
law (Eq. 1) and indicates that p is only invariant in a spherically symmetrical
medium (∂n/∂θ = 0). When discussing the RO sounding of the atmosphere with
horizontal gradients we must consider two impact parameters: pG = rG sinψG and
pL = rL sinψL. The relation between them follows from Eq. (4):

pL = pG +
∫ LEO

GPS

∂n

∂θ
ds. (5)

In processing radio occultation data it is not possible to directly determine the
two impact parameters, at the receiver and at the transmitter. Instead, an effective
impact parameter can be found. It is computed from σ , the time derivative of the
optical path Ψ (t) measured along the LEO observation trajectory as a function of
time t, using the same formulas as for the unique impact parameter in a spherically
symmetrical atmosphere. The general expression for σ is as follows:

σ = dΨ

dt
= VL · uL − VG · uG

= ṙG cosψG + rGθ̇G sinψG + ṙL cosψL − rLθ̇L sinψL

= ṙG

rG

√
r2

G − p2
G + ṙL

rL

√
r2

L − p2
L + pGθ̇G − pLθ̇L.

(6)

Here, in the final expression for σ we neglect horizontal gradients perpendicular to
the occultation plane. For the effective impact parameter p we have the following
implicit definition:

σ = pθ̇ + ṙG

rG

√
r2

G − p2 + ṙL

rL

√
r2

L − p2. (7)

Using the following formula for the optical path:

Ψ = |rL − rG| + ΔS, (8)

where ΔS is the phase excess, we can obtain the effective impact parameter from
orbit data and phase excess by numerically solving Eq. (7) in single ray areas, or by
applying the Canonical Transform (CT) (Gorbunov 2002; Gorbunov and Lauritsen
2004), Full-Spectrum Inversion (FSI) (Jensen et al. 2003), or Phase Matching
(Jensen et al. 2004) methods for unfolding multipath propagation. These techniques
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are based on the assumption that the effective impact parameter as defined by
Eq. (7) is a unique coordinate of the ray manifold, in other words, that different
rays have different p’s. The (implicit) relation between pG, pL, and p is given by
Eqs. (5), (6), and (7). It includes the horizontal gradient of refractivity ∂n/∂θ .

In the presence of strong horizontal gradients varying with height the effective
impact parameter may no longer represent a unique coordinate of the ray manifold.
One possible way of dealing with this situation would be to modify the CT method
in such a way that the ray manifold is projected to a coordinate different than p. By
itself, this might be straightforward except for the fact that this new unique coordi-
nate is unknown, because it depends on the unknown horizontal gradients of refrac-
tivity. Here we will follow another prospect: instead of modifying the CT method,
we will estimate bending angle errors due to strong horizontal gradients.

3 Radio Holographic Error Estimation

Radio holographic analysis of the wave signal can be performed both in t- and
p-domains. The radio holographic (or sliding spectrum) analysis in the t-domain
is widely used for the visual analysis of RO data in order to identify reflected rays,
different sorts of problems etc. (Igarashi et al. 2000; Gorbunov et al. 2005). The
radio holographic analysis in p-domain allows for the error estimate of retrieved
bending angles (Gorbunov et al. 2005).

Here we will apply the method for the estimate of the bending angle error due to
non-fully unfolded multipath structure (Fig. 2).

In the CT method, the wave field u(t) is mapped to the impact parameter rep-
resentation by the Fourier Integral Operator (FIO) Φ̂. The field in the transformed
space, Φ̂u(p) = A′(p) exp(ikΨ ′(p)) can be subjected to the sliding spectral analysis
(Gorbunov et al. 2005):

ω(p, ξ ) =
p+Δp/2∫

p−Δp/2

cos
π (p′ − p)

Δp

Φ̂u(p′)

exp
(

ikΨ
′
(p)

) exp
(−ikξp′) dp′, (9)

where Δp is the window width, Ψ
′
(p) is the model of the phase variation in the

p-domain, and ξ is the bending angle variation. ω(p, ξ ) has a maximum near the
true bending angle ξ = ε(p)− ε(p), where ε(p) is the smooth model of the bending
angle corresponding to Ψ

′
(p).

We used Δp = 250 m and model Ψ
′
(p) was computed as Ψ ′(p) smoothed with

window Δp. The bending angle error is then estimated as the spectral width (cf. the
schematic widths indicated in the two left panels of Fig. 2) (Gorbunov et al. 2005):

δε(p) =
(∫ |ω(p, ξ )|2 ξ 2dξ∫ |ω(p, ξ )|2 dξ

)1/2

. (10)



22 M.E. Gorbunov and K.B. Lauritsen

ε

p

ε - εm(p)

ε

p

p

p

ε - εm(p)

Fig. 2 The principle of the radio holographic (sliding spectrum) estimate of bending angle errors.
Top: the situation where the impact parameter is a unique coordinate and where the spectrum is
narrow; bottom: the situation where horizontal gradients result in p not being the unique coordinate
of the ray manifold. The spectral width allows for the estimate of the bending angle errors

In non-unique ray regions the sliding spectrum will exhibit a broad structure, which
eventually is mapped into a larger bending angle error than in the case where there
is only one ray present for a given value of impact parameter.

4 Numerical Simulations

For the numerical simulations we choose an artificial occultation example, where
the situation with a non-unique projection of the ray manifold to the impact param-
eter axis occurred. The simulated occultation was based on an ECMWF re-analysis
field from February 5, 1997, UTC 00:00. We simulated soundings of the same region
from different azimuths. Azimuths are characterized by the angle between the occul-
tation plane and local north direction. We changed the azimuth from 0◦ to 330◦ with
a step of 30◦. The resulting 12 geometric optical profiles (the simulated “truth”)
are shown in Fig. 3. These profiles were obtained by the geometric optical ray-
tracing. Here bending angles ε are shown as functions of the ray impact heights
defined as p − rE, where rE is the Earth’s curvature radius. The strongest effect of a
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Fig. 3 True simulated bending angle profiles for sounding of the same location 12.4◦N, 170.9◦W
from different azimuths (from 0◦ to 330◦, with a step of 30◦). Azimuths are characterized by the
angle between the occultation plane and local north direction. The modeling was based on ECMWF
fields February 5, 1997, UTC 00:00

multi-valued bending angle profile is observed for the azimuths of 120◦, 150◦, and
180◦. A small area of the non-unique ray manifold projection can also be noticed
for the azimuth of 0◦.

Figure 4 presents the CT-retrieved bending angle profiles. These profiles were
retrieved from the artificial RO data simulated by wave optics (Gorbunov 2002).
Because the standard CT technique relies upon the impact parameter p being a
unique coordinate for the ray manifold, it is incapable of reproducing the true multi-
valued bending angle profiles for the azimuths of 120◦, 150◦, and 180◦.

A small area of multi-valued bending angle profile can also be noticed for the
azimuth of 0◦. Single-valued profiles are retrieved instead. The azimuths, where the
assumption of the uniqueness of the ray manifold parameterization with the impact
parameter p is broken, are marked by the increased level of the estimated errors
based on Eq. (10). In Fig. 5 we show the radio holographic running spectra in the
p-domain. It is observed that for the three cases, the spectral width increases in areas
of the multi-valued projection of the ray manifold, in accordance with the theoretical
expectations. The error bars are, however, smaller than the difference between the
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Fig. 4 True simulated bending angle profiles (GO, dashed line), retrieved simulated bending angle
profiles (solid lines) and their error estimates for sounding at the same location 12.4◦N, 170.9◦W
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Fig. 5 Sliding spectra in the p-domain for three occultation plane directions, where the bending
angle is a multi-valued function of the impact parameter (the text above the figures corresponds
to the azimuth value). One observes the broadening of the spectra in the multi-valued multipath
regions around 2.75–3.25 km (cf. Fig. 3)
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true multi-valued and the CT-retrieved bending angle. This is because the spike of
the bending angle contains a small portion of energy, which is distributed over a
stretched fragment of the ray manifold.

5 Conclusions

The CT/FSI methods use the fact that the impact parameter p is the unique coor-
dinate in the ray space. This condition is universally valid for a spherically sym-
metrical atmosphere. In an atmosphere with horizontal gradients of refractivity this
is not always the case. Strong horizontal gradients result in the variation of the
impact parameters along rays rather than being invariant. This is the reason why
it is generally impossible to introduce the concept of impact parameter for the
atmosphere with horizontal gradients. Instead, we introduce the so-called effective
impact parameter using the same definition from the Doppler frequency as for the
unique impact parameter for a spherically symmetric atmosphere. In the presence of
strong horizontal gradients varying with height, perturbations of the effective impact
parameter may result in the non-unique projection of the ray manifold to the impact
parameter axis. In this case the bending angle can be a multi-valued function of
the effective impact parameter. Because the CT/FSI methods rely upon the impact
parameter being the unique coordinate along the ray manifold, it follows that in
this situation this method will be incapable of correctly retrieving the bending angle
profile.

In the general CT formalism it may be possible to introduce a new coordinate,
other than impact parameter, such that the ray manifold should have a unique projec-
tion to the corresponding axis. Still, this definition of the new coordinate depends on
the specific atmospheric fields and, therefore, it cannot be specified a priori. Another
opportunity is the estimation of the errors of the retrieved bending angles by means
of the radio holographic (sliding spectrum) analysis in the p-domain. Numerical
simulations with realistic atmospheric fields from re-analyses of ECMWF show that
the error estimate increases in the presence of strong horizontal gradients resulting
in multi-valued geometric optical bending angle profiles. This makes the standard
CT/FSI techniques complemented with radio holographic error estimates a valuable
tool for the analysis of RO data in all situations.
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Phase Transform Algorithm for Radio
Occultation Data Processing

J.J.W. Wilson and J.-P. Luntama

Abstract The phase transform algorithm is described and derived in the context of
GRAS instrument data processing. This algorithm allows radio occultation neutral
bending angles to be recovered in a locally spherically symmetrical atmosphere in
the presence of multipath. The instrument operation and carrier phase reconstruction
is described for both open loop mode and closed loop mode.

1 Introduction

The Global Navigation Satellite Systems (GNSS) Radio Occultation Receiver for
Atmospheric Sounding (GRAS) instrument (Luntama 2006; Wilson and Luntama
2007) is one of the instruments carried by the ESA/EUMETSAT METOP satel-
lites (METOP-A, METOP-B, and METOP-C). Data from GRAS, in conjunction
with other data, is used to estimate atmospheric temperature, pressure, and humid-
ity profiles (for numerical weather prediction) and also to investigate ionospheric
total electron content (TEC). An advanced processing algorithm for estimating neu-
tral bending angles from the GRAS data is described and discussed; this algorithm
is the phase transform algorithm.

2 The GRAS Instrument and Signal Regeneration

The GRAS instrument consists of three antennas (the GVA, the GAVA, and the
GZA), three RF Conditioning Units (RFCUs), one GRAS Electronics Unit (GEU),
and harness items (Loiselet et al. 2000). Each antenna is connected to its RFCU and
each RFCU is connected to the GEU. The GVA and GAVA view the Earth’s limb
in the satellite velocity direction and satellite anti-velocity direction, respectively.
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These two antennas have 18 dual frequency receiving elements in a 3 by 6 array.
The GZA is a wide beam, low gain antenna viewing the region of space above
the satellite; this antenna has two receiving elements–one for each frequency. The
GRAS receiver has 16 complex channels assigned to the GZA antenna, 4 complex
channels assigned to the GVA antenna, and 4 complex channels assigned to the
GAVA antenna. Thus the receiver can track up to 8 GPS satellites (on both L1 and
L2) for navigation purposes with the GZA antenna and simultaneously observe 2
occultations with the GVA antenna (on both L1 and L2) and 2 occultations with
GAVA antenna (on both L1 and L2). Each channel can be assigned to a frequency
and a satellite.

The signal received at an antenna is subject to RF filtering, low noise amplifica-
tion, and down conversion from RF to IF in the associated RFCU. It is then trans-
mitted to the GEU where it is digitized, filtered, subjected to further digital down
conversion, de-spread, and finally subjected to code and carrier phase tracking. The
most important elements within the GEU are the A/D convertors, the DISC ASICs,
the AGGA-2A ASICs, the Digital Signal Processor (DSP), the Frequency Gener-
ator (FG), and the Ultra Stable Oscillator (USO). The IF signals from the RFCUs
are digitized by the A/D convertors and digitally filtered and down converted by the
DISC ASICs. The AGGA-2A ASICs perform the required correlations and accumu-
lations operations under the control of the DSP. The receiver measures, under suit-
able conditions, the following observable parameters for each GPS satellite tracked:
(1) L1 C/A-code phase, (2) L1 P-code phase, (3) L1 carrier phase, (4) L1 signal
amplitude, (5) L2 P-code phase, (6) L2 carrier phase, and (7) L2 signal amplitude.
These measurements are time stamped with the GRAS Instrument Measurement
Time (IMT). The carrier phases are tracked using a tracking loop to give a very nar-
row band output (50 Hz) except under poor phase noise conditions where the carrier
phase is brought to base-band using a tracking law, based on expected behavior,
which results in a wider bandwidth output (1000 Hz).

The GRAS instrument performs navigation, satellite prediction and selection,
acquisition and tracking, and data handling. Navigation entails calculation of the
METOP position and velocity from the data acquired by the GZA antenna. Satel-
lite prediction and selection entails determination of which GPS satellites are to be
tracked and when this is to be done for both navigation and for occultation. Satel-
lite acquisition involves synchronizing the carrier frequency and code generators
of the receiver to the received transmitted signal. C/A-code acquisition is based
on a two dimensional search over defined ranges of code phase and carrier fre-
quency using a maximum likelihood decision criteria; the search is simplified if a
good navigation solution is available. When the C/A-code phase has been deter-
mined the C/A-code tracking and the L1 frequency tracking loops are started. Code
tracking utilizes a normalized dot product discriminator operating on the in-phase
and quadrature components of the early, late, and punctual outputs of correlators
within the AGGA-2A ASIC to estimate code offset. Frequency tracking is done
with a second order loop filter using the code offsets. Before starting the L1 carrier
phase tracking loop a FFT based frequency estimator is employed to reduce the fre-
quency error to an acceptable level. The carrier phase tracking is performed with
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an arctangent phase discriminator and a third order Costas loop. When L1 carrier
tracking has been achieved the P-code on the L1 carrier and the L2 carrier can be
searched; the search makes use of the hand over word from the navigation data from
the tracked C/A-code. If the P-code is encrypted a code-less acquisition and tracking
scheme must be used employing cross-correlation of the P-codes on the L1 and L2
channels. When the P-code on the L2 carrier is tracked, L2 carrier phase tracking
can be started.

The first part of the GRAS data processing on-ground involves the reconstruction
of the carrier phase received on a given channel at the antenna phase center (for
that channel) from the data produced by the instrument. This involves adding back
the signals removed by fixed down conversions and by the tracking loop or law-
based final down conversion. This reconstruction is quite a complex and instrument
specific process. The resulting signal is called the regenerated signal.

Let the set of N regenerated phase samples and their corresponding GRAS IMT
for a given channel and a particular occultation be:

{(
ϕREG(i), τ IMT

RX (i)
)

; i : 1 → N
}
. (1)

These IMT times are times stamped at the ADC. The regenerated phase is given by
the following equation:
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(2)

In Eq. (2) for the regenerated phase the terms have the following significance. The
first and second terms are associated with geometric delay between the transmit-
ter and the receiver; the first term is the normal geometrical distance and the sec-
ond term is a correction for general relativistic effects due to the Earth’s gravita-
tional field. The third term is associated with the clock offset of the transmitter and
receiver with respect to the inertial reference time, tREF. The fourth and fifth terms
are the phases associated with the troposphere and the ionosphere, that it is desired
to recover. The sixth term is an instrument characterization term. The seventh term
is the cycle slip term; this term is ideally zero however cycle slips will occur if phase



30 J.J.W. Wilson and J.-P. Luntama

changes occur at a faster rate than the receiver can track during the occultation. The
eighth and last term is a constant phase offset.

The measurement of the lowest part of the troposphere is difficult due to the
low signal-to-noise ratio (SNR) of the GPS signal and strong atmospheric mod-
ulation. The receiver has problems in maintaining phase lock on the GPS carrier
phase in a setting occultation and in acquiring the phase lock in a rising occultation.
The GRAS receiver enters a “Raw Sampling” (RS) measurement mode (also called
open loop mode) when the tracking of the L1 C/A-code is possible, but the phase
lock on the carrier phase is not available. In the raw sampling mode the GRAS mea-
surement data contain the output of the correlator unit of the receiver sampled at a
1000 Hz rate.

The GRAS receiver makes the switch between a phase locked tracking mode
and an RS mode automatically. In a setting occultation the GRAS receiver switches
normally into a single frequency tracking mode tracking the L1 code phase, carrier
phase, and amplitude when the phase lock on the L2 signal is lost. At some point
when the ray path tangent height is in the lower troposphere, the receiver may also
lose the phase lock on the L1 carrier. The receiver software predicts this by moni-
toring the L1 signal and enters the RS mode if the instability of the L1 phase lock
exceeds a predetermined level. This ensures the continuity of the observation data.
The measurement of this particular setting occultation will end when the lock on the
L1 code phase is lost.

A measurement of a rising occultation is slightly more complex as there is noth-
ing for the receiver to track until the GPS signal becomes available from behind the
limb of the Earth. The start time of a rising occultation is predicted by the receiver
on-board software based on the propagated GPS and METOP orbits. The GPS orbits
are calculated by using the GPS navigation message and the METOP orbit is deter-
mined by the on-board navigation solution. Normally the GRAS receiver should be
able to acquire the L1 C/A-code phase very quickly after the signal becomes avail-
able. At this point phase lock on the L1 carrier is not possible and measurement of
the rising occultation starts with the GRAS receiver in RS mode. The RS mode for
a rising occultation continues until the receiver has acquired a stable phase lock on
the L1 carrier phase. When the L1 carrier phase lock has been achieved, the receiver
enters a single-frequency tracking mode. Eventually the L2 code phase signal will
also become strong enough to be tracked by the receiver. After a stable lock on the
L2 carrier phase has been acquired, the receiver will enter a two frequency tracking
mode.

In RS mode the final down conversion is done by using a law whose parameters
are given as part of the output data. This allows the carrier phase to be reconstructed
in the ground processing.

There are two main differences between the carrier phase measurements pro-
vided in the RS mode and those provided when the tracking loop is locked. In raw
sampling mode the sampling rate is 1000 Hz and the Navigation Signal Message
(NSM) is not demodulated from the sampled data. This NSM signal is a binary sig-
nal modulated on the raw sampling mode carrier phase at 50 Hz. Where a 0 to 1
or a 1 to 0 transition occurs the carrier phase is shifted by π radians. In the ground
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processing the raw sampling mode data is combined with the closed loop data. The
raw sampling mode data must agree with the closed loop data at the beginning of the
overlapping region. To make this occur all the raw sampling mode data is rotated by
0 or π radians. The last part (or first part in the case of a rising occultation) of the
single frequency tracking data is unreliable because the receiver is losing the phase
lock. Thus, the overlapping closed loop data is discarded.

There are two ways to remove the NSM from the raw sampling mode data: the
NSM is either removed automatically or the NSM is removed using knowledge of
what it is from an alternative source. The automatic NSM removal is based on the
possibility to locate one of the NSM π jumps in the region of the raw sampling mode
data near to the closed loop data. Once the location of one carrier phase jump by π
is found the positions of all other potential transitions are determined. The raw sam-
pling mode carrier phase may therefore be averaged over regions (e.g., 20 samples)
where the NSM is constant to reduce noise. In this way the NSM can be estimated
and removed from the raw sampling mode carrier phase by rotating the phase by
0 or π according to the value of the NSM at that sample. Automatic removal will
become more difficult the further one goes away from the closed loop data and will
fail when the phase noise associated with the atmosphere approaches the π jumps
associated with NSM bit transitions. Raw sampling mode data from which the NSM
cannot be removed must be discarded. The knowledge based removal uses an NSM
bit stream recorded by an independent GPS receiver (e.g., network of ground based
receivers). The complete NSM sequence from the occulting satellite is then corre-
lated in time with the received RS data and phase jumps matching the NSM bit
transitions are removed. Knowledge based removal is more reliable than the auto-
matic removal scheme, but requires continuous recording of the NSM sequences of
all GPS satellites.

3 The Phase Transform Algorithm

The classical geometric optics algorithm is applicable provided no multi-path prop-
agation occurs in the atmosphere. If multi-path propagation occurs, a more sophis-
ticated algorithm is required to recover the neutral bending angle as a function of
impact parameter, namely the phase transform algorithm. The phase transform algo-
rithm was originally derived by A. S. Jensen (Jensen et al. 2003, 2004, 2006), in a
slightly different form. The derivation given here is explicit.

To perform the phase transform algorithm the regenerated phase must be first cor-
rected for (a) instrument characteristics, (b) general relativity, and (c) clock drifts.
After these corrections have been performed a complex signal with unit ampli-
tude is constructed from the resulting regenerated phase ϕREG-B using the following
equation:

RREG-B
(
τ IMT

RX

) = exp
(+i ϕREG-B

(
τ IMT

RX

))
(3)
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Next the phase transform is performed:

u(p) =
∫ TIMT

0
ω

(
τ IMT

RX

)
RREG-B

(
τ IMT

RX

)
exp

(−i β
(

p, τ IMT
RX

))
dτ IMT

RX , (4)

where ω is a weighting function introduced to prevent ringing and β(p, τ ) is the
reference phase function for impact parameter p. The bending angle is given by the
following equation:

α(p) = − λ

2π

d

dp
(arg (u(p))) . (5)

The bending angles from the L1 and L2 frequencies can be smoothed and then
combined to give the neutral bending angle.

αN(p) = αL1(p) + f 2
L2

f 2
L1 − f 2

L2

(αL1(p) − αL2(p)) . (6)

The reference phase function is given by the following equations where the geom-
etry is referred to the time in the phase transform integral (IMT time or reference
time).

β(p, τ ) = +2π

λ

(√
r2

LEO(τ ) − p2 +
√

r2
GPS(τ ) − p2 + pΓ (τ )

−p arctan

⎛
⎝

√
r2

LEO(τ ) − p2

p

⎞
⎠

−p arctan

⎛
⎝

√
r2

GPS(τ ) − p2

p

⎞
⎠

⎞
⎠

(7)

Γ (τ ) = arccos

(
rLEO(τ ) · rGPS(τ )

|rLEO(τ )| |rGPS(τ )|
)

(8)

The phase transform algorithm is essentially a matched filter that selects from
the signal received by the GRAS receiver that portion of the signal associated with
a specific impact parameter. The phase transform algorithm thus allows the bend-
ing angle to be recovered in the presence of multi-path provided the atmosphere is
(locally) spherically symmetric.

4 Derivation of the Phase Transform Algorithm

The phase transform algorithm is best understood by reviewing its derivation; this
is given below. Consider the Fig. 1 (Born and Wolf 1983).
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Fig. 1 Illustration of the
formula of Bouguer (Born
and Wolf 1983)

From Fig. 1 it is seen that:

ds = r cosec(ψ)dθ =
√

(dr )2 + r2(dθ )2. (9)

For a spherically symmetric atmosphere the formula of Bouguer, Eq. (10), is valid

p = n(r )r sin(ψ). (10)

Therefore

dθ

dr
= ± p

r
√

n2(r )r2 − p2
. (11)

The phase along the ray path from a GPS satellite to the GRAS receiver on a
METOP satellite is given by:

ϕ = 2π

λ

∫
s

n(s)ds = 2π

λ

∫
s

n(r )

√
1 + r2

(
dθ

dr

)2

dr. (12)

And thus

ϕ = 2π

λ

∫ r2

r1

n2(r )rdr√
n2(r )r2 − p2

(13)

ϕ = 2π

λ

∫ r1

r0

n2(r )rdr√
n2(r )r2 − p2

+ 2π

λ

∫ r2

r0

n2(r )rdr√
n2(r )r2 − p2

. (14)
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Above r0 is the point of closest approach. Now consider one of these integrals:

ϕ0A = 2π

λ

∫ rA

r0

n2(r )rdr√
n2(r )r2 − p2

. (15)

Using the identity:

n2r = 1

2

d

dr

(
n2r2

) − (
n2r2 − p2

) 1

n

dn

dr
− p2 1

n

dn

dr
(16)

and the equation:

n2(r0)r2
0 = p2. (17)

The integral becomes:

ϕ0A = 2π

λ

√
n2(rA)r2

A − p2

− 2π

λ

∫ rA

r0

√
n2(r )r2 − p2

d (ln(n))

dr
dr

+ 2πp

λ

∫ rA

r0

−p√
n2(r )r2 − p2

d (ln(n))

dr
dr.

(18)

Now from Fig. 1 and from the formula of Bouguer it is seen that:

α = ψ − θ (19)

dψ

d r
= − p√

n2(r )r2 − p2

1

n

d (n)

d r
− p√

n2(r )r2 − p2

1

r
(20)

dθ

dr
= − p√

n2(r )r2 − p2

1

r
. (21)

Thus

dα

dr
= − p√

n2(r )r2 − p2

d (ln(n))

dr
. (22)

Therefore

ϕ0A = 2π

λ

√
n2(rA)r2

A − p2 + 2πp

λ
αA0

− 2π

λ

∫ rA

r0

√
n2(r )r2 − p2

d (ln(n))

dr
dr.

(23)
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And therefore the phase is given by

ϕ = 2π

λ

(√
r2

LEO − p2 +
√

r2
GPS − p2 + pα

−2
∫ ∞

r0

√
n2(r )r2 − p2

d (ln(n))

dr
dr

)
.

(24)

Where, with reference to Fig. 2:

α = Γ − ψGPS − ψLEO

= Γ − arctan

⎛
⎝

√
r2

GPS − p2

p

⎞
⎠ − arctan

⎛
⎝

√
r2

LEO − p2

p

⎞
⎠ (25)

Now consider the integral:

u(p) =
∫ TIMT

0
ω

(
τIMT

RX

)
RREG-B

(
τ IMT

RX

)
exp

(−iβ
(

p, τ IMT
RX

))
d τ IMT

RX (26)

RREG-B
(
τ IMT

RX

) = AREG-B
(
τ IMT

RX

)
exp

(+iϕ
(

p, τ IMT
RX

))
. (27)

Thus

u(p) =
∫ TIMT

0
ω

(
τ IMT

RX

)
AREG-B

(
τ IMT

RX

)
exp

(
i ϕ

(
p, τ IMT

RX

) − i β
(

p, τ IMT
RX

))
d τ IMT

RX

(28)
The integral can be evaluated (approximately) by the method of stationary phase
to be:

u(p) =
√

2π iω
(
τ IMT

RX-1

)
AREG-B

(
τ IMT

RX-1

)
exp

(
iϕ

(
p, τ IMT

RX-1

) − i β
(

p, τ IMT
RX-1

))
√(

d2ϕ

dτ 2 − d2β

dτ 2

)∣∣∣
τ=τ1

(29)

Fig. 2 Illustrating the occultation plane geometry
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where

ϕ
(

p, τ IMT
RX-1

) − β
(

p, τ IMT
RX-1

) = arg(u(p)). (30)

Now β(p, τ ) can be chosen arbitrarily; if β(p, τ ) is chosen to be:

β(p, τ ) = 2π

λ

(√
r2

LEO(τ ) − p2 +
√

r2
GPS(τ ) − p2 + p α(p, τ )

)
, (31)

where

α(p, τ ) = Γ (τ ) − arctan

⎛
⎝

√
r2

GPS(τ ) − p2

p

⎞
⎠ − arctan

⎛
⎝

√
r2

LEO(τ ) − p2

p

⎞
⎠ . (32)

Then with reference to Eq. (24):

ϕ(p, τ1) − β(p, τ1) = −4π

λ

∫ ∞

r0

√
n2(r )r2 − p2

d (ln(n(r )))

dr
dr. (33)

Therefore we have:

d

dp
(ϕ(p, τ1) − β(p, τ1)) = −4π

λ

d

dp

∫ ∞

r0

√
n2(r )r2 − p2

d (ln (n(r )))

dr
dr

= −4π

λ

∫ ∞

r0

− p√
n2(r )r2 − p2

d (ln (n(r )))

dr
dr

= −4π

λ

(α
2

)

= −2π

λ
α.

(34)

Equation (34) establishes the desired result. The main steps in the derivation are:
(i) expressing the corrected phase between the transmitter and the receiver in the
form given in Eq. (24), (ii) solving the Eq. (28) for u(p) by the method of stationary
phase, (iii) noticing that if β(p, τ ) is chosen to be given by Eq. (31) then Eq. (33)
will give arg(u(p)) and (iv) observing that the derivative of arg(u(p)) with respect
to p is proportional to the bending angle as seen from Eq. (34). It is seen from
the derivation that all the information about the bending angle is contained in the
(corrected) regenerated phase measured by the GRAS receiver. The amplitude of
the signal is not used.

The phase transform algorithm is valid for any spacecraft orbits provided an
occultation plane exists (at least approximately). It is an exact algorithm and not
an approximation. The Full Spectrum Inversion (FSI) algorithm (Jensen et al. 2003)
is an approximation of the phase transform algorithm which is applicable assuming
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a spherical Earth and circular spacecraft orbits in the same plane. In this situation
Eq. (4) can be approximated by a Fourier transform.
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Using Airborne GNSS Receivers to Detect
Atmospheric Turbulence

L.B. Cornman, A. Weekley, R.K. Goodrich, and R. Frehlich

Abstract A methodology for estimating turbulence intensity from GNSS-aircraft
occultations is presented. The theoretical underpinnings are from standard weak-
scattering theory for electromagnetic wave propagation in random media. These
techniques are modified to deal with a transmitter and receiver moving relative to
each other. A simulation method is then used to evaluate the sensitivity of the inten-
sity estimates to two other unknown parameters, the turbulence length scale and the
distance of the turbulence from the receiver. It is shown that the estimation is highly
sensitive to the latter and relatively insensitive to the former. An iterative technique
is presented that uses estimates of the distance parameters to improve the intensity
estimation. It is shown that given the assumptions in the problem, the iterative tech-
nique provides relatively accurate estimates of the turbulence intensity parameter.

1 Introduction

There is a long and distinguished history in the study of electromagnetic (EM) wave
propagation through random media (cf. Tatarskii 1971; Yeh and Liu 1982; Ishimaru
1997). These works have provided a firm theoretical foundation for estimating
statistical properties of the neutral atmosphere and ionosphere via the statistical
properties of the received EM signals. That is, the characteristics of the turbulent
atmosphere can be deduced from, for example, correlation and/or spectral analy-
sis of the phase and/or amplitude of the received signal. In the past, the bulk of
the experimental analysis in this area has been performed with ground-based trans-
mitters and receivers (e.g., radars and lidars), as well as with ground-based receivers
and space-based transmitters. With the advent of Global Navigation Satellite System
(GNSS) constellations, a new avenue has become available to investigate the turbu-
lence properties of the Earth’s atmosphere. The deployment of an ever-increasing
number of Low Earth Orbiting (LEO) satellites—with high-quality, high-sampling
rate receivers—provides a very valuable new source of turbulence measurements:
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GNSS-LEO occultations. There are numerous other practical applications which
can benefit by having turbulence measurements (and resultant climatologies) from
GNSS-aircraft occultations. For example: space weather (Hajj et al. 1994), trans-
ionospheric communication links (Secan et al. 1997), aviation safety and navigation
systems (Conker et al. 2003; Cornman et al. 2004), the accuracy of ground-based
GNSS receivers (Ganguly et al. 2004), as well as the effect of turbulence on mea-
suring atmospheric state variables from GNSS-LEO occultations (Kursinski et al.
1997; Gorbunov and Kirchengast 2005).

The methods and results presented below are extracted from a much more thor-
ough report prepared for the Boeing Corporation.

2 Theory—Weak Scattering

The essential theory for the problem of wave propagation through a random media
is described in a variety of references, e.g., Tatarskii (1971) or Ishimaru (1997).
Specific application to ionospheric measurements which follows directly from the
basic theory has also been developed (cf. Yeh and Liu 1982; Bhattacharyya et al.
1992). Further application of this theory to the GNSS-LEO problem is discussed in
Vorob’ev and Kan (1999) and Cornman et al. (2004). In the following, this latter
reference is used as a starting place.

Since the transmitter and receiver are moving relative to each other, the origin of
the coordinate system for the problem is taken to be at the receiver. In this case, a
displacement vector ρ in the plane perpendicular to the line-of-sight (LOS) between
the transmitter and receiver is given to the first order by ρ = Veffτ , where τ is the
change in time over which the displacement occurs. Assuming that the turbulence
is isotropic in the perpendicular plane, it can only be a function of the length of the
displacement vector, ‖ρ‖ = ‖Veff‖ τ , where ‖Veff‖ for a non-moving atmosphere
and spherical wave propagation is given by

‖Veff(η)‖ =
∥∥∥VR

η

R
+ VT

(
1 − η

R

)∥∥∥ , (1)

where η is the distance along the LOS from the transmitter (η = 0) to the receiver
(η = R). VT is the velocity of the transmitter and VR is the velocity of the receiver,
both computed as the projection of the full 3-D vectors into the plane transverse to
the LOS. It can be shown that the frequency spectrum of a spherical wave measured
in the plane perpendicular to the LOS, for the log-amplitude fluctuations of the index
of refraction field, χ , is given by

Φχ ( f ) =
η1+Δη/2∫

η1−Δη/2

4π5/2k2 AC2
n (η)

||Veff(η)|| y−4/3·

{
2Γ (1/3)

5Γ (5/6)
− Re

[
eiax2

U [1/2,−1/3,−iay]
]}

dη,

(2)
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where it is assumed that the turbulence resides in a patch centered at η1 and of length
Δη along the LOS; k is the wavenumber for the transmitted signal; Re refers to the
real part; C2

n is the turbulence intensity (also referred to as the structure constant);
U is the confluent hypergeometric function of the second kind, and Γ is the gamma
function (Abramowitz and Stegum 1972); x = 2π f/‖Veff‖; y = x2 + L−2

0 ; L0 is
the integral length scale of the turbulence; a = η(R − η)/k R; and A = 0.033.
A von Karman model for the isotropic index of refraction spectrum is used in
Eq. (2) (Ishimaru 1997). Note that the Kolmogorov case is obtained by setting
L0 → ∞. The Kolmogorov model is a power law at all wavenumbers. It is valid
in the so-called inertial subrange of wavenumbers—far away from both the energy-
producing scales (small wavenumbers) and the dissipation scales (large wavenum-
bers, Tatarskii (1971)). So, theoretically it cannot be a valid model at the smallest
wavenumbers (it goes to infinity). In this subrange, the index of refraction spectrum
is only a function of the single intensity parameter, C2

n . The von Karman model
has the same large wavenumber limit as the Kolmogorov model (power-law), but
at small wavenumbers, it asymptotes to a constant (a function of both C2

n and L0),
which ensures finite energy. The plane wave propagation case is given by setting
a = (R − η)/k. For turbulence in the ionosphere, a different set of coefficients are
required as well as changing the k2 factor to k−2, but the rest of the formulation is
the same. If it is further assumed that the length of the turbulence patch Δη is small
enough such that a mid-point approximation to the integral in Eq. (2) is an accurate
one (given some criteria), then

Φχ ( f ) = 4π5/2k2 AC2
n (η1)Δη

Veff(η1)
y−4/3·

{
2Γ (1/3)

5Γ (5/6)
− Re

[
eiax2

U [1/2,−1/3,−iay]
]}

(3)

It should be noted that typically Δη will not be small enough such that a mid-
point approximation is accurate; hence, the patch must be broken into a number
of smaller segments such that the approximation is acceptable within each one. A
detailed discussion on this topic is beyond the scope of this paper (a comment is
made in Sect. 4). However, to simplify the problem, for the results presented below
it is assumed that the mid-point approximation is accurate enough.

3 Results

3.1 Log-Amplitude Spectra: Analytic Forms

Next, consider the sensitivity of Eq. (3) to the unknown parameters, L0 and η1. The
other unknown, the combined parameter C2

n (η1)Δη will merely change the overall
level of the curves. Figure 1a shows the log-amplitude spectra when L0 is held fixed
and R − η1 (the distance along the LOS from the aircraft to the turbulence patch),
is varied. The parameter values are: L0 = 3.0 km and R − η1 = {10, 50, 100, 200}
km. Note that in the following analyses, it has been assumed that the angle between
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Fig. 1 (a) Log-amplitude spectra—showing the variation over different R − η1 values, for fixed
L0 = 3.0 km. (b) Log-amplitude spectra—showing the variation over different L0, for fixed
R − η1 = 100 km

the projections of the transmitter and receiver velocity vectors onto the plane per-
pendicular to the LOS is zero. That is, the projections are parallel. Clearly, this is
not the general case, but for this heuristic analysis it will suffice. Next, consider
holding η1 fixed and varying L0. This can be seen in Fig. 1b, where the parameter
values are R − η1 = 100 km and L0 = {0.1, 1.0, 3.0, 7.0} km. From Fig. 1a, it is
clear that at low-frequencies the spectrum is highly sensitive to η1, with lessening
sensitivity for increasing frequencies. From Fig. 1b, it can be seen that excepting
for L0 = 0.1 km—a very small value for the upper atmosphere—the log-amplitude
spectrum is fairly insensitive to the turbulence length scale. These considerations
will be important when it comes to parameter estimation.

3.2 Simulation Studies and Parameter Estimation

An investigation into parameter estimation was performed, focusing on the log-
amplitude spectra. Assuming that the received signal is a sample from a Gaussian
process, its spectrum will have an exponential distribution. Using this fact, numer-
ous realizations of the spectra can be generated, i.e., by replacing each spectral
point with a sample from an exponentially-distributed random number sequence.
An example of this is shown in Fig. 2. The simulation is intended to represent real-
world situations; hence, it was assumed that the received signal would be available
at 50 Hz, and approximately 10 s worth of data would go into a single spectrum
(512 samples were used).

For this exercise, the parameter to be estimated is C2
n (η1)Δη. Two cases were

examined, (i) holding η1 fixed and varying L0, and (ii) holding L0 fixed and varying
η1. In each case, a single-parameter maximum-likelihood (ML) method was used
to estimate C2

n (η1)Δη. Let Φg( f ) = pφg( f ); where the subscript g refers to the
function (here, the log-amplitude spectrum), and p is the parameter to be estimated.
In this case, φg( f ) is Eq. (3) with C2

n (η1)Δη set to one. Then given a measured—or
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Fig. 2 Theoretical
log-amplitude spectrum
(black curve), and with
values replaced by
exponentially-distributed
noise (gray dots)

in this case simulated—set of spectral points, Φ̂g( fi ), i = 1, . . . , N the maximum-
likelihood estimate of p is given by

p = 1

N

N∑
i=1

Φ̂g( fi )

φg( fi )
(4)

where the calculation is done over a set of N frequency values (Smalikho 1997).
Figure 3a illustrates results of the simulation exercise for the estimation of

C2
n (η1)Δη values, given fixed (and known) η1, and varying L0 around the true value.

For the data in Fig. 3b, L0 is fixed and η1 is varied. The “true” values for L0 and
R − η1 are 3 km and 100 km, respectively. This corresponds to the curve with
diamond symbols in Fig. 1a. The concept is to determine the sensitivity in esti-
mating C2

n (η1)Δη given an uncertainty in the knowledge of one of the two other
unknown parameters. That is, a realization of the log-amplitude spectrum is gen-
erated for a given set of input parameters {C2

n (η1)Δη, η1, L0}. This is Φ̂χ ( f ) in
Eq. (4). The model function, φχ ( f ), is calculated from Eq. (3), (with C2

n (η1)
Δη = 1), using the same value of η1 that was employed in generating Φ̂χ ( f );
but with values of L0 that range around the fixed value that was used in generating
Φ̂χ ( f ). These L0 values constitute the ordinate in Fig. 3a. The black horizontal and
vertical lines are the true values of L0 and C2

n (η1)Δη, respectively. Figure 3a is a
two-dimensional histogram for the {C2

n (η1)Δη, L0} parameter space, with the color
representing the number of counts in that bin. One thousand realizations, such as
the one shown in Fig. 2, were generated for each L0 value. It can be seen that over
a large range of length scales, the errors in estimating C2

n (η1)Δη are mostly within
±5% of the true value—the spread being dominated by the statistics of the ran-
dom realizations. These results confirm the qualitative discussion above regarding
the relatively insensitivity of the log-amplitude spectrum with respect to the length
scale. That is, given a two-parameter model where one of the parameters is known,
and it is insensitive to the other one, it is not surprising to see these results.
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Fig. 3 (a) Distribution of C2
n (η1)Δη estimates as a function of varying L0, while holding

R − η1 = 100 km fixed. (b) Distribution of C2
n (η1)Δη estimates as a function of varying

R − η1, while holding L0 = 3 km fixed. The black horizontal and vertical lines are the true
values of L0 and C2

n (η1)Δη, respectively. Note that the scale for the abscissa on the two plots is
different

A positive bias is visible at the smallest L0 value (L0 = 0.1 km). While this is
a somewhat unrealistic value for the upper troposphere, the analysis of this case is
instructive. From Fig. 1b, it can be seen that at low frequencies, the spectrum for
this length scale value is about a factor of two smaller than that for the spectrum
with L0 = 3 km. Recall that the simulated spectrum is generated using the true
value (3 km) and it is the model function that is given the erroneous value (0.1 km).
Referring to Eq. (4), it can be seen why the high bias occurs. The model spectrum
with the erroneous length scale is divided into the simulated spectrum, and since
the former is smaller over a handful of low-frequency points, the ML estimator will
produce a small positive bias.

Figure 3b illustrates the same procedure as above, but keeping L0 fixed and vary-
ing η1. For convenience, the ordinate of this figure is R − η1, the distance to the
turbulent patch from the receiver. The black horizontal and vertical lines are the true
values of R − η1 and C2

n (η1)Δη, respectively. Due to the larger sensitivities of the
spectrum to η1, the biases are even more apparent in this scenario. From Fig. 1a, it
is obvious that the spectral points at low frequencies for the model spectra with the
smaller R − η1 value (10 km) are significantly lower than those from the simulated
spectrum (R −η1 = 100 km). In going from the low-frequency values on the 10 km
curve to those on the 100 km curve, there is an increase by a factor of around 20.
From the 50–100 km curve would result in an increase by a factor of around 2.5.
Hence, the increasingly large positive biases for decreasing R − η1 values. This is
seen in the R − η1 < 100 km region (above the black horizontal line) of Fig. 3b.
Of course, the opposite is true: as the R − η1 values used in the model spectrum
increase over those in the true (e.g., simulated) spectrum, the bias will be increas-
ingly negative. For example, in going from the low-frequency values on the 200 km
curve to those on the 100 km curve, there is a decrease by a factor of around 2.5.
This is seen in the R − η1 > 100 km portion of the figure.
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Fig. 4 Histograms of the distribution of C2
n (η1)Δη values from the ML estimator, using log-

amplitude spectrum. For the histograms in dark gray, all of the spectral points are used in the
estimation; for the ones in light gray only the high frequency spectral points are used. In this case
the true value of R − η1 was 100 km and the model value was 10 km. (a) Prior to iteration using
η1 estimation, (b) After iteration using η1 estimation

A partial solution to the bias problem is to restrict the spectral points used in
the ML estimator to the high-frequency regime—where the effect of η1 is lessened.
The result of this exercise is shown in Fig. 4a. The histogram in dark gray is the
distribution of C2

n (η1)Δη estimates, over 1000 realizations, using all of the spectral
points. In this case, a value of R − η1 = 10 km is used for the model spectrum
whereas the value for the simulated spectra is 100 km. This corresponds to the top
line in Fig. 3b, where it can be seen that there is a significant positive bias, as well as
a broader distribution. When the set of points used in the ML estimator is restricted
to higher-frequency points, the bias and the spread are significantly reduced. This
can be seen in the distribution in light gray. The input C2

n (η1)Δη value is indicated
by the vertical black line.

3.3 Iterative Parameter Estimation

As can be seen from Fig. 4a, there is still a non-trivial bias in the estimation of
C2

n (η1)Δη even when restricting the spectral points used in the ML estimator to
those at higher frequency values. It can be shown that the bias in the ML estimator
is directly proportional to the right-hand side of Eq. (4), minus one. At the higher
frequencies, the ratios on the right-hand side of Eq. (4) are smaller than those at
lower frequencies, but there are many more points at the higher frequencies so that
the sum of these ratios can be significant. The reason that these ratios are not one in
this case is that η1 does not equal η. One approach to ameliorating this influence is
to use a two-step method for calculating the estimates of C2

n (η1)Δη. The first step is
to estimate C2

n (η1)Δη from the method described in the previous section. That is, a
value of η1 is guessed, and used in the ML algorithm. Since the length scale value is
not very pertinent, choose a reasonable physical value. Given these two parameters,
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the log-amplitude spectrum is now a function of the single unknown parameter η1.
A least-squares minimization method is then used to estimate η1, which in turn is
utilized in place of the “guessed” value in a second iteration of the ML estimation
for C2

n (η1)Δη. In this case, the true value of R − η1 is 100 km and the model value
is 10 km. The η1 estimates computed from the minimization method have a high
bias. This is due to the positive bias in the first estimates of C2

n (η1)Δη. Referring to
Eq. (4), if the C2

n (η1)Δη estimates are too large, then the model function, φg( f, η̂1),
must be smaller in order to minimize the difference between the data, Φ̂g( fi ), and
the product of the C2

n (η1)Δη estimates and the model. Making the model function
smaller implies that larger η1, or equivalently, smaller R − η1 values, must be used
(cf. Fig. 1a). Note that since the true value of R − η1 is larger than the original
model one, (100 km vs. 10 km); estimating larger η1 values should reduce the bias in
the iterated C2

n (η1)Δη values. Figure 4b shows the results of the iterated C2
n (η1)Δη

estimation. Comparing these to Fig. 4a, it can be seen that the iterated estimates
are superior to the original ones. There is still a small positive bias, but certainly
less than in the original case. This is especially apparent in the C2

n (η1)Δη estimates
using all of the spectral points (in light gray). The discussion about biases in the η1

and iterated C2
n (η1)Δη values, was based on using a true R − η1 value that is larger

than the initial guess used in the model. The same logic holds for the case when the
true R − η1 value is smaller than the initial guess—all that changes is the directions
of the biases—and the same movement of the estimates towards the true values
occurs.

4 Conclusions and Outlook

This paper has focused on the use of airborne GNSS receivers to estimate turbulence
intensity. The theoretical development follows methods described in the literature,
with augmentations to account for specifics of the problem. The key results are
Eq. (2) and Eq. (3). It should be noted that these results are valid—given the assump-
tions inherent in the method—for any pair of transmitters and receivers moving
relative to each other. The rest of the paper described parameter estimation method-
ologies. A simple technique to simulate many independent realizations was used
in order to provide a statistical evaluation of the methods. A maximum likelihood
(ML) method was used to produce turbulence intensity estimates. The location of
the turbulence along the LOS was seen to have a strong affect on the accuracy of the
ML estimation method. In order to work around this problem, an iterative technique
was developed. This technique uses the first estimates of the turbulence intensity to
feed into a least-squares estimator for the location of the turbulence. These latter
estimates were then feed back into the ML estimator to produce iterated estimates
for the intensity parameter. It was shown that for the log-amplitude spectra—which
are more sensitive to the unknown location parameter than the phase spectra—
the iterative method produced significant improvements in the intensity parameter
estimation.
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There are a number of issues that still need to be investigated more thoroughly.
Further analysis of the contamination due to electron density fluctuations in the
ionosphere should be made. The results presented above were concerned with a
single patch of turbulence along the LOS, using the mid-point approximation for
the integral, Eq. (2). The effect of the mid-point approximation on the accuracy of
the estimation methods for the turbulence intensity parameter needs further study.
The log-amplitude spectra were analyzed, but the phase spectrum was not. An anal-
ysis should be performed to see if there are any advantages to using this spectrum for
parameter estimation. Most of the analysis was performed with the angle between
the projections of the transmitter and receiver velocities in the plane perpendicular
to the LOS being zero. An analysis should be performed using non-zero angles to
see the effect on parameter estimation. The effect of multiple patches of turbulence
along the LOS on parameter estimation also needs to be addressed. The simulation
methods used above can easily be modified to generate multiple patches of turbu-
lence along the LOS—including ones in the ionosphere. Furthermore, the effects
of layered turbulence regions—not uncommon in the upper-troposphere and lower
stratosphere—could be evaluated by using an anisotropic index of refraction spec-
trum (Tereshchenko et al. 2004). A new approach to parameter estimation can also
be studied. One candidate is to use one-dimensional tomography at each temporal
frequency of the measured spectrum. In this approach the integral of the spectrum
over the path length is subdivided into multiple intervals, such that over each inter-
val, the mid-point approximation meets a required accuracy criterion. However, the
width of these intervals, Δη, will be a function of the location of a given interval
along the LOS and the frequency. The integral, i.e., the frequency spectrum, can
then be discretized and viewed as the linear combination,

Φ̂χ ( f j ) =
N∑

i=1

C2
n (ηi )(Δη)i j hχ (ηi , f j ) (5)

where the log-amplitude spectrum has been used as an example. Φ̂χ ( f ) is the mea-
sured frequency spectrum, and hχ (ηi , f j ) is the theoretical frequency spectrum,
Eq. (3), with C2

n (η1)Δη set to one. Since hχ (ηi , f j ) and (Δη)i j are known quan-
tities, Eq. (5) represents a system of linear equations, which can then be solved for
the C2

n (ηi ) values using the Singular Value Decomposition (SVD) method (Press
et al. 1989).
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The GRAS SAF Radio Occultation Processing
Intercomparison Project ROPIC

A. Löscher, K.B. Lauritsen, and M. Sørensen

Abstract Global Navigation Satellite System (GNSS) based radio occultation
(RO) measurements promise to be valuable observations to supplement the data base
used for numerical weather prediction, atmospheric process studies, and climate
research. Especially in the latter case it is important to fully understand the influence
of the particular processing (algorithms, implementations, and used parameters) on
the quantities used for further studies. To assess the impact of different algorithms
and implementations used to derive bending angles and refractivities and to iden-
tify possible systematic deviations three centers routinely processing RO data had
been given an identical excess phase and orbit (Level 1a) CHAllenging Minisatellite
Payload (CHAMP) data set comprising observations from two months. To probe the
robustness and possible dependences of the processing results on atmospheric con-
ditions the middle month of the winter and summer season 2005 had been chosen.
The results after an external quality control indicate a good agreement of the data
sets between 5 km and 40 km for bending angles and refractivity depending on lati-
tude, although the Wegener Center for Climate and Global Change (WEGC) data set
exhibits systematic deviations compared to Danish Meteorological Institute (DMI)
and Deutscher Wetterdienst (DWD). At high altitudes, the different initialization
strategies are visible in the processed data. The Radio Occultation Processing Cen-
ter Intercomparison Campaign (ROPIC) was conducted by the Global Navigation
Satellite System Receiver for Atmospheric Sounding (GRAS) Satellite Application
Facility (SAF).

1 Introduction

Radio occultation (RO) proved to be a reliable technical concept meeting require-
ments like global coverage, all weather capability (the signals are not hampered
by clouds and precipitation), a priori long term stability and self-calibration
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(Kursinski et al. 1997; Hajj et al. 2004) which favors RO data utilization
within frameworks conducting climate studies (Foelsche et al. 2009; Löscher and
Kirchengast 2008). The latter property, which distinguishes RO from most other
space-borne observational techniques, should allow for rather easy inter-comparison
and combination of data, offering the opportunity to get a comprehensive time
series. Over the next decades, observations from different receivers and platforms
(e.g., Constellation Observing System for Meteorology, Ionosphere, and Climate
COSMIC (Rocken et al. 2000), or the Global Navigation Satellite System (GNSS)
Receiver for Atmospheric Sounding (GRAS), a new state of the art GNSS based RO
instrument (Loiselet et al. 2000; Luntama et al. 2008) onboard the Metop series of
satellites operated by EUropean Organisation for the Exploitation of METeorologi-
cal SATellites (EUMETSAT)) will be available.

Since RO data should serve as a climate benchmark the processing must be robust
and deliver reproducible results, the GRAS Satellite Application Facility (SAF).
located at the Danish Meteorological Institute (DMI) in Copenhagen, Denmark,
initiated the Radio Occultation Processing Intercomparison Campaign (ROPIC).
A similar project the Radio Occultation Sensor Evaluation (ROSE) had been con-
ducted a while ago (Ao et al. 2003). The main finding had been a surprisingly small
overlap of profiles processed by three different centers (University Cooperation for
Atmospheric Research (UCAR), GeoForschungsZentrum Potsdam (GFZ), and Jet
Propulsion Laboratory (JPL)) drawing from the same pool of raw data which lead to
further investigations. The monthly mean of refractivity difference turned out to be
less than 0.3% with a standard deviation of 0.5% in an altitude range of 10–25 km.
In the lower troposphere, the agreement was worse in the tropics than elsewhere,
with the mean refractivity difference exceeding 1% in the lower altitudes. Bending
angles were not analyzed.

RO processing chains are composed of a number of algorithms which differ
between the centers; even if the same underlying algorithm is used the specific
implementations will be different thus slightly different results can be expected.
As shown by von Engeln (2006a,b) this uncertainty cannot be neglected. This study
serves to assess those variations by comparing the data products of different pro-
cessing chains.

The intention is not the assessment of the absolute accuracy but to reveal possi-
ble inconsistencies and systematic deviations between different centers. This study
should serve as a baseline to identify benefits from using certain algorithms and
methods, which in turn could be used to optimize the processing chains. Most likely,
the optimal processing method is complex (e.g., it may vary with altitude range and
spatial location of the observation).

In our study, we focus on the assessment of the processing chains from excess
phase level to bending angles and refractivities. Those are the quantities used in
Numerical Weather Prediction (NWP) systems (Healy and Thépaut 2006) and are
possibly the best candidates for long-term climate monitoring applications (Ringer
and Healy 2008). Data even closer to the raw observation state might be even better
but are not used yet. As a matter of fact it is difficult to quantify the uncertainties
introduced by the different processing steps, thus it is an advantage to keep them at
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a minimum. Although for climate applications where mostly relative changes are of
interest (Löscher et al. 2008) a possible bias for example is not posing a problem as
long as it is stable in time (which is difficult to guarantee if it is not entirely clear
where it stems from). Other quantities like suggested in Leroy et al. (2006) might
prove to be appropriate for climate applications too which still has to be studied in
detail concerning its sensitivity to the processing.

As a common baseline a CHAllenging Minisatellite Payload (CHAMP) (Wickert
et al. 2004) based data set had been compiled containing the occultation events
from January and July 2005 covering the middle month of the Northern Hemi-
sphere winter and summer season to represent different atmospheric conditions.
The occultations had been processed from raw to excess phase and orbit data by
GFZ Potsdam (Germany). The participating centers Deutscher Wetterdienst (DWD)
in Offenbach (Germany), GRAS-SAF at DMI, and Wegener Center for Climate and
Global Change (WEGC) in Graz (Austria) processed the common data set to bend-
ing angles, refractivities, and higher-level products like dry temperature. The activ-
ity was coordinated by the GRAS-SAF. We present here the results of the bending
angle and refractivity intercomparison.

2 Data Set

To conduct the ROPIC campaign, a comprehensive set of phase delay and orbit
data from CHAMP had been compiled for the participating processing facilities.
This serves several purposes, it enables the participation of centers not capable of
processing the data up to Level 1a (excess phase and orbit), it avoids that the overlap
of processed profiles at that point is small as it happened in the ROSE campaign1,
and finally we are interested in investigating the processing from Level 1a to bending
angles and refractivities thus respective effects are effectively isolated.

GFZ Potsdam provided the data of the CHAMP GPS radio occultation experi-
ment, generated the phase delay data, and made the orbit data available for ROPIC.
The GRAS-SAF edited the data and compiled the final ROPIC input data set includ-
ing instructions. The package was distributed either in GFZ ASCII or ROPP (Radio
Occultation Processing Package) NetCDF format via a dedicated web page.

To clarify the notation and avoid confusion Table 1 shows some data level def-
initions used for the excess phase (PD) and corresponding orbit data by different
centers, in this paper the GRAS-SAF convention is used.

Table 1 Definitions used
for the same data level GFZ GRAS-SAF UCAR EUMETSAT

Level 2 Level 1a Level 2 Level 1a

1The overlap issue had been a bit relaxed meanwhile pers. communication J. Wickert
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Table 2 ROPIC excess
phase data set from GFZ January July Total

GFZ Data 5246 5928 11174

The data set consists of two months (January and July 2005) to cover the atmo-
spheric variability throughout the Northern Hemisphere summer and winter seasons
providing a representative baseline. It comprises 5246 profiles from January 1, 2005
to January 31, 2005 and 5928 profiles from July 1, 2005 to July 31, 2005; in total
11,174 profiles (Table 2), a number, which allows to generate meaningful statistics.
Due to problems in the attitude stabilization of CHAMP no precise orbits are pro-
vided from January 30, 22 UTC to January 31, 22 UTC, thus only a limited number
of occultations could be processed.

The space based single differencing technique had been used to eliminate the
CHAMP satellite clock error and to derive the atmospheric excess phase data for
ROPIC (which is not equal to the GFZ standard data stream where the double dif-
ferencing technique is employed). The GPS clock errors are corrected by using
5 min clock solutions, provided by the GFZ orbit processing facility (König et al.
2005). The use of the single differencing technique seems to introduce no sig-
nificant deviations compared to the operational double differencing. Details con-
cerning the GFZ RO data processing using the single differencing technique are
given by Wickert et al. (2002). Further references related to the derivation of the
atmospheric excess phase from GPS RO data are, e.g., Schreiner et al. (1998) and
Hajj et al. (2002).

The DWD reference data (especially the ray-traced bending angles which are
usually not available) proved to be essential for quality control. For all data sets,
the mean tangent point had been recalculated as in Sect. 3 described (except for
the WEGC data, since the tangent point track was not provided the given coordi-
nates had been used). Since the aim of this project is to assess the relative devia-
tions between different retrieval procedures, the processing chains of the centers are
treated as “black boxes” in a first step. The delivered profiles are assumed to be the
quality controlled standard output. A next step will be to analyze where differences
originate which will call for a close look at the specific implementations.

The DMI and DWD processing chains are based on the same underlying
algorithm (a combination of geometric optics (GO) and wave optics, where the
Canonical Transform 2nd Type (CT2) is used). The WEGC data was retrieved
with the Occultation Processing System version OPSv5.3, an enhanced version
of OPSv5.2 (Foelsche et al. 2008) based on the heritage of the CHAMPCLIM
retrieval (Foelsche et al. 2005). This retrieval is a dry air retrieval based on geometric
optics.

More subtle differences exist concerning quality control, initialization methods,
smoothing, and implementation particularities, which cause differences in the out-
put. Details on the processing applied by DMI cf. Gorbunov (2005); Gorbunov and
Lauritsen (2006); Gorbunov et al. (2006), by DWD cf. Gorbunov (2002); Gorbunov
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and Lauritsen (2002); Gorbunov (2005) and by WEGC cf. Gobiet et al. (2007);
Foelsche et al. (2008).

The ROPIC data consists of Level 1a, bending angle, refractivity profiles, and
data processed to a higher level like dry temperature including the respective
(ECMWF) reference data (collocated reference profiles of temperature, specific
humidity, pressure including the derived refractivity, surface pressure, and for the
DWD data set the derived bending angles).

To ease processing and general handling all data sets had been converted to the
ROPP2 (Radio Occultation Processing Package) NetCDF format in a pre-processing
step. To filter outliers, which would spoil the statistics, quality control procedures
are executed as part of the analysis. The quality controls are based on external data
(bending angles and refractivities) which rules are as follows: Any profile, which
deviates from the respective reference between 10 km and 20 km more than 10%
is considered an outlier and flagged as failed. From 10 km down every level of a
profile is checked against the respective reference and if the deviation exceeds 20%
the first time the value at that level and all consecutive levels is set to missing values.
The same procedure is applied to all levels from 20 km up.

As reference data the DWD provided collocated ray-traced bending angles and
reference refractivities, both derived from ECMWF data, are used. If a profile is
flagged as outlier in bending angle space, it is not carried on to the refractivity
analysis.

Those procedures are empirical and proved to be reliable measures to account for
outliers and un-physical values, which seem to appear in a few profiles on a random
base. Since the observations are compared to the DWD derived reference profiles in
the analysis only profiles with a difference of ≤ 50 km in the mean tangent point
location with respect to DWD enter the calculations.

Careful quality control at all stages of the analysis proved to be essential to reli-
ably remove outliers in bending angle and refractivity space, which would spoil the
statistics, where one has to be careful not to exclude too many observations from
the analysis. Sensitivity tests using different percentage thresholds for data filtering
suggest that the method used here provides a simple but reliable quality monitor-
ing framework. The complication for standard RO data products is the in general
missing bending angle reference.

3 Baseline of the Comparison

The baseline of the comparison are bending angles as function of 247 fixed impact
heights (impact parameter minus radius of curvature) up to ∼60 km and refractiv-
ities at an equidistant 200 m grid above ellipsoid (WGS-84) covering an altitude
range from 0–45 km (226 vertical levels). This data is complemented by collocated
ECMWF profiles (at the profile’s mean tangent point location) and the respective

2For instructions to download the ROPP-Package go to http://www.grassaf.org/ROPP package.php



54 A. Löscher et al.

derived refractivities (plus the ray-traced bending angles for DWD). The mean tan-
gent point is calculated as the average of the tangent point track of the observa-
tions from the lowermost 20 km of a profile. By doing so, the mean tangent point
is effectively weighted towards lower altitudes (von Engeln 2006a). The ECMWF
collocated profiles are derived from operational analysis fields retrieved at a 1◦ by
1◦ spatial resolution comprising 60 vertical levels, which are interpolated to the
comparison grid. The time layer (of four available per day) closest (in time) to the
profile had been used.

DWD provided beside the ECMWF derived reference refractivity two sets of
reference bending angle data sets, based on an Inverse Abel procedure and ray-
tracing. Since the DWD data set contains most profiles, which enter the comparison
(cf. Table 3) the ray-traced bending angles and consequently the respective reference
refractivities have been used as data to compare against. Still one has to keep in
mind that in our comparison the differences between the retrieved results are most
important, although the comparison to ECMWF (in bending angle and refractivity
space) provides some added value to the analysis.

To analyze the data, basic statistical quantities like bias, median, standard devia-
tion, and variance had been used. First assessments indicated the presence of outliers
or unphysical values in the data set. This assumption had been verified by compar-
ing the median (median of the differences to the reference) of the deviations against
the bias. After introducing the quality control procedures (cf. Sect. 2), both values
agree well indicating the successful removal of corrupted profiles and data points,
although the agreement between the different centers is still slightly better using
the median in refractivity space. That indicates that a few profiles influence the
statistics disproportionately. The calculations had been performed for each set of
profiles separately where first the matches with the DWD data set had been deter-
mined. The analysis was then performed based on differences to the DWD reference
data as common baseline. One has to notice that DWD is compared against its own
provided reference in contrast to WEGC and DMI. Since the relative differences
between the centers are the focus of this study, no side effects are expected to be
introduced due to that fact.

Table 3 Processed ROPIC data set where the difference between passed profiles in Table 3 and
raw data profiles in Table 2 is composed of profiles, which could not be processed to bending
angles and profiles flagged as bad by the centers. Matches indicates profiles entering the analysis
(matching DWD profiles and a mean tangent point location agreeing ≤ 50 km), QC refers to the
quality control conducted by the centers

January July Total

Processed and Processed and Processed and
passed QC Matches passed QC Matches passed QC Matches

DMI 4262 4142 5043 4944 9305 9086
DWD 4454 – 5066 – 9520 –
WEGC 3520 2939 4138 3398 7658 6337
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A different number of profiles per center enters the analysis thus the sample
sizes are different. To assess if this approach has any implications the analysis was
performed a second time only taking profiles into consideration, which are present
in each data set, thus the sample size was equal for each center. The differences are
negligible proving that our approach to maximize the number of analyzed profiles
does not introduce any sampling error.

4 Results

To illustrate the results a subset of plots based on the differences between profiles
and respective references is shown. We focus here on the low, mid, and high lati-
tude Southern Hemisphere for July as exemplary cases. The high latitude Southern
Hemisphere case demonstrates the level of consistency between the different data
sets concerning the pronounced increments (Gobiet et al. 2005) present during the
Antarctic winter in the ECMWF analyses 2005.

The overall agreement between the bending angles derived by the different cen-
ters is good up to an altitude of 30 km at southern high, 35 km at mid respec-
tively up to 40 km at low latitudes. The agreement gets worse within the last few
kilome-ters above the ground but as can be seen in the plots the number of profiles
equally declines (WEGC profiles terminate at 4 km for high, at 5 km for mid and
at 8 km for low latitudes in refractivity space) although WEGC exhibits a system-
atic deviation compared to DWD and DMI. The atmospheric increments compared
to ECMWF at southern high latitudes are captured by all data sets consistently. At
high altitudes WEGC derived values start to deviate from the other two centers at
30 km in the high, 35 km in the mid, and 40 km at low latitudes whereas DWD
and DMI still agree with each other. This effect most likely stems from the different
high altitude initialization where DMI and DWD are using the MSISE-90 (Mass
Spectrometer Incoherent Scatter) model (Hedin 1991). The fit to (and selection of)
MSISE is done in the range from 40–60 km in a dynamical way for each occulta-
tion. The actual transition from measurement to MSISE is on average done between
30 km and 50 km such that MSISE represents 0% at 30 km and 100% at 50 km in
the results (this description applies for DMI, DWD uses similar procedures). The
WEGC bending angle profile is statistically optimized between 30 km and 120 km,
at the lower part with co-located ECMWF profiles and above ∼60 km with profiles
from the MSISE-90 climatology.

This explains the rapid decrease in the number of the accepted profiles in the
DWD and DMI cases at altitudes of ∼45 km and above (QC threshold 20% relative
deviation from reference) since the difference between MSISE-90 and the observed
atmosphere can be significant.

These results give a hint that we have here one example of parametric uncertainty
caused by auxiliary information introduced during the processing. This information
leaves a signature in the data, which in theory exponentially decreases with altitude
(in the case of high altitude initialization) but still might influence observations in
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the atmospheric domain of interest. That is important if the data is used within a
climate context and non static (in time) auxiliary data is present in the processing.
What can be observed in bending angle space is to a certain extend translated to
refractivity space where WEGC seems to be drawn to the reference at altitudes
above 30 km. WEGC’s systematic deviations to DMI and DWD apparent in all plots
are somewhat reduced in the median compared to the bias. The altitude dependent
pattern of the deviation is significantly different in the high, mid, and low latitudes
thus it is very unlikely that they are caused by a single effect; the pattern appears in
a reduced height interval in the mid latitudes.

One can notice the decrease of penetration depth of profiles towards the tropics
in Figs. 1, 2, and 3 (refractivity space) which can be clearly related to the moist
atmosphere, which is still a challenge for the processing algorithms. In any latitude
band DWD profiles exhibit the best penetration performance, in the WEGC data set

Fig. 1 This panel shows bending angle and refractivity bias to the left and the respective median
of difference profiles between 60◦ and 90◦ south from July 2005 on the right (different vertical and
horizontal axes for bending angle and refractivity)
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Fig. 2 This panel shows bending angle and refractivity bias to the left and the respective median of
difference profiles between 30◦ south and 60◦ south from July 2005 on the right (different vertical
and horizontal axes for bending angle and refractivity)

observations are completely absent from a certain altitude which increases from the
poles towards the equator in refractivity space. This can be attributed to the used
GO processing which cannot cope with the strong refractivity gradients present in
moist dense atmospheric regimes, wave optics methods are performing better in
such an environment. That is reflected in bending angles, which apparently cannot
be processed to refractivities.

Another interesting feature to note is that the median seems to move the DMI
and DWD results a bit away from the reference compared to the deviations visible
in the bias plots, an effect which appears at high altitudes.

The results suggest that all retrieval chains capture the same atmospheric features
below 30–40 km depending on latitude, but the systematic differences relative to
each other show that those features are captured at different magnitude. This behav-
ior had been confirmed for the rest of the data set not presented here. The indication
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Fig. 3 This panel shows bending angle and refractivity bias to the left and the respective median of
difference profiles between 30◦ south and 30◦ north from July 2005 on the right (different vertical
and horizontal axes for bending angle and refractivity)

is that outliers can be ruled out as possible cause of the remaining deviations (as the
median suggests).

5 Conclusion

The ROPIC campaign serves to assess the level of independence RO data exhibits
concerning the used processing chain. Not surprising DMI and DWD derived results
agree very well with each other since the underlying processing chains are based
not only on the same theory (combination of geometrical optics at high altitudes
and CT2 at lower altitudes) but also exhibit similar initialization strategies and
partly share the same code base. WEGC is using a different approach (only geo-
metrical optics processing) but still the results agree reasonably well in the altitude
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domain of interest concerning the representation of atmospheric features. Never-
theless, the data still exhibits systematic deviations, which are latitude dependent.
This behavior should be assessed further; the deviations apparent at high alti-
tudes most likely stem from the different initialization strategies. If this assump-
tion is correct, it would illustrate an example for parametric uncertainty of RO
processing.

These results highlight the potential of RO data for climate applications on one
hand but also indicate the need of close cooperation between the different centers to
consolidate their processing, to identify systematic deviations, and improve overall
robustness. The output of more independent processing chains is needed to better
quantify the bandwidth of variations (DMI and DWD processing chains are not
strictly independent) and to realistically estimate the magnitude of structural uncer-
tainty.

Agreement should be reached on open issues like a common definition of the
mean tangent point or discretization schemes making it easier to relate differently
processed data to each other. Since agreement on internal processing procedures is
not expected to be reached, I would suggest to provide at least the tangent point
track as a standard data product.

Another important step would be the development of reliable quality standards
for data products in an ideal case relying on methods for filtering based purely on
observed quantities not dependent on auxiliary reference data.

This first assessment should provide a starting point for further investigations,
which should have a thorough look at the different processing strategies and aux-
iliary data used. In an ideal scenario, the current data set would be supplemented
by more independently derived data sets to have a better chance of estimating the
performance envelope of RO defined by structural and parametric uncertainty.

Especially for climate applications which can rely on the monitoring of relative
changes instead of the absolute values the auxiliary data used should be static (static
in the sense of not changing as a function of time). In that case, any systematic
deviation introduced by the auxiliary data is static too and relative changes are not
masked by their variation.
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Radio Occultation Soundings in Ionosphere
and Space Weather Applications:
Achievements and Prospects

J.-P. Luntama

Abstract It is well known that the GNSS (Global Navigation Satellite System)
signals are affected by the dispersive ionosphere, when the signals pass through it
on their way from the transmitter to the receiver. The impact of the ionosphere is an
error source that is usually eliminated in the ground based GNSS navigation appli-
cations and in the retrieval of the characteristics of the neutral atmosphere from the
RO (Radio Occultation) soundings. However, both RO soundings and ground based
GNSS observations can also be used to monitor the characteristics of the ionosphere
and the plasmasphere. RO soundings for ionospheric tomography were proposed
for the first time already in 1988 (Austen et al. 1988). The first demonstration of
the soundings were performed by the GPS/MET mission. Many other RO missions
(Oersted, CHAMP, SAC-C, and GRACE) have also included ionospheric sound-
ings into their mission objectives. IOX (Ionospheric Occultation Experiment) was
a dedicated ionospheric RO instrument onboard the PICOSat satellite. The ongoing
FORMOSAT-3/COSMIC mission has already provided over 800 000 ionospheric
soundings during the first 14 months of the mission. The new data produced by
the GNSS soundings has generated significant advances in the radio science of
the Earth’s atmosphere and the ionosphere. Global coverage and continuous data
production have enabled new types of services providing information about the
status of the ionosphere in NRT (Near Real Time). Some emerging applications
of GNSS observations include e.g., regional high resolution ionospheric tomogra-
phy and monitoring and prediction of ionospheric scintillation. This paper gives an
overview of the scientific achievements with the ionospheric RO soundings from
the past and from the current RO missions, and discusses the prospects of the GNSS
“space weather” applications in the near future.
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1 Introduction

“Space Weather” is a generic name for the variations caused by the solar wind
in the electromagnetic and the particle environment in the Earth’s ionosphere and
magnetosphere above the height of 100 km. Space weather effects may impact
also the lower ionosphere below 100 km, e.g., during proton events, causing polar
cap absorption and changes in the upper atmosphere chemistry. Space weather is
driven by the Sun. Thus, also the disturbances caused by the space weather fol-
low the 11 year solar activity cycle. Currently the solar activity (the number of
Sun spots) is very low, i.e., we are at a solar minimum. The next solar maximum
is expected to take place in 2011/2012. At the moment we cannot reliably pre-
dict whether the next solar maximum will be stronger or weaker than the previ-
ous maximum in 2001. The official prediction issued by the Solar Cycle 24 Pre-
diction Panel is available from the NOAA (National Oceanic and Atmospheric
Administration) SWPC (Space Weather Prediction Center) web page (http://www.
swpc.noaa.gov/SolarCycle/SC24/index.html).

Space weather impacts the human activities in many ways. The most obvious
dangers are of course the solar radiation and the charged particles damaging the
Earth orbiting satellites or an interplanetary spacecraft. The radiation and the par-
ticles can also endanger the health of the humans during a spaceflight. The danger
from the solar radiation and the particles is significantly bigger outside the Earth’s
magnetosphere, i.e., in a spacecraft on the way to the Moon or to other planets.
Space weather can also damage ground based systems on the Earth through electro-
magnetic induction. Space weather events can also cause problems in commercial
aviation by disturbing HF and VHF radio communications at polar regions and by
increasing the radiation doses of the crew members of the high flying aircraft.

The final report of the COST 724 action defines the “space weather” as Space
weather is the physical and phenomenological state of natural space environments.
The associated discipline aims, through observation, monitoring, analysis and mod-
elling, at understanding and predicting the state of the sun, the interplanetary and
planetary environments, and the solar and non-solar driven perturbations that affect
them; and also at forecasting and nowcasting the possible impacts on biological
and technological systems (http://cost724.obs.ujf-grenoble.fr/). RO soundings of the
planetary ionospheres and the interplanetary plasma fit very nicely to observation
and monitoring aspects of this definition. In this paper, the focus is especially in the
observation of the ionosphere of the Earth.

2 History of Ionospheric RO Soundings

The first RO ionospheric soundings related proposal was made by a group at the
Stanford University in 1962. The objective of this proposal was to study interplane-
tary charged particles and plasma with the radio signals transmitted by the Mariner
probes. Another measurement scheme was proposed independently by a group at the
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Jet Propulsion Laboratory (JPL) in 1963 (Kliore et al. 1964). The result of these two
proposals was the establishment of a collaborating experiment team for the NASA
Mariner 3 and 4 missions. This collaboration between JPL and Stanford University
continued over 20 years developing “radio science” as a technique for planetary
exploration. A more detailed history of the early years of the RO soundings is pre-
sented in Melbourne et al. (1994).

The sounding of the Earth’s ionosphere with the GNSS observations was first
introduced in 1988. The ionospheric soundings were included into a memo written
by Dr. Gunnar Lindal in the framework of the preparation of an instrument proposal
for the NASA Earth Observing System (EOS) (Lindal 1988). Almost simultane-
ously a paper envisioning ionospheric tomography with multiple observations of
the Earth satellite links was published (Austen et al. 1988). Despite some setbacks
due to e.g., changes in the NASA program plans, these two publications led into
series of publications and proposals to promote RO soundings (e.g., Yunck et al.
1988; Yunck and Melbourne 1989; Melbourne et al. 1994).

The starting point of the first RO demonstration mission was a proposal submitted
to the National Science Foundation (NSF) in the US by a group at the University
Corporation for Atmospheric Research (UCAR). With the support from NSF and
with co-sponsorship by the US National Oceanic and Atmospheric Administration
(NOAA), the Federal Aviation Administration, and the Orbital Sciences Corpora-
tion, the GPS/MET mission was initialized. The launch of the GPS/MET instrument
onboard NASA’s MicroLab I spacecraft took place in April 1995.

The history of the neutral atmosphere soundings by RO and many details of
e.g., the GPS/MET mission are described by Yunck et al. (2000). It is important
to note that the ionospheric soundings have been included into the mission plan-
ning from the beginning of RO. The GPS/MET mission already included dedi-
cated ionospheric measurement campaigns e.g., in October 1996 and in January
1997. Ionospheric soundings have been performed more continuously in later RO
missions like CHAMP, SAC-C, and GRACE. The most comprehensive amount of
ionospheric soundings has been naturally provided by the ongoing, multi-satellite
FORMOSAT-3/COSMIC mission.

Table 1 lists the past RO satellite missions and their status. It should be noted that
both Oersted and SUNSAT had severe technical problems with their RO receivers
and very little useful data was generated (but both missions were highly successful
in their other objectives). Both UCAR (University Corporation for Atmospheric
Research) and JPL have archives containing data from the RO missions in which
they have been involved. These data are available for free for registered scientific
users. The name of the UCAR data archive is CDAAC (COSMIC Data Analysis
and Archive Center) and it can be accessed over the Internet (http://cosmic-
io.cosmic.ucar.edu/cdaac/index.html). The JPL RO data archive is called GENESIS
(Global Environmental & Earth Science Information System) and it is also accessi-
ble over the Internet (http://genesis.jpl.nasa.gov/zope/GENESIS). The data from the
GRAS instrument is disseminated in NRT to the EUMETSAT user community. Sci-
entific users can also access the archived data via the EUMETSAT UMARF (Unified
Meteorological ARchive Facility) service (http://www.eumetsat.int/).
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Table 1 RO satellite missions

Launch year Mission Status

1995 GPS/MET Decommissioned
1999 Oersted Decommissioned
1999 SUNSAT Decommissioned
2000 CHAMP Active
2000 SAC-C Active
2001 PICOSat IOX Decommissioned
2002 GRACE Active
2006 FORMOSAT-3/COSMIC Active
2006 EPS GRAS Active
2007 TerraSAR-X Commissioning Phase

3 Achievements

The achievements of the ionospheric RO soundings naturally include all obser-
vations of the interplanetary plasma and the ionospheres of the planetary bodies.
Some of the early achievements of the radio science have already been noted in
Sect. 2. The use of RO soundings to monitor the ionospheres of the planets is far
from over. For example Hinson et al. (2007) have recently presented new results
from observing the neutral atmosphere of Mars and Häusler et al. (2006) have pub-
lished results from the Venus Express Radio Science Experiment (VeRa) onboard
the Venus Express spacecraft. RO soundings have also been used to observe the
characteristics of the plasma turbulence in the solar wind (e.g., Chashei et al. 2005).

This section provides a look at the achievements of the ionospheric RO soundings
in the monitoring of the Earth’s ionosphere and the plasmasphere. This discussion
includes also the monitoring of the ionosphere with ground based GNSS observa-
tions, because it is very often necessary or at least useful to combine these two
types of observations. The combined data provides a better coverage and potentially
provides a better resolution e.g., in ionospheric tomography.

One aspect that has significantly contributed to the success of the RO science for
the Earth is the open source data policy that has been adopted by most RO missions.
This policy was started by the GPS/MET experiment. The opportunity for the whole
scientific community to access and “play” with the GPS/MET data was an important
factor for the success of the mission. Without doubt the possibility to use GPS/MET
data in research projects also triggered quite a few new scientific careers.

3.1 Ionospheric RO Science

The basic application of the ionospheric RO soundings is clearly the possibility to
measure the vertical electron density profile. This measurement shares the same
benefits and drawbacks as the RO soundings of the neutral atmosphere. The vertical
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resolution provided by the ionospheric RO soundings is in principle very high. How-
ever, the retrieved TEC (Total Electron Content) values represent an integral of the
electron content over a very long horizontal propagation path. In neutral atmosphere
the pressure dependence of the atmospheric refraction index makes the inversion
of the measurement time series into a vertical profile relatively easy. In the case
of the ionosphere, the inversion of the measured TEC to a vertical electron den-
sity profile can be performed by using an assumption of a spherical symmetry (Lei
et al. 2007). However, in the presence of horizontal electron density gradients, this
technique will produce only an approximation of the true profile. Taking additional
information about the horizontal structure of the ionosphere into account makes the
inversion significantly more complicated. In this case the inversion requires the use
of a background electron density model (e.g., Heise et al. 2002; Jakowski et al.
2002; Stolle et al. 2004). An example of electron density and plasma frequency
profiles retrieved from a CHAMP sounding is presented in Fig. 1. An example of
an intercomparison of electron density retrievals from CHAMP RO soundings and
collocated ionosonde observations is provided in Fig. 2.

Many RO missions use GNSS observations for the Precise Orbit Determination
(POD). Because the data for POD should be as free from the atmospheric distur-
bance as possible, these measurements are normally made to the direction of the
spacecraft zenith. This gives another possibility to monitor the ionosphere and the

Fig. 1 Electron density and plasma frequency profiles from CHAMP sounding on December 10,
2007. Picture courtesy of DLR project Space Weather Application Center – Ionosphere
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Fig. 2 Intercomparison of electron density profiles from CHAMP soundings and collocated
ionosonde measurements. Picture courtesy of UCAR/CDAAC

plasmasphere. The zenith GNSS observations can be used to calculate the TEC
above the spacecraft and they can also be assimilated into an electron density model
for ionospheric tomography.

Ionospheric tomography is a research field that has gained significantly from the
development of the GNSS. The most significant advantages of the GNSS observa-
tions are the global coverage and the continuity of the observations. For example, the
network of the observing stations in the IGS (International GNSS Service) provides
globally GPS tracking data sampled as minimum at 30 s intervals (Dow et al. 2005).
Many IGS stations provide currently also observations at 1 Hz sampling. IGS obser-
vations are used by many groups and institutes to retrieve global TEC estimates.
Also IGS products available through the IGS website (http://igscb.jpl.nasa.gov/)
include global TEC maps. However, high resolution ionospheric tomography is dif-
ficult by using only ground based observations. A possible approach is to com-
bine spaceborne RO soundings with the ground based observations (e.g., Jakowski
et al. 2002; Mandrake et al. 2004). The horizontal resolution of the ionospheric
tomography can be improved significantly by using dense regional GNSS networks
(e.g., Luntama et al. 2007). The research on combining ground based observations
from dense regional networks with the spaceborne RO soundings is ongoing.

In addition to the ionospheric electron distribution profiling, new innovations to
take advantage of the ionospheric RO soundings are continuously coming up. An
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example of a new idea is e.g., the detection of the sporadic E-layer by monitoring
the amplitude data from the RO soundings (Viehweg et al 2007). Another inter-
esting new area is the “GNSS reflectometry”. Using the reflected GNSS signals to
determine the wind speed over the oceans and for ocean surface altimetry has been
demonstrated with real RO data (Beyerle et al. 2002; Gleason et al. 2005; Yunck and
Hajj 2005). To use the reflected GNSS signals also to measure the electron density
distribution in the ionosphere has been proposed by Pallares et al. (2005).

Another area where the ionospheric RO soundings have made a big impact is the
development of the ionospheric models. One reason for this is that the GNSS appli-
cations also need the support of the ionospheric models to mitigate the error caused
by the ionosphere in the navigation applications based on single frequency GNSS
receivers. The continuous development of the ionospheric “climatology” models
like IRI (International Reference Ionosphere), NeQuick, and GIM (Global Iono-
spheric Mapping) is potentially very useful for the single frequency GNSS applica-
tions. All these models can also be driven with observation based input parameters.
This means that the models can be used to pass the observed ionospheric character-
istics to the users globally or regionally.

GNSS observations have driven also the development of ionospheric models for
data assimilation. The basic need has been the feasibility to combine the ground
based and the spaceborne GNSS observations with the other types of observations.
The development of the physical based models is still very much ongoing, but some
models are already rather advanced. Two models under development in the US are
both called GAIM (Global Assimilation of Ionospheric Measurements). One GAIM
model is being developed by the JPL/USC (Wang et al. 2004) and the other one by
the Utah State University (Schunk et al. 2004). Another model that has been used
in data assimilation is the PIM (Parametric Ionospheric Model) (e.g., Daniell et al.
1995; Stankov et al. 2007).

Observation of the ionospheric scintillations is an area that has not yet been much
addressed with RO soundings. One reason for this is that the measurement of the
scintillation characteristics is not easy and the spaceborne RO receivers have not yet
been specially designed for this purpose. Amplitude variations in the CHAMP RO
soundings have been analyzed and compared to the scintillation observations in the
satellite telecommunication links (e.g., Wickert et al. 2004). New results from the
scintillation monitoring from the COSMIC mission have recently been presented by
Starks et al. (2007) in the AGU 2007 Joint Assembly.

3.2 Operational Services

Operational space weather services are an area, where the ionospheric RO sound-
ings are gradually making an impact (see Table 2). It is very clear, that the space-
borne observations of the Sun are the main source of information for the services
like the NOAA SWPC (Space Weather Prediction Center). However, the GNSS
observations have enabled the monitoring of the impacts of the solar activity on
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Table 2 Examples of the space weather services

Name Web address

SWPC (Space Weather Prediction Center) http://www.swpc.noaa.gov/
ESA Space Weather Web Server http://esa-spaceweather.net/
SWACI (Space Weather Application

Center – Ionosphere)
http://w3swaci.dlr.de/

CODE (Center for Orbit Determination in Europe) http://cmslive2.unibe.ch/unibe/philnat/
aiub/content/research/gnss/
code research/index–eng.html

JPL http://iono.jpl.nasa.gov/
Radio Propagation Project http://wdc.nict.go.jp/IONO/index–E.html

the ionosphere in the real time. This is very important because the ionospheric con-
ditions affect the satellite applications like telecommunications and satellite naviga-
tion. The research to use the GNSS observations to predict the ionospheric storms
and scintillation is ongoing.

Most operational or semi-operational ionospheric monitoring services are con-
centrating on the monitoring of the TEC. Many services like CODE at the Uni-
versity of Bern and SWACI at DLR (Deutsches Zentrum für Luft- und Raumfahrt)
provide NRT TEC maps through their web portals. Examples of a global TEC map
provided by the CODE service and an European TEC from the SWACI service are
presented in Fig. 3 (a) and (b), respectively. The SWACI service provides also maps
of the TEC error estimates, the TEC latitude and longitude gradients, and the TEC
rate of change. SWACI is also producing three dimensional maps of the ionospheric

(a) (b)
0 3 6 9

DLR-RST-PRO-MAP-TEC

CODE’S GLOBAL IONOSPHERE MAPS FOR DAY 346, 2007 - 12:00 UT

–180

–6
0

–3
0

0
30

60

0 10 20 30 40
17-Dec-2007  13:39

–130 –90 –45 0 45
Geographic longitude (degrees)

G
eo

gr
ap

hi
c 

la
tit

ud
e 

(d
eg

re
es

)

TEC (TECU)

90 135 180

18 12 07 352 10:41 UT

12 15 18 21 24 27 30

TECU

Fig. 3 (a) Global NRT TEC map produced by the CODE service at the University of Bern.
(b) TEC map over Europe from the SWACI service at DLR. Pictures courtesy of University of
Bern and DLR project Space Weather Application Center–Ionosphere
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and plasmaspheric electron density. This activity is based on combining spaceborne
ionospheric GNSS observations with the PIM model (Heise et al. 2002).

4 Prospects for the Future

The future of the RO science looks very promising—at least from the point of view
of the signal sources. The GNSS (Global Navigation Satellite System) is expanding
with three new satellite constellations. Russia is gradually upgrading the GLONASS
system into a fully operational status with 21 active and 3 in-orbit spare satel-
lites. China is rapidly developing the Compass navigation satellite system that will
include 30 MEO (Middle Earth Orbit) satellites and 5 GEO (Geostationary Earth
Orbit) satellites. Finally, EU has recently agreed on the final funding to fully deploy
the Galileo satellite constellation with 27 operational satellites and 3 in-orbit spares.
With all four satellite systems fully operational, the RO community will be able to
enjoy an environment with more than 100 satellites transmitting signals suitable for
RO soundings. This is of course feasible only in the case that all GNSS systems are
open for civilian use.

The multitude of the GNSS constellations creates naturally also challenges. The
spaceborne RO receivers should be designed to take advantage of all GNSS con-
stellations. At least that would maximize the number of observations per receiver.
However, it is not yet clear if the compatibility is sufficient to allow designing of
spaceborne receivers that can use all future GNSS satellites.

Another promising indication for the RO community is the very positive signal
from the NWP users. The results from assimilating the CHAMP and the COSMIC
observations into the NWP models have been very promising (Healy et al. 2005;
Healy and Thépaut 2006; Luntama et al. 2008). One result from this success has
been that the EUMETSAT user community has given RO soundings a high rank-
ing in the Post-EPS candidate mission assessment. This is a very strong mes-
sage supporting the continuity of the RO soundings in the EUMETSAT mission
framework. However, the ionospheric user community should ensure that their
requirements are properly taken into account in the RO mission planning. The
EPS GRAS mission shows that it is possible to design a mission that provides an
excellent service to the NWP users, but very little for ionospheric user community
(Luntama 2005).

Recent results from the regional ionospheric tomography show that the RO
soundings are needed to support the ground based observations (e.g., Luntama et al.
2007). Even dense ground based GNSS networks cannot provide enough observa-
tions to allow the retrieval of the electron density maps with a high vertical resolu-
tion. Currently the number of RO soundings through a regional tomography grid is
unfortunately limited to a few observations per day. A large number of GNSS satel-
lites and a constellation of RO satellites would increase this number significantly.

It is fairly safe to assume that the need for ionospheric monitoring information
will increase in the near future. The first reason for this is that at the moment the
solar activity is at its minimum (http://www.swpc.noaa.gov/SWN/index.html). With
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the increasing solar activity over the next 4–5 years it can be expected that the
disturbances caused by the solar events in e.g., the satellite communication links
will increase. The second reason for the growing interest for ionospheric infor-
mation is the increasing number of GNSS applications and users. Especially the
users of the single frequency GNSS receivers will notice the increasing solar activ-
ity as degraded positioning accuracy and as an increasing number of navigation
problems. This user community will benefit from the services providing real time
user warnings and ionospheric forecasts of degraded navigation conditions. The pro-
fessional users for high precision or safety critical GNSS applications will almost
certainly need precise and reliable information about the moments when naviga-
tion performance can be degraded due to the ionospheric disturbances. Even with
the multi-frequency GNSS receivers and the navigation augmentation systems like
EGNOS (European Geostationary Navigation Overlay Service) and WAAS (Wide
Area Augmentation System) a transient problem like the ionospheric scintillation
may cause a complete loss of the GNSS signal temporarily.

The services described above already give an indication of what the potential
prospects for the ionospheric RO soundings are in the near future. The opera-
tional applications will require high accuracy and near real time data processing
and dissemination. These requirements are actually the same that are applied to
the NWP systems today. So, one of the conclusions is that the collection, archiv-
ing, and dissemination of the space weather observations should be organized in
the same way as the meteorological observations are organized. This means that an
operational organization should carry out the baseline satellite missions and take
care of the data dissemination. For some observations this is already true (e.g., the
space weather instrument onboard the GOES satellites and the most recently the
SEM (Space Environment Monitor) instrument package onboard the Metop satel-
lite series). For the ionospheric RO soundings the continuity of the measurements
is not as certain. A number of RO missions are currently planned (ROSA, GOCE,
KOMPSAT-5, Post-EPS), but it is not certain if ionospheric soundings are included
into the mission planning. Coordination of the potential next generation RO sound-
ing missions (e.g., ATOMMS, ACCURATE, CICERO, COSMIC-2, CHAMP-2, . . .)
would be very important also to improve the temporal and the spatial coverage for
the high resolution regional ionospheric tomography applications.

Another great challenge for the future of the RO soundings will be the data policy.
The open source data policy adopted by the most RO missions this far has been
very successful. It is not clear if the same approach can be continued in the future,
when the operational users will form a large part of the RO user community. The
problem is that there will always be a part of the user community (scientific users)
that will not be able to pay for the observations. It also seems that the trend at
the moment e.g., in the meteorological observations is that the raw data should be
available for the users for free. So, the data policy for the future RO missions should
be considered very carefully.

A number of scientific challenges is still left in the ionospheric RO soundings.
The first challenge is the monitoring of the local plasma bubbles causing iono-
spheric scintillation. Detection of the small scale structures will most likely require
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combining the RO soundings, the ground based GNSS observations, and potentially
other types of observations. It may also be necessary to adjust the characteristics of
the RO receivers to improve their scintillation measurement capability. Combining
the GNSS observations with the other types of observations will require develop-
ment of the data assimilation techniques. Combining different types of observa-
tions will most likely also require development of the physically based models for
the ionosphere and the magnetosphere. This would presumably be the best way to
develop more accurate nowcasting and forecasting techniques for the space weather
applications. For the ionospheric RO sounding community this means close col-
laboration with the traditional space weather community to trace the origins of the
ionospheric events back to the source, i.e., the Sun.

A particular challenge in nowcasting is that observations will have to be dis-
seminated to the users with a very small latency (typically 5–15 min). This will
make the design and the implementation of the mission ground segments more
demanding.

5 Conclusions

The short history of the RO science in the monitoring of the Earth’s atmosphere and
the ionosphere is very impressive. It is likely that the experience from the plane-
tary RO science has contributed to this. In any case, huge advances both in the RO
science and in the infrastructure have been reached in a rather short time. It is very
impressive that ten RO missions have been accomplished over the last 12 years.

The future of RO looks bright. The GNSS is getting bigger and better. Thus, the
lack of signal sources should not at least become a problem for the future RO mis-
sions. The third frequency in the next generation GNSS satellites can potentially
further improve the accuracy of the ionospheric soundings. However, many chal-
lenges are related to the evolution of the GNSS. The compatibility of the different
GNSS elements may become an issue, especially with spaceborne instruments. The
political and legal constrains may also become more important in the future.

In meteorological applications RO has matured into one of the baseline observa-
tions required by the NWP users. A good indication of this is the high status given
by the meteorological users to the RO soundings in the ranking of the EUMETSAT
Post-EPS candidate missions. This is good news also for the users of the ionospheric
soundings, because both soundings can be performed with the same instrument. It
is just the task of the ionospheric user community to ensure that their requirements
are taken into account in the RO mission planning.

The applications for the ionospheric RO soundings will most likely become more
operational and require NRT dissemination of the data and the products. This will
create more challenges for the ionospheric sounding missions. Coordination in the
mission planning, in the data processing and in the data archiving will be very
important. Also the access of the scientific users to the archived data will have to be
organized. These challenges are linked to the data policy issues. The past success of
the RO science has been very much based on the open source data policy adopted
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by the most RO missions. This policy should be continued at least for the scientific
use of the data. For commercial applications the data policy has to be considered
very carefully.

Finally, an important area of activity for space agencies in the near future is
the “space situation awareness”. This means the capability of monitoring what is
happening in the near Earth space. For example in the case of satellite failure, the
space agencies will want to know if the failure was caused by natural events, space
debris, or if it was caused intentionally by somebody. Nowcasting and forecasting
space weather will be one aspect of this activity. The ionospheric RO soundings
will certainly be a part of the observation system required for space weather predic-
tion. Combining the RO soundings with other types of space weather observations
will require development of the data assimilation systems and most likely physi-
cally based ionosphere and magnetosphere models. These activities will require a
close cooperation between the RO and the other space weather science communi-
ties. Links to the NWP community will also certainly be useful to benefit from their
long term experience in the development of the data assimilation systems.
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SCIAMACHY Solar Occultation: Ozone
and NO2 Profiles 2002–2007

K. Bramstedt, L.K. Amekudzi, A. Rozanov, H. Bovensmann, and J.P. Burrows

Abstract SCIAMACHY on-board ENVISAT is measuring solar irradiances and
Earthshine radiances from the UV to the NIR spectral region in nadir, limb,
and lunar as well as solar occultation geometry. Solar occultation measurements
are performed in Sun-scanning mode during sunset at northern latitudes between
49◦N and 69◦N, depending on season. The radiative transfer and retrieval code
SCIATRAN 2.1 is used to derive vertical profiles of ozone and NO2 from the
SCIAMACHY solar occultation measurements. The retrieval scheme is an optimal
estimation approach with Twomey-Tikhonov regularization. Ozone and NO2 are
simultaneously retrieved in the fit windows 524–590 nm and 425–453 nm, respec-
tively. Here we present an almost complete dataset from August 2002 to August
2007, including validation results with independent measurements from the satellite
instruments HALOE and SAGE II.

1 Introduction

SCIAMACHY (SCanning Imaging Absorption spectroMeter for Atmospheric
CHartographY) is a passive remote sensing moderate-resolution imaging UV-Vis-
NIR spectrometer on board the European Space Agency’s (ESA) Environmental
Satellite (ENVISAT). ENVISAT was launched in March 2002 from Kourou, French
Guiana to a Sun-synchronous orbit with an equator crossing time in the descending
node of 10.00 am. The instrument observes the Earth atmosphere in nadir, limb, and
solar/lunar occultation geometries and provides column and profile information of
atmospheric trace gases of relevance to ozone chemistry, air pollution, and climate
monitoring issues (Bovensmann et al. 1999).

SCIAMACHY performs solar occultation measurements every orbit between
49◦N and 69◦N depending on season (Fig. 1). From the instrument point of view,
the Sun rises above the horizon, but the local time at the tangent point corresponds
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Fig. 1 Geographical distribution of SCIAMACHY solar occultation events used for profile ret-
rieval. Each dot represents the tangent point of one measurement. All events for the years 2002–
2007 are plotted, but the pattern repeats after 35 days (the repeat cycle of the ENVISAT orbit).
Once per day the nominal occultation measurement stops at 100 km and instrument monitoring
measurements are performed above the atmosphere. Because the measurements above the atmo-
sphere are used for a precise tangent height determination, the truncated sequence is not yet used
for profile retrieval. Therefore, tangent points in the Atlantic region are missing. The occultation
measurements inside the marked area over Siberia are used for the time series in Fig. 6 and Fig. 7

Fig. 2 Outline of the SCIAMACHY solar occultation measurement sequence. The light gray area
indicates the geometrical position of the solar disk. The dark gray area shows the visibility of the
Sun, changed from the geometrical position by refraction in Earth’s atmosphere. The sinusoidal
line gives the viewing direction of the instrument during the sequence, which is continued up to an
altitude of 300 km
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Fig. 3 Coverage of the solar
disk by one scan across the
solar disk above the
atmosphere. The rectangles
indicate SCIAMACHY’s
FOV for one individual
measurement. In lower
altitudes, the image of the
solar disk would be flattened
due to the refraction in
Earth’s atmosphere

to a sunset event. The scan sequence is as illustrated in Fig. 2: In an initial phase,
SCIAMACHY scans around 17.2 km above the horizon, waiting for the Sun to
appear. When the Suns geometrical altitude exceeds 17.2 km, the instrument fol-
lows (continuously scanning) the rising Sun up to an altitude of about 300 km. The
field of view (FOV) of SCIAMACHY in horizontal direction is 1.8◦. In case of solar
occultation a small aperture to reduce the amount of incoming light is put into the
light path and reduces the FOV to 0.72◦. In vertical direction, the FOV is 0.0045◦

corresponding to an altitude range of about 2.5 km at the tangent point. With mea-
surements performed every 62.5 ms, 16 spectra are taken during one sweep of 0.72◦

over the solar disk. The solar disk with a diameter of 0.53◦ is completely covered,
as illustrated in Fig. 3.

Only directly transmitted light contributes significantly in occultation geometry.
Transmissions are calculated dividing atmospheric measurements by an appropri-
ate measurement from above the atmosphere. In southern latitudes (40◦S–90◦S)
SCIAMACHY performs lunar occultation measurements, depending on visibility
and phase of the Moon (Amekudzi et al. 2005).

2 Retrieval Scheme

The SCIATRAN version 2.1 radiative transfer code (Rozanov et al. 2005) is used
for forward modeling and retrieval. An optimal estimation approach with Twomey-
Tikhonov regularization is used to fit simultaneously NO2 and ozone in the spectral
windows of 425–453 nm and 524–590 nm respectively at the spectral resolution
of the SCIAMACHY instrument, which is 0.44 nm for these windows. The SCIA-
MACHY ozone and NO2 cross sections are used (Bogumil et al. 2000).

Ozone profile a priori information is taken from the Fortuin and Kelder ozone
climatology (Fortuin and Kelder 1998). An NO2 climatology has been compiled
from HALOE sunset measurements from 1992 to 2005.
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Broadband absorption features of the atmosphere and broadband instrument
effects were removed from the measured spectra by subtracting a third order poly-
nomial. Precise tangent height information is derived geometrically using the Sun
as well-known target in space (Bramstedt et al. 2007).

From the 1040 spectra taken in one occultation measurement sequence, a set
of 11 spectra taken around the center of the solar disk between 12 km and 45 km
is selected. One measurement well above the atmosphere is used as reference to
calculate the Sun-normalized transmission spectra.

The theoretically calculated errors for the retrieved profiles are for ozone between
17 km and 48 km below 2% and for NO2 between 23 km and 38 km below 4%.
However, these values do not recognize systematic errors (such as calibration errors
in the spectra) and are influenced by the amount of regularization applied in the
retrieval.

3 Validation with the Satellite Instruments HALOE and SAGE II

The Halogen Occultation Experiment (HALOE) was launched on the Upper Atmo-
sphere Research Satellite (UARS) spacecraft in September 1991, operations were
stopped in November 2005. For this work, ozone and NO2 profiles from version
19 of the HALOE data are used. The Stratospheric Aerosol and Gas Experiment II
(SAGE II) was launched on the Earth Radiation Budget Satellite (ERBS) in October
1984 and stopped operation in August 2005. The current version 6.2 is used for the
comparisons. Both instruments also measured in solar occultation mode.

For the study presented here, all coincidences within 500 km distance between
the tangent points and with no more than 6 h between the measurements are used.
Because of the diurnal cycle of NO2, the coincidences NO2 are restricted to sunset
events of HALOE and SAGE II. Due to the strict coincidence criteria, most of the
matches are sunset events anyway.
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Fig. 4 Mean relative deviation (mrd) and standard deviation of mrd for ozone profiles compared
to co-located profiles from HALOE (left, 125 co-locations) and SAGE II (right, 219 co-locations)
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Fig. 5 Mean relative deviation (mrd) and standard deviation of mrd for NO2 profiles compared to
co-located profiles from HALOE (left, 113 co-locations) and SAGE II (right, 214 co-locations)

Figure 4 shows the mean relative deviation (mrd) and the standard deviation of
mrd of the SCIAMACHY ozone profiles compared to HALOE and SAGE II. There
is a remarkable good agreement with less than 10% mrd from 17–50 km. In gen-
eral, SCIAMACHY gives slightly higher ozone values in the order of 5% for most
altitudes.

Figure 5 shows the same plots for NO2. The comparison with SAGE II shows
good agreement from 18–40 km with mrd below 20% and a bias of about 5%. The
comparison with HALOE gives mrd below 20% only above an altitude of 24 km,
below the HALOE profiles give much smaller values. NO2 has a strong gradient
along the line-of-sight in case of occultation geometry, because its concentration
changes rapidly during sunset (and sunrise). Therefore, the measured NO2 value is
not completely representative for the solar zenith angle of 90◦ at the tangent point,
especially at lower altitudes. The HALOE retrieval recognizes this and performs a
correction to get profiles representative for 90◦ solar zenith angle (Bracher et al.
2005), whereas for SCIAMACHY and SAGE II no such correction is done. This
might explain the larger deviation to HALOE at lower altitude and has to be further
investigated.

4 Ozone and NO2 Profiles 2002–2006

About 19000 solar occultation measurements from the begin of measurements in
August 2002 until August 2007 have been evaluated so far. Figure 6 shows a time
series of the vertical ozone distribution from SCIAMACHY’s measurements (one
profile per day over Siberia, see Fig. 1). Figure 7 is the equivalent time series
for NO2.

From October to February, solar occultation events take place north of 63◦N,
whereas from May to August the events are south of 54◦N, as indicated in the lower
part of the panels. Both time series show a pattern corresponding to the variation
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in latitude. From May to November, ozone concentrations as expected for mid-
latitudes in summer and autumn are observed. From December to April, the mea-
surements at higher latitudes are influenced by the development of the Arctic ozone
hole. In 2003, 2005, and 2007, higher ozone loss in the Arctic ozone hole season
than in the years 2004 and 2006 were observed.

Also the NO2 time series is dominated by the variation in latitude over the year.
At higher latitudes from October to February, low concentrations are observed,
whereas at mid-latitudes increased NO2 values are observed.

5 Conclusions

SCIAMACHY solar occultation gives ozone profiles of excellent quality, and NO2

profiles of good quality in the Northern Hemisphere as shown by comparison with
co-located measurements of HALOE and SAGE II. An almost complete dataset of
ozone and NO2 profiles from 5 years in orbit is presented. With the extension of
the mission until 2013, which is under investigation by ESA at the time of writing,
SCIAMACHY solar occultation will continue the long term datasets of previous
solar occultation instruments such as HALOE and SAGE II and contribute to a better
understanding of atmospheric chemistry and dynamics in the Northern Hemisphere.
The presented data are available upon request from the first author.
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Retrieval of Trace Gas Concentrations
from Lunar Occultation Measurements
with SCIAMACHY on ENVISAT

L.K. Amekudzi, K. Bramstedt, A. Rozanov, H. Bovensmann, and J.P. Burrows

Abstract SCIAMACHY (Scanning Imaging Absorption Spectrometer for Atmos-
pheric Chartography) is a UV-Vis-NIR spectrometer on-board ENVISAT, dedicated
to measure atmospheric trace gas distributions in nadir, limb, and occultation
geometries. In occultation mode, SCIAMACHY tracks the rising Sun or Moon
directly through the atmosphere. Dividing the atmospheric measurements by
extraterrestrial references gives transmission spectra, which are suitable for a
DOAS-like retrieval approach. Here, we report on the major retrieved data products
(ozone, NO2, and NO3) obtained from SCIAMACHY lunar occultation observa-
tions. We validated our ozone and NO2 data products. Ozone validation was carried
out with other satellite instruments (HALOE, SAGE II, and POAM III). The NO2

results were validated with photochemically scaled HALOE and SAGE II profiles.
The validation results reveal that the biases in the SCIAMACHY lunar occultation
ozone and NO2 are within ±15%, with standard deviations and the uncertainties of
the biases are less than 20% and 6%, respectively. Comparisons of NO3 results car-
ried out with a 1-D photochemical model show that the accuracy of our NO3 data
product is better than 30%.

1 Introduction

The SCanning Imaging Absorption SpectroMeter for Atmospheric CHartographY
(SCIAMACHY) is a passive remote sensing moderate-resolution UV-Vis-NIR
spectrometer on-board the European Space Agency’s ENVIronmental SATellite
(ENVISAT) launched into a near-circular Sun-synchronous polar orbit in March
2002 from Kourou, French Guiana. The instrument observes the Earth’s atmosphere
in nadir, limb, and solar/lunar occultation geometries, recording spectroscopic
data in eight channels; covering the spectral range of 240–2380 nm with spectral
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resolution of 0.24–1.5 nm. Various atmospheric components (column and profile
information of trace gases) are derived from SCIAMACHY measurements relevant
to ozone chemistry, air pollution, and climate monitoring issues (Bovensmann et al.
1999; Gottwald et al. 2006).

Due to the Sun-synchronous orbit and the position of the SCIAMACHY instru-
ment on ENVISAT, lunar occultation events are observed by SCIAMACHY in the
Southern Hemisphere between 40◦S and 90◦S, when the phase of the Moon is
0.6–0.7 and ends shortly after full Moon, yielding measurements about 6–8 days
per month. In the Northern Hemisphere between 49◦N and 70◦N, SCIAMACHY
performs solar occultation measurements (Meyer et al. 2005; Bramstedt et al. 2007).

The SCIAMACHY lunar occultation measurements are successfully executed
when the Moon’s visibility is on the nightside of ENVISAT orbit, because on the
day-side, stronger signals (stray light) from the brighter Earth’s atmosphere contam-
inate the measurements. The duration of the useful SCIAMACHY lunar occultation
measurements is highly variable (about 4–8 months per year), as seen in Fig. 1.
The SCIAMACHY lunar occultation measurements are performed in Moon point-
ing mode, usually starting around 17 km the Moon is followed up to 100 km tangent
height. The integration time for the lunar occultation measurements is 1.0 s resulting
in a vertical sampling of approximately 2.5 km. The horizontal resolution is 30 km
across track and extending approximately 400 km along track. Detailed information
about SCIAMACHY lunar occultation is given in Amekudzi (2005) and Amekudzi
et al. (2005).

The scientific objective of SCIAMACHY lunar occultation measurements is to
provide nighttime vertical profiles of trace gases such as O3, NO2, and NO3, which
are important in stratospheric chemistry. Simultaneous measurements of O3, NO2,
and NO3 are crucial for understanding of NOx budget and long-term trends in strato-
spheric ozone loss.
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Fig. 1 Latitudinal distribution of SCIAMACHY lunar occultation measurements from 2003 to
March 2007. Most measurements were taken in March, April, and May
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In this paper, we describe briefly the retrieval method used to process the mea-
sured SCIAMACHY lunar occultation data. This is followed by O3, NO2, and NO3

retrieval results. Thereafter the validation carried out for the retrieved O3 and NO2

is presented, and finally, summary and conclusions of our findings.

2 Retrieval Methodology

In this section we described briefly the SCIAMACHY lunar occultation retrieval
scheme. Detailed description of the retrieval method is given in Amekudzi (2005).

SCIATRAN version 2.1 radiative transfer and retrieval code (Rozanov et al.
2005) is used to process the calibrated (level-1, version 6.01) SCIAMACHY lunar
occultation data to derive vertical profiles of O3, NO2, and NO3. The radiative
transfer for simulating SCIAMACHY lunar transmission spectra and computing the
Jacobian (the weighting function matrices) is based on Lambert-Beer’s law. The
simulated transmission Υ s(hi , λ) for a given tangent height, hi , and wavelength, λ,
is given by

Υ s(hi , λ) =
∫
Ω

∫
�λ

S(λ, λ′)F(ω)e−τ (hi ,λ)dλ′dω, (1)

where �λ is the total width of SCIAMACHY slit function S(λ, λ′), Ω is the field
of view of the instrument, and F(ω) is the apparatus function. τ (hi , λ) is the full
optical depth along the line of sight through the atmosphere and i represents the
tangent height index.

The global fitting method coupled with the differential optical depth approach is
applied to fit simultaneously NO2 and O3 within the spectral window of 420–454 nm
and 520–580 nm, respectively. NO3 is fitted using the spectral window of 610–
680 nm containing the most intense NO3 absorption band at 623 nm v1(1,0) and
662 nm v1(0,0). The NO3 retrieval window has significant contributions from other
absorbers such as O3, O2, O4, and H2O. Therefore, to accurately fit and retrieve
NO3 profiles, these interfering gases are fitted. O2 and H2O are line absorber, hence
their absolute cross sections are calculated by using the exponential sum fitting of
transmittance (ESFT) method (Buchwitz et al. 2000). Broadband absorption fea-
tures of the atmosphere and instrument are removed from the measured spectra by
subtracting a third order polynomial.

Typical spectral fits for NO2 and O3 are shown in Fig. 2 (top). Also in Fig. 2
(bottom) are shown the spectra residuals, which are the differences between the
model differential spectra and the measurement contribution. The spectral residuals
shown here are less than 0.5%.

The total model errors for the retrieval are within 2% and 10% for ozone and
NO2 (Amekudzi 2005) and less than 20% for NO3 retrieval (Amekudzi et al. 2005).
The total model errors include the uncertainties in the absorption cross sections for
all interfering gases, which are fitted or retrieved with the targeted gases and errors
due to tangent height shift, instrumental line shape, and temperature profiles.
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absorption features of NO2 (top left) and O3 (top right) for measurement in orbit 15 598, day
February 22, 2005. The diamond points represent the modeled differential optical depth and the
solid line the measurement contribution

The European Centre for Medium-Range Weather Forecasts (ECMWF) tem-
perature and pressure profiles information as well as O3 and NO2 absorption
cross sections at five different temperatures measured at University of Bremen
(Burrows et al. 1998) are used in the retrieval schemes. NO3 absorption cross sec-
tion at 298 K (Sander et al. 2003) is used. The a priori trace gases are taken from
model calculations from the Max-Planck Institute, Mainz. The inversion technique
used in the retrieval algorithm is similar to the optimal estimation method (OEM)
with additional smoothing constrain. Although the measurement vertical resolution
is ∼3–4 km, the retrievals were carried out with 1 km vertical sampling. The total
retrieval errors, (i.e., the random, smoothing, and systematic errors) are within 5%
and 15% between 18 km and 40 km for ozone (Amekudzi 2005). The retrieval errors
for NO2 are within 5% and 20% in the altitude range of 18–36 km and for NO3 pro-
files the total retrieval errors are within 20% and 35% between 20 km and 45 km.

3 Retrieval Results

In this section we present zonal mean concentrations inferred from the retrieved
number density profiles reported in Amekudzi et al. (2007b). In addition, monthly
means of NO2 and NO3 are presented.

The zonal mean number densities derived from the retrieved lunar occultation
O3, NO2, and NO3 vertical profiles are shown in Figs. 3, 4, and 5 respectively
for 2003 (left) and 2004 (right). These results represent number density averages
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Fig. 4 As in Fig. 3, but for NO2

0.0

0.6

1.2

1.8

2.4

107cm−3

>

<
0.0

0.6

1.2

1.8

2.4

107cm−3

>

<

Zonal Mean NO3 for 2003 Zonal Mean NO3 for 2004

−85 −80 −75 −70 −65 −60
Latitude [degree]

−85 −80 −75 −70 −65 −60
Latitude [degree]

20

25

30

35

40

45

50

A
lti

tu
de

 [k
m

]

0.30

0.
30

0.30

0.
30

0.30

0.
30

0.
30

0.
30

0.
60

0.
60

0.
60

0.
90

0.
90

1.20

20

25

30

35

40

45

50

A
lti

tu
de

 [k
m

]

0.30

03
.0

0.30

0.
30

0.
30

0.60

0.
60

06
.0

0.90

0.90

1.
20

1.20

1.
50

1.
80

Fig. 5 As in Fig. 3, but for NO3



92 L.K. Amekudzi et al.

corresponding to the latitudinal distributions shown in Fig. 1. There are 2–10 pro-
files per latitude bin between 85–76◦S and between 75–60◦S, there are 9–58 profiles
per latitude bin. The 2003 results are derived from measurements for March to June
and 2004 results for January to June.

In general higher values of ozone in the range of 3.0×1012 molec cm−3 to
4.5×1012 molec cm−3 are observed for the altitude range 15–22 km. In 2004, much
higher concentrations of ozone (4.5×1012 to 5.2×1012 molec cm−3) are retrieved
for 70–84◦S. Above 35 km very low values (< 0.5 × 1012 molec cm−3) of ozone
are retrieved and between 22 km and 28 km the retrieved ozone concentrations are
within 1.0 × 1012 molec cm−3 and 2.5 × 1012 molec cm−3.

The NO2 and NO3 results displayed in Figs. 4 and 5 show higher concentration
values between latitudes 60◦S and 65◦S. The higher values of NO3 seen at these
latitudes are mainly from measurements taken in March for 2003 and January to
March for 2004 (see Fig. 7). March and April measurements contribute significantly
to higher values of NO2 as seen at latitudes 60–65◦S for 2003 and for NO2 results
in 2004, higher values are from measurements in February to April (see Fig. 6). The
maximum concentration of retrieved NO2 are in the range of 2.0 × 109 molec cm−3

to 4.0 × 109 molec cm−3 at altitudes of 25–35 km and those of NO3 are in the range
of 1.2 × 107 molec cm−3 to 2.4 × 107 molec cm−3 at 34–42 km altitude.

Fig. 6 Monthly mean of NO2 for 2003 and 2004 derived from SCIAMACHY lunar occultation
measurements. 2003 results in gray and 2004 in black. The error bars are the standard deviations
of mean profiles
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Fig. 7 As in Fig. 6, but for NO3

Immediately after sunset, the stratospheric NO is rapidly oxidized to NO2 by O3.
The NO2 formed, reacts more slowly with O3 to form NO3. The concentrations of
both NO2 and NO3 thus build up within few hours after sunset. The NO2 and NO3

formed could react in the presence of a collision partner to form N2O5. In relatively
warm stratosphere, N2O5 can be converted in the presence of collision partner to
NO2 and NO3. At relatively cold temperatures N2O5 serves as the reservoir of the
nighttime NOx or in the presence of polar stratospheric clouds N2O5 is converted
to nitric acid (HNO3) and eventually to the stable complex nitric acid trihydrate
(HNO3 · 3H2O). Kumer et al. (1997) have shown that at relative warm temperatures
(T > 255 K), NO3 has lifetime of the order of a day and thermal lifetime of N2O5 is
few minutes. This implies that more NO3 is produced in warmer nights. Hence our
observations in January–March shown in Fig. 7 are consistent with nighttime NOy

chemistry.

4 Validation Results

Retrieved profiles from remote sensing measurements require validation in order to
access the overall confidence in the data products. Validation will help to detect
and remove potential biases in the new retrieval products and also will provide
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information about estimated retrieval accuracy (Rodgers and Connor 2003). The
major NO2 and O3 validation results are reported in Amekudzi et al. (2007a,c).
Here we present a summary of the validation results. The reference validation data
sources are retrieval results from the Halogen Occultation Experiment (HALOE),
Stratospheric Aerosol and GAS Experiment II (SAGE II), and The Polar Ozone and
Aerosol Measurement III (POAM III). The O3 data quality of these instruments is
described in Cunnold et al. (1989); Brühl et al. (1996); Randall et al. (2003) and
NO2 data quality is assessed in Cunnold et al. (1991); Gordley et al. (1996). The
coincidences with HALOE are found in 2003–2005, SAGE II in 2004, and POAM
in 2003–2004.

The statistics of O3 validation results (i.e., the mean relative deviations (mrd), the
standard deviations of the mrd, and uncertainty) are shown in Table 1. The statistics
of NO2 validation results are presented in Table 2. Due to the strong diurnal cycle
of NO2, a photochemical correction scheme described in Bracher et al. (2005) has
been applied to scale HALOE or SAGE II measurements to SCIAMACHY solar
zenith angle. In general, very good agreements are obtained.

We compared our retrieved NO3 profiles with photochemical model calculations
to check the validity and internal consistency of our results. Two photochemical
model schemes were used. The first model scheme, called a full photochemical
model is a 1-d chemistry model containing a comprehensive chemistry and dynam-
ics of the stratosphere. Details of this model are described in Amekudzi et al. (2005)
and references therein. The second model is a relatively simple chemical model,
which assumed that at steady state, the nighttime concentration of NO3 depends on
the concentration of ozone, NO2, temperature, and pressure. We found that NO3

profiles calculated from the full 1-D photochemical model are in good agreement
with the retrieved NO3 profiles within 20% and 35% between 24 km and 45 km
(Amekudzi 2005; Amekudzi et al. 2005). A comparison with a simple chemical

Table 1 Summary of lunar occultation ozone validation results, the coincidence criteria applied
are measurement time difference of 12 h and correlative radius of 1000 km

Instruments mrd (%) rms (%) Uncert.a (%) Height (km)

HALOE N = 154 −5 to +15 5–25 2–5 20–45
SAGE II N = 92 −15 to +15 6–20 < 2 20–45
POAM III N = 149 −8 to +2 12–20 1–4 24–43

a The uncertainty is the rms/
√

N , where N is the number of coincidences.

Table 2 Summary of lunar occultation NO2 validation results. The coincidence criteria applied
are similar to the ozone validation

Instruments mrd (%) rms (%) Uncert. (%) Height (km)

HALOE N = 65 −16 to +3 4–16 1–6 25–38
SAGE II N = 72 −9 to +7 10–17 < 2 22–39
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model calculation showed good agreement between 22 km and 38 km with accu-
racy better than 30% (Amekudzi et al. 2005, 2007a).

5 Summary and Conclusions

The retrieval results of SCIAMACHY lunar occultation measurements of O3, NO2,
and NO3 are presented. Relatively high concentration values were retrieved for NO3

in the months of January–March due to warmer temperatures. These results are
consistent with nighttime NOy chemistry.

Validation performed with correlative satellite instruments showed that the
SCIAMACHY lunar occultation O3 and NO2 results are very promising. The biases
in the O3 and NO2 validation were within ±15%, with standard deviations and the
uncertainties of the biases better than 20% and 6%, respectively. Comparisons of
NO3 results carried out with a 1-D photochemical model showed that the accuracy
of our NO3 data products were better than 30%. Re-processing of the complete
dataset and validation activities are currently in progress. Comparisons of our NO3

profiles with stellar occultation NO3 measurements from GOMOS (Global Ozone
Monitoring by Occultation of Stars) instrument will be considered in the future.

Acknowledgements We are thankful to the following institutions: European Space Agency
(ESA) for providing SCIAMACHY level-1 data. The HALOE and SAGE II teams at Hampton
University and NASA Langley Research Center (LaRC), USA, for providing us with HALOE and
SAGE II data. The ECMWF special project SPDECDIO provided the temperature and pressure
profiles for this work. This work was funded in parts by the German Ministry of Education and
Research (BMBF) via grant 07UFE12/8, the DLR-Bonn via grant 50EE0502, the University of
Bremen and the state of Bremen. We are grateful to our anonymous reviewers for their helpful
comments and suggestions.

References

Amekudzi LK (2005) Stratospheric O3, NO2, and NO3 number density profiles from SCIA-
MACHY lunar occultation spectroscopic measurements: Retrieval, validation and interpreta-
tion. PhD thesis, Universität Bremen, ISBN 3-8325-1131-8, Logos Verlag Berlin

Amekudzi LK, Sinnhuber BM, Sheode NV, Meyer J, Rozanov A, Lamsal LN, Bovensmann H,
Burrows JP (2005) Retrieval of stratospheric NO3 vertical profiles from SCIA-
MACHY lunar occultation measurement over the Antarctic. J Geophys Res 110(D20304),
doi:10.1029/2004JD005748

Amekudzi LK, Bracher A, Bramstedt K, Rozanov A, Bovensmann H, Burrows JP (2007a)
Towards validation of SCIAMACHY lunar occultation NO2 vertical profiles. Adv Space Res
41(11):1921–1932, doi:10.1016/j.asr.2007.06.055

Amekudzi LK, Bramstedt K, Bracher A, Rozanov A, Bovensmann H, Burrows JP (2007b) Current
retrieval and intercomparisons results of SCIAMACHY nighttime NOX. In: Proc. of Envisat
Symposium 2007, ESA Publication Division, ESTEC, Noordwijk, The Netherlands, SP-636

Amekudzi LK, Bramstedt K, Bracher A, Rozanov A, Bovensmann H, Burrows JP (2007c) SCIA-
MACHY solar and lunar occultation: validation of ozone, NO2 and NO3 profiles. In: Proc
of Atmospheric Chemistry Validation (ACVE-3) December 2006, ESA Publication Division,
ESTEC, Noordwijk, The Netherlands, SP-642



96 L.K. Amekudzi et al.

Bovensmann H, Burrows JP, Buchwitz M, Frerick J, Noël S, Rozanov VV, Chance KV, Goede
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Validation of GOMOS/Envisat High-Resolution
Temperature Profiles (HRTP) Using
Spectral Analysis

V.F. Sofieva, J. Vira, F. Dalaudier, A. Hauchecorne, and the GOMOS Team

Abstract The GOMOS (Global Ozone Monitoring by Occultation of Stars) instru-
ment on board the Envisat satellite is equipped with two fast photometers operating
at 1 kHz sampling frequency in blue and red wavelengths. The bi-chromatic scin-
tillations recorded by the photometers allow the determination of refractive angle,
which is proportional to the time delay between the photometer signals. The high
resolution density and temperature profiles can be reconstructed (with a vertical
resolution of about 200 m) from these data in the altitude range ∼15–35 km. The
validation of small-scale fluctuations in HRTP requires a very close collocation in
time and space with high-quality data having comparable or better vertical reso-
lution. Comparing spatial spectra of temperature profile fluctuations requires less
strict collocation criteria. In this paper, we compared vertical wavenumber spectra of
temperature fluctuations in HRTP and in collocated radiosonde data. We found that
the vertical wavenumber spectra of HRTP and radiosonde temperature fluctuations
are very similar in case of vertical occultations of bright stars. In case of oblique
occultations or of dim stars, the HRTP fluctuations often have a larger spectral mag-
nitude, despite of several good agreements. The spectral analysis has confirmed that
the actual resolution of HRTP is 150–200 m.

1 HRTP: Measurement Principle and Retrievals

GOMOS on board Envisat is the first instrument performing synchronous scintil-
lation measurements at two wavelengths. It is equipped with two fast photometers
operating at blue (470–520 nm) and red (650–700 nm) wavelengths with a sampling
frequency of 1 kHz (http://envisat.esa.int/instruments/gomos, Bertaux et al. 2004;
Kyrölä et al. 2004).

The retrieval of high-resolution temperature and density exploits chromatic
refraction in the atmosphere. Due to dependence of air density (and, consequently,
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Fig. 1 The schematic representation of chromatic refraction and the principle of refraction angle
measurements by GOMOS

refractivity) on wavelength, the blue ray bends more than red one (Fig. 1), thus it is
observed later by GOMOS.

The intensity structures (scintillation spikes), which are caused by atmospheric
density fluctuations, are observed by both photometers with a time delay tB–tR
(Fig. 2) proportional to the difference in refraction angle Δα = αB–αR. In the HRTP
processing, the time delay is estimated as the position of the maximum of the cross-
correlation function of photometer signals.

The difference in refractive angles Δα is transformed into the refractive angle
αB at the reference wavelength. After that, the retrieval method is similar to the one
used in radio occultation. Assuming local spherical symmetry of the atmosphere,
the refractivity profile is retrieved from the refractive angle profile using the Abel
transform. The refractivity is proportional to air density. The corresponding pressure
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profile is deduced by integrating the hydrostatic equation and, finally, the tempera-
ture profile is obtained from the state equation of a perfect gas. The details of the
HRTP processing are described in Dalaudier et al. (2006).

At altitudes ∼18–35 km, the estimated accuracy of HRTP is 1–2 K. The best
accuracy is achieved for vertical (in orbital plane) occultations of bright stars. Below
∼15 km, the quality of HRTP decreases due to low signal-to-noise ratio, broadening
of scintillation peaks as a result of chromatic smoothing and the violation of the
assumptions used in the retrievals (in particular, the weak scintillation assumption).
The vertical resolution of HRTP profiles is ∼200 m.

The HRTP profiles used in this validation were processed with the research soft-
ware, which was developed within the scope of the ESA funded project “Algo-
rithms for the estimation of high resolution temperature and density profiles from
GOMOS measurements” aimed at optimization of HRTP retrievals. GOMOS data
from September 2002 to January 2005 were used. Collocated sounding data avail-
able in the Envisat calibration/validation database at NILU (Norwegian Institute for
Air Research) and in the SHADOZ (Southern Hemisphere Additional Ozoneson-
des) database (Thompson et al. 2001) were used for the validation.

2 Using Spectral Analysis for HRTP Validation: Motivation

The beneficial feature of HRTP is a good vertical resolution. In order to validate
small-scale fluctuations in HRTP that are assumed to be generated by internal grav-
ity waves (IGW), correlative measurements should provide high-quality temperature
in the same altitude range with a similar or better resolution.

Let us discuss the data collocation criteria, i.e., a space-time window, where the
temperature field does not change much and where we can expect similarity of tem-
perature profiles, including their small-scale fluctuations. In the stratosphere, the
characteristic ratio of horizontal and vertical scales is typically equal to the ratio
of maximal and minimal intrinsic frequencies of the gravity waves field (N/f is
typically larger than 100, N is the Brunt-Väisälä frequency and f is the Coriolis
parameter). Since the vertical resolution of HRTP is ∼200 m, the horizontal sepa-
ration of collocated measurements should ideally be less than 20 km. HRTP is most
sensitive to gravity waves with small vertical and large horizontal wavelengths, i.e.,
waves of low intrinsic frequencies (Fritts and Alexander 2003). Since the charac-
teristic time for evolution of such gravity waves is few hours, the time difference
between collocated profiles should not exceed 2–3 h.

The criteria for data selection derived above are very strict. In the altitude range
of HRTP, only radiosonde data satisfy the vertical resolution requirements. It is
important to note that the time separation results in additional spatial separation
in the atmosphere caused by advection of air masses. For example, provided a very
moderate wind speed of 20 m/s for altitudes 15–30 km, air parcels probed at the
same geographical location with a time interval of 30 min will be separated by
36 km in the atmosphere. Relatively long measurement time of temperature profiles



100 V.F. Sofieva et al.

by radiosondes during balloon flights (it takes ∼1 hour for balloon to raise from
10–30 km) has a similar effect. If a satellite (nearly instantaneous) measurement is
perfectly collocated in time and space with a radiosonde measurement at 10 km,
then they will be separated in the atmosphere up to several tens of kilometers at
30 km due to displacement by wind.

It is nearly impossible to find data satisfying these very strict collocation criteria
(all our searches were not successful so far). According to the analysis of collocated
radiosonde data (Sofieva et al. 2008), difference in temperature rapidly grows with
increasing separation distance. Rms of temperature differences for profiles having
∼200 m vertical resolution is ∼0.4 K for 40 km separation, ∼0.7 K for 80 km
separation, and it is ∼1–1.5 K for separations 200–1000 km.

If the separation of measurements in the atmosphere exceeds 20–30 km, the small
scale structures of temperature profiles should not coincide. However, we can expect
similar spectral properties of the temperature field at locations not far from each
other (e.g., less than 500 km) during some time period (few hours). The spectral
analysis of collocated radiosonde profiles (Sofieva et al. 2008) has confirmed this
hypothesis: the spectra of temperature fluctuations look similar, even for profiles sig-
nificantly separated in time and space (a few hundreds of kilometers, several hours).
The values of rms of profile fluctuations are found to be very close to each other (the
smaller distance, the smaller difference in rms of fluctuations). For radiosonde pro-
files separated in the stratosphere by 300–600 km, rms of temperature fluctuations
are within ± 40% interval in majority of cases (Sofieva et al. 2008).

The spectral analysis approach allows using data collocated in a wider space-time
window, thus more data are suitable for validation. Furthermore, the validation of
the HRTP spectra is of high importance, as one of the possible HRTP applications
is the study of internal gravity wave activity in the stratosphere.

The vertical resolution of HRTP is expected to be ∼200 m (worse than of
radiosonde profiles but better than that from radio-occultation measurements). This
resolution is sufficient for probing vertical spectra of gravity waves. Comparison
of vertical spectra of temperature fluctuations in HRTP and collocated radiosonde
profiles allows experimental estimation of actual HRTP vertical resolution: it corre-
sponds to a cut-off of vertical spectra at large wavenumbers.

However, comparing spectra of temperature fluctuations in HRTP and collocated
radiosonde profiles should be performed with care, because the vertical wavenumber
spectra of temperature fluctuations in the ground-based (HRTP) and in GW intrinsic
reference frame (balloon measurements) can differ as a result of the wind-shifting
effect (e.g., Eckermann 1995). Gardner and Gardner (1993) estimated influence of
horizontal winds on vertical wavenumber spectra. They found that modifications in
vertical wavenumber spectra caused by background winds are negligible if:

(i) ratio of horizontal wind speed to balloon ascend speed is much smaller than
the anisotropy coefficient η (in Gardner and Gardner (1993), η ≈ 22 is taken).
This means that the time required to ascend through a temperature irregularity
of characteristic vertical dimension is short compared to the time required to
advect the balloon horizontally through the irregularity with the characteristic
horizontal size.
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(ii) the time required to ascend through a temperature irregularity of characteristic
vertical dimension is short compared to the lifetime of the irregularity.

The second condition can be considered as always satisfied, as balloons ascend
with the mean velocity of 4–5 m/s. The first condition can be violated only in case
of very strong horizontal winds.

For HRTP, the influence of obliquity of occultation on the distortion of verti-
cal wavenumber can be estimated in a similar way. The difference between spectra
obtained using instantaneous vertical and oblique profiles is expected to be small, if
obliquity α of occultation satisfies tan α<<η (α is the angle between the local ver-
tical and the direction of star motion). This condition is satisfied for all occultations
considered in the present work.

3 Validation Results

3.1 Data Selection

We selected temperature profiles from PTU (pressure, temperature, humidity) and
ozone soundings at high and mid latitudes available in NILU database, located
at < 300 km distance and having < 4 h time difference with the corresponding
GOMOS measurements. The location of stations and sonde characteristics are
collected in Table 1. 63 profiles were found satisfying the collocation criterion.
However, only 27 sounding profiles were covering a significant part the HRTP
altitude range, i.e., altitudes ∼18–30 km. Most of the selected GOMOS occulta-
tions are in “stray light” illumination conditions (i.e., not in full dark) and oblique
(off orbital plane). Vertical occultations of bright stars (|α|≤5◦), where the best
accuracy of HRTP is expected, were not presented within this selected set. In
order to have possibility to estimate HRTP quality in “the best” occultations, we
found 12 vertical occultations of bright stars collocated with SHADOZ soundings.
However, the spatial separation of these occultations and SHADOZ soundings is
large, 300–600 km, as well as time difference, ∼12 h. The information about the

Table 1 Location of sounding stations at mid and high latitudes and some characteristics of
soundings

Station Location Sonde type and typical vertical resolution

Legionowo 52.40◦N, 20.97◦E 50 m (PTU)
Uccle 50.8◦N, 4.35◦E 75 m (PTU and ozone sondes)
Jokioinen 52.40◦N, 20.97◦E 10 m (PTU), 50 m (ozone sondes)
Sodankylä 67.37◦N, 26.63◦E 10 m (PTU and ozone sondes)
Ny-Ålesund 78.92◦N, 11.93◦E 50 m (ozone sonde)
Scorebysund 70.50◦N, 22.00◦W 50 m (ozone sonde)
Marambio 64.2◦S, 56.7◦W 50 m (ozone sonde)
Dumont D’Urville 66.67◦S, 140.01◦E 90 m (ozone sonde)
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location of SHADOZ sounding stations and sonde characteristics can be found at
http://croc.gsfc.nasa.gov/shadoz/and in Thompson et al. (2001).

An example of collocated HRTP and sounding profiles is shown in Fig. 3. Two
error estimates are shown for HRTP: measurement error (shaded area) and the total
error estimate, which includes the measurement error and the upper limit initializa-
tion error (dashed lines). ECMWF temperature profile at the occultation location is
also shown.

3.2 Results of Spectra Comparison

For computing power spectral density, the profiles were interpolated to a common
equidistant 30 m altitude grid. For detection of temperature fluctuations, the smooth
component is obtained using Hanning filtering with the cut-off scale 3 km.

The power spectral density of relative fluctuations of temperature δT/T is esti-
mated using the method of averaged periodogram. In our analysis, we focus on
wave numbers lower than 0.01 cy/m, as the high-frequency part of spectra is influ-
enced by aliasing. For the spectral analysis, we used profiles in the altitude range
20–30 km.

Figure 4 shows several spectra of relative temperature fluctuations in the
collocated HRTP and sounding profiles at mid and high latitudes (occultations of
different types, mostly oblique). The “model” lines correspond to the model of the
saturated gravity waves, which predicts κz

–3 shape of the vertical wavenumber spec-
trum VδT/T of the relative temperature fluctuations:
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VδT/T (κz) = A
N 4

g2
κ−3

z , (1)

where κz is the vertical wave number, g is the acceleration of gravity, and A≈0.1 is
an experimental constant (Smith et al. 1987). They are presented only for reference,
as the current analysis is not aimed at checking the hypothesis on universality of
GW vertical spectra. It is known that departures from the spectrum (1) are rather
common in the stratosphere (Eckermann 1995; Fritts and Alexander 2003).

The rms of temperature fluctuations (computed as a sample standard deviation)
and information about GOMOS occultations and sonde measurements are also spec-
ified in Fig. 4.

The spectral density of HRTP fluctuations shown in Fig. 4 is usually larger than
that of soundings fluctuations. The horizontal wind velocity is not more than about
10 times the balloon ascent velocity in all the considered collocations. Thus the
difference of HRTP and radiosonde wavenumber spectra is unlikely explained by
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the influence of background wind estimated in Gardner and Gardner (1993) and
discussed in Sect. 2 of this chapter. We have not found any clear dependence of
spectra discrepancy on magnitude of horizontal winds. All occultations selected at
high and mid latitudes are either of dim stars (thus the measurement noise is signif-
icant) or/and oblique. In oblique occultations, isotropic scintillations caused by tur-
bulence disturb the correlation between photometer signals. Thus accuracy of HRTP
retrievals, which are based on finding the correlation between photometer signals,
decreases in oblique occultations. Therefore, disagreement in spectral characteristic
for these occultations is not very surprising. The situation drastically changes for
vertical occultations of bright stars (Fig. 5, these occultations are collocated with
SHADOZ soundings in tropics). The vertical wavenumber spectra are very similar
for HRTP and sondes, as well as the rms of fluctuations.

Figure 6 shows the scatter plot of rms of temperature fluctuations in HRTP
and radiosonde profiles, for these two datasets. Figure 6 summarizes observations
described above. For vertical occultations of bright stars, rms of HRTP fluctuations
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is close to that in the collocated radiosonde temperature profiles. The scattering
of the data is very similar to that observed in collocated radiosonde data (Sofieva
et al. 2008). In case of oblique occultations or dim stars, fluctuations in HRTP are
larger than in radiosonde temperature profiles, but several good agreements were
also observed.

A clear cut-off corresponding to scales ∼150–200 m is observed in HRTP spectra
(Fig. 5). This confirms that the actual HRTP vertical resolution is 150–200 m.

4 Conclusions and Outlook

The validation of small-scale structures in high-resolution profiles is the problem
of high complexity, because the collocated data with the same vertical resolution
should be available nearly at the same time and location. In this work, we based and
described the spectral analysis approach to validation of high-resolution profiles,
which requires less strict collocation criteria.

The application of this method for validation of high-resolution temperature pro-
files retrieved from bi-chromatic stellar scintillation measurements by GOMOS fast
photometers has shown that HRTP fluctuations are realistic (in terms of their 1D
vertical spectra) in vertical occultations of bright stars. In case of oblique occulta-
tions or of dim stars, the HRTP fluctuations often have a larger spectral magnitude,
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despite of several good agreements. The spectral analysis has confirmed that the
actual resolution of HRTP is 150–200 m.

The large class of occultations – close to vertical occultations of medium-
brightness stars (with visual magnitude 1 < m < 2.5) is not presented in the con-
sidered data sets. We expect that the accuracy of HRTP profile retrievals from such
occultations is close to that with bright stars, as moderate noise does not affect
the computation of cross-correlation function and thus the accuracy of time delay
reconstruction. The validation of these occultations is the subject of future work.

In addition, it is possible also to use all available radiosonde data world-wide
and find suitable collocations with the GOMOS occultations for spectral validation
of HRTP. This will possibly give a larger statistics and a better coverage of different
types of occultations.

Excessive amplitude of HRTP fluctuations, which was detected in this study in
case of dim stars or oblique occultations, can potentially be reduced by applying
regularization in retrievals. The HRTP profiles presented in this study were pro-
cessed with the minimum of a priori information used in the inversion. The inver-
sion method based on statistical optimization (Bayesian approach) has also been
developed within the scope of the project “Algorithms for the estimation of high
resolution temperature and density profiles from GOMOS measurements”. Valida-
tion of retrievals with the regularization applied will also be the subject of future
work.
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Assimilation of Radio Occultation Data
in the Global Meteorological Model GME
of the German Weather Service

D. Pingel and A. Rhodin

Abstract The assimilation of GPS radio occultations within the three-dimensional
variational data assimilation system of the German Weather Service requires GPS
radio occultation bending angle forward operators. To optimize the forward opera-
tor setup, different one- and three-dimensional bending angle forward operators are
evaluated. The innovation statistics for radio occultation data from the CHAMP,
GRACE-A, and FORMOSAT-3/COSMIC satellites are compared with estimates
based on the background- and observation errors specified in the assimilation
scheme. A numerical experiment is performed to assess the impact of assimilated
radio occultation data on the weather forecast scores, to be compared to an experi-
ment assimilating conventional observation data only.

1 Data Assimilation at the DWD

In the assimilation step of the numerical weather forecasting procedure, preced-
ing the forecast run itself, the state of the meteorological model is updated using
observational information. Conventional sources of meteorological observations are
in-situ data such as radiosondes, ground station measurements, data from aircrafts,
and buoys. They are complemented by satellite remote-sensing measurements, e.g.,
radiances of a given wavelength at nadir.

Global positioning system radio occultation (GPS RO) data is a relatively new
and valuable source of observational information introducing additional information
on temperature and humidity into the model (Healy et al., 2007b; Wickert et al.,
2009). Benefits of RO data are good vertical resolution, independence of cloudy
conditions (that generally afflict radiance measurements, cf. McNally (2002)), the
lack of fundamental biases, and a nearly uniform global coverage.

At the German weather service (Deutscher Wetterdienst, DWD), the assimilation
of observational data (including GPS radio occultation data) will be performed by
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the three-dimensional variational (3D-Var) assimilation method. The assimilation
is done in a statistically optimal way, taking into account the observations y, the
forecast xb (model background) from the previous analysis and error characteristics
of both model and observations, given by their respective error covariance matrices
B and R. Therefore, a thorough specification of observational and forecast errors
is of high relevance in data assimilation. Within the assimilation process, a cost
function J containing penalty terms for deviances of the control variables x (gridded
model field) from the background xb on the one side, and of the observations y from
their model equivalents H(x) on the other side is minimized:

J (x) = Jb + Jo = 1

2
[x − xb]TB−1[x − xb] + 1

2
[y − H (x)]TR−1[y − H (x)]. (1)

A forward operator H maps the model background data into observation space. For
in situ measurements, H simply performs an interpolation to the location of the
observation. In the case of remote sensing measurements, H is more complex and
generally nonlinear. The analysis x is given by the zero of the gradient of the cost
function J with respect to the control variables x,

∂ J

∂x
= B−1[x − xb] + HTR−1[y − H (x)] (2)

with H being the Jacobi matrix of H. Tangent-linear and adjoint operators calculate
the product of H with a vector to the right and to the left, respectively. The analysis
increment is

x − xb = [HTR−1H + B−1]−1HTR−1[y − H (xb)]

= BHT[HBHT + R]−1[y − H (xb)].
(3)

The solution of Eq. (3) is performed in observation space (Physical-space Statistical
Assimilation System, PSAS). This implies a reduction of the size of the numerical
equations to solve significantly compared to a minimization in model space. It is
done by substituting

x − xb = BHTz (4)

and solving

[HBHT + R]z = [y − H (xb)] (5)

for z in observation space. The nonlinear problem is solved in an iterative procedure
with a combination of an outer Newton algorithm and an inner preconditioned Con-
jugate Gradient (CG) algorithm. Nonlinearities are accounted for by iterating Eq. (5)
with H linearized at the current estimate xi , denoted by Hi (Daley and Barker, 2000):

[Hi BHT
i + R]z = [y − H (xi ) + Hi xi − Hi xb] (6)
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Subsequently, the analysis increments of the model state variables are determined
by post-multiplication of the solution z with the forecast error covariance according
to Eq. (4).

Basically, phase delay, bending angle, or refractivity fields can play the role of
the observations to be assimilated. At the DWD, bending angles have been chosen
as observations, as they allow for a reliable specification of significant background
and observational errors and can be derived without any assumptions regarding hor-
izontal homogeneity or isotropy. Hence an appropriate forward operator H is to be
implemented to map the model background at the location of the observation to the
corresponding first guess bending angle.

2 Evaluation of Bending Angle Forward Operators

An essential step in the preparation of the assimilation of radio occultations is to
find a reasonable setup for the forward operator that is suitable for data assimila-
tion under the specific terms of operational application. One- and three-dimensional
bending angle forward operators are evaluated, with the standard deviation of the
innovations (differences of observation and first guess value) being considered as
a benchmark criterion. While the three-dimensional ray-tracing operator shows the
smallest standard deviation, the result of optimized one-dimensional forward oper-
ators come close to the performance of the three-dimensional operator.

The evaluation of a possible bending angle forward operator setup, providing
a background profile of bending angles α(p) as function of impact height p, is a
prerequisite for the assimilation of RO observations. A three-dimensional ray trac-
ing model and a one-dimensional model have been considered to serve as forward
operators:

The ray-tracing operator H3d (Gorbunov and Kornblueh, 2003) is supposed to
be the best fit to the physical reality, as it takes into account the along-ray and
transverse-ray horizontal gradients of the temperature and humidity atmospheric
fields as well as the drift of the ray’s tangential points in the course of an occul-
tation. A certain disadvantage of the ray-tracing operator is the high demand of
computing resources (time and memory).

The one-dimensional forward operator is based on the assumption of spherically
symmetric atmospheric fields. It applies an inverse Abel transform

α(p) = −2p
∫ ∞

p

d ln n

dr
· dr√

(nr )2 − p2
(7)

to the refractivity profile

n = 1 + 10−6
(

c1
p

T
+ c2

pv

T 2

)
(8)

(with c1 = 77.6 K hPa−1 and c2 = 3.73 · 105 K2 hPa−1) derived from the temper-
ature T, pressure p, and water vapor partial pressure pv above a single point in the
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horizontal, the occultation point xoc. By reducing the horizontally extended occulta-
tion event to a single point xoc, the tangential point drift is neglected. Furthermore,
the choice of xoc introduces a certain indefiniteness to the forward model. To model
the drift of the tangential points at least to some extent, three versions of the one-
dimensional forward operator have been implemented for test purposes, each of
them considering a differently determined xoc: The first version H1d performs the
inverse Abel transform at xoc as given in the corresponding observation data set of
bending angles. For the second version H1dmn, xoc is determined as the mean of
the individual ray’s tangential points in the lowest 20 km of the occultation profile
(indicated by the additional abbreviation “mn” in the acronym “1dmn”). The third
version H2d applies the inverse Abel transform to each ray of the occultation profile
separately, with xoc being the tangential point of the ray. This approach is expected
to model the tangential point drift best compared to the two preceding versions.

The data set to test the performance of the different forward operators is a
CHAMP (CHAllenging Minisatellite Payload) and GRACE-A (Gravity and Climate
Recovery Experiment) phase delay data set provided by the GeoForschungsZen-
trum (GFZ) Potsdam for January and July 2005, processed to bending angles at
the DWD with the method of canonical transform CT2 (Gorbunov and Lauritsen,
2002, 2004a,b; Gorbunov et al., 2006). DWD global meteorological model GME
(Majewski et al., 2002) three-hourly forecast fields served as model background.
The statistical properties of the innovations, i.e., of the differences of observation
and first guess, are then taken into account as a criterion to evaluate the different
forward operators.

Figure 1a–c shows zonal averages of the ratio of the (O−B) standard deviation of
the three versions H1d, H1dmn, and H2d of the one-dimensional forward operator to
the respective value of the three-dimensional ray-tracing operator H3d for January
2005 (bin size 1 km×10◦). For all three one-dimensional forward operators, the
values of the ratios are larger than unity for most areas and heights (they are strictly
larger than unity when considering global means). This indicates that the ray-tracing
forward operator performs best in terms of standard deviation.

When comparing the different one-dimensional forward operators, the opera-
tor H1d, accepting the occultation point as given by the CT2, performed poorest
(Fig. 1a). The corresponding standard deviation exceeds the respective value for H3d

by up to 8%. However, the ratio is significantly smaller for the tropics compared to
the extra tropics. This is related to the fact that due to differences of the atmospheric
dynamics horizontal gradients of temperature and humidity are less pronounced in
the tropics than in the extra tropics. As the provision for these gradients is one of
the characteristics of the operator H3d compared to H1d, the bending angle values of
the one- and three-dimensional operators tend to be comparable in the tropics.

Compared to the operator H1d, the operator H1dmn shows a reduced standard devi-
ation for impact heights above ∼8 km (Fig. 1b). This indicates that the averaging
process brings xoc closer to the tangential points of the rays in the upper troposphere
and lower stratosphere.

The first guess values of the version H2d, applying the inverse Abel transform
to each individual ray, are closest to the ray-tracing results (Fig. 1c) as expected.
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(a)

(b)

(c)

Fig. 1 Evaluation of bending
angle forward operators:
Ratio of the standard
deviation of the
one-dimensional forward
operators (a) H1d (top),
(b) H1dmn (middle) and
(c) H2d (bottom) with
respect to the ray tracing
forward operator H3d,
January 2005
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Above an impact height of ∼10 km, the difference to the operator H3d is less than
1% for most areas. Additionally, the ratio of the standard deviations is more uniform
for H2d than for H1d and H1dmn.

However, for the lowermost rays especially at tropical latitudes, the more refined
version H2d performs worse than the more simple versions H1d and H1dmn. This
effect might be related to the fact that for most occultation events the positions of the
tangent points of the lowest lying rays lie off the more or less straight line described
by tangent points of higher rays. These “kinks” might be an inappropriate choice
as a location for georeferencing points. A thorough investigation of this effect is
necessary, though.

Below an impact height of ∼8 km, the ray tracing forward operator H3d is signif-
icantly better in terms of standard deviation. This may be attributed to the fact that
below this height the bending angle signal contains predominantly humidity infor-
mation (especially in the tropics). Water vapor is, contrary to temperature, a quantity
that fluctuates significantly on a horizontal scale comparable with the extent of the
occultation. These fluctuations are considered for by the operator H3d, but not by
the one-dimensional forward operators.

Figure 2 shows the same quantity as Fig. 1c, but for July 2005. The shift of the
maxima of the ratio of the standard deviations in the lower troposphere towards the
north is clearly visible, corresponding to the increase of humidity in these regions
in the summer of the northern hemisphere.

The results of the evaluation of the bending angle forward operators are con-
firmed in another way: To expose the differences of the performance of the oper-
ators (in terms of standard deviations) more clearly, we consider the innovation
statistics for those observations (y)i whose respective first guess bending angle

Fig. 2 As Fig. 1c, but for the summer month
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values (H (xb))i differ by at least a given fraction of the ray-tracing first guess value
(H3d(xb))i

|(HF (xb))i − (H3d(xb))i | > ε · (H3d(xb))i (9)

with F ∈ {1d, 1dmn, 2d} denoting the version of one-dimensional forward oper-
ator and components of H denoted by (H )i . Each observation value (y)i selected
by Eq. (9) corresponds to background values evaluated with the different versions
of the one-dimensional forward operator and with the 3d operator. To measure the
closeness of the observations to the background value, we determined the innova-
tion (y − H (xb)) statistics for each of the different combinations of observations y
and background values H1d(xb), H1dmn(xb), H2d(xb), H3d(xb). Figure 3 shows the
standard deviations (percentage of first guess value, global average, July 2005) for
data sets selected this way with operators H1dmn and H3d, and ε = 5%. The standard
deviation of H3d is significantly smaller than the corresponding value of H1dmn, i.e.,
the first guess values derived with H3d tend to be closer to the observations than
those calculated with H1dmn. Corresponding calculations with other combinations
of forward operators and different values of ε clearly indicate that the performance

Fig. 3 Evaluation of bending
angle forward operators:
Standard deviation of H1dmn

and H3d (ε = 5%) for
observations selected
according Eq. (9)
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of the bending angle forward operator in terms of standard deviation increases in
the order H1d → H1dmn → H2d → H3d.

Although there are significant differences on the level of innovation statistics, the
overall deviances of the optimized one-dimensional forward operators from the ray
tracing result are only minor (1–2%) for impact heights above 8 km. As the statis-
tical weight of GPS RO observations is small below this height (large observation
errors due to humidity gradients), this suggests the usage of an appropriately opti-
mized one-dimensional bending angle forward operator for the operational assimi-
lation, in agreement with results of other studies (Poli 2006; Healy et al., 2007a).

For the following monitoring and assimilation experiments, the optimized one-
dimensional forward operator H1dmn is applied rather than the ray-tracing operator.

3 Monitoring

A long-term monitoring of the radio occultation observations is arranged. To this
end, the statistical parameters of the differences of observations and background
values (O − B) are determined on a monthly basis. Generally, the observed bending
angles agree with the background equivalents with a deviation that corresponds to
the assumptions made for the background and observation errors in the assimilation
system.

The bending angle observations are compared with the corresponding back-
ground equivalents, derived from the forecast fields of the GME by application
of the one-dimensional inverse Abel transform forward operator (version H1dmn,
see Sect. 2). Near real time (NRT) bending angle data sets of CHAMP and
GRACE-A from GFZ and FORMOSAT-3/COSMIC (Constellation Observing Sys-
tem for Meteorology, Ionosphere, and Climate) by CDAAC/UCAR (COSMIC Data
Analysis and Archive Center/University Corporation for Atmospheric Research) are
considered. In addition, a third data set is generated by applying the CT2 method
(at the DWD) to near real time phase delay data sets of CHAMP and GRACE-A by
GFZ. The CT2 method allows to estimate values of the bending angle observational
error, which are not included in the near real time bending angle data set from GFZ.
Thus, additional statistical information on the occultation data is gained.

A quality control is applied to the GPS RO data to be monitored: A 3σ (O − B)
check is applied to remove outliers. Observations with a relative observation error
larger than 5% (with respect to observed bending angle value) are discarded, which
removes observations mostly in the tropical lower troposphere (influence of humid-
ity fluctuations) and in the stratosphere (residual stratospheric fluctuations induce
additional noise). In addition, the value of the bending angle is confined to the inter-
val [0, 0.02] to exclude errors due to ducting processes. These parameters of the
quality control are also applied in the assimilation experiment (see Sect. 4).

The statistical properties of the corresponding differences, the innovations, are
taken into account to assess the consistency of model and observational bending
angle values and corresponding error estimates and are discussed in the following
paragraph.



Assimilation of Radio Occultation Data at the German Weather Service 119

Figure 4a–c shows the global distribution of the number of RO profiles (bin
size 1 km × 10◦) available after quality control. The different orbit geometry of
CHAMP/GRACE-A on the one hand and COSMIC on the other hand leads to the
different patterns in the respective diagrams.

Figures 5, 6, 7, 8, and 9 show zonal averages (bin size 1 km × 10◦) of statistical
parameters of the (O − B) innovations of the three data sets for the time of March
2007, to be discussed in the following.

As the CHAMP and GRACE-A near real time data not yet include estimates
for the observational error, a simple, partially linear functional dependence of the
observation error on the impact height (Healy and Thépaut, 2006) is assumed for
this data set (see Fig. 5a): The relative observation error decreases linearly from
10–1% for 0 km to 10 km impact height. Above 10 km, the observation error is
assumed to be 1% of the bending angle value, until it reaches a lower absolute
limit of 6 × 10−6 radians. This observation error model is in contrast to the zonally
varying observation error for CHAMP and GRACE-A by the CT2 method (Fig. 5b)
and COSMIC (Fig. 5c).

Stratospheric observation errors are to the largest part due to ionospheric fluc-
tuations. For both the COSMIC and the CT2 derived CHAMP/GRACE-A bending
angle data sets observation errors are estimated from differences between bending
angles derived by geometrical optics and a climatology. For the tropospheric sec-
tions of the occultation profile, signal tracking in multipath areas (to be resolved by
radio-holographic approaches) dominate the observation error. For COSMIC data,
observation errors are derived by direct propagation of fluctuation in the excess
phase signal to bending angles. For the CT2 method, the spectral width of the run-
ning spectra of the transformed signal wave field is used for the estimation. For
details of the methods involved in the estimation of observation errors, see Gorbunov
(2002); Gorbunov et al. (2006) (CHAMP/GRACE-A with CT2) and CDAAC/TACC
(2007a,b) (FORMOSAT-3/COSMIC) and references therein.

The influence of tropical humidity on the observation error is consistent with
higher values of the relative observation error in the lower latitudes. Above 20 km
impact height, a difference in the observation errors of CHAMP and GRACE-A by
CT2 on the one hand and COSMIC on the other hand is noticeable. It is due to the
usage of a different climatology for estimation of the stratospheric component of the
error. Comparing the near real time bending angles by GFZ with the bending angles
obtained by applying CT2 at the DWD, it is apparent that the CT2 generally tends
to keep more occultation data than the method of GFZ (cf. Fig. 4a,b in 10–20 km
impact height), but assigns a relatively high observation error, especially in the lower
and upper troposphere (see Fig. 5b). High values for the observation error cause
more observations to be discarded at these height levels, see Fig. 4b. For all data
sets, the estimated observational errors (Fig. 5a–c) are generally smaller than the
model background errors (Fig. 6, model background errors are the same for the
different RO data sets), especially in the upper troposphere of the extra tropics. The
background error of the bending angle Bb is calculated from the background error
covariances of temperature and relative humidity Bt,rh specified in the 3D-Var by
application of the linearized observation operator:
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(a)

(b)

(c)

Fig. 4 Number of GPS RO
profiles (bin size 1 km ×10◦)
for (a) CHAMP/GRACE-A
(bending angles by GFZ), (b)
CHAMP/GRACE-A (phase
delays by GFZ, bending
angles by CT2 at DWD),
(c) COSMIC (bending angles
by CDAAC/UCAR)
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(a)

(b)

(c)

Fig. 5 Estimated bending
angle observation error for
(a) CHAMP/GRACE-A
(functional approach, bending
angles by GFZ), (b)
CHAMP/GRACE-A (phase
delays by GFZ, bending
angles by CT2 at DWD),
(c) COSMIC (bending angles
by CDAAC/UCAR)
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Fig. 6 Estimated bending angle background error in the GME model (percentage of first guess
value, derived from the background error covariances at t and rh by means of the tangent linear
operator H1dmn)

Bb = H Bt,rh HT (10)

The background error distribution of the bending angles are large in the extra-
tropical jet stream regions where atmospheric variations are large. Another maxi-
mum is found in the lower tropical troposphere. Here humidity variations give the
largest contribution to the bending angle background errors, reaching values of up to
15%. The observation errors estimated by the COSMIC and CT2 algorithm (Fig. 5)
show maxima in the tropics as well. If no quality control was applied, these obser-
vational errors would be much larger and would reach values similar to the back-
ground errors. In the lower tropics only relatively few observations pass the criteria
(cf. Fig. 4) so that the observational error is of the same order or less than the back-
ground error, which is a prerequisite for using the observations in the assimilation.

Figure 7a–c displays the standard deviation σ of the innovation for the three data
sets. The standard deviation has generally higher values in the tropics, due to the
more pronounced influence of humidity. A maximum of the standard deviation at
the impact height of ∼18 km is caused probably by the presence of gravity waves.
The deviations above 25 km result from ionospheric fluctuations which can only
be partly corrected by taking into account the differences of the L1 and L2 phase.
Remaining large differences of the retrieved bending angles from climatology are
usually suppressed by fitting to the climatology. Reasonable bending angle values at
higher altitudes are important if temperature profiles are derived from the bending
angles by the Abel inversion. They are not essential if a forward operator is applied
to the atmospheric profiles to derive model counterparts to the retrieved bending
angles so long as the errors of the retrieval are specified correctly. This is done by
the CT2 retrieval algorithm. In this case the model background will be used for
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(a)

(b)

(c)

Fig. 7 Standard deviation of
innovations (O − B)/B
(percentage of first guess
value, H1dmn bending angle
forward operator) for (a)
CHAMP/GRACE-A (bending
angles by GFZ), (b)
CHAMP/GRACE-A (phase
delays by GFZ, bending
angles by CT2 at DWD),
(c) COSMIC (bending angles
by UCAR/CDAAC)
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(a)

(b)

(c)

Fig. 8 Ratio of standard
deviation of innovations
(O − B) with respect to
estimated standard deviation
for (a) CHAMP/GRACE-A
(bending angles by GFZ), (b)
CHAMP/GRACE-A (phase
delays by GFZ, bending
angles by CT2 at DWD),
(c) COSMIC (bending angles
by UCAR/CDAAC)
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(a)

(b)

(c)

Fig. 9 Bias of innovations
(O − B)/B (percentage of
first guess value, H1dmn

bending angle forward
operator) for (a)
CHAMP/GRACE-A (bending
angles by GFZ), (b)
CHAMP/GRACE-A (phase
delays by GFZ, bending
angles by CT2 at DWD),
(c) COSMIC (bending angles
by UCAR/CDAAC)
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the regularization in the variational assimilation scheme. The innovation’s standard
deviation is compared to its estimate, the quadratic sum of the observation error and
background error eest = (e2

obs + e2
bg)1/2. Figure 8a–c shows the ratio of the standard

deviation to the estimated deviation σ/eest. In general, the CHAMP and GRACE-A
observed bending angles agree with the corresponding background equivalents rea-
sonably well and within the assumptions made for the background and observation
errors in the assimilation system. The ratio is less than unity for most areas and
height levels, indicating a better agreement of observations and background values
than estimated from the error specification. In the upper tropical troposphere, the
relatively high value of the ratio σ/eest again indicates the presence of gravity waves
not accounted for in the background error model.

The bias of the innovations as depicted in Fig. 9a–c is reasonably small, but
shows a remarkable vertically oscillating pattern in the upper troposphere and strato-
sphere in the tropics and mid-latitudes, which might be related to properties of the
GME background model. In addition, the overall bias of the CT2 processed CHAMP
and GRACE-A data (Fig. 9b) seems to be slightly more negative than the corre-
sponding NRT result by GFZ and COSMIC (Fig. 9a,c).

4 Assimilation Experiments

The assimilation setup, including the optimized bending angle forward operator,
is tested in assimilation experiments. The impact of the radio occultation obser-
vations on the weather forecast quality is assessed by an experiment assimilating
RO data from the six FORMOSAT-3/COSMIC satellites in addition to conventional
data only. A positive impact on the forecast scores in the southern hemisphere is
observed.

A first assimilation experiment with RO observations has been performed, in
order to estimate the maximal impact of the RO data and to apply the necessary
optimization to the assimilation system. The assimilation experiment is carried out
for the time of May 2007 by the DWD 3D-Var with a three-hourly assimilation
time window. The assimilated observations are RO bending angle data from the six
FORMOSAT-3/COSMIC satellites and conventional in-situ-data. In the correspond-
ing control experiment, conventional data is the only observational source.

Figure 10a shows a significant reduction of the standard deviation of the differ-
ences of the experiment’s analysis to the IFS analysis (ECMWF) for the geopoten-
tial at 500 hPa in the southern hemisphere. For the northern hemisphere, the average
change in the analyzed fields is neutral (not shown).

Subsequent forecast runs are performed to assess the impact on the forecast
results. The forecast quality can be quantified by the anomaly correlation coeffi-
cient (ANOC) of an atmospheric field, measuring the correlation of deviances of
forecasts with those of coinciding analysis with respect to the model climatology.
Figure 10b shows the anomaly correlation coefficient of the geopotential field at
500 hPa in the southern hemisphere for the control experiment, the experiment
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additionally including RO observations, and an experiment that assimilates con-
ventional observations and AMSU-A data (using 18 forecasts). The assimilation of
RO results in a significant increase of the ANOC in the southern hemisphere, with
a similar result for the temperature field. It is remarkable that the improvement of
the forecast scores due to RO is already half of the improvement to be expected
when assimilating AMSU-A radiance observations in addition to conventional data.
In the northern hemisphere, still a slight degradation of the ANOC is visible for
geopotential and temperature, the reason for this is still to be identified.

The verification of temperature and humidity against corresponding measure-
ments of radio soundings and aircraft data indicates a significant reduction of the
standard deviation for the experiment with assimilation of RO observations in the
southern hemisphere (not shown).
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5 Conclusions

The performance of three different versions of a one-dimensional and a three-
dimensional ray-tracing bending angle forward operator is evaluated for use in a
three-dimensional variational data assimilation system. The ray-tracing operator
takes horizontal gradients and the ray’s tangential point drift into account. The dif-
ferent versions of the one-dimensional operator all apply the inverse Abel transform,
assuming spherically symmetric atmospheric fields, but reflect the tangential point
drift each to a different degree. Considering the standard deviation of the differences
of first guess to observed occultation data above the impact height of 8 km, the three-
dimensional and the optimized one-dimensional forward operator differ by less than
2%. Therefore, a choice of a properly optimized, numerically less expensive one-
dimensional forward operator for the use in an operational data assimilation system
seems legitimate. Monitoring of near real time radio occultation bending angle data
sets from CHAMP, GRACE-A, and FORMOSAT-3/COSMIC has been carried out
for the time of several months. The standard deviation of the observations-first guess
differences are well within the error bound estimation of the assimilation system. An
experiment assimilating bending angle observations shows a significant improve-
ment of the forecast quality in the southern hemisphere when compared to a control
experiment assimilating conventional data only, proving radio occultation data to be
a valuable source of meteorological information.
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Sampling of the Diurnal Tide of Temperature
Using Formosat-3/COSMIC Data

B. Pirscher, U. Foelsche, M. Borsche, and G. Kirchengast

Abstact The Formosat-3/COSMIC satellite constellation, performing radio occul-
tation measurements, allows for an adequate measurement density in space and time
to determine the temperature diurnal tide typical for one month, i.e., on a monthly
basis. In this initial study on the topic we investigated the diurnal amplitude and
phase between 4 km and 35 km altitude in different geographical regions in July
2007. The tropical diurnal tide shows a distinctive downward phase progression.
The corresponding amplitude is increasing towards higher altitudes but it always
remains smaller than 0.5 K up to an altitude of 35 km. Natural temperature vari-
ability within large latitudinal domains seems to interfere with the diurnal tide,
which complicates the interpretation of our extratropical results. We found max-
imum temperature amplitude within a day in the afternoon at high latitudes with
an increase in amplitude with altitude. The tide is more pronounced in the winter
hemisphere.

1 Introduction

Nearly continuous measurements at synoptic land stations, ships, and buoys allow
an adequate determination of the diurnal tide of atmospheric parameters, e.g., tem-
perature or humidity, at the surface. Some of these data are available since the end of
the 19th century. From 1950 until 2004 a decrease in the diurnal surface temperature
range occurred due to a steeper increase in daily minimum surface temperatures than
in daily maximum surface temperatures (Vose et al. 2005; Easterling et al. 2006).
Since 1979, however, no change in temperature range is observed (Trenberth et al.
2007).

The number of measurements and the spatial density in the upper troposphere
and lower stratosphere (UTLS) region was very sparse in the pre-satellite era (before
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1979), since radiosonde, lidar, and radar data were the only measurements available
in the free atmosphere. To estimate the diurnal tide in the free atmosphere it is nec-
essary to analyze data from radiosonde measurement campaigns with at least four
radiosonde ascends per day (e.g., Seidel et al. 2005; Alexander and Tsuda 2008), to
examine lidar/radar data (e.g., Revathy et al. 2001; Riggin et al. 2002) or to inves-
tigate satellite data (e.g., Zeng et al. 2008). The lack of long term measurements in
the UTLS region prevents the examination of a possible climate change impact on
the diurnal tide in the free atmosphere.

In the recent past, discussion about temperature trends in the free atmosphere
derived from (Advanced) Microwave Sounding Unit (MSU/AMSU) satellite data
received much attention. Discrepancies in sign and magnitude of the trends arose
from incorrect inter-calibration and correction procedures between the different
satellites (e.g., Karl et al. 2006). Radio occultation (RO) data (Kursinski et al. 1997;
Steiner et al. 2001), however, are self-calibrated, and inter-calibration between mea-
surements of different satellites is, in principle, not needed (Foelsche et al. 2009).
Continuous RO data, available since 2001, are thus suitable to perform climate mon-
itoring and related change analyses such as of the diurnal tide, because the data are
expected to be stable on a long term basis (Foelsche et al. 2008).

A satellite’s inclination and its orbit altitude determine the drifting rate and hence
its local time sampling. The RO mission CHAMP (CHAllenging Minisatellite Pay-
load) yields the longest available RO data set, but since the CHAMP satellite only
drifts by three hours within one month, it is not able to observe the diurnal tide
within one month, nor within one season (e.g., Pirscher et al. 2007). To determine
the diurnal tide with CHAMP data, it is necessary to merge data from different
years. In doing so, Zeng et al. (2008) removed atmospheric seasonal and interan-
nual variability.

Until 2006 no RO mission was able to sample at all local times within one month.
However, the six Formosat-3/COSMIC (Rocken et al. 2000; Anthes et al. 2008)
satellites, launched in April 2006, are able to observe the diurnal tide of a measurand
within 10 days at low latitudes. We used these data to estimate the temperature
diurnal tide at different latitudes and vertically from 4 km to 35 km for an example
month (July 2007). Section 2 gives an introduction to local time sampling with the
Formosat-3/COSMIC constellation. Section 3 briefly describes the data set and the
method used to estimate the diurnal tide. Results are discussed in Sect. 4. Section 5
closes with a summary and conclusions.

2 Local Time Sampling Using Formosat-3/COSMIC

The secular drift in satellite orbit planes is mainly caused by the Earth’s polar oblate-
ness. Assuming a circular orbit, the orbit’s precession rate Ω̇ [rad s−1] can be cal-
culated from

Ω̇ = −3

2
J2

(ae

a

)2
n cos i, (1)
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Fig. 1 Time series from May 2006 until May 2008: Altitudes of the six Formosat-3/COSMIC
satellites (left) and resulting orbital drifting rates (right)

where J2 = 1082.63×10−6 is a constant factor describing the Earth’s polar oblate-
ness, ae = 6378.137 km is the Earth’s mean equator radius, a is the semi-major
axis of the satellite’s orbit, i its inclination, and n = n(a) is the mean motion of
the satellite [rad s−1] (Hoffmann-Wellenhof et al. 1997; Larson and Wertz 1997;
Boain 2005). As can be inferred from Eq. (1), the orbit parameters i and a yield the
precession rate of the satellite. It is often referred to as the Earth’s mean motion of
360◦/365.242199d = 0.9856◦/d, resulting in Ω̇� (Ω̇� = 0.9856◦/d − Ω̇).

Figure 1 depicts the consecutive orbital raising of the six Formosat-3/COSMIC
satellites and the effects on their drifting rates with respect to the Earth’s mean
motion from May 2006 until May 2008. Complementarily, Fig. 2 shows the equator
crossing times.

Fig. 2 Equator crossing time of the Formosat-3/COSMIC satellites from May 2006 until May
2008
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The satellites were raised from about 520–800 km while the inclination i = 72◦

was kept constant. The respective orbital drifting rates decreased from Ω̇� ≈
3.33◦/d at 520 km to Ω̇� ≈ 3.02◦/d at 800 km. The gradual change in drifting
rate results in a (desired) orbital separation. Shortly after launch (April 2006), all
satellites were close to each other. In June 2006, FlightModel-5 (FM-5) was the first
satellite which separated from the others because of its orbital raising and the result-
ing slower drifting rate. By the end of May 2008 all satellites were separated from
each other but the final constellation was not fully developed because the solar pan-
els of FM-3 are stuck resulting in non-optimal power and limited payload operation
for this spacecraft (D. Hunt, UCAR, pers. comm. May 2008). For this reason, the
orbit raising for FM-3 has been halted in July 2007. It is currently not clear, if it is
possible to raise FM-3 to its final altitude to 800 km.

The precession rate of a satellite determines the sampling behavior with respect
to local time. Thereby, it is convenient to refer the precession rate to the mean motion
of the Earth of 0.9856◦/d. Satellites with orbital precession rates equal to 0.9856◦/d
are in a Sun-synchronous orbit (Ω̇� = 0). These satellites are never able to observe
the diurnal tide of an atmospheric parameter. The larger the difference between the
orbital precession rate and the mean motion of the Earth, the shorter the time span
to sample through all local times.

Figure 3 shows the local time coverage of all six Formosat-3/COSMIC satellites
in December 2006 and in July 2007. Each gray dot corresponds to an RO event (as
a function of local time and latitude). In December 2006, FM-5 and FM-2 were the
only two satellites in their final orbits. Thus, the plane separation was incomplete,
which becomes apparent in less optimal local time sampling (left panel). On the
other hand, in July 2007 FM-1 was the only satellite still in its parking orbit and
plane separation was well advanced. Local time sampling (right panel) was therefore
more uniform compared to December 2006 even though not as good as it will be
when all satellites are in their final orbits.

The 30◦ separation in the ascending node and the orbital drifting rate with respect
to the Sun of ≈ 3.02◦/d in the final constellation enables the diurnal tide to be
sampled fully every 10 days at low latitudes. At higher latitudes the ascending and
descending branch of the orbit move closer together in terms of local time sam-
pling. Thus, local time sampling at high latitudes is insufficient and irregular within

Fig. 3 Local time sampling in December 2006 (left panel) and July 2007 (right panel)
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one month, limiting the monthly reconstruction of the diurnal tide of atmospheric
parameters.

3 Determination of the Diurnal Tide

Formosat-3/COSMIC RO data are provided by the COSMIC Data Analysis and
Archive Center (CDAAC) (http://cosmic-io.cosmic.ucar.edu/cdaac/). In this initial
study we use CDAAC dry temperature profiles (post-processed profiles, version
2007.3200). Dry temperature is equivalent to physical temperature when atmo-
spheric humidity is small, which is true everywhere above 8–14 km altitude
(Foelsche et al. 2008). Since local time is not well sampled in December 2006,
we only use data from July 2007 to estimate the diurnal tide.

In addition to this data set we use co-located ECMWF (European Centre for
Medium-Range Weather Forecasts) analysis data, which are available at four UTC
(coordinated universal time) time layers (00 UTC, 06 UTC, 12 UTC, and 18 UTC).
Co-location means that the ECMWF profile is drawn from the ECMWF time layer
nearest to the RO event time (no interpolation in time) and that the ECMWF field is
spatially interpolated to the geographic RO event location, where the co-located RO
profile is extracted. This temporal adjustment in UTC (by up to three hours) also
yields corresponding shifts in local time. But since we use profiles at all longitudes,
all local times are also covered by co-located ECMWF profiles.

To determine the diurnal tide, we divide all RO events within one month into five
zonal bands with latitude-dependent width (30◦ or 40◦). The specifications of the
regions are shown in Table 1. The use of zonal bands prevents the examination of
non-migrating tidal modes which are forced by the land-sea distribution (Tsuda and
Kato 1989).

Table 1 shows the number of profiles considered in the calculation processes.
The smaller total number of profiles at high latitudes results from the comparatively
small inclination of the Formosat-3/COSMIC satellites of i = 72◦. A larger amount
of RO measurements is obtained at mid- and sub-tropical latitudes. When com-
paring the number of profiles at high southern and high northern latitudes within
three hours local time, the asymmetric local time sampling can be seen best. A lot
of RO events at high southern latitudes in the early morning correspond to only a
few measurements at high northern latitudes at the same time. Twelve hours later,
local time sampling is opposite – more measurements occur in the Northern Hemi-
sphere than in the Southern Hemisphere. The most uniform local time sampling is
obtained in the tropical region. July 2007 allows for all local times to be sampled
sufficiently within three hour intervals: there are always more than 180 RO events
in polar regions, more than 500 events in the subtropics and midlatitudes, and more
than 800 measurements in the tropical region within each three hour time interval.

Collecting all profiles within three hours in local time in one geographical region
and weighting each of these profiles with the cosine of its geographical latitude ϕ
gives the mean profile typical for one region and for a three hour time interval. The
cosine-weighting accounts for area changes between meridians at varying latitudes
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Table 1 Geographical regions and their local time coverage in July 2007

Latitudinal
domain

SHPa

60◦S to 90◦S
SHSMb

20◦S to 60◦S
TROc

20◦S to 20◦N
NHSMd

20◦N to 60◦N
NHPe

60◦N to 90◦N

00 LT to 03 LT 1 219 2 770 1 346 1 572 264
03 LT to 06 LT 627 2 177 1 573 2 422 747
06 LT to 09 LT 312 1 424 1 157 2 347 1 116
09 LT to 12 LT 221 649 982 2 255 1 047
12 LT to 15 LT 292 1 655 1 262 2 356 1 127
15 LT to 18 LT 749 2 492 1 408 1 812 628
18 LT to 21 LT 1 066 2 744 1 076 1 178 287
21 LT to 24 LT 983 2 625 964 598 185
Total 5 469 16 536 9 768 14 540 5 401

a Southern Hemisphere Polar Region
b Southern Hemisphere Subtropics and Midlatitudes
c Tropics
d Northern Hemisphere Subtropics and Midlatitudes
e Northern Hemisphere Polar Region

(Foelsche et al. 2008), i.e., due to convergence of meridians towards the poles the
geographic area per latitude increment shrinks by cosϕ. Anomalies for each region
are derived by subtracting the mean profile (i.e., average over all time intervals). The
amplitude is derived by calculating the half of the difference between maximum and
minimum temperature at each altitude. The phase corresponds to the local time of
the temperature maximum.

The determination of the diurnal tide is based on all high quality profiles avail-
able in the geographical regions. Since the number of events differs significantly
from one to the other time interval, the robustness of the calculation method was
investigated. This was done by reducing the number of RO events so that they were
evenly distributed over all time intervals. The reduced number was thus chosen to
be about the minimum number of events available within each time interval. 180,
500, and 800 profiles were randomly selected from the respective set and used for
the polar, midlatitude, and tropical region, respectively.

The attempt to estimate the diurnal tide with a temporal resolution of one hour
was discontinued because the number of events within one hour time intervals was
too small.

4 Results and Discussion

Figure 4 shows the mean dry temperature profile for each geographical region (left),
the diurnal tide (anomalies with respect to the mean profile) as function of local time
(middle), and the diurnal amplitude (right) obtained from Formosat-3/COSMIC RO
data in July 2007. All results are shown as a function of mean sea level (MSL)
altitude, from high northern latitudes (top) to high southern latitudes (bottom). The
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Fig. 4 Mean profiles (left), diurnal tide (middle), and amplitude (right panels) in July 2007 calcu-
lated with a local time resolution of three hours

mean atmospheric temperature structure is typical for a Northern Hemisphere sum-
mer month with a well pronounced tropopause in the summer hemisphere.

The diurnal tide shows comprehensible results in the tropics that are in very good
agreement with other studies, (e.g., Alexander and Tsuda 2008; Zeng et al. 2008).
Natural temperature variability within large latitudinal regions with 30◦ or 40◦ width
and diverse atmospheric characteristics seem to interfere with the estimated diurnal
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tide complicating the interpretation of extratropical results. Particularly, the mid lat-
itude (plus subtropical) regions (between 20◦N/S and 60◦N/S) seem to be too large
to estimate a “typical” diurnal tide because atmospheric properties are too diverse
in that extended latitudinal domain. Therefore, the discussion of the results of this
initial study will be focused on the tropical latitudes. The interpretation of the results
obtained at high latitudes should be regarded with reasonable care.

At high northern latitudes the diurnal amplitude slowly decreases from ∼0.65 K
to ∼0.25 K from 4 km up to the tropopause level near 10 km. Above about 15 km up
to 35 km the amplitude increases from ∼0.2 K to ∼0.8 K. The temperature phase
(local time of the maximum) shifts from afternoon (in the troposphere) to early
morning (at tropopause level) to afternoon and evening (in the lower stratosphere).

At high southern latitudes the diurnal amplitude decreases from ∼0.8 K (at an
altitude of 5 km) to ∼0.5 K (near 10 km). Above that height it increases again
to reach ∼1.6 K at an altitude of 35 km. Maximum temperature in the Southern
Hemisphere winter is observed in the early afternoon.

In the tropical region, the diurnal temperature tide above about 8 km is less pro-
nounced (amplitude ∼0.3 K only) than in the lower troposphere (amplitude reaches
∼ 1.2 K near 5 km). The distinctive increase in amplitude below 8 km may be asso-
ciated with the use of dry temperature which depends on physical temperature as
well as on humidity. Dry temperature is colder than physical temperature if humid-
ity becomes important (see also the distinct decrease of lapse rate towards 4 km in
the tropical mean profile in Fig. 4). The diurnal variability of humidity in tropical
regions may thus cause the observed pronounced dry temperature diurnal tide at
altitudes below 8 km.

Minimum diurnal amplitude values (∼0.1 K) can be observed near 11 km as well
as near the tropopause (∼16 km). Above 21 km, the amplitude generally increases
with height reaching to near 0.4 K above 27 km; below the tropical tropopause the
phase remains constant with maximum temperature in the (late) afternoon. It shifts
from afternoon to early morning from the tropopause to approximately 27 km. Max-
imum temperature perturbation above that height is observed at night. This down-
ward propagating phase may be attributed to an upward propagating diurnal tide
which is caused by tropospheric water vapor heating rather than stratospheric ozone
heating (Chapman and Lindzen 1970).

The tropical vertical structure of the diurnal temperature tide, particularly the
phase, is in good agreement with investigations of Alexander and Tsuda (2008)
and Zeng et al. (2008). Even though an increase in diurnal amplitude with height
is noticeable in Formosat-3/COSMIC RO data, it is smaller compared to the other
studies (e.g., 1.2–2.2 K around 30 km in Zeng et al. (2008)) and only amounts to
< 0.5 K at an altitude near 30 km.

Results obtained with a reduced number of Formosat-3/COSMIC profiles (flat
number for all zonal bands and time intervals) are similar to the results discussed
above (not shown). From this we infer that the results are basically robust, i.e., they
do not depend on the number of profiles or sample details.

The diurnal tide obtained from ECMWF profiles co-located to Formosat-3/
COSMIC RO events (not shown) is also in good agreement with results obtained
from RO data. This result is not unexpected, since Formosat-3/COSMIC data are
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assimilated in ECMWF analyses. Best agreement is observed in the tropical region,
with some minor differences noticed in high latitude regions: at high northern lat-
itudes maximum temperatures are predominantly observed in the afternoon (no
maximum in the morning) and the amplitude at high southern latitudes is less pro-
nounced.

5 Summary and Conclusions

The diurnal tide of temperature was determined and analyzed in the atmosphere
between 4 km and 35 km in selected geographical regions (five zonal bands with
30◦ or 40◦ width), based on Formosat-3/COSMIC RO data of July 2007 (Northern
Hemisphere summer month). The satellite constellation consisting of six single plat-
forms enables the estimation of the diurnal phase and amplitude on a monthly basis.

An increase in diurnal amplitude is noticeable in the tropical lower stratosphere
but it always remains smaller than 0.5 K (considerably smaller than in other studies
with sparser data sets). Maximum temperatures in the tropics show downward phase
progression from late afternoon to evening.

At extratropical latitudes atmospheric variability is determined by a combination
of physical processes so that it is not possible to estimate a “typical” diurnal tide for
these regions in the large-scale domains of this initial study. Geographical domains
have to be selected carefully. On the one hand, the latitudinal width of regions must
not be too large because the mean profile has to be representative for a region. On the
other hand, a sufficient number of RO profiles is of high priority. Work on choosing
the optimal size of the geographical regions for the given RO data set is currently
on-going.

In order to estimate the diurnal tide with Formosat-3/COSMIC RO data in
months other than July 2007 a longer period of data from the satellite constella-
tion will be analyzed. Since mid-2007 local time coverage is sufficient to allow the
observation of the diurnal tide typical for one month. Annual/longer term variations
of the diurnal tide cannot be properly determined until the second half of 2008; then
local time coverage is sufficient for more than one year of data.
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Recent Advances in the Study of Stratospheric
Wave Activity Using COSMIC and CHAMP
GPS-RO

S.P. Alexander and T. Tsuda

Abstract Gravity (buoyancy) waves are mainly generated in the lower atmosphere
and propagate upwards, transporting energy and momentum. They must be charac-
terized and parameterized in models because their cumulative effect on the atmo-
sphere is important. GPS Radio Occultation (RO) satellites are able to measure the
temporal and spatial evolution of gravity waves with global coverage. COSMIC
enables their study at a much higher temporal and spatial resolution than was pre-
viously possible, while CHAMP provides a multi-year dataset. New CHAMP and
COSMIC gravity wave results are presented here and discussed in both a global and
regional scale context.

1 Introduction

The study of atmospheric waves using Global Positioning System (GPS) Radio
Occultation (RO) has expanded markedly since the seminal paper of Tsuda et al.,
(2000), where data from the GPS/MET satellite were used to construct seasonal
maps of stratospheric gravity wave potential energy (Ep). These showed that large
Ep occurred above deep convection, especially over the Indonesian Maritime Con-
tinent region.

The launch in 2000 of the CHAllenging Minisatellite Payload (CHAMP) mis-
sion and its continuing operation has allowed the construction of multi-year gravity
wave global and regional climatologies (Ratnam et al. 2004; Randel and Wu 2005;
de la Torre et al. 2006; Baumgaertner and McDonald 2007; Hei et al. 2008). Results
from the tropical regions have been favorably compared with ground-based instru-
mentation (Tsuda et al. 2004, 2006) allowing an extension of local scale results to a
regional scale understanding of wave energy. CHAMP and SAC-C (Satélite de Apli-
caciones Cientı́ficas-C) data have also been used to study the generation of mountain
waves by the Andes, and subsequent propagation upwards (de la Torre et al. 2004,
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de la Torre and Alexander 2005). Stratospheric gravity wave activity measured by
GPS-RO above the Andes has shown clear correlations with ionospheric fluctuations
(Hocke et al. 2002), indicating the important role that these waves play in coupling
the entire atmospheric system. Results obtained from GPS-RO have been compared
with model data. For example, large stratospheric Ep noticed by Tsuda et al. (2000)
above the Bay of Guinea (10◦S) away from any convective or topographic wave
source were investigated using high-resolution GCM data (Kawatani et al. 2003),
where it was found to be due to waves generated by a region of moist heating near
10◦N crossing the equator and converging near 10◦S.

Gravity wave energy is the sum of kinetic energy Ek and potential energy Ep

terms, with the former only calculable with knowledge of the wind velocities. How-
ever, the temperature and wind velocities are coupled to each other via the wave
polarization equations. When the intrinsic frequency is significantly greater than the
inertial frequency and much less than the squared Brunt-Väisälä frequency N2, lin-
ear gravity wave theory predicts that the ratio of Ek to Ep is constant and therefore
we can consider the total energy of the atmospheric system by studying temperature
perturbations alone (Tsuda et al. 2000). It should be noted that the distribution of Ek

and Ep are sometimes different in the atmosphere (Sato et al. 1999; Liou et al. 2003;
Liou et al. 2006) and so Ep does not always constitute half of the total atmospheric
energy.

2 COSMIC

The April 2006 launch of the Constellation Observing System for Meteorology,
Ionosphere, and Climate (COSMIC) satellites promises to further increase our
understanding of these waves and their influence on the atmosphere. COSMIC pro-
vides a much increased temporal and spatial resolution, which allows the study of
waves and their variability on smaller scales than was possible with CHAMP. The
COSMIC data analysis method and initial results are discussed below.

2.1 Data Analysis Method

The analysis of the COSMIC data presented below is broadly similar to that
used with the previous generation CHAMP satellite (Hei et al. 2008), except that
a smaller grid cell size and higher temporal resolution are employed. The raw
profiles are interpolated to 1 km vertical resolution both for computational rea-
sons and because the original ∼50 m resolution data are not height independent
(Baumgaertner and McDonald 2007). The data are binned into grid cells of size
20◦ × 5◦ × 7 days, from which the mean background temperature T is calculated.
The temperature perturbation of an individual profile T ′ is calculated in the follow-
ing way. A profile’s T is subtracted from T and the linear mean is removed using a
least squares fitting method. Any missing data points are linearly interpolated across
(in reality this is not often necessary to do). The data are then Welch windowed to
reduce spectral leakage before being 7 km vertically high-pass filtered. The resultant
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perturbation profile is referred to as T ′. These perturbations from the mean are inter-
preted as being due mainly to gravity waves. The potential energy per unit mass Ep

is then calculated using:

Ep = 1

2

( g

N

)2
(

T ′

T

)2

, (1)

where N is the Brunt-Väisälä frequency and g is the gravitational acceleration. Ep

is calculated over 7 km vertically and then stepped up by 1 km, thus consecutive
heights are not independent. So Ep can be referred to as the mean specific (per unit
mass) potential energy. This analysis procedure is stepped forward in time by one
day, therefore consecutive days are also not independent. This time resolution com-
pares favorably with that used with GPS/MET (seasonal) and CHAMP (monthly).

T ′ may be obtained by removing an individual low pass filtered T profile and then
forming the relevant grid cell perturbation average (Tsuda et al. 2000; de la Torre
et al. 2006). Polynomial fitting individual T profiles to obtain T ′, which are then
averaged over the appropriate grid domain result in Ep differences of < 0.4 J kg−1

except around the tropopause, when compared with forming the grid cell mean T
firstly. Seven day averaging is optimum given the data constraints (these results are
not shown).

Two examples of COSMIC profiles and their resultant Ep are shown in Fig. 1
during August 2007. The top row shows data obtained at 50◦S while the bottom row

Fig. 1 (Top row) Profile obtained in the grid cell [260◦E, 50◦S] at 0633 UT, August 25, 2007.
(Bottom row) Profile obtained in the grid cell [160◦E, 5◦S] at 0103 UT, August 28, 2007. From left
to right, the panels show raw T and background T , filtered T ′, N2, and Ep
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shows data at 5◦S. Differences between the individual profile’s T and the 20◦×5◦×7
day background T are readily apparent in Fig. 1a,e. Note also the sharp cold-point
tropopause at 16 km in the tropical profile of Fig. 1e. The resultant T ′ perturbation
profiles are shown in Fig. 1b,f respectively, which together with the N 2 of Fig. 1c,g
are used to calculate Ep. The Ep at 50◦S in Fig. 1d shows a maximum of 2.2 J kg−1

at 32 km. This large Ep probably is a result of gravity wave emission, Doppler
shifting, and reduced critical level filtering activity associated with the stratospheric
polar night jet (Baumgaertner and McDonald 2007; Hei et al. 2008). In the tropics
(Fig. 1h), the Ep shows a maximum around 16 km as a result of the cold-point
tropopause and the low N2. Another maximum of 3.5 J kg−1 is observed at 33 km.
This is due to critical level wave interactions which depends upon the phase of the
Quasi-Biennial Oscillation (QBO), to be discussed below.

NCEP re-analysis zonal wind velocity u data from 1000 hPa to 10 hPa (about
31 km) (Kalnay et al. 1996) are used for comparison with the COSMIC Ep. Use
is also made of Outgoing Longwave Radiation (OLR) data in the tropics, which is
widely used as a proxy for deep convective activity (Wheeler and Kiladis 1999).

2.2 Tropics

Randel and Wu (2005) pointed out that large scale temperature variances associated
with Kelvin wave activity were two to three times smaller than those associated with
regional or mesoscale phenomena. COSMIC provides dense enough data to be able
to study these regional differences in Ep due to both the differences in source (con-
vection) and subsequent wave-mean flow interaction. A discussion of the Madden-
Julian Oscillation (MJO) is presented here. Full results, including latitude-longitude
Ep maps and an analysis of equatorially trapped waves during 2007 are discussed
by Alexander et al. (2008b).

The 20◦ × 5◦ × 7 day resolution of COSMIC Ep allows direct mesoscale study
of the effects of deep convection on the Upper Troposphere and Lower Stratosphere
(UTLS) and mid-stratosphere. Deep convection is responsible for the emission of a
broad spectrum of equatorially trapped and 3-D gravity waves, some of which are
resolvable using COSMIC. Tropical mesoscale convection is associated with the
intraseasonal MJO (Madden and Julian 1994; Wheeler and Kiladis 1999) which has
a periodicity of ∼30–90 days and is especially dominant between the Indian Ocean
and Western Pacific regions.

A time-height contour plot of equatorial Ep (2.5◦S to 2.5◦N) centered on 80◦E is
shown in Fig. 2. This region is above the Eastern Indian Ocean, close to Sumatra,
Indonesia. Data are plotted where at least three profiles are available during each
seven day interval in this cell. The background cold-point tropopause height is fairly
constant at 17 km. Because the Ep are calculated over 7 km vertically, the value at
e.g., 25 km is the average of the region 22–28 km inclusive. OLR data are also
averaged over the region 2.5◦S to 2.5◦N and are plotted directly below the main
Ep panel in Fig. 2. The 30–90 day bandpass filtered OLR are also shown (MJO
intra-seasonally filtered).
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Fig. 2 August 2006–October 2007 Ep at [0◦S, 80◦E] marked as the color contours in the upper
panel, with u overplotted (units of m s− 1, solid eastward and dashed westward). The cold-point
tropopause is marked by the black line. The OLR is shown in the bottom panel (black, scale to left)
with the MJO bandpass filtered overplotted (red, scale to right). Missing Ep data are marked white

In most cases, high cloud tops (low OLR) correspond directly to large tropopause
Ep, with the bandpass filtered perturbations showing this even more clearly. Deep
convection produces gravity waves which increase the temperature variance from
the mean as they propagate upwards, thus increased Ep is observed at these times.
It should be noted that the Ep calculated in the tropical UTLS region over-estimates
the true value because the very sharp cold-point tropopause in the tropics increases
the temperature variance.

Increases in UTLS Ep are usually accompanied by enhanced stratospheric Ep,
extending up to about 30 km, emphasizing that some of these convectively generated
waves propagate to high altitudes.

Stratospheric QBO background mean flow filtering occurs, with changes in Ep

dependent upon the QBO phase. During 2006 and 2007, the winds move from east-
ward to westward. As the QBO phase descends, increasing amounts of waves are
filtered. This results in less wave energy reaching higher altitudes and can be noted
in Fig. 2 by considering the higher 30 km Ep in October 2006 than in April 2007.
The 30 km Ep is again large in October 2007 because of the QBO phase structure,
consistent with the CHAMP results of de la Torre et al. (2006). Upward propagat-
ing gravity waves after June 2007 are encountering increasingly weak westward
winds as they approach the 0 m s− 1 phase line. Given a typical gravity wave source
spectrum centered around 0 m s− 1, temperature variance increases as the critical
level is approached (Randel and Wu 2005). Furthermore, the decreasing vertical
wave velocities towards the waves’ critical levels increases the likelihood of their
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observability (Alexander and Barnet 2007). The latitude-longitude variability of
gravity wave propagation, filtering, and mean-flow interaction observed by COS-
MIC is discussed fully by Alexander et al. (2008b).

2.3 Northern Hemisphere Winter

A detailed study of Northern Hemisphere lower stratospheric Ep during the boreal
winter of 2006/07 reveals large values above mountainous regions such as the
Himalayas, Canadian Rockies, and Japan (Alexander et al. 2008a). It is not possible
from the COSMIC data to separate the jet-stream geostrophic adjustment contribu-
tion to total Ep from the mountain wave Ep contribution, but it is likely that some
of the enhanced Ep above these mountains is due to mountain waves. Results from
an Atmospheric General Circulation Model (AGCM) show that most of the large Ep

observed by COSMIC is due to sub-tropical jet processes, with energy propagating
upward.

Ground-based radar and radiosonde observations in Japan showed large winter-
time stratospheric Ep (Murayama et al. 1994; Ogino et al. 1999). COSMIC results
from the winter of 2006/07 independently confirmed this to be the case. The large Ep

are a combination of the strong winter sub-tropical jet-stream above Japan and the
islands’ moderate topography (Alexander et al. 2008a). Previous generation GPS-
RO satellite mean Ep results from the Northern Hemisphere winter did not reveal
the large Japanese peak (Tsuda et al. 2000; Ratnam et al. 2004) because their data
were not of sufficiently high temporal resolution. The enhancements in Ep above
Japan occur on time scales on the order of a week or two, thus could not be captured
previously. These short-term processes do, however, have a significant impact on
the mean winter Ep and demonstrate the relevance of using the higher resolution
COSMIC data for constructing seasonal means.

3 Champ

3.1 Tropics

CHAMP data have been compared with intensive radiosonde campaigns in equato-
rial Indonesia to study the effects on the tropopause of Kelvin wave activity (Tsuda
et al. 2006). Zonal mean time-height profiles of equatorial CHAMP results showed
the interaction between gravity waves and the stratospheric QBO but were unable
to resolve longitudinal variability. Temperature variance increases as the 0 m s− 1

phase speed line is encountered (Randel and Wu 2005). de la Torre et al. (2006)
showed that large Ep of waves with vertical wavelength between 4 km and 10 km
occurred only during the eastward wind shear phase of the QBO. Potential energy
calculated from CHAMP and from intensive ground based radiosonde campaigns in
Northern Australia show favorable agreement (Tsuda et al. 2004).
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Fig. 3 (Left panel) Cloud top height in Kelvin from OLR data during JJA 2004 in units of W m− 2.
(Right panel) CHAMP Ep at 19–26 km during JJA 2004 with units of J kg− 1

The zonal propagation of Kelvin waves was studied previously (Tsai et al. 2004;
Ratnam et al. 2006). Here we show the relationship between large scale convection
and CHAMP derived 19–26 km Ep (Fig. 3) for the Northern Hemisphere summer
months of JJA 2004, when the QBO is in its eastward phase. The CHAMP Ep are
calculated using a similar procedure to that for COSMIC detailed above, except
that the background T is calculated over a three month interval and smoothed by
applying a low-pass filter with cut-off at 7 km. The T ′ are extracted for waves shorter
than 7 km vertical wavelength. The Ep are then determined using Eq. (1) over three
height intervals, including 19–26 km.

The seasonal OLR are shown as cloud top temperature in the left hand panel of
Fig. 3, with colder temperatures indicating deeper convection. Cloud convection is
centered over the Bay of Bengal and is part of the Asian monsoon. Another region
of deep convection is above and to the east of the Philippines. The large convection
above the Bay of Bengal corresponds to a seasonal mean 19–26 km Ep of 6.5 J kg− 1.
Large Ep are also observed over the Indian Ocean at 70◦E and east of Papua New
Guinea.

Large equatorial Ep are observed east of 120◦E, increasing from 4.0 J kg− 1 to
6.0 J kg− 1 in the Central Pacific Ocean. This region does not correspond to deep
convective activity but what may be being observed here are (equatorially trapped)
Kelvin wave-like disturbances.

3.2 Polar Regions

A polar climatology of stratospheric gravity wave activity was assembled by Hei
et al. (2008) using CHAMP data between 2001 and 2005. In the Arctic region,
Ep showed an annual variation with a maximum in winter, which is consistent
with stronger zonal mean horizontal wind speeds and larger Eliassen-Palm flux
Fz. Larger values of Fz indicate higher planetary wave activity which can distort
the polar night jet. Gravity waves can then be emitted as the jet re-aligns through
geostrophic adjustment.
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In contrast, the Antarctic Ep and horizontal wind speed are maximum in spring,
concurrent with the break-up time of the polar night jet (Hei et al. 2008). These
Antarctic lower stratospheric results are summarized in Fig. 4 for the period 2001–
2005. Planetary wave activity generates gravity waves via geostrophic adjustment
related to planetary wave transience and/or breaking thus increasing the Ep dur-
ing winter and spring. The spring peak Ep corresponds to the time of the largest
rate of change of the mean wind speed. Hei et al. (2008) also showed a correla-
tion between gravity wave energy and the Eliassen-Palm flux divergence. Baum-
gaertner and McDonald (2007) explained the smaller summertime Antarctic Ep to
be a result of critical level wave filtering. During other seasons, strong eastward
winds are observed throughout the troposphere and stratosphere which increase in

Fig. 4 (Top panel) Zonal
mean gravity wave potential
energy from 12–33 km and
50◦S to 80◦S. (Second panel)
Mean horizontal wind speed,
250–10 hPa. (Third panel)
Time derivative of mean
horizontal wind speed.
(Bottom panel) Planetary
wave s = 1, 2 amplitude
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strength with height. This results in less wave filtering and can also Doppler shift
gravity waves to larger vertical wavelengths with larger amplitudes. The decrease in
filtering at the vortex edge leads to wave enhancement.

The topography of the Antarctic Peninsula and the Trans-Antarctic Mountains
are a strong local source of gravity wave activity (Baumgaertner and McDonald
2007; Hei et al. 2008) but topography is less important than the stratospheric polar
night jet in determining the overall gravity wave climatology (Hei et al. 2008).

4 Future Directions

The benefits of an increasingly dense array of GPS-RO profiles obtained from dif-
ferent instruments over the last ten years has enabled the study of many more atmo-
spheric waves and coupling processes, especially in regions where ground-based
profiles of temperature are not obtainable. The GPS-RO results will eventually allow
more accurate wave parameterizations in models.

Initial investigations of the spatial and temporal variability of stratospheric grav-
ity waves using COSMIC reveal the potential to increase substantially our knowl-
edge of the atmospheric system and stratosphere-troposphere coupling. The results
presented above also show the ability of COSMIC to monitor changes in potential
energy on the order of a week over relatively small grids of 20◦ × 5◦.

Future possibilities for using COSMIC include a detailed analysis of regional
scale convective wave generation, propagation, and mean-flow interaction; model
comparisons to determine the waves responsible for the observed potential energy;
and incorporation with ground based instruments to expand understanding of the
coupled stratosphere-troposphere system. The Antarctic region is an active area of
research using COSMIC.
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Recent Advances in Gravity Wave Analysis
from Long Term Global GPS Radio Occultation
Observations

A. de la Torre, P. Alexander, P. Llamedo, T. Schmidt, and J. Wickert

Abstract A previous global analysis of wave potential energy using Global Posi-
tioning System (GPS) radio occultation (RO) temperature profiles revealed a con-
siderable intense gravity wave activity (WA) at middle latitudes near to the Andes
Range. WRF (Weather Research and Forecasting) and MM5 (Mesoscale Model 5)
mesoscale model results for two selected cases in the vicinity of RO lines of tangent
points, confirm an intense activity near to the mountains. A wavelet analysis led
us to identify principal modes with two main horizontal wavelengths, clearly cor-
responding to mountain waves. Different hodograph analyses evidence that inertio
gravity waves (IGWs) are due to mountain forcing and not to geostrophic adjust-
ment at jet levels, as could be expected too. One of the simulations does not show
intense WA in the vicinity of the tangent points, even though that the GPS-RO tem-
perature profile detects it. We conclude that the GPS-RO technique is not by itself
reliable enough to quantify and locate accurately WA of single events, but it should
be considered as a useful tool to detect the global distribution of WA.

1 Introduction

As it is well known, gravity waves (GWs) play an important role in the momentum
and energy budget of the lower and middle atmosphere. One form of momentum
deposition is wave breaking, yielding body forces exerted on the synoptic circulation
(Lindzen 1990). This drag effect has to be included, via parameterizations, for an
accurate general circulation model (GCM). The other two main sources of GWs are
(i) adjustment of the mean flow after departures from geostrophic equilibrium and
(ii) upwards forcing during deep convection events. Any realistic parameterization
of GW drag needs a sufficient coverage of observational evidence on the global scale
(Fritts and Alexander 2003).
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The GPS-RO (Global Positioning System Radio Occultation) technique allows to
localize and identify single large amplitude GW events, detected from tomographic
global maps of GW activity (WA) (de la Torre et al. 2004). The GPS-RO technique
provides important advantages in comparison with regular radiosoundings: Global
coverage under all weather conditions, sub-Kelvin temperature (T) accuracy, high
vertical resolution, and long-term stability (see e.g., Kirchengast 2004, and refer-
ences therein). Nevertheless, several limitations to the specific observation of GWs
could be pointed out: (i) the capability of GPS-RO (as any other limb sounding
devices) observations to detect only GWs with horizontal wavelengths longer than
150 km (horizontal resolution), (ii) the distinction between detected (apparent) and
real wavelengths depending on the angle defined by the line of sight (LOS) between
satellites and the wave phase surfaces (de la Torre and Alexander 1995), (iii) the
wavelength refraction due to the background wind (de la Torre and Alexander 1995;
de la Torre et al. 2006a,b), and (iv) the spherical symmetry assumption used to
retrieve the T profiles even though the GW field is essentially three-dimensional.
Moreover, the horizontal averaging during a GPS-RO event results in an amplitude
attenuation and phase shift in any retrieved wave, which may lead to significant
discrepancies with respect to the original values.

The main purposes of this work are to interpret, via mesoscale simulations, the
capabilities of RO techniques to detect, localize, and properly quantify WA. Section
2 discusses the capability of the GPS-RO technique to detect GWs. In Sect. 3 we
analyze GWs signatures in mesoscale numerical results. In Sect. 4 we present our
conclusions.

2 GPS-RO Capabilities

The SAC-C, CHAMP (since 2001), GRACE, and COSMIC satellites (since 2002
and 2006, respectively) provide atmospheric parameters retrieved during RO events
such as temperature, pressure, water vapor, and geopotential height. The obtained
profiles have vertical resolutions ranging from 0.5 km in the troposphere up to
1.4 km in the stratosphere (Kursinski et al. 1997) (nevertheless, the data are usu-
ally interpolated every 200 m) and horizontal resolution of 150 km along each LOS.

The perigee of the LOS between the satellites projected on the Earth’s sur-
face determines the geographical coordinates where the atmospheric parameters are
given. Each one of these points is usually denoted as tangent point (TP). Succes-
sive perigees during the occultation form the line of tangent points (LTP). There
is an uncertainty in the determination of the exact position of each TP position
in geographical coordinates. TPs may be displaced away from the perigee along
each ray path. This displacement is bounded between 25 km and 50 km in the
10–16 km and 16–35 km altitude intervals, respectively (Liou et al. 2007). This
introduces uncertainties in localizing WA. The capability of this technique to detect
GWs depends principally on the angle defined by LOS and wave surfaces. For exam-
ple, surprisingly GW with horizontal wavelengths shorter than the horizontal reso-
lution of GPS-ROs are frequently detected in the region considered. This happens
because LOS directions and constant wave surfaces due to mountain waves (MWs)
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have a predominant and nearly coincident North-South direction (de la Torre et al.
2006a).

The GWs activity has been usually quantified from GPS-RO T profiles, by calcu-
lating the mean specific potential energy (Ep) or the relative T variance content (σ )
in a vertical column of air C between altitudes z1 and z2:

Ep = g2

N 2
σ σ = 1

z2 − z1

∫ z2

z1

(
δT

TB

)2

dz (1)

where δT is the band-pass filtered T perturbations between cutoffs at 3 km and 9 km,
TB is the background T, g is the gravitational acceleration, and N the buoyancy fre-
quency. Due to the T behavior in the tropopause, the filtering process may lead to an
overestimation of δT at some wavelengths (Schmidt et al. 2004). The lowest altitude
limit is chosen above the tropopause, to avoid artificial contributions to the integral
due to this effect. The potential energy could be inferred also from another occulta-
tion parameter like refractivity, which decreases monotonically with height. How-
ever, this decrease is nearly exponential, around two orders of magnitude from the
lowest to the highest TP altitude, making it difficult to distinguish between the mean
and perturbation values at different altitudes. Despite of the tropopause problem, it
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Fig. 1 a–c: Specific mean potential energy distribution, averaged between 1 km above the
tropopause and 35 km, for different bandpass cut-offs. d–i: The same, for representative verti-
cal columns consistent with the band-pass upper cutoffs selected: 10 km and 4 km, respectively
(reproduced from de la Torre et al. (2006b))
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is more adequate to use the T rather than refractivity, as its variations in the lower
and middle atmosphere remain within the same order of magnitude.

Monthly global observations of WA between 2001 and 2006 reported in de la
Torre et al. (2006b) revealed, in addition to general and specific features of energy
distribution in the middle atmosphere (Fig. 1), the existence of singular extratropi-
cal locations with anomalously strong signatures. From each monthly tomographic
latitude-longitude plot (not shown here), we selected two months that show intense
WA in the region considered, during August and November 2001. A detailed insight
among all the occultations registered in those periods, evidenced the influence in the
mean of two intense events: August 30, 2001, 04:10 UTC and November 20, 2001,
03:58 UTC; hereinafter S1 and S2, respectively. In the following, we concentrate on
the description of these events.

3 Case Studies: Two WA Events over Andes

3.1 Specific Features of GW Generation and Propagation

De la Torre et al. (2006b) performed an analysis of global distribution of WA in
the upper troposphere and lower stratosphere between June 2001 and March 2006,
using GPS-RO T profiles retrieved from the CHAMP satellite. A significant WA
with respect to the remaining extra-equatorial regions in the Southern Hemisphere
was detected in Mendoza, at the eastern side of the highest Andes Mountains (70◦W
to 65◦W and 30◦S to 40◦S).

As it was pointed out by the authors, this region constitutes a natural laboratory
where the known sources of GWs coexist: (i) Between October and March, fre-
quent severe deep convection processes and intense hail storms take place. Waves
throughout the full range of phase speeds, intrinsic frequencies, vertical and hor-
izontal scales are generated. (ii) The Andes mountains represent a very important
obstacle to the intense westerlies blowing from the Pacific Ocean, generating large
amplitude GWs. This North-South barrier (tops around 7 km) generates mountain
waves (MWs), whose phase surfaces are aligned nearly parallel to the mountains.
The presence of an intense tropospheric jet allows for GWs propagation in the upper
troposphere and stratosphere, because possible critical level filtering is avoided.
(iii) This jet is observed above the highest orographic tops and its space and time
variability may affect the geostrophic balance (de la Torre and Alexander 2005). As
a consequence, possible generation of inertia gravity waves (IGWs) by geostrophic
adjustment near the permanent jet is expected. This process may take place when
the timescale of the wind evolution becomes comparable or shorter than the inertial
period (around 1 day at 30◦S). This perturbed flow, relaxes then to a new balanced
state with redistribution of momentum, energy, and potential vorticity, with an addi-
tional radiation of excess energy as IGWs. In fact, downward/upward phase propa-
gations above/below jets have been reported (Hirota and Niki 1985), in spite of the
ignorance of the dynamical mechanism of wave emission (Plougonven et al. 2003).
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3.2 Mesoscale Numerical Simulation and GWs Analysis

Mesoscale models can simulate realistic GW distributions in the troposphere and
stratosphere and have been recently a major tool to study wave generation and
propagation mechanisms (Zhang 2004). Mesoscale models can reveal detailed wave
structures, energy sources, and maintenance mechanisms that are difficult to mea-
sure by satellite sensors. However, modeled GW properties and effects require
observational verifications that are rarely available (Wu and Zhang 2004).

We performed simulations with the WRF (Weather Research and Forecasting)
model during S1 and S2. In both cases, we employed three nested domains with
effective horizontal grid spacing of 36 km, 12 km, and 4 km, respectively, and a
time step equal to 30 s. The experiments were driven by assimilating lateral bound-
ary conditions and sea surface temperatures from NCEP reanalysis. The simula-
tions were initialized at least one day before the RO event in order to stabilize it.
The physical parameterizations employed are described in Menéndez et al. (2004).
The results showed a reasonably good performance in reproducing various fea-
tures of southern South America regional climatology. We recall that these simu-
lations were performed with the MM5 model too, reproducing the same numerical
results obtained with WRF. Figure 2 shows the topography in the highest resolution
domain, for S1 and S2. The horizontal projections of LTPs and LOSs correspond-
ing to each RO event are shown. It can be seen that the LTP corresponding to S1 is

Fig. 2 Topography at the highest resolution domain for both simulations S1 and S2 and their
corresponding horizontal projections of LTP and LOS. Observe that LTP corresponding to S1
is situated almost over the highest Andes Mountain, whereas for S2 it is situated approximately
200 km East of a lower part of the mountain range
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situated over the mountains, whereas S2 is situated, on average, at 200 km East of
the mountains, over a plateau region. Note that in both cases, the respective LOSs
(and LTPs) are close to parallel.

Typical westerlies are seen at and above 700 hPa during both events. An intense
jet core with zonal speed greater than 50 m/s is seen in both simulations at 250 hPa.
Figure 3 shows the jet core intensity variation for both events. It can be seen that the
zonal wind speed, U, varies approximately 30% in a period shorter than the iner-
tial (24 h) in both events. Probable IGWs radiated by geostrophic adjustment must
then be considered here. It may be noted that the largest wind variation occurs just
over the mountains. MWs generated at the Andes Range transfer energy upwards,
decelerating the mean flow and possibly altering the geostrophic equilibrium.

We removed the background T and wind components, to study δT and the zonal,
meridional, and vertical velocity perturbations δU , δV , and δW . Figure 4 shows
a typical MW with λx and λz around 50 km and 5 km, propagating from the tro-
posphere to the lower stratosphere without finding any obstacle at the tropopause.
As from cloud imagery we know that possible deep convection sources were absent
during S1 and S2, the enhanced signatures registered by GPS RO could be explained
by (i) the presence of MWs like this one, or instead, by (ii) longer waves originated
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Fig. 3 (a) and (c): U time and zonal variability, at constant latitude, for S1 and S2, respectively.
The largest variability occurs over the mountain range in both simulations. (b) and (d): U vertical
and zonal variability, at constant latitude, for S1 and S2, respectively. A jet with zonal speed greater
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The Andes Range generates MWs and decelerates the mean flow, possibly altering the geostrophic
balance

in the radiation of the atmosphere during the restitution of geostrophic equilibrium
after the departure induced by the MW.

Figure 5 shows δW and δU at 300 hPa at the closest simulation time step output
to each event. A stationary wave pattern with horizontal λh > 50 km along LOS,
both during S1 and S2 are found in δW and δU . The mesoscale waves coincide
with the highest orographic tops, as well as constant phase surfaces quite parallel
to topography, suggesting their topographic origin. Note that in these cases, due to
the relative oblique orientation of LOS and constant wave phases, in spite of the
short horizontal wavelengths revealed during the simulations, it may be possible
for the RO technique to resolve MWs with horizontal wavelengths shorter than its
horizontal resolution.

In Fig. 6 we show the continue Morlet wavelet transform (CWT) for δU and
δV during both events for two representative latitudes, at 300 hPa and the closest
time step output to each one. Two principal modes were found both in δU and δV ,
longer and shorter than 100 km, respectively, and mostly located above the main
mountains. One question arising here is whether the longer modes are due to the
direct forcing of the mountains. To answer this, we recall that two important funda-
mental properties of GWs are (i) their phase front progression at right angles with
group velocity (energy propagation) and (ii) their tendency to grow in amplitude
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Fig. 5 δW and δU at 300 hPa at the closest simulation time step output to (a) S1 and (b) S2. A
stationary wave pattern with λh > 50 km along LOS, during the events are found in both variables

with height, proportionally to the inverse square root of the exponentially decreas-
ing air density. To identify internal waves in the atmosphere, it is necessary to know
how the velocity components vary in space and time. Taking into account the Earth
rotation effects, linear wave theory predicts an elliptic polarization relation between
zonal and meridional velocity perturbation components. This means that the veloc-
ity vector rotates anticyclonically (counter-clockwise in the Southern Hemisphere)
with time and hence also in space, as one moves in a direction opposite to the phase
velocity (e.g., Gill 1982). Rotation effects are important in waves with horizontal
scales greater than 100 km and they have no effect on shorter waves, which linear
wave theory predicts a lineal polarization relation between δU and δV .

In the GWs literature, examples may be found where the polarization is ana-
lyzed from vertical regular radiosoundings, soundings from stratospheric balloons,
etc.(e.g., de la Torre et al. 1996; Zhang et al. 2004). Nevertheless, GWs represent 3D
structures without preferred symmetries, thus they can be observed in any direction
or orientation. If the main wave source is at the ground and additional wave contri-
butions from other sources are absent, the sense of rotation never changes. When a
source is situated at a given altitude, energy is radiated at this level. In this case, the
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Fig. 6 Morlet CWT for δU (above) and δV (below) for S1 (left) and S2 (right), at 300 hPa and
the closest time step output to each event. Two principal modes were found both δU and δV . The
origin of the horizontal axis coincides with the western limit of the domain (71◦W)

sense of rotation must be different above and below it. In order to identify the main
source of GWs we studied the sense of rotation of the perturbation velocity vectors
(δU , δV ) at different pressure levels, above and below the jet, along different paths:
(i) at constant latitudes and (ii) parallel to the LOS. We applied two different meth-
ods to identify the principal modes of oscillation in both velocity components: (1) a
non recursive bandpass filter and (2) a CWT wavelet transform. The CWT coeffi-
cient corresponding to a certain wavelength can be interpreted as a bandpass filter
for this wavelength. From both filtering methods we observe the velocity vector
for modes with wavelengths greater than 100 km rotating in the same sense above
and below the jet along all paths. From these results, we conclude that IGWs do
not stem from geostrophic adjustment and the major source must be topographic
forcing.

3.3 Comparison of Observed and Simulated GW Activity

The RO bending angle is an integrated measure of the refractive index (and there-
fore T) in the atmosphere traversed by the optical ray. The contribution peaks at
the perigee and decays exponentially away from it. Due to uncertainties in the
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determination the exact position of the perigee, the peak of the exponential decay
does not always coincide with each TP. In some cases, a LOS traversing through
wave packets away from a TP, may reveal a vertical T profile evidencing an apparent
larger (or nonexistent) WA at the LTP locations, as it is the case during S2 (Fig. 7b).
We must be careful to interpret the atmospheric region where a given RO event pre-
dicts intense WA. If we are interested only in the mean T profile, the consideration
of a rectangular parallelepiped defined by the first and last TP would be enough. If
we are interested in the WA associated with it, the proper interpretation must con-
sider the region defined by the set of optical rays. The 3D contours corresponding
to ±δT = 3.0 K for S1 and ±δT = 2.0 K S2 are shown in left panel of Fig. 7.
LTPs and LOSs are included. The right panels show δT along the vertical planes
defined by the LOSs’ sets. Note the wave phase surfaces tilting westward, evidenc-
ing a downward-westward phase progression clearly corresponding to MWs. A first
insight shows an intense WA in S1 close to the TP (as predicted by the correspond-
ing RO); whereas for S2, there are only weak wave packets in the troposphere at
approximately 100 km away from the tangent points. Note in Fig. 7b for S2, the
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partial penetration of LOSs into the high wave amplitude atmospheric region. Tak-
ing into account these two examples, in addition to the systematic GPS-RO uncer-
tainties mentioned above, it appears that GPS-RO T data alone are not enough to
quantify and locate accurately WA during single events. At most, they would pro-
vide a useful qualitative indication. This should be complemented with independent
observations or with mesoscale simulations. On the other hand, it seems reason-
able to draw statistical conclusions from the global WA distribution derived from
GPS-RO measurements alone.

4 Conclusions

A previous global analysis of wave potential energy using GPS-RO T profiles in the
period 2001–2006 revealed a considerable intense WA in the Mendoza (Argentina)
region, in comparison with other non-equatorial areas. After examining WRF and
MM5 results for two selected cases in the vicinity of the RO LTPs, we found intense
activity only near to the mountains. A wavelet analysis led us to identify principal
modes with two main horizontal wavelengths, clearly corresponding to mountain
waves. A hodograph analysis performed from the bandpassed results and from the
wavelet coefficients evidences that IGWs do not stem from geostrophic adjustment
at jet levels, but the source seems to be the topographic forcing. One of the simu-
lations does not show intense WA in the vicinity of the tangent points, even though
that the GPS-RO T profile detects it. The GPS-RO technique is not by itself reli-
able enough to quantify and locate accurately WA of single events, but it may be
considered as a useful tool to measure the global distribution of WA.
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Menéndez CG, Cabré MF, Núñez M (2004) Interannual and diurnal variability of January precip-
itation over subtropical South America simulated by a regional climate model. CLIVAR Exch
29:1–3

Plougonven R, Teitelbaum H, Zeitlin V (2003) Inertia gravity wave generation by the tropospheric
midlatitude jet as given by the Fronts and Atlantic Storm-Track Experiment radio soundings.
J Geophys Res 108(D21):4686, doi:10.1029/2003JD003535

Schmidt T, Wickert J, Beyerle G, Reigber C (2004) Tropical tropopause parameters derived
from GPS radio occultation measurements with CHAMP. J Geophys Res 109(D13105),
doi:10.1029/2004JD004566

de la Torre A, Alexander P (1995) The interpretation of wavelengths and periods as measured from
atmospheric balloons. J Appl Meteor 34(12):2747–2754

de la Torre A, Alexander P (2005) Gravity waves above Andes detected from GPS
radio occultation temperature profiles: Mountain forcing? Geophys Res Lett 32(L17815),
doi:10.1029/2005GL022959

de la Torre A, Teitelbaum H, Vial F (1996) Stratospheric and tropospheric wave measurements
near the Andes mountains. J Atmos Terr Phys 58(5):521–530

de la Torre A, Tsuda T, Hajj G, Wickert J (2004) A global distribution of the stratospheric grav-
ity wave activity from GPS occultation profiles with SAC-C and CHAMP. J Meteor Soc Jpn
82(1B):407–417

de la Torre A, Alexander P, Llamedo P, Menéndez C, Schmidt T, Wickert J (2006a) Gravity waves
above Andes detected from GPS radio occultation temperature profiles: Jet mechanism? Geo-
phys Res Lett 33(L24810), doi:10.1029/2006GL027343

de la Torre A, Schmidt T, Wickert J (2006b) A global analysis of wave potential energy in the
lower stratosphere derived from 5 years of GPS radio occultation data with CHAMP. Geophys
Res Lett 33(L24809), doi:10.1029/2006GL027696

Wu DL, Zhang F (2004) A study of mesoscale gravity waves over North Atlantic with
satellite observations and a mesoscale model. J Geophys Res 109(D22104), doi:10.1029/
2004JD005090

Zhang F (2004) Generation of mesoscale gravity waves in upper-tropospheric jet-front systems.
J Atmos Sci 61(4):440–457

Zhang F, Wang S, Plougonven R (2004) Uncertainties in using the hodograph method to
retrieve gravity wave characteristics from individual soundings. Geophys Res Lett 31(L11110),
doi:10.1029/2004GL019841



New Applications and Advances of the GPS
Radio Occultation Technology as Recovered
by Analysis of the FORMOSAT-3/COSMIC
and CHAMP Data-Base

A.G. Pavelyev, Y.A. Liou, J. Wickert, V.N. Gubenko, A.A. Pavelyev,
and S.S. Matyugov

Abstact Comparative analysis of phase and amplitude variations of GPS radio-
holograms allows one to separate the influence of the layered and irregular struc-
tures. A possibility exists to measure important parameters of internal waves: the
intrinsic phase speed, the horizontal wind perturbations, and, under some assump-
tions, the intrinsic frequency as function of height in the atmosphere. A new tech-
nique was applied to measurements provided during CHAllenging Minisatellite
Payload (CHAMP) and the Formosa Satellite-3/Constellation Observing System for
Meteorology, Ionosphere, and Climate (FORMOSAT-3/COSMIC) radio occultation
(RO) missions. As an example of this approach, we establish the atmospheric ori-
gin of amplitude and phase variations in the RO signal at altitudes 10–26 km. We
observed for the first time in the RO practice examples of internal wave breaking
at altitudes between 38 km and 45 km. We obtained geographical distributions and
seasonal dependence of atmospheric wave activity with global coverage within the
years 2001–2003.

1 Introduction

Atmospheric gravity waves (GW) have been a subject of intense research activi-
ties in recent years because of their various effects and their major contributions
to atmospheric circulation, structure, and variability (Fritts and Alexander 2003).
Radiosonde and rocketsonde GW measurements, balloon soundings, radar observa-
tions, and lidar studies have been limited to ground-based sites (Fritts et al. 1988;
Wilson et al. 1991; Eckermann et al. 1995; Steiner and Kirchengast 2000; Tsuda
et al. 2004; Wang et al. 2005) mainly over specific land parts of the Northern and
Southern Hemispheres.
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The radio occultation technology incorporates high-precision GPS radio signals
at two frequencies ( f1 = 1575.42 MHz and f2 = 1227.6 MHz) for the inves-
tigation of internal waves. It allows the analysis of phase and amplitude of radio
waves after propagating through the atmosphere. Analysis of temperature variations
found from RO phase data furnishes an opportunity to measure the GW’s statisti-
cal characteristics in the atmosphere (Steiner and Kirchengast 2000; Tsuda et al.
2000; Tsuda and Hocke 2002; Tsuda et al. 2004). Of particular importance are new
ways to investigate locations of the layered plasma structures in the ionosphere.
Radio-holographic methods for the analysis of RO signals have the potential and
capability for the research and simultaneous observation of atmospheric and iono-
spheric waves (Igarashi et al. 2000, 2001; Pavelyev et al. 2002, 2003, 2004; Liou
et al. 2002, 2003, 2006). However, up to now the assumption of global spherical
symmetry of the atmosphere and ionosphere is a cornerstone in the analysis of GPS
RO measurements (Hajj et al. 2002; Wickert et al. 2004).

The aim of this paper is to introduce a new technique for estimating parameters
of internal waves, to demonstrate the examples of direct observation and location of
quasi-regular internal waves, and to analyze seasonal and geographical distributions
of internal wave activity at different levels in the atmosphere using amplitude and
phase variations in GPS occultation signals.

2 Radio Occultation Method

The scheme of the RO geometry is shown in Fig. 1. The point O is the center of the
global spherical symmetry of the Earth’s atmosphere and ionosphere. Radio waves
emitted by the GPS satellite (point G) arrive at the receiver on board of the LEO
satellite (point L) along the ray GTL, where T is the tangent point in the atmo-
sphere. The results of registration which are 1-D radio-holographic images of the
propagation medium consist of the phase path excesses Φ1(t) and Φ2(t) along the
amplitudes A1(t) and A2(t) of the radio field as functions of time at two GPS fre-
quencies. These variations are caused mainly owing to the medium influence at the
tangent point T, where the refractivity gradient is perpendicular to the ray GTL. In
the case of spherical symmetry the point T coincides with the perigee of ray GTL,
where the distance from the center of spherical symmetry—point O is minimal and

Fig. 1 Key geometrical
parameters for RO
measurements
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equal to r0. The geographical coordinates of the ray perigee can be evaluated by
use of orbital data of the GPS and LEO satellites. Analysis of RO data delivers the
vertical profile of refractivity N (h) in the atmosphere and then vertical profiles of
pressure p(h) and temperature T (h).

The projection of the point T on the Earth’s surface determines the geographical
coordinates of the RO region. The vertical velocity of the occultation beam path ν⊥
is about of 2 km/s. This value of ν⊥ is many times greater than those correspond-
ing to the motion of layers in the atmosphere and ionosphere. Thus the RO radio-
holograms record practically simultaneously the impact of the internal waves on the
RO signal because the vertical displacement of a wave structure is negligible during
the movement of the beam across it. However, the horizontal gradients in the atmo-
sphere and ionosphere can disturb the spherical symmetry of the atmosphere and
ionosphere (Wickert et al. 2004). Actually a local spherical symmetry can exist for
inclined layered structures in the propagation medium. In the case of local spherical
symmetry one can use the same relationships, which have been previously obtained
for the case of global spherical symmetry (Pavelyev et al. 2002, 2004) with a change
of the designation of the impact parameter from p to p′ (Fig. 1). For simplicity we
will not use the primes on p and O below.

In the case of local spherical symmetry with center at point O (Fig. 1) there are
fundamental relations between the phase path excess Φ(p) (in m) and the refraction
attenuation of radio waves X (p) (dimensionless), which characterizes the decreas-
ing/increasing of the intensity of radio waves because of the influence of the refrac-
tion effect in the atmosphere (Pavelyev et al. 2002, 2004; Liou et al. 2006)

Φ(p) = L(p) + κ(p) − R0, L(p) = d1 + d2 + pξ (p), (1)

X (p) = pR2
0

[
R1 R2d1d2 sin θ

∣∣∣∣∂θ∂p

∣∣∣∣
]−1

, (2)

∂θ

∂p
= dξ

dp
−

(
1

d1
+ 1

d2

)
, (3)

L(p) = (
R2

1 − p2
)1/2 + (

R2
2 − p2

)1/2 + pξ (p), (4)

R0 = d1 + d2, d1,2 = (
R2

1,2 − p2
)1/2

, (5)

where κ(p) is the main refractivity part of the phase path excess, ξ (p) =
−dκ(p)/dp is the refraction angle, θ (p) is the central angle, p, ps are the impact
parameters of the ray trajectory GTL, and the line of sight GQL, respectively, R0,
R1, R2 are the distances GL, OG, and OL, correspondingly, L(p) is the distance
GABL. L(p) is a sum of two short lengths GA (d1), BL (d2), and arc AB, which is
equal to the product pξ (p). Because smallness of the refraction effects the distances
d1, d2 are approximately equal to GQ and QL. According to Eq. (1) the phase path
excess Φ(p) contains only one term κ(p), which depends directly on the refractiv-
ity. This justifies the designation “main refractivity part” for κ(p). The refraction
angle ξ (p) is connected with the central angle θ (Fig. 1):
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θ = π + ξ (p) − sin−1
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− sin−1

(
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. (8)

Two different expressions (Eqs. 6 and 7) can be used to obtain the connections
between the impact parameters ps and p and the refraction angle ξ (p). From Eqs.
(1) and (6) or (7) one can obtain by time differentiation of the phase excess Φ(p)
and the central angle θ the relationship connecting the Doppler frequency Fd of the
RO signal with the impact parameters p and ps :

dΦ(p)

dt
= Fd = (p − ps)

dθ

dt
+ (d1 − d1s)R−1

1

dR1

dt
+ (d2 − d2s)R−1

2

dR2

dt
, (9)

dθ

dt
= ∂θ

∂ps

dps

dt
− ps

[
(d1s R1)−1 dR1

dt
+ (d2s R2)−1 dR2

dt

]
, (10)

d1s = (R2
1 − p2

s )1/2, d2s = (
R2

2 − p2
s

)1/2
, (11)

where d1s , d2s are the distances GQ and QL, correspondingly. After substitution of
Eq. (10) into Eq. (9) one can obtain:

Fd = −(p − ps)

{(
1

d1s
+ 1

d2s

)
dps

dt
− (p2 − p2

s )(Q1 + Q2)

}

Q1,2 = R1,2
dR1,2

dt

[
d1,2s(d1,2s + d1,2s)(pd1,2s + psd1,2s)

]−1
(12)

Equations (9), (10), (11), and (12) are valid for general case of non-circular orbits of
the GPS and LEO satellites. Usually in RO experiments the absolute values of dif-
ference p − ps and vertical velocities dR1,2/dt are far below (by factor 10−2−10−4)
the absolute magnitudes of the impact parameter p (or ps) and vertical velocity of
ray perigee dps/dt . Under condition |(p − ps)dR1,2/dt | � ps |dps/dt | one can
obtain from Eq. (12) a simple formula for estimation of the difference p − ps on the
Doppler frequency

Fd = −(p − ps)

(
1

dts
+ 1

d2s

)
dps

dt
. (13)

The values ps, dps/dt , d1s , d2s can be delivered from orbital data and the phase
delays Φ1,2(p) are the objects of measurements and given in the phase parts of
radio-holograms at frequencies f1 and f2. Below we will consider new relation-
ships, which connect the phase acceleration a = d2Φ(t)/dt2, Doppler frequency
Fd(t), and refraction attenuation of radio waves X (t). Under conditions
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|p − ps | � ps,

∣∣∣∣ (p − ps)d(∂θ/∂ps)

dt

∣∣∣∣ �
∣∣∣∣
(

dp

dt
− dps

dt

)
∂θ

∂p

∣∣∣∣ , (14)

and by use of equation dp/dt − dps/dt ≈ [X (t) − 1]dps/dt (Liou et al. 2006), one
can obtain from Eq. (13):

1 − X (t) = m dFd(t)

dt
= m d2Φ(t)

dt2 = ma, (15)

m =
(

dps

dt

)−2 d1d2

d1 + d2
. (16)

Equations (15) and (16) relate the refraction attenuation and the excess phase path
acceleration via a classical dynamics equation-type, first published in 2006 (Liou
and Pavelyev 2006). The coefficient m, having the dimension s2/m, is a slowly
changing function of vertical velocity dps/dt of the ray perigee T and distances d1,
d2. Equation (15) indicates equivalence between variations of the excess phase path
acceleration a, derivative of the Doppler frequency Fd(t), and refraction attenuation
X (t). Usually during RO experiments parameters m and dps/dt are known from
orbital data because the location of the spherical symmetry center O and its projec-
tion on the line of sight—point Q are supposed to be known, and the distances GT
d1 and TL d2 can be estimated as d1,2 = (R2

1,2 − p2)1/2. Therefore, Eq. (15) gives
the possibility to recalculate the phase acceleration a and/or Doppler frequency Fd

to the refraction attenuation X p. This is useful for excluding systematic errors from
phase and/or amplitude data. This is also useful for the estimation of absorption in
the atmosphere. The refraction attenuation Xa is determined from amplitude data as
a ratio of intensity of radio waves propagating through the atmosphere Ia(t) to its
intensity in free space Is :

Xa(t) = Ia(t)

Is
. (17)

The experimental value Xa (dimensionless) is the product of the refractive and
absorption contributions. However, the phase acceleration depends on the refraction
effect only. This gives a possibility to determine the absorption in the atmosphere
Y (t) as a ratio:

Y (t) = Xa(t)

(1 − ma)
, or

Y (t) = Xa(t)

(
1 − m dFd(t)

dt

)−1

.

(18)

This possibility must be investigated in detail because in future satellite RO mis-
sions measurements of absorption effects due to water vapor and minor atmospheric
gas constituents are planning and difficulties will consist of removing the refraction
attenuation effect from amplitude data. Equations (18) indicate the feasible way to
solve this problem. Also Eqs. (18) may be useful for estimation the conditions for
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communication in the Ku/K bands between two LEO satellites in a radio occultation
geometry (Martini et al. 2006).

Phase variations of the RO signal as function of timeΦ(t) at each GPS frequency
f1 and f2 contain slowly and quickly changing parts Φs(t) and Φ f (t):

Φ(t) = Φs(t) +Φ f (t) (19)

After substitution of Eq. (19) in Eq. (15) one can obtain:

1 − X (t) = m

[
d2Φs(t)

dt2 + d2Φ f (t)

dt2

]
≈ m

d2Φ f (t)

dt2 . (20)

Equation (20) is valid under condition: |d2Φs(t)/dt2| � |d2Φ f (t)/dt2|, which is
fulfilled if the influence of irregularities in the atmosphere and ionosphere is far
below the effect of the standard atmosphere (or ionosphere) near the ray perigee.
The contribution of layered structures to phase excess variations in some cases may
be considered as a quasi-periodical process, and the second derivative d2Φ(t)/dt2

may be presented in the form:

d2Φ f (t)

dt2 ≈ −ω2
0Φ f (t), ω2

0 = 4π2v2
pλ

−2
v , (21)

where vp is the vertical velocity of the RO ray near the perigee T. Parameter ω2
0

depends on the vertical period λv of the layered structure. After substitution of
Eq. (21) in Eq. (15) one can obtain:

X (t) − 1 = c0Φ f (t),

c0 = mω2
0 = k2

v d1d2/R0,

k2
v = 4π2/λ2

v,

(22)

where kv is the vertical wave number of the vertical quasi-periodical structure in the
atmosphere (ionosphere), d1, d2 are the distances along the ray GTL from the points
L and G up to the ray perigee T, respectively, R0 is the distance GL. Equation (22)
connects the high-frequency part of phase path excess variations Φ f (t) with refrac-
tion attenuation changes X (t) − 1 of the RO signal. Note that the coefficient c0 in
Eq. (22) does not depend on the vertical velocity of the ray perigee. Equations (22)
allow one to recalculate refraction attenuation variations of GPS radio-holograms to
phase path excess variations and vice versa. The form of phase path excess varia-
tions Φ f (t) is similar to the form of intensity variations X (t) − 1. It follows from
Eqs. (22) that variations of the intensity of the RO signal are proportional to phase
path excess oscillations and inversely proportional to the second power of the ver-
tical spatial period of the layered structure. One can estimate from Eqs. (22) the
value of parameter c0 by comparison of amplitude and phase variations of the RO
signal.
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As follows from our analysis the practical algorithm for revealing the contribu-
tion of the lower ionosphere in the phase data can be described by:

Φl(t) = Φ(t) − 〈Φ(t)〉, (23)

where 〈Φ(t)〉 denotes the trend in the phase data. An alternative approach to find
〈Φ(t)〉 consists in averaging of the phase path excess over a sliding interval; the size
of the sliding averaging interval must be long enough to account for the long-scale
influence of the atmosphere or upper ionosphere.

Usually during RO experiments the parameter m (Eqs. 15 and 16) is a slowly
changing function of time. Parameter dps/dt depends on the velocity components
v, w of the GPS and LEO satellites, respectively. Components v, w are perpendicular
to the straight line GL in the plane GOL. The components v, w are positive when ori-
ented in direction to the point O and are negative in the opposite case. Components
v, w are connected with the parameter dps/dt by:

dps

dt
= v + (w − v)

d1s

R0
. (24)

Equations (15), (16), and (24) can be used to find the distance LT d2s from simul-
taneous observations of phase and intensity variations of radio waves. To achieve
this, one can find m from Eq. (15) from the ratio of refraction attenuation changes
to phase acceleration variations and then the distance d2S can be evaluated from the
relationship

d2s = 2mw2

[
1 + 2b

( v

w
− 1

)
+

(
1 − 4b

v

w

)1/2
]−1

, b = mw2

R0
. (25)

Equations (15) and (25) may be applied for the location of the tangent point T (or
locally spherical symmetric layers) in the propagation medium.

3 Connection Between the Phase Acceleration and Intensity
Variations: Experimental Validation

The phase acceleration a calculated as the second temporal derivative of the phase
path excess and intensity variations X (t)−1 at the frequency f1 are shown in Fig. 2,
(curves 1 and 2, respectively) for CHAMP RO events 0136 (January 14, 2003) and
0023 (September 21, 2003). As seen in Fig. 2, there is a good correspondence
between variations of the phase acceleration and the refraction attenuation of the
RO signal. The coefficient m is different in RO events 0136 and 0023. The average
ratio of the refraction attenuation and the phase acceleration m is about 1.0 s2/m
in the 5–40 km height interval for RO event 0136 (Fig. 2, left panel) but for event
0023 (Fig. 2, right panel) is about 1.5 times greater. As follows from orbital data,
the change in parameter m during these RO events is about 10%. As follows from
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Fig. 2 Phase acceleration a and refraction attenuation variations X − 1 at the first GPS frequency
f1 (curves 1 and 2, respectively) for two CHAMP RO events: No. 0136 on January 14, 2003 (left
panel) and No. 0023 on September 21, 2003 (right panel)

analysis of data shown in Fig. 2, Eqs. (15) and (16) are valid and they may allow
one to locate the layered structures in the atmosphere and ionosphere, which are
responsible for the variations of the intensity and phase acceleration of radio waves
in the satellite-to-satellite links.

An example of the determination of the displacement D = d2s − d2 is shown
in Fig. 3 for the FORMOSAT-3/COSMIC RO event 0006, April 23, 2006, 15 h
54 m 28 s LT, with geographical coordinates 9.5◦S, 288.9◦W. Curves 1 and 2 in
Fig. 3, left panel, demonstrate good correspondence between the refraction attenua-
tion X p estimated from the phase acceleration a and parameter m by use of formula
1 − X p = ma, and Xa evaluated from amplitude data, respectively, at the first GPS
frequency f1.

The results of evaluation of the displacement D by use of Eqs. (15) and (25) are
shown in Fig. 3, right panel. According to Fig. 3 (right panel) the displacement D
is bound between ±50 km in the 10–25 km altitude interval and between ±100 km

Fig. 3 Left panel: comparison of the refraction attenuations Xa and X p calculated from the phase
(curve 1) and amplitude (curve 2) data. Right panel: displacement D of the tangent point T calcu-
lated by use of Eqs. (15) and (25)
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in the 25–40 km height interval. It follows that the phase acceleration has the same
importance for RO experiments as the well-known Doppler frequency.

4 Wave-Breaking Effect and Determination of Internal
Wave Parameters

The amplitude channel of the radio-hologram can be used to obtain information
on the vertical distribution of refractivity, temperature, and their vertical gradient
(Pavelyev et al. 2002, 2003; Liou et al. 2002, 2003, 2006). Amplitude variations
of the RO signal depend mainly on the high-frequency part of the derivative of the
refraction angle on the impact parameter dξ (p)/dp. For obtaining the corresponding
variations in the vertical gradient of refractivity dN (h)/dh the low frequency part in
the function dξ (p)/dp corresponding to the low frequency noise in the amplitude
data has been excluded by numerical filtration. The remaining high-frequency part
of dξh(p)/dp was transformed by use of the Abel transformation technique (Liou
et al. 2002), to find perturbations in the vertical gradient of refractivity dNh(h)/dh.
This procedure does not need an optimization technique because (1) absence of the
low frequency noise in the function dξh(p)/dp and (2) high sensitivity of the ampli-
tude to high-frequency variations in the vertical gradient of refractivity (variations
of the intensity of the RO signal are inversely proportional to the second power of
the vertical spatial period of the layered structure).

Variations in the vertical gradient of refractivity retrieved from the RO ampli-
tude data are shown in Fig. 4 for CHAMP RO events No. 0140 and No. 0001,

Fig. 4 Vertical gradient of refractivity perturbations at the first GPS frequency f1 in the 10–
30 km (left) and 30–65 km height interval (right). Abrupt changes in the amplitude and phase of
refractivity perturbations are seen between the altitudes 38 km and 40 km (curves 1 and 2, right
panel) and 45–50 km (curve 1, right panel). Curves 1 and 2 correspond to CHAMP RO events No.
0140 (02 h 35 m 34 s LT, 21.9◦N, 172.5◦W) and No. 0001 (02 h 09 m 51 s LT, 15.9◦N, 330.0◦W),
January 23, 2003, respectively
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January 23, 2003 (curves 1 and 2, respectively). The wave structure is clearly seen
in the perturbations of the vertical refractivity gradient in the 10–45 km interval
(curves 1 and 2, left and right panels in Fig. 4). The vertical period of the wave
structure grew from 0.8–1.0 km in the 10–25 km interval and from 2–4 km in the
30–40 km interval. Abrupt changes in the amplitude and phase of the refractivity
perturbations are seen between the altitudes 38 km and 40 km (curves 1 and 2, right
panel) and 45–50 km (curve 1, right panel). These changes may be connected with
wave-breaking altitudes where the wave energy dissipates to eddies and turbulence.
Previously the wave breaking effect has been observed from space during CRISTA
experiments (Eckermann and Preusse 1999) at altitudes between 30 km and 40 km.
There are indications for GW breaking at altitudes of about 50–60 km (Ern et al.
2006). Note that phenomena of wave breaking shown in Fig. 4 are the first direct
observations by use of the GPS RO method.

5 Integral Behavior of Wave Activity in the Years 2001–2003

The wave activity in the atmosphere over a global scale can be characterized by
the RO index β: probability of strong wave amplitudes exceeding the fixed level
of the vertical gradient of refractivity q. This index has a global importance for
the description of wave activity in the atmosphere as seen in Figs. 5 and 6 based
on the analysis of CHAMP RO data for the time period 2001–2003. The mag-
nitude β has been defined in this analysis as a ratio of numbers of intense wave
amplitude greater than q > 0.6 N-units/km for the 12–16 km and with q > 0.24
N-units/km for the 18–26 km to total number of measurements over the Earth
globe. The value β is marked in percents at vertical axis in Figs. 5 and 6. The
smooth curves are obtained as approximation of the experimental data (broken
lines) by least squares method. The data, shown in Figs. 5 and 6, are relevant to
three year time interval September 2001–September 2003, with three data gaps: (1)
from October 15, 2001, up to February 28, 2002; (2) from May 16, 2002, up to
October 31, 2002; (3) from January 1 up to January 12, 2003. The seasonal and
annual changes of wave activity are seen at all altitudes 12–26 km. For exam-
ple, changes with period of about 12 months are seen at altitudes 12 km, 16 km,
and 20–26 km (Figs. 5 and 6) for period January–September 2003. The phases
of one-year oscillations at altitudes 12 km and 16 km are opposite to the phases
of wave activity variations at the heights 20–26 km. The wave activity behavior at
the altitudes 14 km and 18 km is different from that at the heights 12 km, 16 km,
and 20–26 km. The wave activity at the heights 14 km and 18 km is increasing
when the time goes to the end of the considered period—September 2003. This
may be connected with tropopause effects. Changes in tropopause height, signifi-
cant variations in refractivity gradients near the tropopause, and other phenomena
can produce strong scintillations in amplitude variations of the RO signal. Analy-
sis of these effects is a task of future investigation. At altitudes 12 km, 16 km, and
20–26 km the wave activity is gradually diminishing by 10–40% when time changes
from September 2001 to September 2003. This diminishing may be connected with
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Fig. 5 Changes in internal wave activity (averaged over the Earth globe) during 2001 and 2003 at
different altitudes in the atmosphere: 12 km and 14 km (top left and right panels, respectively),
16 km and 18 km (bottom left and right panels, respectively)

changes in the intensity of meteorological processes, types of atmospheric circu-
lations, and, very likely, with reduction in solar activity in the considered period
of time. In that respect internal wave activity may be considered among the other
important parameters described in various publications (e.g., Suh and Lim 2006,
and references therein), which characterize effects of solar activity on the Earth’s
atmosphere.

6 Conclusion

Comparative theoretical and experimental analysis of phase and amplitude varia-
tions of GPS radio-holograms discovered new relationships, which relate the refrac-
tion attenuation and the excess phase path acceleration via a classical dynamics
equation-type. The advantages of the introduced relationship consist in (1) a
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Fig. 6 Changes in internal wave activity (averaged over the Earth globe) during 2001 and 2003 at
different altitudes in the atmosphere: 20 km and 22 km (top left and right panels, respectively),
24 km and 26 km (bottom left and right panels, respectively)

possibility to separate the layered structure and turbulence contributions to the RO
signal; (2) a possibility to estimate the absorption in the atmosphere by dividing
refraction attenuations found from amplitude and phase data; (3) a possibility to
locate the tangent point in the atmosphere with accuracy in the distance from the
standard position of about ±100 km. The suggested method has a general impor-
tance (for example, it may be applied for analysis of amplitude and phase variations
in the trans-ionospheric satellite-to-Earth links). We showed also that amplitude
variations of GPS occultation signals are very sensitive sensors to internal waves
in the atmosphere. The sensitivity of the amplitude method is inversely proportional
to the square of the vertical period of the internal wave, indicating high sensitivity
of amplitude data to wave structures with small vertical periods in the 0.8–4 km
interval. By use of the amplitude data analysis the internal wave breaking phe-
nomenon has been observed at the first time in RO practice at altitudes between
38 km and 45 km.
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The amplitude GPS occultation method presents a possibility to obtain the geo-
graphical distribution and seasonal dependence of atmospheric wave activity with
global coverage. At the altitudes 12 km, 16 km, and 20–26 km the wave activity is
gradually diminishing by 10–40% from September 2001 to September 2003. This
diminishing may be connected with changes in the intensity of meteorological pro-
cesses, types of atmospheric circulations, and, very likely, with reduction in solar
activity.
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Climatologies Based on Radio Occultation Data
from CHAMP and Formosat-3/COSMIC

U. Foelsche, B. Pirscher, M. Borsche, A.K. Steiner, G. Kirchengast,
and C. Rocken

Abstract Radio Occultation (RO) data using Global Navigation Satellite System
(GNSS) signals have the potential to deliver climate benchmark measurements,
since they can be traced, at least in principle, to the international standard for
the second. The special climate utility of RO data arises from their accuracy and
long-term stability due to self-calibration. The German research satellite CHAMP
(CHAllenging Minisatellite Payload for geoscientific research) provided the first
opportunity to create RO based climatologies over more than 6 years. Overlap with
data from the Taiwan/US Formosat-3/COSMIC (Formosa Satellite Mission 3/Con-
stellation Observing System for Meteorology, Ionosphere, and Climate, F3C) mis-
sion allows testing the consistency of climatologies derived from different satellites.
We show results for altitude- and latitude-resolved seasonal zonal mean dry tem-
perature climatologies. Our results indicate excellent agreement between RO clima-
tologies from different F3C satellites: After subtraction of the estimated respective
sampling errors, differences are smaller than 0.1 K almost everywhere in the con-
sidered domain between 8 km and 35 km altitude. Mean differences (over the same
domain) are smaller than 0.03 K in any case and can be as small as 0.003 K. Dif-
ferences between F3C and CHAMP are only slightly larger. The assimilation of RO
data at ECMWF (European Centre for Medium-Range Weather Forecasts) consid-
erably improved operational analyses in regions where the data coverage and/or the
vertical resolution and accuracy of RO data is superior to traditional data sources.

1 Introduction

Any attempts to detect, understand, and attribute climate variability and change
require accurate, consistent, long-term data. Our knowledge about changes in the
free atmosphere is still limited (GCOS 2004), despite notable efforts to build
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long-term upper air temperature records. This has been done using data from
radiosondes (e.g., Sherwood et al. 2005; Thorne et al. 2005) and from MSU
(Microwave Sounding Unit) as well as AMSU (Advanced MSU) instruments on
board of polar orbiting satellites (e.g., Christy and Spencer 2005; Mears and Wentz
2005; Vinnikov et al. 2006). After intense discussions over many years, tempera-
ture trend estimates based on these data sets now seem to be consistent with surface
warming estimates and results from climate models but discrepancies still remain
(Karl et al. 2006). Independent high-quality upper air records are therefore desirable.

A promising data source for climate monitoring, which can overcome some of
the problems of established ones, is the Global Navigation Satellite System (GNSS)
Radio Occultation (RO) technique. It has the potential to deliver climate bench-
mark measurements, since they can be traced, at least in principle, to the interna-
tional standard for the second (Leroy et al. 2006a, b). The RO technique has been
developed in the 1960s for the study of planetary atmospheres and ionospheres
(see Yunck et al. 2000 for a review). Accurate sensing of the Earth’s atmosphere
became feasible with the precise signals of the GPS (Global Positioning System)
satellites, successfully demonstrated with the GPS Meteorology (GPS/MET) exper-
iment. Data from several measurement campaigns (April 1995–March 1997) proved
most of the expected strengths of the technique, like high vertical resolution, high
accuracy of retrieved parameters, and insensitivity to clouds (Kursinski et al. 1997;
Rocken et al. 1997; Steiner et al. 1999). For detailed descriptions of the GNSS RO
method see, e.g., Ware et al. (1996), Kursinski et al. (1997), Steiner et al. (2001),
and Hajj et al. (2002). For the general utility of occultation methods for probing
atmosphere and climate see Kirchengast (2004) and Foelsche et al. (2006a).

The German research satellite CHAMP (CHAllenging Minisatellite Payload for
geoscientific research) was launched in July 2000 into low Earth orbit (LEO) and
since September 2001 it continuously records RO profiles (Wickert et al. 2001,
2004); the mission is expected to last until 2009. CHAMP RO data, now covering
more than 6 years, provide the first opportunity to create RO based multi-year cli-
matologies. The number of RO profiles is sufficient to build seasonal (and monthly
mean) zonal mean climatologies (Foelsche et al. 2008a).

In April 2006, Formosat-3/COSMIC (Formosa Satellite Mission 3/Constellation
Observing System for Meteorology, Ionosphere, and Climate, F3C), a Taiwan/US
RO mission consisting of six receiving satellites (Anthes et al. 2000; Rocken et al.
2000; Wu et al. 2005; Schreiner et al. 2007; Anthes et al. 2008) was successfully
launched. All six F3C satellites have been launched into the same parking orbit
with ∼515 km orbit altitude. The satellites have then been sequentially raised to
their final orbit altitudes of ∼800 km. At this altitude the precession due to the
oblateness of the Earth is smaller than in the parking orbit, leading to a (desired)
deployment of the orbit planes to a final separation of 30◦. The final orbit constel-
lation (with optimal distribution of RO events in space and local time) has nearly
been reached by early 2008. Early results on F3C climatologies have been presented
by Foelsche et al. (2009). Here we continue the work of Foelsche et al. (2008a and
2009) and address the accuracy of RO climatologies by comparing also to more
recent ECMWF-based climatologies and via cross-validation of RO climatologies.
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Section 2 shall give the context to previous work. Data and methods are explained
in Sect. 3. The comparison results are presented and discussed in Sect. 4, followed
by concluding remarks.

2 Context

The special climate monitoring utility of RO data arises from the fact that atmo-
spheric profiles are not derived from absolute values (phase delays) but from
Doppler shift (phase change) profiles. Therefore, RO measurements require no
external calibration and only short-term measurement stability over the occulta-
tion event duration (1–2 min), which is provided by very stable oscillators onboard
the GNSS satellites. Potential residual GNSS clock errors and clock errors on the
receiving satellites can be corrected by relating the measurements to even more sta-
ble oscillators on the ground (Hajj et al. 2002). Given this “self-calibration”, data
from different sensors and different occultation missions can be combined with-
out need for inter-calibration and overlap, provided that the same data processing
scheme is used (von Engeln 2006) and spatio-temporal sampling (Foelsche et al.
2008a; Pirscher et al. 2007) is well understood.

The active use of L-band signals with wavelengths of 19.0 cm and 24.4 cm (in
case of GPS), allows for measurements during day and night and for the penetra-
tion of clouds. RO data have their highest quality at altitudes between ∼8 km and
∼35 km and are thus well suited to build climatologies of the upper troposphere and
lower stratosphere (UTLS, which we understand as the altitude range between 5 km
and 35 km). In the lower troposphere the error budget is dominated by horizontal
variations of the refractivity and consequent deviations from the spherical symme-
try assumption (e.g., Healy 2001a), the data can be affected by processes like signal
multi-path and super-refraction (e.g., Sokolovskiy 2003; Beyerle et al. 2006), and
the temperature (and water vapor) retrieval requires background information. Above
∼35 km error sources like residual ionospheric effects become important, given the
exponential decrease of refractivity with height and therefore a comparatively weak
atmospheric signal (e.g., Kursinski et al. 1997). The horizontal resolution is low
(200–300 km, Kursinski et al. 1997) compared to (A)MSU or radiosonde data, but
especially for climate applications, where data are averaged anyway, the inherent
horizontal averaging of RO data is also an advantage.

The climate monitoring potential of RO data has been demonstrated with the
aid of simulation studies (e.g., Yuan et al. 1993; Steiner et al. 2001; Foelsche et al.
2003, 2008b; Leroy et al. 2006a, 2006b; Ringer and Healy 2008). RO records have
been successfully validated against (A)MSU data (Schrøder et al. 2003; Steiner et al.
2007, 2009; Ho et al. 2007, 2009) as well as data from MIPAS (Michelson Inter-
ferometer for Passive Atmospheric Sounding) and GOMOS (Global Ozone Mon-
itoring for Occultation of Stars) on Envisat (Gobiet et al. 2007). They have been
validated against climatological analyses (Gobiet et al. 2005, 2007; Foelsche et al.
2006b, 2008a) and RO data from different satellites (Hajj et al. 2004; Schreiner et al.
2007; Ho et al. 2009; Foelsche et al. 2009). The utility of RO data for monitoring
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tropopause parameters has been shown by Schmidt et al. (2005, 2006), Borsche et al.
(2007), and Foelsche et al. (2009) while von Engeln et al. (2005) and Sokolovskiy
et al. (2006) have investigated monitoring of the atmospheric boundary layer with
RO data.

3 Data and Method

We developed a retrieval scheme at the Wegener Center (Occultation Process-
ing System version 5.2), which is focused on minimizing potential biases and on
using background information (which is needed for high altitude initialization) in
a transparent way (Gobiet and Kirchengast 2004; Borsche et al. 2006; Gobiet et al.
2007; Foelsche et al. 2008a, 2009). The profile retrieval starts with phase and orbit
data from GFZ (GeoForschungsZentrum) Potsdam (CHAMP, level 2 data set) and
UCAR (Formosat-3/COSMIC, version 2007.1200). For the setup of RO climatolo-
gies we used the approach explained by Foelsche et al. (2008a) and (2009); the
RO climatologies are obtained by “binning and averaging”. All RO profiles in a
prescribed geographic domain (“bin”) are sampled and averaged (weighted by the
cosine of the latitude), using a common (mean-sea-level, MSL) altitude grid with
regular 200 m spacing of altitude levels. The cosine-weighting accounts for area
changes between meridians at varying latitudes. We use “fundamental” bins with
5◦ × 60◦ width in latitude and longitude to build monthly mean climatologies.
From the 6 fundamental bins in each 5◦ latitude band we derive 5◦ zonal means
by weighting with the respective number of occultation events. The basic latitudi-
nal resolution (used for the results shown here) finally is 10◦, i.e., each of the 18
latitude bands (pole–pole) contains two 5◦ bands, and the mean profiles for these
two bands are averaged, weighted with the surface area of the respective bins. Com-
pared to direct averaging, this particular spatial averaging approach slightly reduces
the effect of uneven sampling within the latitude bands. Seasonal climatologies are
obtained by averaging over three monthly climatologies.

For comparison we use analysis data from the European Centre for Medium-
Range Weather Forecasts (ECMWF), since they have widely recognized quality,
adequate spatial and temporal resolution and contain a vast amount of observations,
assimilated in a statistically optimal way. ECMWF operationally produces daily
analyses for four time layers, 00, 06, 12, and 18 UTC (coordinated universal time),
by dynamically combining a short-range forecast with observational data via four-
dimensional variational data assimilation (ECMWF 2004). On February 1, 2006, a
major resolution upgrade has been implemented at ECMWF with a vertical resolu-
tion increase from 60 to 91 levels and a raise of the model top from 0.1–0.01 hPa.
The horizontal resolution has been increased from T511 (spectral representation
with triangular truncation at wave number 511) to T799 (Untch 2006), allowing
more atmospheric variability to be represented. On December 12, 2006 ECMWF
started operationally assimilating RO profiles (Healy 2007).

Here we focus on the northern summer season (June-July-August) that shows
the most interesting differences to reference fields. The summer season (JJA) 2006
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provides furthermore an unplanned test of the robustness of single-satellite seasonal
climatologies. Due to technical problems, there is a period of about five weeks (from
July 3 to August 8) where no data from CHAMP are available. Fortunately, RO
data from the satellite GRACE (Gravity Recovery and Climate Experiment), which
has essentially the same receiver and associated error characteristics as CHAMP
(Wickert et al. 2005), are available for this time period. We thus decided to fill the
“gap” in the CHAMP record with GRACE data (based on GFZ input data). Figure 1
shows the distribution of ∼11 700 CHAMP RO events during summer 2005 (a),
the related RO dry temperature climatology (b), the estimated sampling error (c),
and the ECMWF-based reference climatology (d). A selective sampling effect from
different penetration depths of RO events leads to the chosen tropospheric cut-off
heights for CHAMP climatologies (Foelsche et al. 2008a).

When generating RO climatologies, in addition to the observational error we
have to consider the sampling error due to incomplete sampling of the full spatial
and temporal variability. The sampling error can be quantitatively estimated when
an adequate representation of the “true” spatio-temporal evolution of the atmosphere
is available and the times and locations of RO events are known. As a proxy for this
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Fig. 1 Distribution of ∼11 700 CHAMP RO events during the summer season (Jun-Jul-Aug)
2005 in zonal 10◦ bands (a), zonal mean dry temperature climatology resulting from these RO
profiles (b), estimated sampling error of the CHAMP climatology (based on ECMWF fields) (c),
and reference climatology based on ECMWF analysis fields (d)
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atmospheric evolution we use ECMWF analyses, whose four time layers per day are
sufficient to sample the diurnal cycle up to the second harmonic (the semidiurnal
cycle). We estimate the sampling error by comparing climatologies derived from
vertical ECMWF profiles at the RO times and locations with climatologies derived
from the complete 4D ECMWF field (see Foelsche et al. 2008a, for further details).

4 Results and Discussion

The absolute accuracy of latitude-resolved RO climatologies is hard to determine
to a level < 0.5 K, since all available validation data have their limitations as well
(e.g., Gobiet et al. 2007). In this section we want to further test RO data, and raise
confidence in their climate utility, by comparing with ECMWF-based climatologies
and via cross-validation of RO climatologies from different satellites.

4.1 Comparison with ECMWF Analyses

The comparison between CHAMP and ECMWF is based on difference profiles. For
each CHAMP RO profile we extracted a co-located vertical ECMWF profile from
the nearest time layer of the analysis at the mean location of the (not exactly vertical)
RO profile, using spatial interpolation. We define the mean location as the latitude
and longitude of the point, where the straight-line connection between transmitting
and receiving satellite during the occultation event touches the Earth’s ellipsoidal
surface (corresponding to the tangent point location of real RO profiles at about
12–15 km altitude). We note that ECMWF profiles have been used for the high-
altitude initialization of the RO profiles via statistical optimization (Healy 2001b;
Gobiet et al. 2007); results above ∼30 km are therefore not completely independent
from ECMWF data.

Figure 2 shows systematic differences between ECMWF and RO climatologies
(taking RO as reference). JJA 2005 (a) is also representative for all previous summer
seasons (see Fig. 3 in Foelsche et al. 2008a). The wave-like bias structure in the
southern winter polar vortex (Gobiet et al. 2005) is caused by deficiencies in the
representation of the Austral polar vortex in the ECMWF analyses (see Fig. 1d).
This feature appears also during JJA 2002–2004.

Above 30 km ECMWF is almost consistently colder than CHAMP by up to 2 K
(more pronounced in fall, winter, and spring seasons). The persistent difference at
the tropical tropopause (ECMWF being consistently colder than CHAMP), which
is typical for all seasons until February 2006, is caused by a weak representation of
tropopause height variability in ECMWF fields (Borsche et al. 2007). With the major
resolution increase at ECMWF in February 2006 (see Sect. 3) this feature almost
entirely disappeared, as can be seen in JJA 2006 (b). Interestingly, the wave-like
bias structure appeared now in the Arctic. The assimilation of RO data at ECMWF
(from Dec 12, 2006 onwards) had an amazingly large impact on mean ECMWF
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JJA 2005: Systematic Dry Temp Diff ECMWF-CHAMP
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JJA 2006: Systematic Dry Temp Diff ECMWF-CHAMP/GRACE
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JJA 2007: Systematic Dry Temp Diff ECMWF-CHAMP
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JJA 2007: Systematic Dry Temp Diff ECMWF-Formosat-3/COSMIC
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Fig. 2 Systematic differences between RO dry temperature climatologies and ECMWF analyses
for northern summer seasons June-July-August (JJA): 2005 (a) and 2006 (b) based on CHAMP
and CHAMP + GRACE data, respectively; JJA 2007 based on CHAMP data (c) and JJA 2007
based on F3C data (d)

analysis fields and obviously corrected these bias problems (see also Healy 2007): In
JJA 2007 (c), systematic differences exceeding 1 K are entirely confined to altitudes
above 30 km; the wave-like bias structures known from all previous summer seasons
have disappeared. F3C results for JJA 2007 (d) are very similar to CHAMP results,
with even smaller differences above 30 km (so far, we used only closed-loop F3C
data above 8 km). After the assimilation of RO data, ECMWF analyses are certainly
not an independent validation data source anymore. Nevertheless, the continuous
convergence between RO and ECMWF with improvements at ECMWF and the
assimilation of RO data suggests that the differences known from previous seasons
had largely been attributable to the ECMWF rather than the RO data.

In the near future we will investigate the agreement between RO climatologies
and global analyses from NCEP (National Centers for Environmental Prediction).

As noted above (Sect. 3), there is a period of ∼5 weeks of missing CHAMP data
from July 3 to August 8, 2006. The JJA 2006 CHAMP climatology was thus supple-
mented with data from GRACE. Figure 3 (top) shows the dry temperature sampling
error during JJA 2006 for CHAMP + GRACE (left) and for CHAMP alone (right).
The latter is considerably larger, especially the southern polar vortex is clearly too
warm, since essentially all data from the cold July (in southern winter) are miss-
ing. Nevertheless, the results show that seasonal mean, zonal mean single-satellite
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JJA 2006: CHAMP/GRACE Dry Temperature Sampling Error 
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JJA 2006: Systematic Dry Temp Diff ECMWF-CHAMP
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JJA 2007: CHAMP Dry Temperature Sampling Error 
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Fig. 3 Top: Dry temperature sampling error for JJA 2006 using CHAMP + GRACE data (left)
and CHAMP data alone (right, with a data gap of ∼5 weeks). Bottom: Systematic dry temperature
difference between ECMWF and CHAMP for JJA 2006

climatologies are surprisingly robust, even when several weeks of data are miss-
ing. The systematic difference for June and August between ECMWF and CHAMP
alone (bottom) displays essentially the same large scale features as Fig. 2b; only at
small scales there is more variability. It seems therefore justified to combine data
from CHAMP and GRACE to a single record.

4.2 Consistency of Data from Different Satellites

Previous studies addressed the consistency of data from different RO satellites
by selecting RO profiles in close spatial and temporal vicinity (Hajj et al. 2004;
Schreiner et al. 2007; Ho et al. 2009). Data from CHAMP and SAC-C (Satélite de
Aplicaciones Cientı́ficas-C), e.g., showed a remarkable consistency of 0.1 K in the
mean between 5 km and 15 km (Hajj et al. 2004).

In Foelsche et al. (2009) we adopted a different approach and looked at sys-
tematic differences between zonal mean climatologies from different satellites for
the season SON (Sep-Oct-Nov) 2006. This is a very rigorous test of the consis-
tency, since these differences contain the sampling errors of both climatologies (F3C
satellites in final constellation never simultaneously sample the same region of the
atmosphere). Nevertheless, the results were very encouraging with larger differences
confined to the polar bins, where the sampling was still sparse in the early phase of
the F3C mission (with comparatively low orbit altitudes).
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In a next step we looked at “double-differences”, where we subtracted the esti-
mated sampling error field from each climatology. We found that seasonal temper-
ature climatologies derived from different F3C satellites agree to within < 0.1 K
almost everywhere in the considered domain between 8 km and 35 km altitude.
Here we test if these results still hold for JJA 2007 (with F3C satellites in signif-
icantly more separated orbits). Figure 4 shows the systematic differences between
climatologies derived from Flight Model 2 (FM2) and each of the other F3C satel-
lites. The estimated sampling errors are again subtracted. We note that these double
differences contain also the errors in the estimation of the sampling errors for both
climatologies.

The systematic differences are again amazingly small (note the 0.1 K contour
lines). Differences exceeding 0.1 K are confined to small parts of the domain; most

JJA 2007: (FM2-Sampl Err) - (FM1-Sampl Err)
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Fig. 4 Systematic differences between JJA 2007 zonal mean, seasonal mean dry temperature cli-
matologies from Formosat-3/COSMIC FM2 and each of the other F3C satellites, with the estimated
sampling errors subtracted
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of them appear above 30 km altitude. Mean differences over the entire domain
between 8 km and 35 km altitude are smaller than 0.03 K in any case. The val-
ues are: +0.028 K, –0.020 K, –0.014 K, –0.010 K, and –0.003 K, respectively. We
note that this consistency is not a proof of absolute accuracy, since there is a pos-
sibility of common systematic errors. Nevertheless, we regard the results as very
encouraging. These very good agreements show furthermore that the estimation of
the sampling error is quite accurate. F3C sampling errors in the polar bins in JJA
2007 (not shown) are considerably smaller than in SON 2006 (see Foelsche et al.
2009) since the higher orbits allow for a better coverage of latitudes beyond 85◦.

For SON 2006 we had found a small but systematic difference between CHAMP
and F3C (Foelsche et al. 2009). In JJA 2007 (Fig. 5) the situation is very simi-
lar. The mean values over the entire domain between 8 km and 35 km altitude are
–0.28 K and –0.23 K, respectively, with the largest values above 30 km.

The differences are slightly larger than those found by Ho et al. (2009) for co-
located profiles. In the Ho et al. (2009) study, however, phase and orbit data for
F3C and CHAMP have both been computed at UCAR, while our present study uses
CHAMP phase and orbit data from GFZ, but F3C phase and orbit data from UCAR.
We had therefore the suspicion that there might already be differences at phase and
orbit data level. Since UCAR computes also CHAMP phase and orbit data we could
test this by comparing CHAMP climatologies derived from UCAR and GFZ. The
differences are very similar to those in Fig. 5, with a mean systematic difference
of –0.29 K for JJA2007 (Fig. 6, left). Differences between F3C and CHAMP/UCAR
are therefore much smaller (Fig. 6, right), with a mean value of +0.06 K over the
entire domain. Largest (positive) differences are at higher altitudes. This seems rea-
sonable if we assume that ECMWF is indeed somewhat too cold in the stratosphere:
The F3C climatologies (which are less influenced by the background) should there-
fore be slightly warmer than CHAMP (which is closer to the background, since
CHAMP data are noisier). The reasons for the small but systematic UCAR-GFZ
differences are currently under investigation. Preliminary results indicate that they
are stationary to a high degree and that they appear already at bending angle level

SON 2006: (COSMIC-Sampl Err) - (CHAMP-Sampl Err)
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Fig. 5 Systematic differences between zonal mean, seasonal mean dry temperature climatologies
from Formosat-3/COSMIC and CHAMP with the estimated sampling errors subtracted: SON 2006
(left) and JJA 2007 (right)
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JJA 2007: (CHAMP-UCAR-Sampl Err) - (CHAMP-GFZ-Sampl Err)
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Fig. 6 Left: Systematic difference between JJA 2007 zonal mean, seasonal mean dry temperature
climatologies from CHAMP based on UCAR and GFZ phase and orbit data, respectively. Right:
Like the right panel of Fig. 5 but using UCAR phase and orbit data as basis for both Formosat-
3/COSMIC and CHAMP climatologies. The estimated sampling errors are again subtracted

(GFZ bending angles being systematically larger than UCAR). Clearly these results
highlight the importance of consistent data processing when attempting to build cli-
mate records from RO data.

5 Concluding Remarks

It was shown that accurate zonal mean, seasonal mean climatologies between ∼8 km
and 30 km altitude can be obtained based on Radio Occultation (RO) profiles. The
assimilation of RO data at ECMWF (European Centre for Medium-Range Weather
Forecasts) considerably improved operational analyses in regions where the data
coverage and/or the vertical resolution and accuracy of RO data is superior to tra-
ditional data sources (e.g., in polar regions and at altitudes up to ∼35 km). We
analyzed the consistency of seasonal climatologies derived from different satellites.
Climatologies from CHAMP and Formosat-3/COSMIC (F3C) agree very well if
phase and orbit data from the same processing center are used. Climatologies from
different F3C satellites show excellent agreement: After subtraction of the estimated
respective sampling errors, altitude- and latitude-resolved seasonal dry temperature
climatologies derived from F3C satellites in entirely different orbits agree to within
< 0.1 K almost everywhere in the domain between 8 km and 35 km altitude. Mean
differences (over the same domain) are smaller than 0.03 K in any case and can be
as small as 0.003 K.
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Testing Climate Models Using Infrared Spectra
and GNSS Radio Occultation

S.S. Leroy, J.A. Dykema, P.J. Gero, and J.G. Anderson

Abstract The Climate Absolute Radiance and Refractivity Observatory will be a
climate benchmarking mission intended to include instruments for measuring
Earth’s atmospheric refractivity by GNSS radio occultation (RO), high spectral res-
olution thermal infrared spectra emitted from the Earth, and the spectrally resolved
reflected shortwave spectrum. Climate benchmarking is necessary to establish a
record that can be used to test climate models according to their predictive capa-
bility because other attempts at establishing trustworthy timeseries of satellite data
have not been particularly successful. We have investigated how GNSS RO measure-
ments and thermal infrared spectra can be used to test models’ predictive capability.
GNSS RO provides a constraint on the transient sensitivity of the climate system.
Infrared radiance spectra can quantify the individual longwave feedbacks of the cli-
mate system, including cloud-longwave feedbacks when used in conjunction with
GNSS RO. At present, studies are limited to clear sky infrared radiation, so the next
research steps should include cloudy sky infrared simulations and reflected short-
wave simulations.

1 Introduction

The Decadal Survey of the U.S. National Oceanic and Atmospheric Administration
(NOAA) and the U.S. National Aeronautics and Space Administration (NASA) by
the U.S. National Research Council (NRC) recommended that NASA deploy a Cli-
mate Absolute Radiance and Refractivity Observatory (CLARREO) as one of its
four highest priorities. This recommendation came in response to a request from
NASA and NOAA to suggest what satellite missions should be flown to form a
national climate research program that is responsive to societal demands (National
Research Council, Committee on Earth Science and Applications from Space 2007).
Society demands data sets deemed trustworthy for trend detection and sufficiently
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accurate to test climate models according to their predictive capability, and for this
reason the U.S. NRC recommended the CLARREO mission to NASA as a top pri-
ority. In short, society needs tools that usefully predict future climates depending on
its own decisions regarding future economic development and energy production.
Those tools are climate models and, pursuant to the scientific paradigm, must be
tested empirically.

CLARREO calls for three instruments: a GNSS (global navigation satellite sys-
tem) occultation instrument, an instrument to measure emitted infrared radiation
with high spectral resolution, and an instrument to measure reflected shortwave radi-
ation with high spectral resolution. In order to ensure their data are absolutely accu-
rate, it is required that they are assured traceable to the international standards that
define the units of their observables on-board with overall uncertainties sufficient to
test climate models (Ohring 2007). It is also required that their sampling patterns be
sufficiently dense and uniform so that mission accuracy requirements are met. The
optimal configuration for monitoring the emitted infrared spectrum with three satel-
lites has them in perfectly polar orbits (90◦ inclination) spaced 60◦ in longitude of
ascending node (Kirk-Davidoff et al. 2005). Such a configuration affords robustness
in that the bias in annual averages induced by the diurnal cycle would be minimal
should one or two satellites fail. Should all three satellites be operational, bias in
seasonal averages induced by the diurnal cycle would be minimized.

The data types called for by CLARREO were selected because their traceability
to international standards is possible. The NRC Decadal Survey’s recommendation
should answer societal demands, which in this case pertain to testing climate mod-
els. In what ways the data types of CLARREO can be used to test climate models
according to their predictive capability remains an open question. In testing cli-
mate models, the scientific assessments of the Intergovernmental Panel on Climate
Change focus much of their efforts in comparing the overall sensitivities of climate
models, which is the surface air temperature increase predicted by a climate model
when subjected to a prescribed forcing by increased carbon dioxide. Certainly, the
sensitivity of the climate system must be modeled correctly, but a trustworthy model
must attain the correct sensitivity for the right physical reasons. There are many
ways to explain the sensitivity of a climate model (and the actual climate system),
and, for the sake of simplicity, we analyze the sensitivity in the language of radiative
feedbacks.

2 Radiative Feedbacks

The climate’s greenhouse effect comes about because of the presence of well-mixed
gases that absorb efficiently in the thermal infrared while the same atmosphere is
largely transparent at visible wavelengths where most of the solar forcing occurs.
The shortwave radiative forcing occurs largely at the Earth’s surface, and the surface
cannot easily cool itself by radiating to space in the thermal infrared because of
the greenhouse gases present. As a consequence, the surface has to warm more
to maintain a radiative balance than it would have without the greenhouse gases
present.
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It is possible for some elements of the atmosphere to respond to surface temper-
ature change in such a way that radiation from the troposphere is either enhanced
or suppressed. When temperature increases and thermal infrared (longwave) radia-
tion from the troposphere is partially suppressed, the action is considered a positive
radiative feedback; when temperature increases and longwave radiation from the
troposphere is enhanced, the action is considered a negative radiative feedback.

An injection of anthropogenic greenhouse gases, before anything else happens,
has the immediate effect of blocking photons from escaping the troposphere. The
amount of radiation flux blocked is called a radiative forcing ΔFrad. To first order,
the surface responds by increasing its temperature by an amountΔT (1), thus increas-
ing the flux through the tropopause and restoring radiative balance. The statement is

ΔT (1) = ΔFrad

Γ
(1)

in which Γ ≈ 4εσT 3 is the gray-body radiation term for the surface, ε a combina-
tion of surface emissivity and the fraction of radiation from the surface that escapes
to space, and σ the Stefan-Boltzman constant. The climate system responds dynam-
ically and thermodynamically to such a surface temperature change, and some of
those reactions act to enhance radiation to space and some to suppress it. A con-
tinuum of such feedbacks exists, a geometric series for surface temperature change
results, and the final surface temperature change is

ΔT = ΔFrad

(
Γ −

∑
i

γ LW
i −

∑
i

γ SW
i

)−1

(2)

where the longwave feedback factors γ LW
i and shortwave feedback factors γ SW

i are
defined by

γ LW
i =

(
∂FLW

∂xi

)
dxi

dT

γ SW
i =

(
∂FSW

∂xi

)
dxi

dT

(3)

where FLW is the net downward longwave flux at the tropopause, FSW is the net
downward shortwave flux at the tropopause, and xi can be any one of a long list of
meteorological, thermodynamic, or constituent properties that can affect longwave
or shortwave radiation. A positive feedback has γ > 0, and a negative feedback
has γ < 0. The largest feedbacks are thought to be the water vapor-longwave feed-
back, the cloud-shortwave feedback, the upper tropospheric temperature-longwave
(“lapse rate”) feedback, and the hypothesized aerosol indirect effects in the short-
wave. The most uncertain feedbacks are thought to be the cloud-shortwave feedback
and the aerosol indirect effect. This calculus of feedbacks has been presented else-
where (Cess 1976; Wetherald and Manabe 1988) as have reviews about feedbacks



198 S.S. Leroy et al.

implicit in climate models (Held and Soden 2000; Colman 2003; Bony et al. 2006;
Soden and Held 2006).

3 Testing Feedbacks with CLARREO

If climate models accurately reproduce climate sensitivity, one way to ascertain
whether they do so for the correct physical reasons is to divide climate response
according to feedbacks. CLARREO should be capable of doing so because individ-
ual feedbacks have distinctive spectral signatures in the thermal infrared and visible
wavelengths. GNSS occultation should play an important role because of its insen-
sitivity to clouds: it might resolve the cloud-surface temperature ambiguity inherent
to sounding in the thermal infrared. We apply optimal fingerprinting techniques to
spectral infrared and microwave refractivity as produced offline by many sophisti-
cated climate models. This should tell us the relative contribution of various data
types to testing various climate feedbacks, what accuracy is needed for each data
type, and how long we should expect to wait before a satisfactory test can be applied
to climate models’ predictions.

A feedback can be determined by trend analysis by dividing the trend in outgoing
radiation due to a specific thermodynamical variable or constituent concentration by
the trend in surface air temperature:

γ LW
i = dFLW

i

dt

(
dT

dt

)−1

(4)

with dFLW
i the change in downward radiation at the tropopause due to a change

in thermodynamic variable or constituent concentration i. In order to estimate the
feedback, one must be able to estimate dFLW

i /dt observationally as well as dT/dt .
Moreover, observations in the thermal infrared allow one to detect radiative forcing
by anthropogenic greenhouse gases, ΔFrad. [Presently, an exploration of the possi-
bility of testing climate models has been done only for longwave radiation and not
yet for shortwave radiation; hence, we restrict our discussion to the longwave.]

If a variable perturbs the tropopause radiation field, then it has an associated
feedback, and because changes in variables lead to unique changes in the infrared
spectrum at the tropopause, careful observation of the evolution of the tropopause
radiation field should constrain the feedbacks of the climate system. In fact, in most
cases individual feedbacks have unique fingerprints in the spectra of outgoing long-
wave and shortwave radiation. CLARREO, in measuring the outgoing longwave
radiation, can uniquely discern the longwave feedbacks because each has a unique
signature in the thermal infrared spectrum. How long a timeseries of CLARREO-
like data is necessary before climate models’ realizations of the climate feedbacks
can be tested remains an open question.

In Fig. 1 we show the spectral infrared signatures of tropospheric temperature
change, stratospheric temperature change, tropospheric water vapor increase, and
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Fig. 1 Spectral infrared signals corresponding to calculus of feedbacks. The tropospheric temper-
ature signal shows how the troposphere cools itself; the carbon dioxide signals shows the spectral
fingerprint of radiative forcing by carbon dioxide; the water vapor signal shows the spectral fin-
gerprint of the water vapor-longwave feedback. The units for the radiance trend for all plots in this
figure are W cm−2 (cm−1)−1 sr−1 decade−1

carbon dioxide increase. Because water vapor inhibits outgoing longwave radiation
with time, as can be seen by the sign of the integral of its signal over frequency
in Fig. 1, it is associated with a positive longwave feedback. In clear skies, we
seek to model the trend in the emitted infrared spectrum as a linear combination
of these four signals while allowing for some uncertainty in the modeled shape of
these signals. The quality of the posterior fit is determined by comparison of post-fit
residuals to the natural variability in the emitted infrared spectrum on interannual
time scales. The mathematical technique is just the same as that used in climate
signal detection and attribution studies (Allen et al. 2006) with an allowance for
signal shape uncertainty (Huntingford et al. 2006). The “model” for the linear trend
in the emitted infrared spectrum dd/dt = dFLW

ν /dt is

dd
dt

=
∑

i

(
dαi

dt

)
si + d

dt
δn (5)

where the si are the spectral shapes given in Fig. 1, the dαi/dt are scalar estimators
of the trends of outgoing longwave radiation associated with individual variables,
and the δn are realizations of interannual variability in the tropics (30◦S to 30◦N)
as they would appear in the annual average emitted infrared spectrum. The solution
for the trend estimators dαi/dt is given by

dα

dt
= FT dFLW

ν

dt
(6)
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where the columns of the matrix F are the components of the contravariant basis
to the fingerprint basis established by the si . As a consequence, FTS = I where the
columns of S are the si , and so we call F the set of contravariant fingerprints. Consis-
tent with Bayesian inference (Leroy 1998), optimal methods (Bell 1986; North et al.
1995), and a geometric approach (Hasselmann 1997), the contravariant fingerprints
are given by

F = Σ−1S(STΣ−1S)−1 (7)

where Σ is a covariance matrix describing the statistics of natural variability and
uncertainty in the shapes si :

Σ = Σdn/dt +ΣS. (8)

The contributions of natural variability and signal uncertainty must be evaluated
differently because of their different natures. Natural variability influences a mea-
sured trend in the emitted infrared spectrum simply because any timeseries of a
random phenomenon yields a nonzero residual trend. If the covariance of natural
variations in the annual average emitted infrared spectrum is Σδn, then the residual
trend has zero expected mean but an uncertainty of Σdn/dt :

Σdn/dt = 12τ

(N 3 − N )(yr3)
Σδn (9)

where N is the number of years in the continuous timeseries and τ = 1yr for no
serial correlation (see Eqs. (6) and (7) in Leroy et al. 2008b). The covariance of nat-
ural interannual variability is evaluated using a long control run of a climate model
in conjunction with a forward model for the emitted infrared spectrum. On the other
hand, the covariance of signal shape uncertainty must be evaluated using a large
ensemble of climate models each of which can be used to determine its own set of
signal shapes si . Because we are interested in trends of spectrally integrated outgo-
ing longwave radiation, for each model used to derive si , the signals are normalized
such that the spectral integral of si multiplied by π (to account for integration over
solid angle) is unity. Then the signal shape uncertainty covariance is

ΣS =
∑
i, j

(
dαi

dt

)(
dα j

dt

)
〈si sT

j 〉 (10)

where the 〈· · · 〉 denotes an ensemble average over a large number of models and
the dαi/dt are prior estimates of the trend in outgoing longwave radiation associ-
ated with signal i. The contravariant fingerprints are then obtained by substituting
the expressions for Σdn/dt and ΣS in Eqs. (9) and (10) into Eq. (8) and in turn
into Eq. (7). When the contravariant fingerprints are multiplied by annual aver-
age infrared spectral anomalies, the result will be the outgoing longwave radiation
(OLR) anomalies associated with the prescribed feedbacks.
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Ordinary error estimation (for just one signal s instead of multiple signals S)
dictates that the posterior uncertainty covariance for the OLR trends associated with
the feedbacks should be

σ 2
dα/dt = (

sTΣ−1s
)−1

(11)

but too often prescriptions of natural variability are grossly different from reality.
Consequently, a better estimate of the posterior error should be obtained from the
data alone. This is done by ordinary linear regression on a detector timeseries α(t)
(cf. Eq. (15) below). With the timeseries α(t), the error is determined first by esti-
mating the natural variability in the detectors which is the variance of the α(t) after
removal of a best linear fit αfit(t). The uncertainty in the trend dα/dt due to natural
variability becomes

σ 2
dα/dt (natural variability) = σ 2

α

N (Δt)2
(12)

where (Δt)2 = ∑N
i=1(ti − t̄)2/N is the variance of the coordinate times in the time-

series. The timeseries α(t) contains only variability related to natural variability and
no uncertainty due to signal shape uncertainty, so the latter must be added separately.
By standard error propagation techniques,

σ 2
dα/dt (signal shape) = FTΣsF (13)

and thus the error in the forecast trend is

σ 2
dα/dt = σ 2

dα/dt (natural variability) + σ 2
dα/dt (signal shape). (14)

If natural variability were correctly prescribed by that used in composing the con-
travariant fingerprint F, then σ 2

dα/dt (natural variability) = FTΣdn/dt F and the result
becomes exactly that in Eq. (11).

To demonstrate the viability of this approach to linear regression, we have com-
puted the contravariant fingerprints F using the output of several models of the
World Climate Research Programme’s (WCRP’s) Coupled Model Intercomparison
Project (CMIP3) multi-model data set, subjected to SRES-A1B forcing. Case A1B
of the Special Report on Emission Scenarios (SRES) predicts radiative forcing of
climate in a world of rapid economic growth, rapid technological growth, increas-
ing social interaction, and decelerating population growth (Intergovernmental Pabel
on Climate Change (IPCC) 2000). It features approximately 1% yr−1 CO2 increase
to ≈ 720 ppm and radiative forcing by sulfate aerosols peaking in year ≈ 2020.
We take annual averages of emitted infrared spectra based on monthly average out-
put and average over the tropics. The signals si are estimated based on the first
50 years of output. We then computed 20 years of emitted infrared spectra from
a climate model independent of those used to construct the contravariant basis.
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Fig. 2 Detection amplitude timeseries for four signals. The solid squares show detection ampli-
tudes for each of four detected signals and the open squares show true OLR anomalies for each
of the four signals. The thin solid line is the best linear fit to the detection amplitudes. The “truth”
data set is taken from the first 20 years of output of an SRES-A1B run of GFDL CM2.1

We multiplied the contravariant fingerprints by tropical average, annually averaged
emitted infrared spectra from that climate model. The result is a timeseries of detec-
tors α(t):

α(t) = FTd(t). (15)

The result is shown in Fig. 2. In both the “truth” (open squares) and analysis
(solid squares) there is variability from year to year. This variability contributes
in large part to the length of time required to elapse before useful climate model
testing can take place. In the case of greenhouse forcing by carbon dioxide, it is evi-
dent from the small fluctuations associated with interannual variability that direct
observation of anthropogenic radiative forcing of the climate should be detected
and strongly constrained within just a few years. After 5 years of observation, in
fact, an estimate of radiative forcing by carbon dioxide with just 20% uncertainty
should be obtained. Detection of tropospheric temperature trends (climate response)
and longwave suppression by water vapor requires more time because of the large
fluctuations associated with interannual variability. After 20 years of observation,
an estimate of the water vapor-longwave feedback in the tropics with ∼ 50% uncer-
tainty can be obtained by trend analysis.

Figure 2 suggests a different analysis as well. The year to year anomalies of the
tropospheric temperature and water vapor signals are strongly anticorrelated. This
is related to the simple fact that tropical tropospheric water vapor increases and
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blocks surface radiation in years when the tropical troposphere is warm following
the Clausius-Clapeyron equation. The slope of this correlation then can be used to
estimate the water vapor-longwave feedback. In fact, such an anomaly correlation
analysis can be used to estimate the water vapor-longwave feedback in the tropics
with 7% uncertainty in ten years. The uncertainty scales as (Δt)−1/2 for anomaly
correlation analysis whereas the uncertainty scales as (Δt)−3/2 for trend analysis,
with Δt the time baseline of the continuous timeseries of data.

Actual spectral longwave data, though, are dominated by clouds, and thus the use
of GNSS radio occultation (RO) is likely to be necessary. Leroy et al. (2006) have
shown that the optimal fingerprint of climate change in upper air dry pressure—dry
pressure is the atmospheric pressure derived from GNSS RO data under the assump-
tion of a completely dry atmosphere—is poleward migration of the mid-latitude jet
streams in both the Northern and Southern Hemispheres. In Fig. 3 we show the
results of the application of the methodology described by Eqs. (6) through (9) when
applied to zonal average, annual average log-dry pressure (instead of infrared spec-
tra FLW

ν ) as might be obtained from GNSS RO data normalized by the surface air
temperature trend dT/dt .
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Fig. 3 The top plot shows the contravariant fingerprint (F) for log-dry pressure as an indicator of
surface air temperature trends. The lower plot shows the result of the application of this approach
using detectors, with a 20-yr timeseries of dry pressure “data” taken from the output of a model
not used in the construction of the contravariant fingerprint. The black curve shows actual global
average annual average surface air temperature, and the red curve shows the detectors α(t). The
red-shaded area from years 2020 to 2050 shows the forecast trend of surface air temperature based
on the simulated upper air dry pressure data from 2000 to 2020, and the gray curve shows the
actual evolution of the surface air temperature
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The contravariant fingerprint F and the detector timeseries α(t) are used to infer
past and predict future surface air temperature trends given zonal average, annual
average log-dry pressure data from GNSS RO only. The contravariant fingerprint is
the map by which one convolves the trends in data to obtain a trend in surface air
temperature:

dT

dt
=

〈
F,

dd
dt

〉
= d

dt

〈
F,d(t)

〉
= d

dt
α(t) (16)

(cf. Eq. 15). The inner product rule in this case is

〈a,b〉 =
∫ π/2

−π/2
2π d(sin θ )

∫ 20 km

0 km
dh a (θ, h) b (θ, h) (17)

where θ is latitude and h is height, the coordinates of the map. The contravariant
fingerprint has dimensions of surface air temperature per log-dry pressure per height
interval per solid angle interval on the Earth’s surface. The intervals are determined
by the data grid. The slope of the detector timeseries is used to infer and predict the
surface air temperature trend and its related uncertainty.

As can be seen in Fig. 3, when upper air log-dry pressure is used as an indicator
of trends in surface air temperature, the fingerprint searches for poleward migration
of the mid-latitude jet streams, a tropical contribution that involves subtraction of
upper tropospheric temperature trends from lower tropospheric humidity trends, and
a possible weakening of the southern stratospheric polar vortex. Poleward migration
of the mid-latitude jet streams is the leading indicator of climate change in the tro-
pospheric upper air (Leroy et al. 2006). In this application, the detectors capture
the interannual fluctuations of global average surface temperature with accuracy
< 0.1 K, meaning GNSS RO can be relied upon to obtain an accurate estimate of the
dT/dt that is necessary for estimating radiative feedbacks. This is an improvement
over the use of in situ meteorological stations which are largely restricted to land.

4 Discussion

We have described how monitoring the emitted infrared spectrum and microwave
refractivity using GNSS RO can be used to test the forecasting capability of cli-
mate models. The infrared spectrum is rich in information relevant to the longwave
feedbacks of the climate system and microwave refractivity contains information
relevant to the response of the upper air and surface air temperature. Leroy et al.
(2008a) showed that a twenty year timeseries of longwave spectral data is expected
to provide a 50% uncertain estimate of the water vapor-longwave feedback of the
climate system and a 20% uncertain estimate of the longwave forcing by carbon
dioxide in 5 years. Anomaly correlation is expected to work well in the tropics on
an annual timescale because temperature and humidity are strongly coupled in the
tropical troposphere by moist convection. Whether it can be expected to work in the
mid- and high latitudes remains an open question, however.
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An evaluation of the longwave feedbacks by trend analysis can only be obtained
with a corresponding accurate estimate of the trend in global average surface air
temperature. Accurate estimation of the global average surface air temperature is
expected to be complicated by the evolution of low clouds. Their infrared spectral
signatures are very similar, and a small amount of error that might result from this
ambiguity would significantly influence an evaluation of the longwave feedbacks,
especially a low cloud-longwave feedback. For this reason, microwave refractiv-
ity as obtained by GNSS RO has a valuable role to play. Microwave refractivity
is mostly insensitive to clouds, and so it can be expected to resolve a low cloud-
temperature ambiguity in trends in the emitted infrared spectrum. Leroy et al. (2006)
showed that the leading indicator of climate change in upper air dry pressure is pole-
ward migration of the mid-latitude jet streams. Generalized scalar prediction shows
that surface air temperature prediction can be obtained by poleward migration of the
mid-latitude jet streams as well. The resulting analysis for dT/dt is more uncertain
than simple measurements of surface air temperature trends because of the influence
of natural variability in the upper air, but satellite data does not suffer from the same
coverage problems as does in situ data.

The future direction in this line of research quite obviously points toward sim-
ulations using cloudy outgoing longwave spectra. Clouds are acknowledged to be
associated with the most uncertain feedbacks. Only recently have climate models
published output relevant to simulating cloudy longwave radiances. Once clouds
are included in the simulation of emitted infrared spectra, the surface temperature-
low cloud ambiguity is introduced. The surface temperature-low cloud ambiguity
in outgoing longwave spectra and the wet-dry ambiguity in microwave refractivity
might both be resolved by considering outgoing longwave spectra and microwave
refractivity jointly in climate model testing and optimal fingerprinting. Such a
joint detection should be accomplished by expanding the proposed data vec-
tor to include multiple data types and computing signals and natural variability
accordingly.

Finally, the cloud-shortwave feedbacks remain the most uncertain feedbacks
implicit in climate models, so an exploration of how climate models can be tested
using reflected shortwave (visible) spectra is mandatory for responding to societal
demands.
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Construction of Consistent Temperature
Records in the Lower Stratosphere Using Global
Positioning System Radio Occultation Data
and Microwave Sounding Measurements

S.-P. Ho, W. He, and Y.-H. Kuo

Abstract In this study, we use FORMOSAT-3/Constellation Observing System
for Meteorology, Ionosphere, and Climate (COSMIC) Global Positioning System
(GPS) radio occultation (RO) data to simulate Advanced Microwave Sounding Unit
(AMSU) brightness temperatures (Tbs) for the lower stratosphere and compare them
to AMSU Tbs from different National Oceanic and Atmospheric Administration
(NOAA) missions in July 2007. Our analysis shows that because COSMIC data do
not contain orbit drift errors and are not affected by on-orbit heating and cooling of
the satellite component, they are very useful to identify the AMSU time/location-
dependent biases for different NOAA missions. We also examine the consistency
of the calibration coefficients among collocated NOAA AMSU Tb pairs (e.g.,
NOAA15-NOAA16, NOAA16-NOAA18, and NOAA15-NOAA18) and COSMIC-
NOAA pairs. The usefulness of the COSMIC-calibrated AMSU Tbs for calibrat-
ing other overlapping AMSU Tbs from different platforms is also examined. These
results demonstrate the potential to use both GPS RO and microwave sounding data
to construct consistent climate temperature records.

1 Introduction

Accurate temperature trend estimates are crucial to monitor decadal climate vari-
ability and to understand climate change forcing mechanisms. To construct con-
sistent climate temperature records, long-term well-calibrated satellite temperature
measurements with good temporal and spatial coverage from various missions are
needed.

The global all-weather temperature distribution can be obtained from Global
Positioning System (GPS) radio occultation (RO) data (Hocke 1997; Feng and
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Herman 1999). GPS RO can provide high vertical resolution refractivity, which
is a function of temperature, water vapor, and pressure. Because the fundamen-
tal observable of GPS RO sounding technique, the phase delay, is accomplished
via precise measurement of time that is ensured by ultra-stable atomic clocks
on the ground, GPS RO data are ideally suited for climate trend detection. The
six-satellite FORMOSAT-3/Constellation Observing System for Meteorology, Iono-
sphere, and Climate (COSMIC) mission (denoted as COSMIC hereafter) was suc-
cessfully launched in April 2006. COSMIC will provide approximately 2500 GPS
RO soundings per day after it is fully deployed, offering more uniform temporal
and spatial coverage than seen in previous GPS RO missions (e.g., CHAllenging
Minisatellite Payload, CHAMP (Wickert et al. 2004) and Satélite de Aplicaciones
Cientı́ficas-C, SAC-C (Hajj et al. 2004), both launched in 2000). Even though we
have had GPS RO data from CHAMP and SAC-C since 2001 and from COSMIC
since 2006, it is still unrealistic to use only seven years of GPS RO data to detect
climate trend.

On board the National Oceanic and Atmospheric Administration (NOAA) series
of polar-orbiting satellites, the Microwave Sounding Unit (MSU) and the Advanced
Microwave Sounding Unit (AMSU) have also provided near all-weather temper-
ature measurements at different atmospheric vertical layers since 1979 and 1998,
respectively. Over the past decade, the roughly 30 years of MSU/AMSU measure-
ments have been extensively used for climate temperature trend detection (Christy
et al. 2000, 2003; Mears et al. 2003; Vinnikov and Grody 2003; Grody et al. 2004;
Vinnikov et al. 2006; Zou et al. 2006). Even though these satellite missions use
similar instruments (from NOAA6 to NOAA14 for MSU and from NOAA15 to
NOAA18 for AMSU), the equatorial crossing times of the NOAA satellite orbits
drift in local time after launch (Fig. 1), which leads to different temporal sam-
pling of the MSU/AMSU measurements for each NOAA satellite. Because the

Fig. 1 NOAA satellite orbit drifts with local times after launch from 1978 to 2007. Numbers in
the figure represent satellite series from NOAA6 to NOAA14
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MSU/AMSU operational calibration coefficients were obtained from pre-launch
datasets (Mo et al. 2001), the orbital changes on MSU/AMSU measurements after
launch may not be completely accommodated by these calibration coefficients.
Different MSU/AMSU missions may contain different measurement biases, which
actually vary with times and locations due to on-orbit heating or cooling of the satel-
lite component. This causes great difficulties for climate trend detection. Although
different correction methods were proposed by different groups (e.g., Christy et al.
2000; Mears et al. 2003; Grody et al. 2004; Zou et al. 2006), due to lack of an
absolute reference, only relative biases are corrected. The temperature trends can
still vary as large as 0.1 K/decade when different satellite measurements are used
as references (Christy et al. 2003). This leads to extra difficulties for the usage of
MSU/AMSU temperature trends for the climate analysis (Christy et al. 2000, 2003;
Mears et al. 2003; Grody et al. 2004; Karl et al. 2006; Zou et al. 2006).

The objective of this study is to show the usefulness of GPS RO data to inter-
calibrate AMSU brightness temperatures (Tbs) by identifying the orbit-dependent
biases for AMSU measurements from different satellite missions and to show the
usefulness of the calibrated AMSU Tbs for calibrating other overlapping AMSU Tbs
from different platforms. This is to demonstrate that both GPS RO and AMSU/MSU
data can be used together to construct consistent climate temperature records. In
this study, we use an AMSU fast radiative transfer model to convert COSMIC dry
temperature (derived from GPS RO refractivity using the hydrostatic equation and
assuming water vapor effect on refractivity is negligible) to synthetic AMSU Tbs for
NOAA15, 16, and 18 (N15, N16, and N18), respectively. We focus on the compar-
ison of AMSU temperature in the lower stratosphere (e.g., Tb for AMSU Ch9),
where the moisture effect on GPS RO refractivity is negligible. The calibration
coefficients (slopes and offsets) among COSMIC synthetic AMSU Tbs and N15,
N16, and N18 AMSU Tbs are then constructed. We also construct the calibration
coefficients among collocated NOAA AMSU Tb pairs (e.g., N15-N16, N16-N18,
and N15-N18). The consistency of the calibration coefficients among COSMIC-
NOAA pairs and NOAA-NOAA pairs is examined. We illustrate COSMIC-NOAA
and NOAA-NOAA calibration methods in Sect. 2. The comparison results are pre-
sented in Sect. 3. We conclude this study in Sect. 4.

2 COSMIC-AMSU and AMSU-AMSU Calibration Methods

In this study, COSMIC RO dry temperature profiles from July 2007 are used to
compute the synthetic AMSU Ch9 Tbs. All COSMIC RO dry temperature pro-
files were downloaded from the UCAR COSMIC Data Analysis and Archive Cen-
ter (CDAAC)1. An AMSU fast forward model from the Cooperative Institute for
Meteorological Satellite Studies, CIMSS, MWFCIMSS (Hal Woolf, CIMSS, personal
communication, 2005) is used to project each COSMIC dry temperature profile into

1From http://cosmic.cosmic.ucar.edu/cdaac/index.html.
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synthetic microwave Tbs. The validation of microwave transmittance of this model
is described in Woolf et al. (1999). The atmospheric contribution (weighting func-
tion) for AMSU Ch9 ranges mainly from 300–10 hPa and peaks near 110 hPa (not
shown). The satellite viewing angle is set to nadir for our calculations. The means of
AMSU Tbs for N15, N16, and N18 that are collocated with each COSMIC profile
within 15 minutes and 50 km are computed. The COSMIC synthetic AMSU Tbs are
used as calibration references to inter-calibrate AMSU Tbs from N15 (TbAMSU N15),
N16 (TbAMSU N16), and N18 (TbAMSU N18). Only AMSU pixels with satellite view-
ing angles ranging from −15◦ to 15◦ are included in our collocation procedure.
The calibration coefficients (slopes and offsets) for each COSMIC-NOAA AMSU
pair are then determined from the best fit for each collocated COSMIC and NOAA
AMSU ensemble (see Sect. 3.1). This calibration approach is similar to that of Ho
et al. (2007, 2009).

Raw counts and ancillary data for each AMSU pixel including viewing angle,
location, and time for July 2007 are downloaded from National Environmental
Satellite, Data, and Information Service (NESDIS). The operational calibration
coefficients for each NOAA AMSU instrument are also downloaded and are used
to convert AMSU raw counts into Tbs. The AMSU Tbs from N15, N16, and N18
within 15 minutes and 50 km are collected (e.g., N15-N16, N16-N18, and N15-N18,
respectively). Only AMSU pixels with satellite viewing angles ranging from −15◦

to 15◦ are included. The calibration coefficients for each N15-N16, N16-N18, and
N15-N18 pair are determined by their best linear fits (see Sect. 3.2).

3 Results

3.1 Using COSMIC Data to Identify AMSU Biases Over Different
Orbits and Locations

The comparisons between COSMIC-simulated AMSU Ch9 Tbs and collocated
AMSU Ch9 Tbs from N15, N16, and N18 within 15 minutes and 50 km are shown in
Fig. 2a, b, and c, respectively. The figures depict that COSMIC synthetic AMSU Tbs
for N15 (TbCOSMIC N15), N16 (TbCOSMIC N16), and N18 (TbCOSMIC N18) are highly
correlated with TbAMSU N15 (correlation coefficient = 0.99), TbAMSU N16 (correla-
tion coefficient = 0.99), and TbAMSU N18 (correlation coefficient = 0.99), respec-
tively, and with small standard deviations to their means of COSMIC-N15 (1.20 K),
COSMIC-N16 (1.11 K), and COSMIC-N18 (1.22 K) pairs. This demonstrates the
usefulness of COSMIC RO data for inter-calibrating AMSU Tbs, and is consis-
tent with the results of COSMIC RO and AMSU Tbs comparisons for September
2006 (Ho et al. 2009). Because GPS RO data are not affected by orbital change
and have no calibration issues, the small differences of the slopes and offsets for
COSMIC-N15, COSMIC-N16, and COSMIC-N18 pairs are mainly caused by cali-
bration, orbital drift errors, and measurement anomalies for AMSU Tbs for different
missions.
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Fig. 2 Comparison of COSMIC-simulated AMSU Ch9 Tbs. (a) N15 AMSU Ch9 Tbs, (b) N16
AMSU Ch9 Tbs, and (c) N18 AMSU Ch9 Tbs for July 2007. Pixels in gray triangle are from the
60◦N to 90◦N zone, pixels in dark dot are from the 60◦N to 60◦S zone, and pixels in dark cross are
from the 60◦S to 90◦S zone. The best fit is in dash line. Diagonal one-to-one fit is in solid line

To further quantify COSMIC-AMSU Tb biases at different locations for different
missions, we use different symbols in Fig. 2 to represent COSMIC-NOAA pairs at
the 60◦N to 90◦N zone (in gray triangle), the 60◦S to 60◦N zone (in dark dot), and
the 60◦S to 90◦S zone (in dark cross) and list the mean AMSU Ch9 Tb biases for
N15-COSMIC, N16-COSMIC, and N18-COSMIC pairs over the 60◦N to 90◦N and
the 60◦S to 90◦S zones in Table 1. It is obvious that the absolute NOAA-COSMIC
mean Tb biases are smaller in the Northern Hemisphere and are larger in the South-
ern Hemisphere. The absolute biases for N18-COSMIC pairs are larger than that for
N15-COSMIC and N16-COSMIC pairs (Table 1 and Fig. 2).

Table 1 The mean Tb biases for N15-COSMIC, N16-COSMIC, N18-COSMIC, N15-N16, N16-
N18, and N15-N18 pairs over 60◦N to 90◦N and 60◦S to 90◦S zones. NOAA-NOAA biases inferred
from NOAA-COSMIC are listed in parentheses

60◦N to 90◦N 60◦S to 90◦S

N15-COSMIC − 0.05 K − 0.73 K
N16-COSMIC − 0.22 K − 0.83 K
N18-COSMIC − 0.55 K − 1.50 K
N15-N16 0.03 K (0.17 K) 0.09 K (0.10 K)
N16-N18 0.47 K (0.33 K) 0.57 K (0.67 K)
N15-N18 0.50 K (0.50 K) 0.69 K (0.77 K)
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Fig. 3 Comparison of (a) N15 AMSU Ch9 Tbs and N16 AMSU Ch9 Tbs, (b) N16 AMSU Ch9
Tbs and N18 AMSU Ch9 Tbs, and (c) N15 AMSU Ch9 Tbs and N18 AMSU Ch9 Tbs for July
2007. Pixels in gray triangle are from the 60◦N to 90◦N zone, and pixels in dark cross are from
the 60◦S to 90◦S zone. The best fit is in dash line. Diagonal one-to-one fit is in solid line

To see if the NOAA-COSMIC biases are consistent with AMSU inter-satellite
biases from different missions, AMSU Ch9 Tbs for N15-N16, N16-N18, and N15-
N18 pairs are plotted in Fig. 3a–c, respectively. In Fig. 3, AMSU pairs in the 60◦N to
90◦N zone and the 60◦S to 90◦S zone are in gray triangle and in dark cross, respec-
tively. The mean Ch9 Tb biases for N15-N16, N16-N18, and N15-N18 pairs for the
60◦N to 90◦N and the 60◦S to 90◦S zones are also listed in Table 1. For NOAA
polar satellites, the collocated N15-N16, N16-N18, and N15-N18 pairs within 15
minutes and 50 km all occurred only over polar regions. It is shown in Table 1
that the mean AMSU inter-satellite biases are consistent with those for COSMIC-
AMSU pairs where the mean NOAA-COSMIC Tb biases for different missions are
all negative. The mean N15-N16, N16-N18, and N15-N18 Tbs at both the 60◦S to
90◦S and 60◦N to 90◦N regions can almost always be reproduced using Tb biases
of NOAA-COSMIC pairs. For example, the mean N15-N18 Tb bias in the 60◦N
to 90◦N zone (0.5 K) is equal to Tb bias of N15-COSMIC (−0.05 K) minus that
of N18-COSMIC (−0.55 K). The reason that some mean N15-N16, N16-N18, and
N15-N18 Tbs cannot be exactly reproduced using Tb biases of NOAA-COSMIC
pairs (although their Tb differences are small) is mainly due to sample differences
among NOAA-COSMIC and NOAA-NOAA pairs.

To find the cause of NOAA-COSMIC Tb biases at the different locations shown
in Table 1 and Fig. 2, we plot the binned N15-COSMIC AMSU Ch9 Tb differences
for each local time and binned latitude variation for N15 orbit for each local time
in Fig. 4. In general, the variation of N15-COSMIC AMSU Tb biases is highly
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Fig. 4 Binned N15-COSMIC
AMSU Ch9 Tb differences
for each local time and
binned latitude variation for
N15 orbit for each local time.
The gray solid line is for
N15-COSMIC AMSU Ch9
Tb = 0 for different local
times

coherent with the N15 orbit change with local time, where N15 satellite may be
warmed up during the day and cooled down during the night. It is shown in Fig. 4
that N15-COSMIC Tbs are in general lower during the southern hemispheric win-
ter where N15 is under the shadow of the Earth (solar zenith angle is larger than
80 degrees) and are higher in the Northern Hemisphere (ranges from 7 to 17 local
times). Because GPS RO data are not affected by the temperature variation of the
satellite component, the mean N15-COSMIC AMSU Tb biases are mainly from
AMSU Tb anomalies due to the heating or cooling of the satellite component. Note
that because both NOAA satellites are cooled or warmed in the same manner when
collocated NOAA pairs are collected, the effect of AMSU temperature anomalies
due to satellite heating or cooling is canceled out in AMSU inter-satellite bias com-
parisons (comparing Figs. 2 and 3). Due to lack of an absolute reference, only rela-
tive inter-satellite biases are corrected (absolute AMSU inter-satellite biases are all
smaller than that for NOAA-COSMIC pairs), which may lead to uncertainties for
climate trend analysis.

3.2 Using the Calibrated AMSU Data to Calibrate Other
Overlapped AMSU Measurements

From the previous section, we know the best fit for N16 Tbs and COSMIC data for
one particular month (in this case, July 2007, e.g., Fig. 2b ), which is
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TbCOSMIC N16 = 0.984 · TbAMSU N16 + 3.81, (1)

and the best fit for N15-N16 pairs (Fig. 3a ) is

TbAMSU N16 = 1.001 · TbAMSU N15 − 0.3. (2)

To use the COSMIC-calibrated N16 Tbs to calibrate N15 Tbs is to construct the
calibration coefficients for COSMIC-N15 pairs using Eq. (1) and Eq. (2), and we
have

TbCOSMIC N15 N16 = 0.984 · TbAMSU N15 + 3.51. (3)

The robustness of the slope and offset in Eq. (3) can be estimated by comparing
TbCOSMIC N15 N16 to TbCOSMIC N15 constructed from COSMIC-N15 pairs (Fig. 2a),
where the best fit for COSMIC-N15 pairs is

TbCOSMIC N15 = 0.981 · TbAMSU N15 + 4.33. (4)

By applying TbAMSU N15 in Fig. 2a to Eqs. (3) and (4), respectively, we have
the computed TbCOSMIC N15 and TbCOSMIC N15 N16 (Fig. 5a). Figure 5a depicts that
the correlation coefficient of TbCOSMIC N15 N16 and TbCOSMIC N15 is equal to 1.0 and

Fig. 5 Comparison of (a) COSMIC-calibrated N15 Tbs and N16-calibrated N15 Tbs, and (b)
COSMIC-calibrated N18 Tbs and N16-calibrated N18 Tbs. The best fit is in dash line. Diagonal
one-to-one fit is in gray solid line
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their mean bias is very close to zero (∼0.06 K). The very tight fit of TbCOSMIC N15

and TbCOSMIC N15 N16 (the standard deviation is about 0.04 K) demonstrates the con-
sistency between the slope and offset (calibration coefficients) found in the N15-
COSMIC pairs and those constructed from both N16-COSMIC pairs and N15-N16
pairs. The uncertainty of the N16-calibrated N15 Tbs is about 0.06 K when com-
pared to the COSMIC-calibrated N15 Tbs. Similarly, we can also calibrate N18 Tbs
using calibration coefficients for N16-COSMIC (Eq. 1) and N16-N18 pairs from
Fig. 3b. The best fit for N16-N18 pairs is

TbAMSU N18 = 1.003 · TbAMSU N16 − 1.127. (5)

The calibration coefficients for new COSMIC-N18 pairs reconstructed using Eqs.
(1) and (5) are

TbCOSMIC N18 N16 = 0.981 · TbAMSU N18 + 4.91, (6)

where the best fit for COSMIC-N18 pairs (Fig. 2c) is

TbCOSMIC N18 = 0.973 · TbAMSU N18 + 6.64. (7)

TbCOSMIC N18 N16 computed from Eq. (6) are plotted together with TbCOSMIC N18

computed from Eq. (7) in Fig. 5b. Figure 5 b shows that the correlation coefficient
of TbCOSMIC N18 N16 and TbCOSMIC N18 is equal to 1.0 and their mean bias is also very
close to zero (∼–0.01 K).

4 Conclusions and Future Work

The objective of this study is to demonstrate the potential to use GPS RO and
AMSU/MSU data to construct consistent climate temperature records. This is done
by using the COSMIC synthetic AMSU Tbs as calibration references to inter-
calibrate AMSU Tbs from N15, N16, and N18. Our analysis led to the following
conclusions.

1. The COSMIC synthetic AMSU Tbs are highly correlated with AMSU Tbs. The
mean Tb biases for AMSU-COSMIC pairs over the 60◦N to 90◦N zone and
the 60◦S to 90◦S zone are very consistent with the AMSU inter-satellite biases
from different missions. The variation of AMSU-COSMIC Tb biases is highly
coherent with the NOAA satellite orbit change with local time. AMSU-COSMIC
Tb biases are in general lower during the southern hemispheric winter in the
night and higher in the Northern Hemisphere in the day. Because COSMIC data,
unlike MSU/AMSU data, do not contain orbit drift errors and are not affected
by on-orbit heating and cooling of the satellite component, they are very use-
ful to identify the AMSU time/location-dependent biases for different missions.
The mean AMSU-COSMIC Tb biases for different NOAA missions are all
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negative. This may be due to the inconsistency between the AMSU opera-
tional calibration coefficients generated before launch and the orbital changes on
AMSU measurements after launch, and/or positive systematic biases introduced
from MWFCIMSS. We leave it for a future study.

2. The calibration coefficients found from NOAA-NOAA pairs are also consis-
tent with that of NOAA-COSMIC pairs. For example, we can construct the
calibration coefficients for new COSMIC-N15 pairs (AMSU Tb for the newly
derived N15 is TbCOSMIC N15 N16) using those from COSMIC-N16 and N15-N16
pairs. We assess the robustness of the slope and offset for the new COSMIC-
N15 pairs by comparing TbCOSMIC N15 N16 to TbCOSMIC N15 which is constructed
from COSMIC-N15 pairs. The tight fit of TbCOSMIC N15 and TbCOSMIC N15 N16

(the standard deviation is less than 0.1 K) demonstrates the consistency between
the slope and offset (calibration coefficients) found in the N15-COSMIC pairs
and those constructed using N16-COSMIC pairs and N15-N16 pairs.

Results here demonstrate that although there are only a few years of GPS RO
data from both COSMIC and CHAMP that are collocated with AMSU measure-
ments (from 2001 and beyond), we may still be able to use GPS RO data to inter-
calibrate AMSU/MSU data. The calibrated AMSU/MSU data, in turn, can be used
to calibrate other overlapping AMSU/MSU data for those years without GPS RO
data (e.g., from 1979 to 2001). In the future, multi-month data from GPS RO
and AMSU/MSU data will be used to further quantify the time/location-dependent
AMSU/MSU inter-satellite biases. The consistency of the calibration coefficients
among collocated NOAA Tb pairs from different missions and COSMIC-NOAA
pairs for different seasons of different years will also be examined.
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Lower Stratospheric Temperatures
from CHAMP RO Compared to MSU/AMSU
Records: An Analysis of Error Sources
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Abstract A comparison of lower stratospheric temperatures (TLS) from
(Advanced) Microwave Sounding Unit (MSU/AMSU) records with CHAMP radio
occultation (RO) data was performed for September 2001–December 2006. Syn-
thetic TLS temperatures were calculated by applying global weighting func-
tions to monthly RO temperature climatologies and alternatively by applying the
RTTOV 8.5 radiative transfer model to the individual CHAMP RO profile data
set. The results published by Steiner et al. (2007) showed very good agreement
of CHAMP TLS anomalies with MSU records from the University of Alabama in
Huntsville (UAH, USA) and from Remote Sensing Systems (RSS, USA) for intra-
annual variability. Statistically significant trend differences of UAH and RSS with
respect to CHAMP TLS anomalies were found in the tropics (–0.40 K/5 years to
–0.42 K/5 years). In this context error sources regarding the retrieval of RO data,
the building of climatologies, and the related synthetic MSU computation proce-
dure were analyzed and found to be of minor importance. In the NH extratropics
the TLS specific sampling error showed a significant negative trend which is pro-
jected globally but tropical trends are small. In total, the contribution of errors from
RO was found to be about an order of magnitude smaller than the trend differ-
ences and thus insufficient to account for them, especially in the tropical region.
Their resolution, currently pursued in a further study, requires either the presence
of currently unresolved biases in the MSU records or additional, so far overlooked,
sources of error in the RO TLS record. SAC-C, GRACE, and COSMIC TLS tem-
peratures were found to closely match CHAMP temperatures. The results underpin
that inter-comparison of independent estimates of the same variable from different
instruments is beneficial for the detection of residual weaknesses in otherwise high
quality climate records.
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1 Introduction

Long term upper air temperature records have been established from radiosonde
observations (Lanzante et al. 2003; Sherwood et al. 2005; Thorne et al. 2005b)
and from satellite observations with the Microwave Sounding Unit (MSU) and
the Advanced MSU (AMSU) (Christy et al. 2003; Grody et al. 2004; Christy
and Spencer 2005; Mears and Wentz 2005; Vinnikov et al. 2006). These temper-
ature trend series now show convergence toward surface warming estimates and
provide a better agreement with climate models (Santer et al. 2005; Karl et al.
2006). Still significant divergence remains in their long-term large-scale mean
trends (Seidel et al. 2004; Thorne et al. 2005a). Most likely radiosonde data under-
estimated tropical mean temperature trends (cooling trend bias) (McCarthy et al.
2008).

In this context the radio occultation (RO) technique offers new possibilities by
providing an independent type of high quality observations of the atmosphere. The
validation and climatological exploitation of RO data from GPS/MET (Schrøder
et al. 2003) and CHAMP (e.g., Schmidt et al. 2004; Gobiet et al. 2005; Borsche
et al. 2007) indicated the suitability of RO data for global climate monitoring
and modeling (Leroy et al. 2006; Foelsche et al. 2008a, 2009a,b). Steiner et al.
(2007) carried out a comparison of CHAMP RO data with MSU/AMSU and equiv-
alent radiosonde data sets and found significant trend differences to MSU/AMSU
TLS data in the tropical region which has also been confirmed by Ho et al.
(2007). In the current study we analyze in detail respective error sources regarding
the retrieval of RO data (potential initialization biases, dry temperature assump-
tion), the building of RO climatologies (sampling error) and the computation
procedure of MSU equivalents (static weighting function versus radiative transfer
model).

A short description of the respective data sets is given in Sect. 2 and the com-
parison setup is described in Sect. 3. The results of the study are presented and
discussed in Sect. 4. Section 5 summarizes our findings and conclusions and gives
a brief outlook to further investigations.

2 Data

Synthetic MSU temperatures were computed from CHAMP RO monthly tempera-
ture climatologies and from a few months of complementary RO climatologies from
SAC-C, GRACE, and COSMIC, derived at the WegCenter/UniGraz, Austria, as well
as from ECMWF analyses. We compared them with MSU temperature records pro-
vided by UAH, RSS, and HadAT2 as presented in the Report by the U.S. Climate
Change Science Program (CCSP) (Karl et al. 2006) and shown in Fig. 1 to pro-
vide context. We focus on the years 2001–2006 and on the upper troposphere/lower
stratosphere region (MSU TLS/T4 channel) where CHAMP RO retrievals have the
best data quality.
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Fig. 1 Global temperature anomalies smoothed with a 7-month moving average filter for the
lower stratosphere (TLS) derived from UAH (light gray) and RSS (black) brightness temperatures
and from HadAT2 radiosonde temperatures (dark gray) shown for the years 1979–2006. The time
period 2001–2006 used in this study for comparison with CHAMP RO data is delimited by dashed
vertical lines (Steiner et al. 2007)

2.1 GPS RO Temperature Climatologies

Based on CHAMP RO phase delay and orbit data (version 2 data set) provided by
the GFZ Potsdam (Wickert et al. 2004), atmospheric parameters were retrieved at
the WegCenter and a record of more than five years of CHAMP RO dry tempera-
ture climatologies has been established with the CHAMPCLIM retrieval version 2.3
(CCRv2.3). A description of the CCRv2.3 and the related quality control is given
by Borsche et al. (2006) and Gobiet et al. (2007). The construction of climatolo-
gies is described by Foelsche et al. (2008b). We used monthly-mean zonal-mean
CHAMP dry temperature climatologies at 10◦ latitude resolution as a function of
pressure up to 2.5 hPa (∼40 km) for the time span September 2001–December 2006.
An example of a monthly climatology is shown in Fig. 2 (Sect. 3.1). No CHAMP
data were available for July 2006 due to satellite problems. In addition, we used
RO data from three other satellites as independent “anchor points”, i.e., SAC-C for
June, July, August (JJA) 2002, GRACE for July 2006, and COSMIC for Decem-
ber 2006. SAC-C (version 2005.3090 data set) and COSMIC (version 1 data set)
phase delay and orbit data were provided by the University Corporation of Atmo-
spheric Research/COSMIC Data Analysis and Archival Center (UCAR/CDAAC),
Boulder (Rocken et al. 2000; Wu et al. 2005; Schreiner et al. 2007). GRACE
phase delay and orbit data (version 2 data set) were provided by GFZ Potsdam
(Wickert et al. 2005). The retrieval version CCRv2.3 has been applied to all RO
data used in this study ensuring a consistent data set. Possible inhomogeneities
which may be introduced due to phase and orbit data stemming from different pro-
cessing centers are currently under investigation. Regarding synthetic MSU bulk
temperatures the implications are estimated to be smaller than the sampling error
estimates.
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2.2 ECMWF Analyses

The ECMWF produces daily analyses through combination of a short-range fore-
cast with observational data based on four-dimensional variational assimilation
(ECMWF 2004). A resolution of T511L60 was used until February 2006, then a
major resolution upgrade was introduced on February 1, 2006 by increasing the
horizontal resolution to T799 and the vertical resolution to 91 levels (Untch et al.
2006). ECMWF analysis fields are operationally used as reference data in the Weg-
Center/UniGraz processing system, at a resolution of T42L60 until February 2006
and of T42L91 since then, at four time layers per day (00 UTC, 06 UTC, 12 UTC,
18 UTC). ECMWF climatologies were produced from the individual analyses at the
same resolution as CHAMP climatologies for the same time span.

2.3 MSU/AMSU Brightness Temperatures

MSU as a four channel radiometer provided layer average brightness tempera-
tures for four respective atmospheric layers. Channels 2 and 4 correspond to the
temperature in the middle troposphere (TMT) and the lower stratosphere (TLS),
respectively. Since 1998 AMSU samples the atmosphere using 20 spectral chan-
nels, with channels 5 and 9 closely matching MSU’s channels 2 and 4, respec-
tively, ensuring the continuation of the temperature time series (Christy et al. 2003).
In parallel, MSU data have been processed through December 2004. AMSU data
showed error characteristics indistinguishable from the earlier MSU products justi-
fying the generation of a homogenous MSU/AMSU time series. The bias between
AMSU9 and MSU4 was found to be about 0.3 K, which is a value within the
range of biases determined amongst the MSUs themselves (Christy et al. 2003).
Daily gridpoint (2.5◦ × 2.5◦ bins) noise estimates for TLS are < 0.2 K in the
tropics, increasing to 0.3–0.4 K (0.5–0.6 K) in the Northern (Southern) Hemi-
sphere mid-latitudes (http://ghrc.nsstc.nasa.gov/uso/readme/msulimb93.html#1).
We used version 5.1 of MSU data produced by UAH. Data were available at
http://vortex.nsstc.uah.edu/data/msu for December 1978–December 2006. We used
version 2.1 of MSU data produced by RSS and sponsored by the NOAA Climate
and Global Change Program. Data were available at www.remss.com for November
1978–December 2006. Monthly-mean brightness temperature anomalies are pro-
vided by UAH and RSS on a 2.5◦ × 2.5◦ latitude/longitude grid between ±82.5◦

together with 20 year monthly means over 1979–1998.

2.4 HadAT2 Radiosonde Data

HadAT2 temperatures are provided as monthly anomalies with respect to the
monthly 1966–1995 climatology from the year 1958 to present (10◦ longitude by
5◦ latitude grid on nine pressure levels). A detailed description of the construction
of the HadAT2 data set was given by Coleman and Thorne (2005) and by Thorne
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Table 1 Characteristics of the original data sets including information on version and horizontal
resolution as well as available time period and basic sampling (Steiner et al. 2007)

Data set characteristics

Data set Version
Horizontal
resolution

Time period
monthly data

Basic sampling
per day globally

CHAMP RO
SAC-C RO
GRACE RO
COSMIC RO

CCR v2.3 10◦ zonal means 09/2001–12/2006
06/2002–08/2002
06/2006
12/2006

∼ 150 profiles
∼ 150 profiles
∼ 150 profiles
∼ 200 profiles/satellite, 2

satellites used
ECMWF T42L60

T42L91
10◦ zonal means 09/2001–01/2006

02/2006–12/2006
∼ 8 000 grid points, 4

times/day
MSU/AMSU RSS v2.1

UAH v5.1
2.5◦ lat × 2.5◦ lon
2.5◦ lat × 2.5◦ lon

11/1978–12/2006
12/1978–12/2006

∼ 30 000 TLS observations

HadAT2 MSU HadAT2 5◦ zonal means 01/1958–12/2006 1–2 soundings, 676 stations

et al. (2005b). Standard deviations of global monthly temperature anomalies of
radiosonde time-series are about 0.45 K in the stratosphere (Seidel et al. 2004).

Sampling errors become important in the Southern Hemisphere where not all
latitude bands are represented and above 100 hPa where there is a significant reduc-
tion of measurements. Due to systematic uncertainties (daytime biases) and limita-
tions in the homogenization method trends from HadAT2 are potentially underes-
timated in the tropical troposphere (McCarthy et al. 2008). This problem may be
overcome with new adjusted radiosonde time series (Haimberger 2007; Haimberger
et al. 2008) which will be better suited for future climate studies.

Synthetic MSU temperatures based on HadAT2 were available from the Hadley
Centre/Met Office, UK, at www.hadobs.org. We used monthly-mean zonal-means
at 5◦ latitude resolution for TLS, which were available for January 1958–December
2006. The data set characteristics are summarized in Table 1.

3 Method

The analysis was performed for monthly and zonal means for four regions, one
global region (more precisely quasi-global, 70◦S to 70◦N), and three sub-regions:
tropics (20◦S to 20◦N), Northern Hemisphere (NH) extratropics (30◦N to 70◦N) and
Southern Hemisphere (SH) extratropics (30◦S to 70◦S), respectively (see Fig. 2).
The comparison was made for the years 2001–2006.

The different data sets were brought to the same basic setup. RO climatologies
were provided as 10◦ zonal means based on averaging of individual RO profiles
weighted by the cosine of the latitude (Foelsche et al. 2008b). We note that in case
of fewer and irregularly distributed occultations (e.g., GPS/MET) spatial mapping
functions might be used in such zonal bands (Schrøder et al. 2003). MSU/AMSU
data from UAH and RSS were averaged to 2.5◦ zonal means. Then weighted aver-
ages (weighted by the cosine of the latitude) for the four regions were produced.
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Synthetic TLS temperatures were calculated for RO and ECMWF data by apply-
ing global weighting functions to zonal-mean monthly-mean temperature climatol-
ogy profiles and alternatively by applying the RTTOV 8.5 radiative transfer model
to the individual profile data set. TLS temperature anomalies were calculated for
each data set using the monthly-mean averaged over the years 2002–2005 as refer-
ence. The CHAMP averages were used as basis for the computation of the anomaly
values of the SAC-C, GRACE, and COSMIC months as well. A detailed description
on the calculation procedure is given in Steiner et al. (2007).

3.1 Synthetic MSU Temperatures Using Weighting Functions

The vertical weighting function describes the relative contribution that microwave
radiation emitted by a layer in the atmosphere makes to the total intensity measured
above the atmosphere on board a satellite. Thus, the brightness temperature for each
MSU/AMSU channel corresponds to an average temperature of the atmosphere
averaged over that channel’s weighting function. For the vertical profile of TLS,
90% of the emissions are generated from the layer between 150 hPa (∼12 km)
and 20 hPa (∼26 km). In the tropics, about 20% of the emissions contributing to
TLS originate below the tropopause, here TLS does not exclusively represent strato-
spheric temperature anomalies (Christy et al. 2003).

RSS provided the weighting functions as instantaneous values at given altitudes
whilst UAH provided static mean weighting functions over 5 hPa layers. Both types
of weighting functions were converted to CHAMP pressure levels (Fig. 3) and
applied to CHAMP temperature climatology profiles. Due to the small differences

– – – – – – – – –

Fig. 2 CHAMP temperature climatology for July 2005,
monthly and zonal means for 10◦ latitude bands on 0.2 km
vertical grid. Investigated regions (dashed): global (70◦S
to 70◦N), tropics (20◦S to 20◦N), NH/SH extratropics
(30◦N to 70◦N)/(30◦S to 70◦S) (Steiner et al. 2007)

Fig. 3 MSU/AMSU TLS weight-
ing functions from RSS and
UAH at CHAMP pressure levels.
The respective vertical gridding
is indicated on the height axis
(right)
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of the CHAMP TLS temperatures derived with the different weighting functions,
the averaged TLS temperature of the two was used for further comparison.

3.2 Synthetic MSU Temperatures Using RTTOVS 8.5

As a validity test we alternatively applied the state-of-the-art RTTOV 8.5 radia-
tive transfer model (Saunders and Brunel 2004; Saunders et al. 2006) to
the individual CHAMP RO profile data set for the whole time period under
study. The RTTOV 8.5 model was available from the MetOffice (Exeter, UK)
at http://www.metoffice.gov.uk/research/interproj/nwpsaf/rtm/. Radiative transfer
models account for land/sea differences in surface emissivity and for variations in
atmospheric temperature and moisture as a function of space and time. According
to Santer et al. (2000) the two methods agree best in the lower stratosphere, since
the TLS temperatures are largely insensitive to tropospheric and surface variability.
They found trend differences of < 0.01 K/decade globally and < 0.02 K/decade
on hemispheric scales arising from the choice of method for computing equivalent
MSU temperatures (Santer et al. 2000) which has been confirmed by the results of
the current study (see Sect. 4.2).

4 Results and Discussion

4.1 Comparison of TLS Temperatures

Results of the comparison of synthetic CHAMP TLS temperatures to MSU/AMSU
records from UAH and RSS as well as to synthetic ECMWF and HadAT2 TLS
temperatures are presented in Fig. 4 for the tropical region. SAC-C, GRACE, and
COSMIC “anchor point” months are also shown, their TLS temperatures closely
match CHAMP temperatures within the sampling error range of < 0.3 K (Fig. 4a).
Regarding absolute TLS temperatures (Fig. 4a), ECMWF agrees best with RSS until
January 2006, then it closely follows CHAMP due to improvement in ECMWF
resolution. Global offsets relative to CHAMP are 0.11 K (±0.31 K) for UAH and
−0.69 K (±0.16 K) for RSS. These different offsets can be explained by the dif-
ferent reference climatologies provided by UAH and RSS (for the calculation of
absolute temperatures) due to different processing, calibration, and merging proce-
dures. A detailed discussion is given in Steiner et al. (2007).

TLS temperature anomalies exhibit overall a very good agreement between
UAH, RSS, ECMWF, and CHAMP in all analyzed regions for intra-annual
variability (RMS of de-trended anomaly differences of the other data sets to
CHAMP < 0.1 K globally, 0.1 K in the tropics, and < 0.25 K in the extratropics).
Highest variability of all data sets occurs in the SH extratropics, where especially
HadAT2 anomalies exhibit larger RMS differences (about a factor of two; factor of
four in the SH extratropics due to sparse data).
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Fig. 4 Synthetic TLS
temperatures from CHAMP
compared to real
MSU/AMSU records from
UAH (blue) and RSS (red), as
well as HadAT radiosonde
(green) records and ECMWF
(yellow) shown for the
tropical region. “Anchor
point” months from SAC-C,
GRACE, and COSMIC are
marked with black dots. (a)
Monthly-mean absolute TLS
temperatures. (b) TLS
temperature anomalies with
respect to 2002–2005 average
seasonal cycle. (c) Monthly
mean TLS anomaly
differences relative to
CHAMP

SAC-C, COSMIC, and GRACE show a difference to CHAMP of 0.1–0.2 K,
∼0.2 K, and ∼0.3 K, respectively, which is consistent with the sampling error of
these RO satellites (cf. Pirscher et al. 2007). The close matching of independent RO
data from different satellites in very different orbits indicates the consistency and
homogeneity of the RO data set.

The anomaly differences of the UAH, RSS, HadAT2, and ECMWF to CHAMP
RO are illustrated in Fig. 4c with the multi-year trends of UAH and RSS indicated as
trend lines. Regarding multi-year trend differences, HadAT2 shows no appreciable
difference from CHAMP trends. UAH and RSS exhibit a statistically significant
(at >95% confidence level) cooling trend difference relative to CHAMP globally
(–0.30 K/5 years and –0.36 K/5 years), with main contributions from the tropics
(–0.40 K/5 years and –0.42 K/5 years), while in the extratropics the trend differ-
ences are not significant. The results in the tropics are basically consistent with
the findings by Ho et al. (2007) showing values of −0.1 K (−0.2 K) between UAH
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Fig. 5 CHAMP RO initialization bias tests for
TLS temperature (perturbed minus unperturbed)
for the global region (a), the tropics (b), NH extra-
tropics (c), and SH extratropics (d)

Fig. 6 TLS temperature difference of physical
minus dry ECMWF temperature shown for the
global region (a), the tropics (b), NH extratrop-
ics (c), and SH extratropics (d)
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Fig. 7 Sampling error and number of occulta-
tions for CHAMP TLS temperature shown for the
global region (a), the tropics (b), NH extratropics
(c), and the SH extratropics (d)

Fig. 8 TLS temperature anomaly difference: using
RTTOV 8.5 minus using global weighting func-
tions. No data for Feb–May 2006 due to technical
reasons. Regions same as Fig. 7
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(RSS) with respect to CHAMP, the lower values can be explained by a different sam-
pling of MSU data and a different investigated time span (June 2001–June 2005).

4.2 Discussion of Error Contributions to RO TLS Data

We investigated error sources regarding the retrieval of RO data (potential ini-
tialization biases, dry temperature assumption), the computation of climatologies
(sampling error), and the related synthetic TLS computation procedure (weighting
function versus radiative transfer model).

Potential Initialization Biases: In the CCRv2.3 retrieval observed bending angle
profiles are combined with background bending angle profiles (ECMWF analyses)
in a statistically optimal way to minimize residual biases in atmospheric profiles
below 35 km. For each observed RO profile, collocated bending angle profiles are
computed from the ECMWF analysis field and expanded at up to 120 km using
MSISE-90 climatology. This allows the initialization of the hydrostatic integral
at very high altitudes (120 km), where the upper-boundary initialization has no
effect on the retrieved atmospheric parameters below 40 km. The resulting atmo-
spheric profiles are background-dominated above the stratopause and observation-
dominated below 40 km (see Schrøder et al. (2007) on the importance of the
stratopause concerning RO initialization). From validation with independent data
sets it was found that potential temperature biases are < 0.2 K in the global mean
within 10 km–30 km. Latitudinally resolved analyses show observationally con-
strained biases of < 0.2 K to 0.5 K up to 35 km in most cases, and up to 30 km in
any case, even if severely biased (about 10 K or more) a priori information is used
in the high altitude initialization of the retrieval (Gobiet et al. 2007). CHAMP biases
near 40 km can thus be expected not to exceed about 2 K. The effect of these levels
of bias up to 40 km is small in MSU TLS data, due to the small weighting function
contributions above 30 km. Perturbation tests are illustrated in Fig. 5 by means of
perturbed minus unperturbed TLS temperatures. They showed that biases (or trends
in biases over 5 years) linearly increasing from 0.1 K to 1 K or 0.2 K to 2 K from
30 km to 40 km lead to a bias in MSU TLS (or a trend in bias over 5 years) of
< 0.006 K or < 0.015 K, respectively. Even an increase from 1 K at 30 km to a 5 K
bias at 40 km (or a trend in bias of 5 K over 5 years) would lead to a spurious TLS
change of < 0.04 K only.

Dry Temperature Assumption: RO dry temperature profiles are used throughout
this study, i.e., the contribution of water vapor to refractivity is neglected. This
dry air assumption always holds to < 0.1 K differences between actual physical
and dry temperature at altitudes above 8 km in polar winter regimes and above
14 km in the tropics, respectively, with the dry temperature then becoming grad-
ually colder than the actual one deeper into the troposphere as humidity increases
(Foelsche et al. 2008b). We investigated this effect on the MSU TLS temperature
based on checks with ECMWF analysis data by integrating over dry temperature as
well as over physical temperature profiles. The difference in resulting synthetic TLS
temperatures is shown in Fig. 6. We found a negligible mean difference (ΔT) over
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2002–2006 of < 0.02 K in the tropics, of < 0.01 K globally and in the extratrop-
ics, respectively, with a negligible trend of < 0.001 K over the 5 year period. The
trend is indicated as δT5 yrs with the two sigma uncertainty of the trend in Figs. 6, 7,
and 8.

Sampling Error: Sampling error characteristics are estimated for CHAMP RO
climatologies based on ECMWF analyses (for details see Gobiet et al. 2005; Steiner
et al. 2006; Pirscher et al. 2007; Foelsche et al. 2008b). The sampling error for
these single-satellite climatologies results from uneven and sparse sampling in space
and time. The typical average CHAMP dry temperature sampling error for monthly
zonal means in 10◦-latitude bands is < 0.3 K in the upper troposphere and lower
stratosphere, with the local time component of sampling error being < 0.15 K
(Pirscher et al. 2007). For the investigated CHAMP data set the average number of
occultation events per month in the regions was 3364 globally, 832 for the tropics,
1044 for the NH extratropics, and 951 for the SH extratropics, respectively. Figure 7
shows the number of events over time as well as the corresponding average monthly
sampling error for the TLS temperatures (TLS weighting function applied to the
sampling error profile). The 2002–2006 standard deviation of the sampling error
was estimated to 0.08 K globally, 0.07 K for the tropics, 0.18 K for the NH extra-
tropics, and 0.17 K for the SH extratropics, respectively. Other than the 10 km–
40 km bulk layer estimate of the sampling error (used in Steiner et al. 2007) the
TLS specific sampling error interestingly shows a significant trend over 2002–2006
in the NH extratropics (−0.26 K±0.14 K, Fig. 7c) which also projects globally
(−0.12 K±0.07 K, Fig. 7a) while tropical trends are small (−0.06 K±0.06 K,
Fig. 7b). This transient change in the CHAMP sampling may possibly be due to
orbit changes of the CHAMP satellite and to changes in the GPS constellation over
the investigated time period, respectively. It may partly relate also to the major res-
olution upgrade in ECMWF analyses per February 2006 (see Sect. 2.2), however,
since 2002–2005 sampling error trends (not shown) are consistently smaller than
2002–2006 ones (e.g., NH extratropics −0.22 K±0.17 K, global −0.07 K±0.08 K,
tropics −0.02 K±0.07 K). The present estimates are thus possibly conservative esti-
mates for the “true” sampling error trends. Alternative estimates based on NCEP
(National Centers for Environmental Prediction) reanalyses, and a closer look into
CHAMP-GPS sampling pattern changes over time, will help in future to understand
the estimates in more detail.

TLS Computation Procedure: A further possible error source is the synthetic
MSU TLS computation procedure. The difference in absolute TLS brightness tem-
perature between using either the TLS static weighting functions on monthly mean
profiles or radiative transfer modeling for the RTTOV channel MSU4 on individ-
ual profiles was found on average < 0.2 K (individual maxima of monthly values
∼0.3 K) for all four regions used in this study. This is within the MSU4 and AMSU9
bias estimates of Christy et al. (2003). As shown in Fig. 8, the mean differences in
TLS anomalies (using RTTOV minus using weighting functions) were found to be
0.002 K±0.02 K globally, 0.003 K±0.03 K in the tropics, and 0.001 K±0.05 K
in the NH/SH extratropics. Overall they are < 0.1 K for all four regions, except
for a few individual months in the extratropics (still < 0.2 K). The differences do
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not show any significant drift over 2002–2006 (i.e., < 0.02 K). These results are
consistent with those of Santer et al. (2000) that using a radiative transfer model
or a suitable global weighting function for computing TLS temperatures yields to a
negligible difference in global and large-scale zonal means.

5 Summary, Conclusions, and Outlook

Steiner et al. (2007) carried out a comparison of MSU/AMSU TLS temperatures
from UAH and RSS, as well as of HadAT2 and ECMWF synthetic TLS tempera-
tures, with synthetic TLS temperatures derived from CHAMP RO. Synthetic TLS
temperatures were calculated by applying global weighting functions to RO temper-
ature climatology profiles and alternatively by applying the RTTOV 8.5 radiative
transfer model to the individual CHAMP RO profile data set. The analysis was per-
formed for September 2001–December 2006 for four regions, almost global (70◦S
to 70◦N), tropics (20◦S to 20◦N), NH extratropics (30◦N to 70◦N) and SH extrat-
ropics (30◦S to 70◦S). Statistically significant trend differences between UAH and
RSS to CHAMP TLS anomalies were found globally (–0.30 K/5 years to –0.36 K/5
years), stemming mainly from the tropics (–0.40 K/5 years to –0.42 K/5 years),
whilst in the extratropics these cooling trend differences were not significant.

In this respect known error sources regarding the retrieval of RO data, the build-
ing of climatologies, and the related computation procedure of synthetic MSU tem-
peratures were investigated and this study presented a closer analysis of these errors.
The analysis yielded estimates of RO trend uncertainty over 5 years of < 0.02 K for
potential initialization bias drifts, of < 0.02 K for dry/physical temperature differ-
ence, of about −0.1 K for TLS sampling error drift (significantly smaller in the trop-
ics), and of < 0.02 K for weighting function/radiative transfer model uncertainty.
The total contribution of these known error sources to the 5-year trend differences
is about an order of magnitude smaller than the detected trend differences, and thus
insufficient to account for them, especially in the tropical region.

The trend discrepancy is currently investigated in a follow on study and its reso-
lution requires either additional, so far overlooked, sources of error in the RO TLS
record or the presence of currently unresolved biases in the MSU records. Future
inter-comparison of trends in RO data records of independent processing centers,
and trace-back to the international time standard is planned to help quantify poten-
tial residual bias drifts.

For example, 2002–2006 RO records of four data centers (GFZ Potsdam, JPL
Pasadena, UCAR/CDAAC Boulder, WegCenter Graz) indicated a temperature trend
uncertainty amongst the four data sets of < 0.1 K/5 years at 10 km–30 km height in
the regions studied here (Ho et al. analysis, B. Ho, UCAR Boulder, pers. communi-
cations, 2007). This is again much smaller than the trend differences found relative
to MSU.

Furthermore, we found that SAC-C, GRACE, and COSMIC TLS temperatures
closely match CHAMP temperatures, indicating the consistency and homogeneity
of the RO data series.
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The results underpin the benefit of having multiple independent estimates of the
same variable from different instruments for detecting residual weaknesses in other-
wise high-quality climate records. Continued inter-comparison, and exploiting the
traceability of the RO data to the universal time standard (UTC), then enables us to
further reduce the uncertainty in the climate records in absolute terms.
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SimVis: An Interactive Visual Field Exploration
Tool Applied to Climate Research

F. Ladstädter, A.K. Steiner, B.C. Lackner, G. Kirchengast, P. Muigg,
J. Kehrer, and H. Doleisch

Abstract Climate research often deals with large multi-dimensional fields describ-
ing the state of the atmosphere. A novel approach to gain information about these
large data sets has become feasible only recently using 4D visualization tech-
niques. The Simulation Visualization (SimVis) software tool, developed by the
VRVis Research Center (Vienna, Austria), uses such techniques to provide access
to the data interactively and to explore and analyze large three-dimensional time-
dependent fields. Non-trivial visualization approaches are applied to provide a
responsive and useful interactive experience for the user. In this study we used
SimVis for the investigation of climate research data sets. An ECHAM5 climate
model run and the ERA-40 reanalysis data sets were explored, with the ultimate
goal to identify parameters and regions reacting most sensitive to climate change,
representing robust indicators. The focus lies on the upper troposphere-lower strato-
sphere (UTLS) region, in view of future applications of the findings to radio occulta-
tion (RO) climatologies. First results showing the capability of SimVis to deal with
climate data, including trend time series and spatial distributions of RO parameters
are presented.

1 Introduction

Since the upper troposphere-lower stratosphere (UTLS) region reacts sensitively to
climate change, the variations of its fundamental parameters such as temperature,
geopotential height of pressure levels, and refractivity are promising candidates
for monitoring the climate. All these key parameters are provided by RO obser-
vations with high quality in the UTLS and have high potential for climate anal-
ysis and monitoring (e.g., Leroy et al. 2006; Steiner et al. 2007; Foelsche et al.
2008a,b, 2009) and shall be explored to find the most favorable indicators for
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monitoring global atmospheric change. Due to the limited time period of available
RO data (available on a continuous basis only since September 2001) the param-
eters are explored in both reanalysis and global climate model (GCM) data first.
Climate models such as the ECHAM5 of the Max-Planck-Institute for Meteorol-
ogy (MPI-M) Hamburg provide long-term climate scenarios and are used over the
time frame 1961–2064. Reanalysis data, e.g., the ERA-40 data set of the Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF), are used from 1961
onwards, with special focus on the time period after 1979 when satellite data were
assimilated.

Complementary to classical trend testing methods to find the indicators of choice
(Lackner et al. 2009), a novel approach to visually explore the climate data sets is
used in this study. The interactive visual analysis tool SimVis (Doleisch et al. 2003;
Kehrer 2007) has been developed with special focus on dealing with large data sets,
which makes it particularly well applicable to the data fields occurring in climate
research. In SimVis, different aspects of the whole data set can be concurrently
analyzed in multiple linked views. The sophisticated feature specification tools of
SimVis provide a way to interactively select regions of interest (the so-called fea-
tures) in time and space. These techniques are used to gain an overview over all data
sets, to easily reveal deficiencies in the data, and to localize regions of trends with
high signal-to-noise ratio. No prior knowledge of the fields needs to be presumed,
and no subset needs to be preselected, since the data can be explored as a whole
at once. Interesting features can be specified while interactively exploring the field.
These characteristics can be regarded as the main advantages compared to classical
statistical methods.

Section 2 gives a brief description of the data sets used in this study. In Sect. 3 the
SimVis software tool is presented and its application to climate data is explained.
The results of the data set exploration are shown in Sect. 4, and conclusions are
drawn in Sect. 5.

2 Data

The data sets explored are an ECHAM5 Special Report on Emissions Scenar-
ios (SRES) A2 simulation (MPI-M Hamburg, Roeckner et al. (2003)) for the 4th
Assessment Report of the Intergovernmental Panel of Climate Change (IPCC AR4)
for the time period 1961–2064 and the ERA-40 reanalysis data set (obtained from
the ECMWF data server, Simmons and Gibson (2000)) for the time period 1961–
2002, respectively. Regarding the ECHAM5 A2 run starting 2001, the ECHAM5
IPCC 20th century run complemented the data before 2001.

The native resolutions were 1.875◦ × 1.875◦ on 16 pressure levels for ECHAM5
and 2.5◦ × 2.5◦ on 23 pressure levels for ERA-40, respectively. To obtain easy
comparability, the data were regridded to a common 2.5◦ × 2.5◦ grid in latitude and
longitude and to 18 pressure levels ranging from 1000–10 hPa. Due to the limited
representation of the 10 hPa level in ECHAM5 (Cordero and de F. Forster 2006),
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this upper boundary model level is not used in this study, and the highest level
effectively interpreted becomes the 20 hPa level for ECHAM5.

In this study we concentrate on seasonal (northern) summer means (JJA), explor-
ing the parameters temperature and refractivity from the ECHAM5 A2 run and
geopotential height and temperature from ERA-40, respectively. Decadal averages
and trends were generally used, i.e., 1966–2059 effective time span for ECHAM5
and 1966–1997 for ERA-40, respectively.

3 Method

To apply the feature-based visualization technique of SimVis to climate data, addi-
tional derived parameters were investigated. In this section the elements and termi-
nology of SimVis are presented, followed by a description of how to apply those
key elements to the climate data sets.

3.1 SimVis – The Simulation Visualization Tool

SimVis is a research software framework that was developed for the interac-
tive visualization and analysis of complex (4D, multi-variate) data resulting from
computational fluid dynamics (CFD) simulations, e.g., the injection and combus-
tion processes in car engines (Doleisch et al. 2005; Schmidt et al. 2005). The key
elements of this software framework such as interactive feature specification and
visualization, brushing, linked views, focus+context visualization, derived data, or
different types of views, are described in the following.

3.1.1 Feature-Based Visualization and Brushing

SimVis uses a feature-based visualization approach. This type of visualization is
characterized by the possibility to focus on especially interesting subsets of the data,
the so-called features. To give to the user the opportunity to interactively select fea-
tures becomes increasingly important when dealing with larger data sets. In SimVis
the user can specify features by a brushing mechanism in different views such as
scatterplots and histograms. Brushing simply means to select data points directly on
the screen (e.g., using the mouse), thus assigning a degree of interest (DOI) attribute
to each data point. The DOI can be either 0 or 1 in the case of a discrete feature
classification. In SimVis also fractional values of the DOI are possible, representing
a “fuzzy” selection (Doleisch and Hauser 2002).

In the different views the user can select data attributes (variables) of interest
(e.g., the temperature), which either stem directly from the imported data set or are
derived attributes (e.g., the temperature trend).
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3.1.2 Linked Views

Another important concept is the use of multiple, linked views. Different aspects of
the data set are shown in several views side by side. Brushing in one view is immedi-
ately propagated to all other views (Doleisch 2004). Thus changing the selection in
one of the views is immediately reflected in all other views, using a different color-
ing scheme for the selected data points. Visualizing different attributes (e.g., climate
state variables or diagnostic variables derived from them) in the views easily reveals
correlations as well as other distinctive features between the data attributes.

3.1.3 Focus+Context Visualization, 3D View

The 3D view is a core component of the visualization system and allows the user to
orientate both in space and time (if time-dependent data is available). SimVis uses a
focus+context (F+C) visualization (Hauser 2005): according to the DOI value, each
data item is either drawn in an emphasized way (being in focus) or in a reduced style
(e.g., transparent gray in the 3D view). This distinction is consistent through the
linking in all views, but plays an especially important role in the 3D view (Fig. 1) .
The user can easily distinguish between the relevant data with high degree of interest
(colored) and the context (in gray) in which it is located.

3.1.4 Derived Data

In order not to limit the user only to the data attributes (variables) already avail-
able in the imported data set itself, SimVis provides the possibility to perform cer-
tain mathematical operations on the existing attributes. This concept is very flexible

Fig. 1 SimVis 3D view.
Shown is the trend in
refractivity in the ECHAM5
data set for the year 2044
(seasonal summer means), for
all pressure levels (“sheets”)
from 1000–20 hPa; each
“sheet” itself is a
latitude-vs.-longitude slice.
Data points with high values
of the signal-to-noise ratio
(see Sect. 3.2) are selected
(“in focus”) and colored
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and easily extendable in the SimVis system. Currently available formulae include,
for example, temporal and spatial gradients, data smoothing, elementary algebraic
expressions, and normalizations.

3.1.5 Types of Views

There are several types of views available in SimVis, the most important ones being
scatterplot, histogram, curve, and 3D view. In scatterplot and histogram views selec-
tions can be made via the brushing mechanism explained above. The curve view
(Kehrer 2007; Muigg et al. 2008) shows the variation in time of each data point,
drawn on top of each other. In this view, advanced brushing mechanisms can be
applied, such as selecting all curves going through a certain volume in time and
parameter space. The 3D view is a passive view (i.e., no selections can be made
here) displaying the specified features using F+C visualization. Here, interaction in
space and time as well as viewing perspective changes are available.

3.2 SimVis Application to Climate Data

To apply the techniques of feature-based visualization to climate data sets, we need
to think about what to consider as features of special interest. The basic parameters
available such as temperature, refractivity, and geopotential height have rather well-
known dependencies between each other, so additional insight is anticipated mainly
from investigating newly derived parameters.

Two derived parameters are considered: The linear trend calculated as a moving
10-years-difference and the signal-to-noise ratio (SNR) defined as the ratio of the
trend to the detrended standard deviation. To detect and explore regions sensitive
to climate change in time and space, the features of interest are composed of high
values for the linear trend while maintaining a high SNR. To obtain these features
the following parameters are generated:

• Smoothed Data yav: To generate the linear trend the data y is first smoothed using
a moving arithmetic average with an averaging timeframe of 11 years.

• Linear Trend b: The linear trend per year bi (where i denotes the center year of
the current timeframe) is calculated as a moving 10-years difference between the
data of year i + 5 and year i − 5 (Eq. 1). Due to the exponential character of
the refractivity with height, the relative trend (in %) is generated in this case in
relation to the first value of the current timeframe (Eq. 2).

bi = 1

10
(yav

i+5 − yav
i−5) (1)

brel
i = 100

yav
i−5

1

10
(yav

i+5 − yav
i−5). (2)
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• Linear Trend Fit Curve yFIT: The trend fit curve for each 11-years timeframe is
calculated using the above difference bi as the slope:

yFIT
i j = yav

i−5 + [ j − (i − 5)] bi , (3)

where i is the center year of the current 11-years timeframe and j runs from i − 5
to i + 5.

• Detrended Standard Deviation s: The fitted trend curve is removed from the orig-
inal data y to obtain the detrended standard deviation for the current timeframe:

si =
⎡
⎣ 1

11 − 2

i+5∑
j=i−5

(
y j − yFIT

i j

)2

⎤
⎦

1
2

. (4)

• Signal-to-Noise Ratio (SNR): Finally, the signal-to-noise ratio is defined as the
ratio of the trend to the standard deviation:

SNRi = bi

si
. (5)

4 Results

A selection of screenshots showing different aspects of the data using the derived
parameters described in Sect. 3.2 (trends/10 years and SNR/10 years, respectively)
is presented in Figs. 2 and 3 for the ECHAM5 model and in Figs. 4 and 5 for the
ERA-40 reanalysis data, respectively. The color intensity depicts the density of the
value in the whole data set. Features selected in several views are depicted in red,
features selected only in the current view are shown in blue, and context information
in black.

The distribution of the signal-to-noise ratio for each time-step for temperature
and refractivity is shown in Fig. 2a and 2d, respectively. Selected are values of the
|SNR| ≥ 1. This selection is carried out directly in the scatterplot using the brushing
mechanism described in Sect. 3.1.1. Any change in this selection (or in any of the
subsequently described ones) is immediately propagated into all other views. In
Fig. 2b and 2e , the variation of the linear trend (relative trend for the refractivity)
over time is shown using the curve view. The additional constraint of selecting high
SNR values reflects in the red colored curves. The inversely proportional behavior of
temperature and refractivity is clearly observed. Note that the negative temperature
(positive refractivity) trend with high significance (high SNR) is prominent over
the whole time period, compared to the positive temperature (negative refractivity)
trend with high significance only visible in later time periods.

The trend distribution with latitude in Fig. 2c and 2f shows, among other things,
that points with high trend values are often also associated with comparably low
SNR values (in blue).



SimVis: An Interactive Visual Field Exploration Tool Applied to Climate Research 241

Fig. 2 ECHAM5 A2, temperature (in K) in (a)–(c) and refractivity (in N-units) in (d)–(f): Selec-
tion of high values of SNR in (a)/(d), the corresponding pattern in the trend variation over time in
(b)/(e), and the trend distribution vs. latitude in (c)/(f) are depicted. |SNR| ≥ 1 shown in red

Fig. 3 ECHAM5 A2, temperature (in K) represented in (a)–(c) and refractivity (in N-units) in
(d)–(f): Selection of one specific feature ((a)/(d), denoted by rectangle box) and the corresponding
trend distribution versus latitude in (b)/(e); overview latitude vs. pressure level plot, again without
rectangle box selection in (c)/(f), |SNR| ≥ 1 shown in red



242 F. Ladstädter et al.

Fig. 4 ERA-40, geopotential height trend (in gpm/10 years): Exclusion of southern high latitudes
in black, high SNR in red in (a); resulting trend variation over time, selected latitudes in red in (b);
additional selection of |SNR| ≥ 1 in (c) and (d); additionally restriction to post-1979 time period
in (e) and (f)

The height distribution in Fig. 3a and 3d shows that positive temperature (nega-
tive refractivity) trends stem from the troposphere, and that the negative temperature
(positive refractivity) trends stem from the upper pressure levels corresponding to
the lower stratosphere region, as expected. The SNR-selected data points are marked
in red again. Specific selection (rectangle box) is now imposed for negative tem-
perature (positive refractivity) trends at the 150 hPa and 200 hPa levels. With this
new selection applied, the red-colored trend distribution with latitude changes from
Fig. 2c/2f to what is shown in Fig. 3b/3e. It can be observed that the significant
trend features stem only from northern high latitudes, where they are well inside the
stratosphere, as expected.

An overview of the spatial distribution of data points with |SNR| ≥ 1 (without
rectangle box selection) is gained in the plots 3c and f, where pressure levels versus
latitude are plotted. Values with high SNR are in particular found at the topmost
levels (20–30 hPa) in the ECHAM5 model run, corresponding to robust negative
temperature (positive refractivity) trends in the lower stratosphere observable over
the whole investigated time period (see Fig. 2b/2e). Note that at low levels with
weaker |SNR| ≥ 1 presence, the red color dots are effectively “buried” in the pre-
dominant blue color dots (visible on the screen, though).

For the ERA-40 reanalysis the distribution of the geopotential height trend with
latitude in Fig. 4a (again |SNR| ≥ 1 in red) shows high trend variation in southern
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Fig. 5 ERA-40, temperature trend (in K/10 years); selection of a confined trend curve ensemble in
red in (a); corresponding latitude vs. trend distribution in (b); exclusion of southern high latitudes
and |SNR| ≥ 1 values in (c); restrict additionally to post-1979 in (d)–(f)

high latitudes, which is a spurious feature according to Santer et al. (2004). The
selection was restricted to data over 90◦N to 60◦S accordingly. The resulting time
variation of the geopotential height trend shown in Fig. 4b (only the latitude selec-
tion applies here) now has most outliers removed, with the remaining data points in
red. Applying the selection of |SNR| ≥ 1 values again further improves the result
(Fig. 4c), with some outliers still present in the early years of the data set. The same
selections apply for the plot in Fig. 4d, still showing a somewhat ambiguous distri-
bution with pressure levels. Restricting to the post-1979 era when satellite data were
assimilated (Uppala et al. 2004) displays a better-contrasted height distribution in
Fig. 4e. The pressure levels versus latitude plot (Fig. 4f) is based on all selections
described above and presents best SNR for the lower stratosphere at northern high
latitudes (negative trends, see Fig. 4e) and the lower tropical troposphere (positive
trends, partly up to the lower stratosphere), respectively.

High variation of the ERA-40 temperature trends in time is observed in Fig. 5a.
Some of the temperature trend curves showing the highest variation over time are
selected in the curve view (red) and analyzed further. The corresponding latitude
distribution of the trend in Fig. 5b reveals that it is a spurious feature since it stems
from the southern high latitudes. Restricting to 90◦N to 60◦S and selecting |SNR|
≥ 1 (deselecting the curve ensemble before) leads to the trend variation in Fig. 5c.
Limiting the time period to the post-1979 era further removes highly variable trends
and yields the spatial distributions depicted in Fig. 5d–f. As seen in Fig. 5f, high
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SNR (in red) appears in the lower stratosphere region at northern high latitudes for
negative trends and in the tropical upper troposphere for positive trends (again, the
latter feature is better visible on the screen).

5 Conclusions and Outlook

Using data sets from the ECHAM5 model and the ERA-40 reanalysis we analyzed
atmospheric parameters accessible to RO measurements with focus on the UTLS
region. We presented the investigation of these large climate data fields using a novel
visualization method. The interactive visual field exploration tool SimVis enables
the exploration of the whole data set at once and interesting features can be interac-
tively selected by the user.

The utility of this method was demonstrated on the basis of the localization of
trends with high SNR in space and in time. Temperature and refractivity from the
ECHAM5 model run show robust and sensitive trends in the lower stratosphere
region over the whole investigated time period, with considerable contributions from
the upper troposphere. Deficiencies in the ERA-40 reanalysis, analyzed in geopo-
tential height and temperature, at southern high latitudes and in early years of the
pre-satellite era could be detected. Regions of high SNR reside in the lower strato-
sphere at northern high latitudes and in the tropical lower troposphere. Ongoing
work focuses on the application of the findings to RO observations, the intercom-
parison of multiple climate model fields, and detailed classical statistical analysis in
domains of interest.
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Trend Indicators of Atmospheric Climate
Change Based on Global Climate Model
Scenarios

B.C. Lackner, A.K. Steiner, F. Ladstädter, and G. Kirchengast

Abstract The upper troposphere-lower stratosphere (UTLS) region is reacting par-
ticularly sensitive to climate change and variations of its key parameters are very
good candidates for the monitoring and diagnosis of climate change. This study aims
at revealing the most promising atmospheric climate change indicators in this region
which are accessible by radio occultation (RO) observations. RO based climatolo-
gies show the highest data quality in the UTLS. Due to the availability of continuous
RO data only since the end of 2001, longer-term climatologies of three representa-
tive global climate models were investigated in this respect. We demonstrate that the
RO method can valuably contribute to climate monitoring by providing climatolo-
gies of a set of atmospheric parameters such as refractivity, geopotential height, and
temperature, which differ in sensitivity at different heights and in different regions
and cover the UTLS as a whole.

1 Introduction

The vertical thermal structure of the atmosphere reflects a balance between radiative,
convective, and dynamical heating and cooling processes of the surface-atmosphere
system. In the troposphere radiative processes involving greenhouse gases, aerosols,
and clouds dominate together with strong moist convection and dynamical (vertical)
motions (e.g., Holton 2004). The latter are weak in the stratosphere where radiative
heating and cooling rates due to mainly carbon dioxide, ozone, and water vapor
are of importance (e.g., Andrews et al. 1987). Changes in the upper troposphere-
lower stratosphere (UTLS) region have strong impact on the Earth’s climate system,
consequently climate monitoring is in need of long-term stable, self-calibrating, and
well height-resolved global data in this region. Up to now, temperature changes
are commonly used as climate change benchmarks in trend studies, mostly with

B.C. Lackner (B)
Wegener Center for Climate and Global Change (WegCenter) and Institute for Geophysics,
Astrophysics, and Meteorology (IGAM), University of Graz, Austria
e-mail: bettina.lackner@uni-graz.at

A. Steiner et al. (eds.), New Horizons in Occultation Research,
DOI 10.1007/978-3-642-00321-9 20, C© Springer-Verlag Berlin Heidelberg 2009

247



248 B.C. Lackner et al.

focus on surface changes. The establishment of radiosondes in the 1960 s and space
borne measurement systems in the late 1970 s enabled the investigation of upper-air
temperature (Karl et al. 2006).

Climatologies based on atmospheric profiles retrieved from RO observations
allow the monitoring and diagnosis of climate change (Leroy et al. 2006). The
RO method provides high quality atmospheric parameters in the UTLS comprising
refractivity, pressure, geopotential height, temperature, and in the lower to middle
troposphere specific humidity (see e.g. for CHAMP data Wickert et al. 2004; Hajj
et al. 2004; Steiner et al. 2006). These parameters are highly relevant to investigate
upper tropospheric warming and lower stratospheric cooling in a changing climate.

This study aims at demonstrating the potential of the whole set of RO accessible
parameters as climate change indicators in the UTLS region. We define an indicator
as a variable, which succeeds best to map the process of anthropogenic climate
change in a certain space and time domain. Due to the still limited length of real
RO time series (end 2001–2007), we use climate simulations of three representative
global circulation models (GCMs). Section 2 gives an overview of the data used
within this study and their characteristics. The study design and the trend analysis
method as well as the method used to identify the most sensitive parameters and
their respective temporal and spatial features is described in Sect. 3. Results are
presented in Sect. 4 and discussed with respect to RO in Sect. 5, while in Sect. 6 a
summary is given and conclusions are drawn.

2 Data

RO measurements have been continuously available since 2001 only, which can
be considered as too short for climatological trend analysis. Thus, the potential of
climate monitoring by RO accessible parameters is explored by using simulations
of three representative global circulation models of the Intergovernmental Panel on
Climate Change (IPCC) Fourth Assessment Report (AR4). The Atmosphere-Ocean
GCMs participating in the IPCC model comparison represent the most advanced and
comprehensive set of climate simulations so far produced (Cordero and de Forster
2006). We concentrate on the 1961–2060 period employing a concatenation of 20th
century and Special Report on Emission Scenarios (SRES) A2 as well as B1 runs of
the three GCMs:

• CCSM3 from the National Centers for Environmental Prediction (NCEP) and the
National Center for Atmospheric Research (NCAR) (Collins et al. 2006), 5 runs
A2, 7 runs B1;

• ECHAM5 from the Max-Planck-Institute for Meteorology in Hamburg (MPI)
(Roeckner et al. 2003), 3 runs A2, 3 runs B1;

• HadCM3 from the Hadley Centre for Climate Prediction and Research of the
UK-MetOffice (Gordon et al. 2000; Pope et al. 2000), 1 run A2, 1 run B1.
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The data are available for download from the WCRP CMIP31 multi-model
database.2 The models’ climate projections, based upon forcings of varying
strengths, form the basis of our knowledge about the anticipated range of pos-
sible future climate change. Model results differ depending on the kind of natu-
ral and anthropogenic forcings used within the simulations. Besides greenhouse
gas forcings, which are prescribed by the A2 and B1 scenarios, the use of ozone
forcing plays an essential role for simulating stratospheric temperatures and thus
models including ozone forcings should be given preference in stratospheric stud-
ies. All selected models use ozone depletion and recovery forcings in their simula-
tions (Roeckner et al. 2005, Jerry Meehl, NCAR/USA, Tim Johns, MetOffice/U.K.,
Jonathan Gregory, MetOffice/U.K., personal communication, 12/2007), and thus are
qualified for our study. Furthermore, the three selected models show different char-
acteristics of internal variation and intensity of circulation (ECHAM5 stronger than
CCSM3, HadCM3 in between, cf. Leroy et al. 2006; Meehl et al. 2007). They cover
a good range of variability and thus comprise a representative set of GCMs with
respect to the whole set of IPCC AR4 models (Reichler and Kim 2008).

The original data, featuring different resolutions (of at least about 2.5◦ × 2.5◦),
were regridded to a common 2.5◦ × 2.5◦ grid in latitude and longitude. For every
seasonal and annual mean we analyzed refractivity (N), geopotential height (Z),
temperature (T), and specific humidity (q)—parameters which are provided by RO
measurements—on 18 pressure levels ranging from 1000–10 hPa. While Z, T, and
q fields are available for download from the WCRP CMIP3 multi-model database,
N was derived using the classical Smith-Weintraub formula (Smith and Weintraub
1953).

Even though global-scale climate statistics, such as global mean climatolo-
gies of atmospheric parameters, provide in general good indicators for global
climate change, regional statistics allow more sophisticated and detailed interpre-
tations.

Thus, a combination of 6 large-scale zonal bands and 30 regions was used
(Fig. 1). The zonal bands (marked at the left and right border) range from global
mean climatologies over hemispheric means to zonal bands of 30◦ in latitude. The
30 regions follow the definition in Chapter 11 (Christensen et al. 2007) of the IPCC
AR4. They include 22 land regions (solid lines in Fig. 1), 6 regions covering oceanic
areas (dotted lines in Fig. 1) and 2 covering the polar caps (ARC, ANT, marked at
the right side of Fig. 1), respectively. These IPCC region definitions are similar to
those of Giorgi and Francisco (2000). The combination of the 30 IPCC regions and
the 6 zonal bands is hereinafter addressed as IPCC+ regions. The regional parame-
ter values were derived for each pressure level from the basic 2.5◦ × 2.5◦ grid using
area-weighted averaging.

1World Climate Research Programme’s (WCRP’s) Working Group on Coupled Modelling
(WGCM)
2esg.llnl.gov:8080/home/publicHomePage.do, 11/2007
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Fig. 1 Large-scale climate regions over land (solid boxes) and oceans (dotted boxes) based on
IPCC (2007) definitions, complemented by global-scale zonal band regions for the tropics, mid-
latitudes, and a “non-polar” global region (marked at both sides)

3 Method

The aim of the study is to reveal the most promising atmospheric climate change
indicators for RO accessible parameters in the UTLS domain for the 36 IPCC+
regions. Altogether 20 different realizations (runs) of A2 and B1 scenarios of the
ECHAM5, CCSM3, and HadCM3 were considered (see Sect. 2).

Linear trends (least-square estimates), b, were calculated over 2001–2050 for
each pressure level based on anomalies with respect to the 1961–1990 climatolog-
ical mean. Given the regression line obtained, ŷ(t) (Eq. 1), the regression residuals
e(t) (Eq. 2) describe the deviations of the observed values y(t) from the regression
line:

ŷ(t) = a + bt (1)

e(t) = y(t) − ŷ(t) (2)

The variance of the residuals, s2
e , is given by

s2
e = (n − 2)−1

∑
i

ei (t)
2, (3)

where n is the number of samples (years) in the time series.
The significance of the trends was determined according to Santer et al. (2000)

and Wilks (2005), using Students t-test and considering lag-1 autocorrelation (r1),
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reducing n to the effective sample size ne = n(1 − r1)/(1 + r1), which was used to
determine the critical t-value. The test value tb is given by the ratio of the trend b
itself and the standard error of the trend sb given by

sb = se

(∑
i

(ti − t̄)2

)−1/2

. (4)

The coefficient of determination, R2, was chosen as goodness-of-fit measure. It
is the ratio of the sum of squares of deviations of the regression line from the mean
value ȳ (SSR) and the sum of squares of deviations from the mean value (SST):

R2 = SSR

SST
=

(
N∑

i=1

(ŷi − ȳ)2

)(
N∑

i=1

(yi − ȳ)2

)−1

. (5)

Based on the results of the trend analysis, criteria for best trend indicators were
formulated as follows:

• for each scenario (A2 or B1) all—or all but one—trends have the same algebraic
sign,

• at least 3/4 of all runs (A2 and B1) show a goodness-of-fit of R2 ≥ 0.5,
• at least 3/4 of all runs (A2 and B1) show a statistical significance ≥ 90% for the

trends.

The criteria were carefully selected to ensure the unveiling of the most robust spa-
tially dependent trend characteristics of all RO accessible parameters in the UTLS
region.

4 Results

In a first step we inspected height-resolved time series, which showed that in most
regions the climate change signal of the UTLS is even visible by the naked eye.
Figure 2 depicts, as an example, time series of geopotential height anomalies for
northern hemispheric summer as simulated by one arbitrarily chosen ECHAM5
run for large-scale zonal mean bands. The time period 2001–2050 is highlighted
with a frame since it was the basis for subsequent trend analysis (see Sect. 3). The
model simulations show a strong signal of a geopotential height increase, reflect-
ing the thermal expansion due to tropospheric temperature rise, through almost the
whole UTLS region, typically up to about 20 hPa. The pressure levels of maximum
increase depend on the region’s latitude: in the tropics, the strongest signal can be
found around 50 hPa, in the mid-latitudes around 150–100 hPa and in the Arctic
region even below. In the extra-tropics, stratospheric cooling leads to a decrease of
geopotential height above around 20 hPa. Signals around and above this height level
must be interpreted with caution, since the upper boundary layer of all investigated
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Fig. 2 Time evolution (20th century combined with SRES A2) of ECHAM5 seasonal mean JJA
geopotential height profiles in five zonal IPCC+ regional bands (from IPCC Arctic region/ARC via
the northern mid-latitudes/NHM, the tropics/TRO, and southern mid-latitudes/SHM to the IPCC
Antarctic region/ANT). The time period 2001–2050, which forms the basis for the trend analysis,
is highlighted with a frame

models is 10 hPa, yielding probably untrustworthy results there (Cordero and de
Forster 2006). At higher latitudes, the year to year variations in the strength of the
polar vortex cover a possible climate change signal and thus polar regions are not
suitable for this kind of climate change tracing during the hemispheric winter, as
shown for Antarctica (Fig. 2, bottom panel). The atmospheric parameters N, T, and
q (not shown) also exhibit strong climate signals during the first part of the 21th
century.

For most regions, the trends of the model runs agree quite well in magnitude
and direction (Fig. 3, left, shows an example), a fact that deserves great impor-
tance for qualifying as best trend indicators (see Sect. 3). The trend signal of
various runs of an individual model shows generally similar vertical peculiarities.
Large discrepancies occur for trends at high latitudes in the winter hemisphere, as
shown for Alaska in Fig. 3, right panel: above about 100 hPa, CCSM3 has a ten-
dency towards pronounced negative temperature trends, ECHAM5 to rather positive
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Fig. 3 Temperature trends
for two selected regions
(60◦N–60◦S and Alaska) of
ECHAM5 seasonal mean
DJF temperatures

trends. Such discrepancies lead to an exclusion of those regions as trend indicators,
due to the criteria defined.

Besides the consistent direction of trends across the ensemble of model runs,
trend significance and goodness-of-fit determine the identification of best trend indi-
cators. Figure 4 illustrates these quantities for refractivity in fall as an example.

Fig. 4 Trend significances (left) and goodness-of-fit (right) in northern Europe (NEU, top) and
eastern Asia (EAS, bottom) for SON refractivity. The results of all model runs (columns in the
plots) at all pressure levels (rows of the plots) are presented. In the left hand side plots, dark
gray cells indicate significances greater than 99%, medium gray 95–99%, and light gray 90–95%,
respectively. A positive sign of the trend is marked by a circle spot in the cell
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Most regions show high significances of trends at selected height ranges. The sig-
nificances plots (Fig. 4, left) give for each parameter a good overview of regions and
height ranges that are particularly sensitive to climate change. However, goodness-
of-fit turned out to be the limiting factor for the assessment of best trend indicators.
Figure 4 (right) presents the respective values for R2. The shading is chosen in a way
that dark boxes indicate better fits. Best fits agree mostly quite well with high sig-
nificances of the trends, but regions which are dominated by a higher variability—
which leads to a worse ratio between the total variance in the data and the variance
explained by the regression and thus to a worse goodness-of-fit value—are sorted
out. As shown with the direction of trends (see Fig. 3), these regions are mainly
found at high latitudes of the winter hemisphere.

In the last step of the study, the results of the trend analysis were merged accord-
ing to the criteria defined in Sect. 3, allowing the identification of geographical
regions and height domains qualified for best trend indicators. Figure 5 presents a
summary of the trend study’s results. For each RO accessible parameter, one exam-
ple season is shown. Within each plot, one box represents one pressure level (the
rows) of one region (the columns). If the criteria defined are fulfilled, the box is
colored. The gray shading indicates the significance level of the detected trends, the
circle spot marks the positive trend direction (increase).

5 Discussion with Respect to RO

Generally, the retrieval of RO parameters starts with phase delay measurements and
satellite orbit parameters. In the Wegener Center processing scheme a priori infor-
mation is only involved at the stage of the bending angle initialization via statisti-
cal optimization (Gobiet and Kirchengast 2004; Borsche et al. 2006; Foelsche et al.
2008; Gobiet et al. 2007), leading to refractivity, geopotential height, and—by
means of the hydrostatic equation—to pressure. Temperature is derived assuming
a dry atmosphere, which is valid for upper tropospheric/lower stratospheric levels
(e.g., Foelsche et al. 2008). In the mid- to lower troposphere the moist-dry ambiguity
inherent in refractivity can only be resolved by means of background information,
such as tropospheric temperature and surface pressure (e.g., short range forecast
data from numerical weather prediction), for the retrieval of humidity (Kursinski
and Hajj 2001). Thus, RO data yield good temperature results in the UTLS, while
specific humidity only should be interpreted in the lower and middle troposphere
and bearing in mind that background information is included.

Regarding RO data, we thus only consider results above 400 hPa for refractivity,
geopotential height, and dry temperature, but for the sake of completeness, we also
show the lower levels in Fig. 5. The focus of RO climatologies still lies on large-
scale zonal means, but recent satellite missions such as COSMIC (Anthes et al.
2008) will provide an increasingly insight also into regional analysis due to a better
spatial coverage by occultation events in consequence of a whole constellation of
satellites in orbit.
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Fig. 5 Regions (columns) and pressure levels (rows) of best trend indicators, shown for suitable
seasons and all RO accessible parameters investigated in this study. The significance level of the
trends is indicated by the shading (dark for high significances), a positive trend is marked by a
circle
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The most pristine RO parameter closest to bending angle (on the applicability
of the latter for climate change detection see Ringer and Healy 2008), refractiv-
ity, shown for MAM, is approximately inversely proportional to temperature and
a suitable trend indicator between 300 hPa and 100 hPa and between 30 hPa and
10 hPa throughout all seasons and large-scale zonal bands. For (late) winter (DJF
and MAM) continental regions in mid and high latitudes of the Northern Hemi-
sphere, the defined criteria for trend indicators are not fulfilled, due to higher vari-
ability and thus worse goodness-of-fit values in these regions.

Geopotential height of pressure levels (shown for JJA) can be interpreted as
an integrated tropospheric bulk temperature and allows to define the UTLS from
about 400 hPa to 20 hPa in almost all—not only large-scale zonal bands—regions
as trend indicator area. Similar to temperature, northern hemispheric continental
winter regions are excluded from being indicator regions, while for JJA only the
southernmost regions (SSA, SAU, and ANT) do not comply with our trend indica-
tor definition.

Thus, refractivity and geopotential height already suffice to cover the whole
UTLS with RO accessible trend indicators.

Nevertheless, temperature is the most commonly used and interpreted parameter
in climate science. RO temperature trends are generally best represented in the UT
(about 400–100 hPa) and LS (about 30–10 hPa). In northern hemispheric winter
(DJF, see Fig. 5), the continental regions of the mid and high latitudes again dis-
qualify as trend indicators due to worse goodness-of-fit values as a consequence of
higher atmospheric variability.

Specific humidity was only investigated up to 100 hPa since stratospheric water
vapor concentrations are not accessible by RO. The emphasize of RO accessible
specific humidity is, as specified above, on lower and middle tropospheric levels
(up to 300 hPa). There, zonal means (except in the tropics above 700 hPa, which
show larger variations) and the Arctic region are good indicators in SON (shown
in Fig. 5) and all other seasons; individual IPCC regions generally show too much
variability below 300 hPa.

Overall, the GCMs show similar trend pattern in spring and autumn, but the
strongest signals are generally found in northern hemispheric summer, when inter-
nal variation is less than in other seasons.

6 Summary and Conclusions

The potential of RO accessible trend indicators was demonstrated by means of cli-
mate simulations of three representative IPCC AR4 models (ECHAM5, CCSM3,
HadCM3). The model simulations, investigated for the years 1961–2060 show a
strong climate change signal in height regions depending on the respective physical
processes governing the individual parameters.

Based on suitable criteria—including direction of trends, trend significances,
and goodness-of-fit—the RO accessible parameters allow the identification of geo-
graphical regions and height domains qualified for best trend indicators. Spring and



Trend Indicators Based on GCM Scenarios 257

autumn show similar trend patterns, but clearest results in GCM simulations are
found in the summer season.

• Refractivity is a suitable trend indicator between 300 hPa and 100 hPa as well as
between 30 hPa and 10 hPa.

• Geopotential height, together with refractivity the most pristine RO parameter, is
a suitable trend indicator in a wide height domain (400–20 hPa), which is partly
not covered by the other parameters.

• Temperature trends are best represented in the UT (400–100 hPa) and LS
(30–10 hPa), except over continental regions of winter hemispheric mid and high
latitudes.

• Specific humidity shows best results for zonal means and the Arctic region for all
seasons in the lower troposphere where RO data are well sensitive to humidity.

For the UTLS—our RO focus region—refractivity and geopotential height alone
are adequate trend indicators. Temperature can be used as additional indicator
especially in the upper troposphere. Together, the RO accessible parameters can
provide a dataset for the UTLS region fulfilling the needs of climate monitoring
and diagnosis for long-term stable, self-calibrated, and well height-resolved global
data.
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ROSA – The Italian Radio Occultation Mission
Onboard the Indian OCEANSAT-2 Satellite
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Abstract Within the next October 2008 the Indian satellite OCEANSAT-2 will be
launched. This satellite is a follow-on mission to the first one which had a scat-
terometer and an Ocean Color Monitoring (OCM) instrument onboard both devoted
to ocean investigation and applications (prediction of cyclone trajectory, fishery,
coastal zone mapping, etc.). For the second mission the Italian Radio Occultation
GPS receiver (ROSA) devoted to atmospheric investigation will be added to the
two payloads. The ROSA payload was designed and developed for the retrieval of
atmospheric pressure, temperature, and humidity profiles. Its performance and spec-
ifications will be described in the present paper. The Italian Space Agency (ASI) has
promoted the ROSA receiver development to strengthen scientific activities as well
as to provide end-user applications. In conclusion the paper highlights the radio
occultation related activities in Italy targeted on the next OCEANSAT-2 space mis-
sion hosting the ROSA receiver.

1 Introduction

OCEANSAT-2 is an Indian space mission, which will be launched tentatively at
the end of 2008. It is the follow on to the first one and has the same payload: A
scatterometer and the Ocean Color Monitoring (OCM) instrument. The scatterom-
eter consists of a parabola antenna of 1 m diameter, which works at a frequency of
13.5 GHz (Ku-band) suitable for measuring sea surface wind velocity (both mag-
nitude and direction). Two off-axis feeds in its focal plane define two pencil beams
(inner and outer), which measure the back scatter coefficient σ0. They have in turn
a footprint of about 42 km × 30 km and 57 km × 35 km. The usable swath cover-
age is 1400 km. The inner beam operates in HH polarization, the outer beam in VV
polarization. The OCM instrument is a multispectral optical camera (8 channels),
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that operates with narrow spectral bands in the visible and near infrared bands. It
provides ocean color data with a revisiting time of two days with a circular footprint
360 m wide. The second Indian mission main objective is just to assure continu-
ity of operational data services of the first one while promoting new applications
in the area of ocean studies including prediction of cyclone trajectory, fishery, and
coastal zone mapping. In October 2005 a Memorandum of Understanding (hereafter
MoU) was signed between the Italian Space Agency (ASI) and the Indian Research
Space Organization (ISRO). In that MoU it was decided to put the ROSA GPS
receiver onboard the OCEANSAT-2 satellite. Furthermore, ASI offered the possi-
bility to download the OCEANSAT-2 scatterometer data at the Matera ASI station
where a ground facility suitable to serve current and future space missions like ERS
and ENVISAT (ESA), ALOS (JAXA Japanese mission), RADARSAT (Canadian),
SAC-D (Argentinian) is going to be realized.

Finally, the third item of the agreement was the promotion of a close cooperation
between Italy and India for the development of scientific activities and collabora-
tions for the data exploitation of each payload.

Thus in view of the opportunities to fly ROSA on the Indian satellite as well as
on other international space missions (the Argentina’s Aquarius/SAC-D) or national
ones (SABRINA) ASI’s policy plans to cover not only the activities related to the
payload but also provide tools for the full exploitation of data on an operational and
scientific basis. In parallel to the activities to accommodate the receiver onboard
OCEANSAT-2, a program for developing tools suitable for ROSA data process-
ing was undertaken in which research institutions, as well as small companies are
involved. Thus in the next sections an overview of all these activities, which will
be performed under the ASI umbrella will be given. In Sect. 2 the receiver is
described and its accommodation on the satellite will be sketched. The specifica-
tions, the requirements, and the philosophy of the software we are going to develop
will be outlined in Sect. 3. The scientific activities of the partners will be described
in Sect. 4. Finally, some remarks and conclusions will be drawn in the last part of
the paper.

2 The ROSA Receiver

The ASI is very active in the field of GPS Radio Occultation (hereafter GPS RO)
since several years. The milestones of such developments were the manufacturing
of a LAGRANGE GPS receiver devoted to LEO-POD and navigation applications
flown onboard the Argentinian SAC-C mission, the development and the manufac-
turing of the proto flight model receiver ROSA and, finally, the accommodation
of ROSA on OCEANSAT-2. The ROSA development is currently carried out by
THALES-Alenia. In Fig. 1 the receiver with the antennas is sketched.

Thus GPS signals are acquired through multiple antennas: A zenith antenna is
used for navigation purpose and for Precise Orbit Determination (POD), two sound-
ing antennas, pointing toward velocity and anti-velocity satellite vectors are used
for Earth limb rising-setting occultation observations for scientific purposes. The
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Fig. 1 The receiver is shown on the left hand side. The antenna devoted to radio occultation to be
placed on the spacecraft facing the velocity and the anti-velocity directions is sketched right top,
while the figure right bottom shows the hemispheric antenna devoted to navigation

Navigation module is able to track up to 8 satellites on both L1 and L2 frequencies
while the radio occultation module is able to track simultaneously up to 3 occult-
ing satellites. Anyway, the main specifications of the instrument are summarized in
Table 1. The performance of the instrument shall guarantee the capability to retrieve
atmospheric profiles with a vertical resolution of ≈0.3 km in the lower troposphere.
One only of the two RO antennas can be installed on OCEANSAT-2. It will point
along the velocity direction. Thus the receiver will catch only RO of rising GPS
satellites (the angular velocity of LEO (Low Earth Orbit) satellites indeed is faster
than GPS satellites) and the number of RO events is halved as well. In Fig. 2 the
global distribution of the RO events is shown.

Table 1 Requirements and specifications, which ROSA is supposed to fulfill

Requirement Impact on the instrument configuration

To perform accurate positioning Hemispherical coverage antenna: ±75◦ around zenith
To maximize the number of

occultations per satellite
Both GPS and GLONASS tracking, rising and setting.
Antennae for occultation: ±45◦ fore and aft.
16 dual-frequency channels, arbitrary allocations to

GNSS satellites.
Sounding penetration: down to

surface
Antenna with high gain and low tracking threshold.
High sampling rate and open loop mode for sounding the

lower troposphere.
High performance codeless tracking scheme in the

receiver signal processor.
To limit resources Weight < 25 kg

Volume < 20 L + antennae
Power < 60 W
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Fig. 2 The global distribution of RO events with an antenna pointing in the velocity direction

The main problem to face are the disturbances induced by the other instruments
on the RO observations. Such disturbances can have an impact on the measurements
of the phase and amplitudes of the GPS signal caught by the antenna. In Fig. 3 the
shape of the satellite and the position of the RO antenna are depicted. A severe
disturbance is the multipath mainly due to the scatterometer antenna and the solar
panels.

Thus a simulation has been performed just to understand the impact of multipath
on the phase and amplitude measurements of the GPS signal. The simulation has
been performed by rotating in turn the panel and the scatterometer antenna fixing

X
Y

Z

Fig. 3 The arrangement of the antenna on the spacecraft and the other payloads
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Fig. 4 The figures are the multipath diagrams of two different configurations of the GPS antenna.
In (a) the antenna is tilted 15◦ in azimuth (i.e., the angle between the velocity vector and the
antenna pointing direction) but not in (b). The horizontal axis is the azimuth position of the trans-
mitted source (GPS); while the vertical is its elevation. In both selected cases the attitudes of the
scatterometer antenna and the solar panel are the same

them in 4 positions (16 different configurations) both with GPS antenna placed as it
is shown in Fig. 3 or tilted 15◦ (32 diagrams). In Fig. 4 some diagrams are shown
presenting a selection of the most favorable positions of the GPS antenna.

From Fig. 4 the azimuth tilting of about 15◦ of the antenna minimizes in a no-
negligible way the multipath effects of the satellite, which induces an uncertainty of
up to 12◦. The drawback of the proposed solution is the reduction of the number of
occultations that will be observed, but only few tens of events are missed. Therefore
we deem as the best solution the antenna position tilted 15◦ in azimuth with respect
to the velocity direction.

3 Software Development

In parallel to the ROSA receiver project, ASI has started the development of soft-
ware devoted to GPS RO data processing as well. The objective of such a project
is manifold. First of all, ASI is planning to cover every step of the processing chain
from data acquisition to the provision of products and applications suitable for the
user community covering scientific as well as social aspects. Secondly, we plan to
create a national scientific community, which will work on respective topics and be
able to promote a fully exploitation of GPS RO as well as develop state of the art
algorithms relevant for atmospheric physics, meteorology, and climatology. Further-
more, ASI aims to meet the strategic challenge of making GPS RO a tool suitable
for operational meteorology as well as for proper global change monitoring. Finally,
for the development of such tool we will use innovative computing solutions like for
example the GRID computing (hereafter GC) approach.

GC computing, according to Foster and Kesselman (1998), is a strategy to
develop services and standard protocols for sharing computing and archiving
facilities, which are kept hidden from the users. The GC extends the electric power
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grid approach to computing, i.e., you can connect to the network by simply plug
in. The current development of the GC will be helpful in sharing computing power,
data exchange archive, and dissemination services etc.

The software consists basically of two modules. The first one is devoted to the
Precise Orbit Determination (hereafter POD) of LEO: SoftWare for OCEANSAT-2
Orbit Determination (SWORD). A version of SWORD is already running. It adopts
a dynamical approach of POD, i.e., it models all the possible conservative per-
turbations acting on an Earth’s satellite like static part of gravity field, Earth and
ocean tides, n-body interactions as well as non-gravitational like Earth’s albedo,
solar radiation pressure, atmospheric drag, thermal drag due to Sun heating, and
infrared radiation sent forth by Earth etc. The mathematical and statistic algorithms
applied in SWORD are well described in Tapley (1989). Although the dynam-
ical approach is suitable to perform subtle orbit analysis in the field of space
geodesy it could turn out unpractical for operational applications. Thus for oper-
ational meteorology applications we would need to estimate the orbits in near real
time (with a time lag < 1 h and an accuracy < 50 cm at least). The orbit solu-
tions given by the dynamical approach need more time than the kinematic one.
Thus we plan to enhance the current version of SWORD with kinematic algo-
rithms in view of its application in operational meteorology. For this purpose
we need to construct single and double differences with ground GPS network
observations.

The second module is just the data processing chain of GPS RO from the excess
shift Doppler (level 1) to the production of pressure, temperature, and water vapor
profiles (level 3). In view of the OCEANSAT-2 space mission the project plans to
issue a first release of the software with reliable algorithms implemented. This first
release, named basic in Table 2, has the purpose to cover the processing chain of
GPS RO data in the first phase of the OCEANSAT-2 mission. On the other hand,
the new algorithms developed in the GC environment, after proved reliability, will
be implemented in the data processing tool. Table 2 summarizes the main features
of the software.

Concerning the computation of the bending angle as a function of the impact
parameter (step a) we apply in the first release the method of geometric optics; while
in the final version we are confident to implement the method of physical optics pro-
cessing the wave field by a Fourier integral operator associated with the canonical
transform (Gorbunov 2002) as well as other variations of radio-holographic tech-
niques (Hocke et al. 1999; Sokolovskiy 2001; Beyerle et al. 2003). These subtle
algorithms are needed because the principles of geometric optics do not work prop-
erly for the low layers of the troposphere over equatorial zones where irregularities
are not negligible. The GPS receiver will track in open loop mode when the GPS sig-
nal crosses the lowest layers of the atmosphere. So, we have to get ready to process
this new kind of data (step b). Another challenging activity concerns the retrieval of
humidity profiles (step e). We plan to implement indeed the iterative algorithms pro-
posed by Gorbunov ana Sokolovskiy (1993) as well as the 1DVAR approach (Healy
and Eyre 2000). Particularly intriguing will be the implementation of new algo-
rithms, which will try to avoid the use of external information (de la Torre Juàrez
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Table 2 The table summarizes the processing chain of the software. The basic column describes
briefly the main algorithms, which will be part of the first release of the software; while in the final
column the main algorithms we plan to implement in the next release are pointed out

Basic Final

a. L1 and L2 bending angle vs.
impact parameter profiles

Geom. opt. methods Canonical Transform (CT),
Full Spectrum Inversion
(FSI) (physical opt.)

b. Ionosphere free bending angle
vs. impact parameter profiles

Std technique needed both
L1 and L2

Tomography and use of
open loop data

c. Stratospheric initialization of
ionosphere-free bending angle
vs. impact parameter profiles

through global climatology through local climatology

d. Dry air vertical atmospheric
parameters

Abel integral, hydrostatic
equation

Boundary Profile
eValuation (BPVα), (see
Vespe and Persia 2006)

e. Water vapor and vertical
atmosphere parameters

through climatological
models

Numerical Weather
Prediction (NWP) or
stand alone techniques
(BPWn), (see Vespe et al.
2004), 1DVAR

f. Electron density vertical profiles Onion peeling Tomography

and Nilsson 2003; Vespe et al.2004; Vespe and Persia 2006. Before including these
algorithms in the processing chain we need to extensively test and validate them.

4 Scientific Activities

Scientific activities not strictly relevant for the development of the data processing
chain but based on GPS RO data, are encouraged and funded in the fields of clima-
tology, operational meteorology, space weather, and space geodesy. We are going to
describe some activities for which we have already preliminary results.

4.1 Space Geodesy

In the last decade the launch of several satellites able to probe the atmosphere
with the GPS RO technique like GPS/MET, SAC-C, CHAMP, GRACE, Formosat-
3/COSMIC, TerraSAR-X, MetOp-A etc., have made available a huge amount of
data. These data currently are used to reconstruct the mapping function (hereafter
MF). The MF is helpful to assess in a proper way the atmosphere delay, which dis-
turbs the estimated coordinates of ground GPS station. The tropospheric delay is
given by the following relationship: ZTD · m(E) where ZTD stands for the zenith
total delay, which is estimated together with the coordinates. The MF has the form
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Fig. 5 The solid line
represents the MF derived
from GPS RO data while the
dotted gray line is the Niell
MF. The plot is achieved for a
site altitude of 300 m

m(E) =
1 + a

1+ b
1+c
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+
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⎝ 1
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−
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⎞
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E stands for the elevation angle of the GPS satellite from the horizon. The coef-
ficients a, b, c are indeed functions of latitude and height of the site of which we
want to compute the coordinates and the day of the year. Niell (1996) used the
same MF estimating the coefficients by using atmospheric profiles retrieved with
balloons. We are re-computing these coefficients using the profiles coming from the
GPS RO space missions. In Fig. 5 the MF derived from GPS RO data is compared
with Niell one.

The next step will be the validation of our MF. For this purpose we will imple-
ment it in BERNESE software to estimate the coordinates of the nodes of a GPS
ground network. Then the results will be validated against the same solutions
achieved applying different MFs (namely Niell). The job is currently performed
by the INNOVA company, which is part of the ROSA project.

4.2 Climate

In the context of ROSA research the University of Camerino proposes an approach
to use GPS RO data to study gravity waves and clear air turbulence. In order to
perform this study we have to exploit the vertical resolution of the radio occultation
signal. The target of the present study is the Mediterranean region, where sources of
gravity waves are present because of the existing complex orography. The analysis
will be performed on data coming from different radio occultation sources such as
the Formosat-3/COSMIC, CHAMP, and ROSA missions. Gravity waves observed
at scales within the resolving power of RO can be generated by various dynamical
“unbalance” processes, typically interactions of atmospheric flows with mountains,
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and/or adiabatic processes and propagation in the troposphere. Atmospheric gravity
waves are currently treated by applying only a statistical approach. An outstanding
example is the so called wave-drag introduced a couple of decades ago in the global
models (see Pulido and Thuburn 2005).

The Mediterranean area is rich of potential sources of gravity waves for the obvi-
ous reason of being surrounded by high and steep mountains and dominated by a
thermal source like the Mediterranean Sea. It has long been suspected that gravity
and gravity-inertia waves can play a deterministic role in the local Mediterranean
dynamics, in particular during the occurrence of frontal precipitations in the area. If
we consider the wave oscillations as small perturbations of the “background profile”
(computed for example by using a filter at 8 km), the normalized temperature fluctu-
ation can be assumed to follow a gravity wave dynamics dictated by the background
Brunt-Väisälä frequency.

In order to study some gravity wave climatologies, we adopt the point of view of
Smith et al. (1987) concerning velocity fluctuations successively extended by Allen
and Vincent (1995) to temperature fluctuations. The analysis accounts for some lim-
itations of radio occultation measurements, such as the real resolution of the obser-
vation given by the size of the Fresnel diameter (e.g., Hinson and Magalhaes 1991).
If we would not consider this real resolution, phenomena appearing as gravity waves
could instead be related to sub-Fresnel scale noise (Marquardt and Healy 2005).

4.3 Space Weather

The contribution to the project of the National Research Council of Italy (CNR)
based in Florence (i.e., from the Complex System Institute, ISC, and the Applied
Physics Institute “Nello Carrara”, IFAC) is a study on the role of Total Electron Con-
tent (hereafter TEC) data from a LEO satellite in space weather. Note that both RO
data and navigational data are included in the study of TEC data from LEO satellites.
This study plans to cover three tasks: A quantitative assessment of how processing
TEC data from a LEO improves the retrieval of ionospheric profiles via stochastic
inversion techniques (SIT); a study of how the navigational TEC data from a LEO
satellite may be used to monitor the space weather; a study of the fine structure of
the ionosphere by analyzing the fine structure of the RO data. Since real TEC data
from the ROSA receiver will be available only in the future, currently our investiga-
tions are carried out on data from other LEOs (CHAMP and Formosat-3/COSMIC),
assuming it will be sensible to apply these achievements to ROSA data. The study
on the retrieval of ionospheric vertical profiles via a SIT consists of assessing the
improvement brought by involving RO data, optimizing the inversion parameters
in the SIT with RO and studying the assimilation of GPS, ROSA, and ionosonde
data (this last item could lead to real time inversion). The profiles Ne(h) retrieved
via SIT will be compared with independent measurements of related quantities,
e.g., from ionosondes. TEC data used will be those from the GPS network and
CHAMP, while ionosonde data will come from the Space Physics Interactive Data
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Resource (SPIDR) website and the European Digital Upper Atmosphere Server net-
work (DIAS). Real data from ROSA will be used as soon as available.

The purpose of our second research line is the assessment of the possibility of
monitoring the response of the geospace to heliophysical events by using the navi-
gational data from GPS receivers onboard a LEO, giving information about the top-
side part of the ionosphere and the plasmasphere. In this framework we are going
to build a dynamical picture of Sun-geospace interaction, working mainly on “his-
torical” data series as those from the TOPEX mission. Then, these findings will be
applied to the already existing LEO data base (CHAMP and Formosat-3/COSMIC),
and then to the real data from ROSA. Ionospheric irregularities are studied analyz-
ing the RO data from LEOs at a time scale as small as possible, and sensible. With a
suitably high sampling frequency (e.g., 50 Hz for the GPS ground receivers) it would
be possible to detect very small scale structures inducing radio scintillation, which
may not be the case of ROSA. However, the present investigation is focused on the
development of suitable data analysis tools to process non-stationary signals with
a rich multi-scale structure, as those due to the “intermittent” nature of the plasma
distribution that generates them. The tool chosen is the wavelet analysis. Investigat-
ing the small scale structure of the ionospheric medium by analyzing RO data from
a LEO will be useful for two purposes: On the one hand one might make a com-
parison between the radio scintillations of mainly ionospheric origin (from ground
GPS receivers) and that of mainly low-ionospheric or tropospheric origin (the RO
data from a LEO), on the other hand, even if the sampling time of the LEO data
would not be enough for scintillation studies, however the wavelet analysis of RO
data will render it possible to understand the vertical distribution of the ionosphere
irregularities.

5 Conclusions and Remarks

The Italian Space Agency has put a lot of effort and energy in developing hardware
and software tools devoted to GNSS RO in the last decade. Currently its strategy
is to cover all the steps of the processing chain from data acquisition down to end-
user products and applications. It is acquainted with the possibilities that in the next
decade the exploitation of the GNSS technique could boost dramatically research
and operations in the field of climate and meteorology. ASI indeed wants to join
the current international efforts aiming to make GNSS RO reliable and relevant for
atmospheric remote sensing applications. The objective can be pursued using the
large number of space missions currently devoted to GPS RO: CHAMP, GRACE,
Formosat-3/COSMIC, MetOp, TerraSAR-X. ASI currently does not plan to have
an own space mission devoted to RO where to embark ROSA receiver. Thus ASI is
asking for installing it as an added payload on other international space missions just
like the Indian OCEANSAT-2 and next Argentinian SAC-D. The main drawback of
this approach, however, is that ROSA sometimes does not find a proper allocation
on the satellite. The two high gain antennas indeed are quite big and they must be
mounted only facing in turn the velocity and anti-velocity direction. Thus often there
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is no room to place the GPS RO antennas in a proper position. For this purpose ASI
team is conceiving a space mission of dozen of mini-satellites fully devoted to GPS
RO like Formosat-3/COSMIC. On the other hand ASI is strongly interested to use
ROSA also in bistatic mode, i.e., able to catch the GPS signal reflected by the water
surfaces. For this purpose the development of a next release of the software ROSA
devoted to this kind of applications is planned as well as for the treatment of GPS
RO from sub-orbital platforms.
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Radio Occultation Mission in Korea
Multi-Purpose Satellite KOMPSAT-5

S. Cho, J. Chung, J. Park, J. Yoon, Y. Chun, and S. Lee

Abstract The first occultation mission in the Korean space program, KOMPSAT-5,
is scheduled for launch in 2010. KOMPSAT-5 will have a dual frequency GPS
receiver to generate precision orbit determination data and occultation data. The
KOMPSAT-5 spacecraft and the characteristics of its occultation payload are
described in this paper. An occultation processing system developed by KASI is
also introduced.

1 Introduction

Recently, GPS radio occultation is one of the most active GPS and low Earth orbit
satellite application. After the launch of COSMIC program, the area of utilization
of GPS radio occultation has been expanded. Although, the amount of occulta-
tion data increases steadily and the occultation data are provided in near real-time,
the demand of practical application of occultation requires more dense global cov-
erage and real time data provision. Many new space missions that include GPS
radio occultation instruments are planned and will be launched in the near future.
One of them is the KOMPSAT-5 (KOrea Multi-Purpose SATellite-5) program. The
KOMPSAT-5 carries a space-borne dual frequency GPS receiver and generates
POD (Precision Orbit Determination) data and GPS radio occultation data. The
KOMPSAT-5 program is the first space program with GPS occultation instrument
in Korea and is expected to contribute to the global occultation observations. KASI
(Korea Astronomy and Space Science Institute) is in charge of the development
of a dual frequency GPS receiver and also an occultation science program for the
KOMPSAT-5 mission. In this paper, we introduce the KOMPSAT-5 program and its
payload for the GPS occultation mission. The occultation mission of KOMPSAT-5
and the occultation processing system currently being developed by KASI are also
discussed.
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Fig. 1 KOMPSAT-5 program architecture

2 KOMPSAT-5

The KOMPSAT program is a government funded space program which was started
in the mid 90’s. The first satellite of the KOMPSAT program was launched in
1999 and the second satellite was launched in 2006. Currently, KOMPSAT-3 and
KOMPSAT-5 are under development at the same time.

KOMPSAT-5 is in the critical design phase and scheduled to be launched in
2010. The main mission of KOMPSAT-5 is observing the Earth by using a Syn-
thetic Aperture Radar (SAR). In Fig. 1, the KOMPSAT-5 program architecture is
described (Lee 2007). In order to satisfy the orbit determination accuracy require-
ments, Atmosphere Occultation and Precision Orbit Determination (AOPOD) sys-
tem is used. The AOPOD system consists of a dual frequency GPS receiver and a
Laser Retro Reflector Array (LRRA). The dual frequency GPS receiver generates
precision orbit determination data and GPS radio occultation data. The LRRA is
used for POD validation of KOMPSAT-5.

3 AOPOD System

3.1 IGOR Receiver and GPS Antennas

The Integrated GPS and Occultation Receiver (IGOR) is manufactured by Broad
Reach Engineering and is based on the heritage of the JPL (Jet Propulsion Labo-
ratory) Black Jack receiver. Since KOMPSAT-5 uses 1553B bus as a main inter-
face, the KOMPSAT-5 IGOR has been modified to include a 1553B interface.
An internal solid state recorder (SSR) was added in the IGOR for storing receiver
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output data during the mission. Since KOMPSAT-5 carries a SAR device, IGOR
uses four external filters between each of the GPS antennas and IGOR in order to
avoid interferences from the SAR devices. Figure 2 shows an engineering model
of the KOMPSAT-5 IGOR receiver. One of the filter/preamp assemblies is on the
top of the receiver frame. The KOMPSAT-5 IGOR has two POD antennas and two
occultation antennas. Figure 3 shows the KOMPSAT-5 POD and occultation anten-
nas. The POD antenna is a patch type omnidirectional antenna attached on the −Z
plane of the KOMPSAT-5.The occultation antenna is a patched array type antenna
to optimize the performance for an occultation science. The occultation antennas
are installed in the velocity and anti-velocity direction for observing rising and set-
ting occultations. The normal operation mode of KOMPSAT-5 is a 33.7◦ tilted right
looking mode. For the occultation antennas, the tilt angle is compensated by using
appropriate brackets. Figures 4 and 5 show the configuration of the KOMPSAT-5
POD and occultation antennas, respectively. Table 1 summarizes the characteristics
of the KOMPSAT-5 IGOR.

Fig. 2 KOMPSAT-5 IGOR engineering model

Fig. 3 KOMPSAT-5: POD antenna (left) and occultation antenna (right)
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Fig. 4 Location of the
KOMPSAT-5 POD antennas

Fig. 5 Configuration of the KOMPSAT-5 occultation antennas

Table 1 KOMPSAT-5
IGOR characteristics KOMPSAT-5 IGOR Specification

Internal memory 128 MB solid state recorder
Bus interface MIL-STD 1553B bus/RS422
POD antenna Two patch type antennas
Occultation antenna Two patched array antennas
External signal filter Four Filter/Preamp assemblies
RF port Four RF ports, 12 channels per port
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3.2 Laser Retro Reflector Array

A Laser Retro Reflector Array (LRRA) will be used for POD validation of KOMP-
SAT-5. The KOMPSAT-5 LRRA developed by GFZ (GeoForschungsZentrum) is
shown in Fig. 6. The KOMPSAT-5 LRRA has four cube corner prisms mounted in a
compact frame. A bracket will be used to compensate the tilt angle of the spacecraft
and ensuring a better field of view. Figure 7 shows the configuration of the LRRA.

Fig. 6 KOMPSAT-5 laser retro reflector array

Fig. 7 Location of the
KOMPSAT-5 laser retro
reflector array
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Table 2 KOMPSAT-5 orbital
elements Orbital elements Mean values

Semi-Major Axis (km) 6928.114
Eccentricity 0.00107
Inclination (deg) 97.60
R.A of Ascending Node (deg) 339.73
Argument of Perigee (deg) 90.0
Mean Anomaly (deg) 270.0

4 Occultation Characteristics

4.1 Mission Orbit

The mission orbit of KOMPSAT-5 is a Sun-synchronous dawn-dusk circular orbit
with an average altitude of 550 km which provides about 14.5 revolutions per day.
In Table 2, the KOMPSAT-5 orbital elements are listed for the reference.

4.2 Occultation Characteristics

For KOMPSAT-5, the occultation mission is a secondary mission. The KOMPSAT-5
has two occultation antennas for rising and setting occultations observations. Sim-
ulations of the KOMPSAT-5 mission are provided by using EGOPS (End-to-end
GNSS Occultation Performance Simulator) (Kirchengast et al. 2002). It has been
shown that KOMPSAT-5 may observe more than 500 occultation events per day in
normal conditions. Figure 8 shows all occultation events for one day of simulation
for KOMPSAT-5. The data from two POD antennas are utilized together with occul-
tation data. The observed occultation data will be stored in the Solid State Recorder
(SSR) and collected by the spacecraft’s 1553B bus interface. The data downlink to
the ground station is via S-band telemetry.

Fig. 8 Sample of one day occultation simulation of KOMPSAT-5



Radio Occultation Mission in Korea Multi-Purpose Satellite KOMPSAT-5 281

5 Occultation Data Processing System

KASI is in charge of the scientific research using KOMPSAT-5 occultation data. The
scientific data of KOMPSAT-5 will be released to the public. KASI plans to release
raw data and processed data. KASI is developing KROPS (KASI Radio Occultation
Processing System) for processing the GPS radio occultation data and generating
atmospheric profiles. Figure 9 describes the external interface of KROPS. In Fig. 9,

Fig. 9 KROPS external interfaces

Fig. 10 KROPS main window
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Fig. 11 Preliminary results of KROPS

K5 MCE is the KOMPSAT-5 Mission Control Element, which receives the occulta-
tion and POD data from the spacecraft. KASI operates also the IGS (International
GNSS Service) Global Data Center (GDC). The occultation data will be archived in
the KASI GDC and then released to public users.

A Linux-based PC workstation is used as a platform for KROPS. Figure 10
shows the user interface of KROPS. The algorithm implemented in KROPS has been
tested by using data from CHAMP and COSMIC. In Fig. 11, preliminary results of
processing CHAMP data from June 20, 2004 with KROPS are shown. The compar-
ison data are from the PLP (Planar Langmuir Probe) of CHAMP (Lee et al. 2007).

6 Summary and Conclusions

Currently, KOMPSAT-5 is in a detailed design phase. KASI is in charge of devel-
oping of the AOPOD system, which includes a dual frequency GPS receiver and a
laser retro reflector. A dual frequency GPS receiver will be used for generation of
POD data and occultation science data. For processing the occultation data, KASI
is developing KROPS. The first version of KROPS will be released by the end of
year 2008.
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Since KOMPSAT-5 has only one ground station, KOMPSAT-5 contacts the
ground station twice a day. The occultation data from KOMPSAT-5 will be released
only twice a day. The limitation of S-band telemetry downlink rate of KOMPSAT-5
restricts the amount of occultation data, which can be downloaded to the ground
station. Current estimation of maximum amount of occultation data is 30 MB/day.
In addition to this limitation, due to the location of the occultation antennas on the
KOMPSAT-5, multi-path problems and field of view limitations are expected.
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The Contribution of PROBA2-LYRA
Occultations to Earth Atmosphere
Composition Analysis

M. Dominique, D. Gillotay, D. Fussen, F. Vanhellemont, J.F. Hochedez,
and W. Schmutz

Abstract LYRA is a solar EUV/VUV radiometer that will embark in early 2009
on-board the PROBA2 mission. Its heliosynchronous orbit generates brief eclipses,
during which we intend to study the vertical distribution of the global extinction
coefficient, using the solar occultation method. We also consider the potential of
our approach in retrieving the thermospheric N2, O, O2 and mesospheric O2 and
O3 densities from the extinction coefficient. A forward model of the atmosphere
transmittance is presented. This model includes the ability to incorporate the inho-
mogeneities of solar emission over the Sun’s surface to enhance the vertical resolu-
tion in the results. The chosen inversion method is provided as well, and tested with
simulated data.

1 Introduction

LYRA, the Lyman-Alpha Radiometer, is a solar EUV/VUV (extreme ultravio-
let/vacuum ultraviolet) radiometer (Hochedez et al. 2006) that will embark in early
2009 on-board PROBA2, the Project for On-Board Autonomy 2, an ESA (the Euro-
pean Space Agency) micro-mission. It will monitor the solar flux in four passbands
relevant to solar physics and space weather. LYRA has been designed by the Royal
Observatory of Belgium (ROB), with Dr. J.-F. Hochedez as principal investigator,
and built by the Physikalisch-Meteorologisches Observatorium, Davos (PMOD),
with Dr. W. Schmutz as lead co-investigator. LYRA benefited from additional impor-
tant contributions from its international partnership: CSL, Liege and IMOMEC,
Diepenbeek both in Belgium, MPS, Lindau, Germany, and NIMS, Tsukuba, Japan.

The four LYRA passbands are:

• Lyman-Alpha (Ly): 115–125 nm
• Herzberg continuum (Hz): 200–220 nm
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• Aluminium filter (Al): 17–80 nm
• Zirconium filter (Zr): 1–20 nm

LYRA will benefit from pioneering wide bandgap detectors based on diamond.
These sensors make the instrument radiation hard and solarblind: They minimize the
use of additional filters needed to block the unwanted visible light but also attenuate
seriously the desired UV radiation. This enhances the detector’s effective area, and
therefore increases the accuracy, the acquisition frequency, or an optimal combi-
nation of both. The PROBA2 heliosynchronous orbit generates brief eclipses three
months per year. Our main purpose is to see whether those eclipses may be used
to study the high atmosphere composition by the solar occultation method. Chem-
ical species addressed are thermospheric N2, O, O2 and mesospheric O2 and O3

in the winter hemisphere. LYRA’s high acquisition frequency (up to 100 Hz) and
signal-to-noise ratio enable a very favorable vertical sampling, which is unfortu-
nately counterbalanced by the extent and inhomogeneity of the solar source. For
example, for a punctual light source, we would expect an altitude resolution of 3 km
for a 1 Hz acquisition cadence, while the limitation introduced by the Sun extension
is �25 km. In this paper, we present the forward modeling and the chosen inversion
method. The latter takes the above hurdles into account by dividing the Sun sur-
face into parcels and analyzing the contribution of each parcel independently. We
analyze the potential offered by this method and illustrate it with our first results,
obtained from simulated data.

2 Forward Model of the Atmosphere Transmittance

Extinction of the solar emission by the atmosphere at a given wavelength λ is
deduced from the well-known Beer-Lambert (or Bouguer) law:

I (λ) = I0(λ) exp{−τ (λ)} (1)

where I0(λ) is the solar spectral irradiance at wavelength λ, I (λ) is the solar spectral
irradiance after absorption by the atmosphere, and τ (λ), the optical thickness, which
is defined by

τ (λ) =
∫ L

0

N∑
i=0

ni (z(s))σi (λ)ds

=
∫ L

0
γ (λ, z(s))ds

(2)

Here,

• N is the number of active atmospheric constituents,
• the integration is performed over the optical path (with L, the distance between

the Sun and the satellite measured along this path).
• ni (z(s)) is the density of the atmospheric constituent i at altitude z(s),
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• σi (λ) is the absorption cross-section of constituent i at wavelength λ,
• γ (λ, z(s)) is the extinction coefficient.

Note that, in Eq. (2), only absorption takes part in the extinction process. The con-
tribution of molecular scattering has been neglected so far. The impact of such an
approximation is still under investigation. It is foreseen to introduce it later in the
model for the channels for which it is relevant.

LYRA is a full-Sun radiometer. Due to the wide angular size of the Sun (30
arcmin), the optical path is highly dependent on the emitting zone of its surface. At
the nearest point to the Earth’s surface (the so-called tangential point), rays emit-
ted by the different zones of the Sun’s surface span over approximately 25 km
(Fussen et al. 1997, 2001), which would drastically limit the vertical resolution of
our retrieval, if not taken into account in the modeling. The measured atmospheric
transmittance, defined as the ratio of the irradiance after absorption to the unattenu-
ated irradiance, observed in the LYRA channel c, may be modeled by

Tc(r⊥) =

∞∫
0

dλFc(λ)
θmax∫
0

dθ sin(θ ) cos(θ + ξ )
2π∫
0

dϕ exp(−τ (λ, θ, ϕ))I0(λ, θ, ϕ)

∞∫
0

dλFc(λ)
θmax∫
0

dθ sin(θ ) cos(θ + ξ )
2π∫
0

dϕ I0(λ, θ, ϕ)

(3)
where

• r⊥ is the tangential radius,
• θ , ϕ, and ξ are illustrated in Fig. 1. Parameters θ and ϕ identify the emitting zone

of Sun surface,
• Fc is the instrumental response in channel c.

Fig. 1 Geometrical representation of the occultation configuration
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Since the Sun radius (rSun) is tiny compared to the Sun – detector distance dSD, we
can neglect ξ and replace θmax by π

2 . As a startpoint, let us also consider a revolution
symmetry on I with respect to ϕ, which is a rather crude approximation in which
the major emission spatial variability would come from the limb darkening or limb
brightening, depending on the considered wavelength. This approximation will be
given up later without too many difficulties.

Then, following Lumpe et al. (1991), we will apply the variables substitution:

{
μ = cos(θ )

y = β sin(θ ) sin(ϕ).
(4)

We obtain

Tc(r⊥) =
2
∫ ∞

0 dλFc(λ)
∫ β
−β dy

∫ b
0 dμ μ

β
√

b2−μ2
exp [−τ (λ, z⊥ + y)] I0(λ, y, μ)

2
∫ ∞

0 dλFc(λ)
∫ β
−β dy

∫ b
0 dμ μ

β
√

b2−μ2
I0(λ, y, μ)

(5)

with β = rSunr///dSD, b = (1 − y2/β2)1/2, and z⊥ = r⊥ − rE is the tangential
altitude of rays emitted by the Sun center.

A further approximation is made by separating the spectral and spatial compo-
nents of the non-attenuated irradiance I0(λ, y, μ) = I1(λ)I2(y, μ) and by introduc-
ing σ �i,c, the averaged absorption cross-section of component i on the wavelength
range of channel c. From this, we define τ �c by:

τ �c (z⊥ + y) =
∫ L(z⊥+y)

0

Nc∑
i=0

ni (z(s))σ �i,cds

=
∫ L(z⊥+y)

0
γ �c (z)ds

(6)

and

Tc(r⊥) =

(∫ ∞
0 dλFc(λ)I1(λ)

)
.

(∫ β
−β dy exp

[−τ �c (z⊥ + y)
] ∫ b

0 dμ μI2(y,μ)

β
√

b2−μ2

)

(∫ ∞
0 dλFc(λ)I1(λ)

)
.

(∫ β
−β dy

∫ b
0 dμ μI2(y,μ)

β
√

b2−μ2

)

=

∫ β
−β dy exp

[−τ �c (z⊥ + y)
] ∫ b

0 dμ μI2(y,μ)

β
√

b2−μ2∫ β
−β dy

∫ b
0 dμ μI2(y,μ)

β
√

b2−μ2

=

∫ β
−β dy exp

[
− ∫ L(z⊥+y)

0

∑Nc
i=0 ni (z(s))σ �i,cds

] ∫ b
0 dμ μI2(y,μ)

β
√

b2−μ2∫ β
−β dy

∫ b
0 dμ μI2(y,μ)

β
√

b2−μ2

.

(7)
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Note that the occultation process is only a few minutes long. This highlights one last
hypothesis we implicitly made: we have considered, in the model above, that solar
emission undergoes no change during the whole process.

3 Retrieval Process

The retrieval is performed in two steps. First, we use the above Eq. (7) to retrieve,
for each channel, the distribution of the extinction coefficient γ �c (z) as a function of
the altitude z. This step is performed by using the Levenberg-Marquardt algorithm
(see Press et al. 1992) to minimize the merit function defined by Eq. (8):

M∑
i=1

(
T measured

i − T modeled
i

ηi

)2

(8)

where M is the number of measurements and ηi is the estimated measurement error.
The second step consists in separating, for each altitude z, the contribution of

the active atmospheric components to the total extinction coefficient by solving the
system:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

γ �c1(z) = ∑Nc1
i=0 ni (z)σ �i,c1

γ �c2(z) = ∑Nc2
i=0 ni (z)σ �i,c2

γ �c3(z) = ∑Nc3
i=0 ni (z)σ �i,c3

γ �c4(z) = ∑Nc4
i=0 ni (z)σ �i,c4

(9)

To validate our procedure, we have built a batch of simulated data based on the
MSISE-90 model (Hedin 1991) for the atmospheric constituents vertical distribu-
tions and on the Science softCon database (Nölle et al. 2005) for their respective
cross-sections (once again, scattering was neglected). The absorption cross-section
variations with the temperature have been neglected so far. Their introduction in the
model is to be considered in the future.

The component distributions and cross-sections were introduced in the forward
model together with a chosen spatial profile of solar irradiance to estimate the atmo-
spheric transmittance for a given set of tangential point altitudes. The vertical sam-
pling was 2 km. A random noise of 10−4 order of magnitude for Zr channel and 10−5

elsewhere was added to the attenuated and unattenuated signals (i.e., the numerator
and denominator of Eq. (7)). This amount of noise is representative of what we
expect with LYRA for acquisition cadences of the order of 1 Hz.

In a first attempt, we have postulated that I2(y, μ) is constant all over the solar
disk. A second step would involve introducing the limb brightening for Al and Zr
channels (see e.g., Warren et al. 2001) and a limb darkening for Hz channel (see e.g.,
Bonnet and Blamont 1968; Samain 1979). The solar emission radial variation for the
Ly channel is still subject to discussion and should be carefully evaluated. This will
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be part of a future paper. Our final objective is to use a more realistic model, taking
into account the quiet Sun regions, active regions, and coronal holes as well. The
spatial distribution of these regions would be determined using information from
imaging telescopes such as SWAP (Sun Watcher with APS detectors and image
Processing), also on-board PROBA2.

Afterwards, we have used the noisy simulated data as input of the retrieval pro-
cess and compared the output with the initial simulated values.

4 Results

Results of the extinction coefficient retrieval are provided in Figs. 2, 3, 4, and 5. For
each channel, we have processed five batches of randomly noisy data. The vertical
distributions of the extinction coefficient retrieved (plain lines) are compared to the
initial data (dot-dash lines). Results for Zr channel suffer from a higher level of
noise (10−4 instead of 10−5).

For each LYRA channel, we have then determined the active components by
comparing their contribution to the total extinction (see Table 1)).

Fig. 2 Extinction coefficient
retrieved for Zr channel as a
function of altitude from
noisy simulated data

Fig. 3 Extinction coefficient
retrieved for Al channel as a
function of altitude from
noisy simulated data
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Fig. 4 Extinction coefficient
retrieved for Ly channel as a
function of altitude from
noisy simulated data

Fig. 5 Extinction coefficient
retrieved for Hz channel as a
function of altitude from
noisy simulated data

Table 1 Active components in each Lyra channel

Channel Active components Altitude range (in km)

Zr O, O2, N2 154 – 292
Al O, O2, S2 225 – 320
Ly O2 116 – 189
Hz O2, O3 45 – 74

In an ideal world, the extinction coefficient could have been retrieved over the
same range of altitudes for all the channels. This would have meant that Eq. (9) is a
well-determined system with four equations and four unknowns. But this is unfor-
tunately not the case. In each channel, the extinction coefficient has proven to be
retrievable over a range of optical thicknesses varying from 0.1 to 10. This limitation
is induced by the Levenberg-Marquardt algorithm and could maybe be improved to
a limited extend by using a priori constraints. Nevertheless, regions where the opti-
cal thickness is not between 0.1 and 10 are regions where the attenuation is either
very small, either so high that nearly no signal is detected. Such regions will always
be affected by a significant error. Depending on the channel, the retrieved interval
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of optical thicknesses corresponds to very different ranges of altitudes (the altitudes
corresponding to optical thicknesses from 0.1 to 10 are provided in Table 1). The
above system is therefore under-determined and will not be auto-sufficient to sep-
arate the densities of constituents. Nevertheless the fact that we could retrieve the
extinction coefficient distribution is considered as a positive result in itself.

5 Conclusion

We have implemented a method to retrieve the extinction coefficient distribution as
a function of altitude from LYRA data, and we wish to use the results to analyze
the respective contributions of O, O2, O3, and N2 to this extinction. This method
has been submitted to some simplifying hypotheses (spectral average of the absorp-
tion cross-sections over each LYRA channel, uniformity of the solar emission) and
tested on simulated noisy data. The extinction coefficient distribution as a function
of altitude could be retrieved. We may then consider to extract the respective contri-
butions of each active atmospheric component, but this would require the addition
of external information.
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Phys 3(1):64–81

Fussen D, Arijs E, Nevejans D, Leclere F (1997) Tomography of the Earth’s atmo-
sphere by space-borne ORA radiometer: Spatial inversion algorithm. J Geophys Res 102:
4357–4365

Fussen D, Vanhellemont F, Bingen C (2001) Remote sensing of the Earth’s atmosphere by the
spaceborne Occultation Radiometer, ORA: Final inversion algorithm. Appl Opt 40(6):941–948

Hedin AE (1991) Extension of the MSIS thermosphere model into the middle and lower atmo-
sphere. J Geophys Res 96:1159–1172

Hochedez JF, Schmutz W, Stockman Y, Schühle U, BenMoussa A, Koller S, Haenen K,
Berghmans D, Defise JM, Halain JP, Theissen A, Delouille V, Slemzin VA, Gillotay D, Fussen
D, Dominique M, Vanhellemont F, McMullin D, Kretzschmar M, Mitrofanov AV, Nicula B,
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M, Roggen J, Rochus P (2006) LYRA: A solar UV radiometer on Proba2. Adv Space Res
37:303–312

Lumpe JD, Chang CS, Strickland DJ (1991) Atmospheric constituent density profiles from full
disk solar occultation experiments. J Quant Spectrosc Radiat Transf 46(6):483–506

Nölle A, Pätzold F, Pätzold S, Meller R, Moortgat GK, Röth EP, Ruhnke R, Keller-Rudek H (2005)
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The Active Temperature, Ozone and Moisture
Microwave Spectrometer (ATOMMS)

E.R. Kursinski, D. Ward, A. Otarola, R. Frehlich, C. Groppi, S. Albanna,
M. Shein, W. Bertiger, H. Pickett, and M. Ross

Abstract The Active Temperature, Ozone and Moisture Microwave Spectrome-
ter (ATOMMS) is designed to observe Earth’s climate. It extends and overcomes
several limitations of the GPS radio occultation capabilities by simultaneously mea-
suring atmospheric bending and absorption at frequencies approximately 10 and
100 times higher than GPS. This paper summarizes several important conceptual
improvements to ATOMMS made since OPAC-1 including deriving the hydro-
static upper boundary condition directly from the ATOMMS observations, our much
improved understanding of the impact of turbulence and its mitigation, and a new
approach to deriving atmospheric profiles in the presence of inhomogeneous liq-
uid water clouds. ATOMMS performance significantly exceeds that of radiometric
sounders in terms of precision and vertical resolution and degrades only slightly
in the presence of clouds and it does so independently of models. Our aircraft-to-
aircraft occultation demonstration of ATOMMS performance will begin in 2009
representing a major step towards an orbiting observing system.

1 Introduction

The Active Temperature, Ozone and Moisture Microwave Spectrometer
(ATOMMS) is a natural extension of the GPS radio occultation (RO) concept
that uses at least two frequency bands approximately 10 and 100 times higher than
GPS frequencies to probe the 22 GHz and 183 GHz water lines and 184 GHz and
195 GHz ozone lines. A third band between 500 GHz and 600 GHz would also
be quite useful for profiling H2O and its isotopes and initializing the hydrostatic
integral.

Serious work on the ATOMMS concept began in 1998 as the Atmospheric Mois-
ture and Ocean Reflection Experiment (AMORE) (which included the 22 GHz
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portion of the ATOMMS occultation concept) was proposed to NASA as an Earth
System Science Pathfinder (ESSP) mission. While AMORE was technically too
immature for selection, the same year NASA did fund the Atmospheric Tempera-
ture, Ozone and Moisture Sounder (ATOMS), a joint effort between the University
of Arizona and JPL that included both the 22 GHz and 183–195 GHz occultation
concepts via its Instrument Incubator Program (IIP). AMORE and ATOMS also
triggered parallel research and proposal efforts in Europe such as ACE+ and ACCU-
RATE. In the US, the National Science Foundation (NSF) has funded the ongoing
development and refinement of the ATOMMS concept since 2001 including funding
in 2007 the ATOMMS aircraft to aircraft occultation demonstration that is summa-
rized at the end of this paper. We also note the Mars Atmospheric Climate Obser-
vatory (MACO) mission concept that is focused on the Martian hydrological cycle
using water occultation observations at 183 GHz supplemented by other observa-
tions. MACO was developed with seed funding from NASA in 2000 for the Mars
Scout opportunity in 2002 (Kursinski et al. 2004b). While it was not selected for a
Phase A study for the second Mars Scout opportunity in 2006 because it was viewed
as too high risk, MACO has been recognized as a revolutionary concept for quanti-
tatively determining the Martian hydrological cycle and climate and will hopefully
become a real mission in the future.

ATOMMS is designed to address key open questions about climate such as, “Is
the upper troposphere warming faster than the lower troposphere and the surface”,
“Where is the transition between tropospheric warming and stratospheric cooling”,
and the closely related question: “How are lapse rates adjusting to the changes in
vertical heating and dynamical feedbacks associated with climate change”.

ATOMMS has a niche in the upper troposphere/lower stratosphere (UTLS)
regime where water vapor and ozone are very important radiatively. Our ability to
measure vertically resolved water vapor in the upper troposphere under all sky con-
ditions has been close to nil. Existing observational techniques have very different
types of uncertainties, errors, and resolutions and the comparisons have not agreed
very well, problems that can be resolved by ATOMMS. ATOMMS can answer fun-
damental open questions on basic behavior and trends in the UTLS regime.

In this context, it is important to note that the problem of deriving of atmospheric
temperature and constituent profiles from satellite measurements of radiance emit-
ted by the atmosphere and surface is mathematically ill-posed (e.g., Huang et al.
2002) A continuum of profiles exists that are consistent with the radiance measure-
ments and selecting a “unique” profile from this continuum requires imposing addi-
tional constraints and assumptions that have their own implicit climatology. From
the standpoint of determining unambiguously how our climate is changing and eval-
uating model realism and predictive skill, this situation is quite poor because the
imposed climatological assumptions imbedded in the “unique” profile solutions are
inseparable from true climatological behavior.

Analyses produced by Numerical Weather Prediction (NWP) centers are quite
powerful. However, in a climate context, the analyses are inherently ambiguous
because they suffer from the same problem in that the analyzed state estimate is
based in part on atmospheric models that contain unknown errors. In terms of
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evaluating and improving climate model realism and accuracy, which is a critical
goal of climate change research, analyses are incestuous because they are not inde-
pendent of the quantity, the model, which is being assessed. With this in mind, an
overarching goal of ATOMMS has been to create an observing system capable of
estimating several key climate state variables and determine how the climate system
is truly evolving, independently of atmospheric models.

ATOMMS was conceived to overcome the wet-dry ambiguity that limits direct
interpretation of the GPS RO refractivity profiles in the warmer (> 240 K) regions
of the troposphere because the wet and dry contributions to refractivity cannot
be separated using refractivity measurements alone. By measuring both bending
and absorption along each occultation signal path, each ATOMMS occultation
provides sufficient information to resolve the wet-dry ambiguity and simultane-
ously determine temperature, pressure, and moisture directly from the observations
themselves.

Based on our assessment described below, ATOMMS will profile water vapor,
temperature, and pressure from near the surface to the mesopause and ozone through
the middle atmosphere down into the upper troposphere. It will do so in both clear
and cloudy conditions to provide the first unbiased characterization of the tropo-
sphere. With the proper choice of frequencies, it will also determine water iso-
topes and winds in the middle atmosphere (Kursinski et al. 2004a). Occultations
are extremely well suited for observing certain scales of behavior and ATOMMS
will determine telltale signature of processes that must be represented accurately in
models. ATOMMS’ four orders of magnitude lower sensitivity to the ionosphere vs.
GPS means the ATOMMS profiles are essentially insensitive to the solar and diurnal
cycles in the ionosphere (unlike GPS) and will extend to the mesopause or higher
depending on the choice of signal frequencies as discussed below. ATOMMS will
also determine any subtle systematic GPS RO ionospheric errors over the solar and
diurnal cycles.

ATOMMS will measure behavior at important scales of variability including in
and below clouds thus avoiding biases that result for sensors that are incapable of
probing below clouds. ATOMMS will monitor trends and variability and separate
behavior in the free troposphere from that in the planetary boundary layer (PBL).
The ATOMMS information will be used to understand the processes controlling
moisture in troposphere and stratosphere and coupling to clouds and precipitation
and in general improve physical model representations for future weather and cli-
mate predictions.

In this paper, we summarize several important aspects of ATOMMS that have
evolved significantly since OPAC-1. We have developed a new approach to the
hydrostatic upper boundary condition derived directly from the ATOMMS obser-
vations. Our understanding of the impact of the effects of turbulence and how
to mitigate them has improved dramatically since OPAC-1. We also summarize a
new approach that we have developed to derive atmospheric profiles in the pres-
ence of inhomogeneous liquid water. We conclude with a summary of our planned
ATOMMS aircraft-aircraft occultation demonstration that represents a major step
towards an orbiting ATOMMS observing system.
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2 High Altitude Initialization of the Hydrostatic
and Abel Integrals

As mentioned, ATOMMS can probe to much higher altitudes than GPS because its
much higher frequencies reduce ionospheric sensitivity by orders of magnitude. As
a result, unlike GPS RO, ATOMMS can make measurements that directly constrain
the upper boundary conditions for the Abelian bending angle and hydrostatic inte-
grals and achieve independence from models and climatologies through the middle
atmosphere.

2.1 Constraining the Abel Bending Angle Integral

In the middle atmosphere where water concentrations are low, radio occultations
profile temperature, pressure, and density by determining density versus altitude
and combining that with a boundary condition on the hydrostatic integral. Density
is derived from refractivity which is derived from bending angle derived in turn from
the atmospheric Doppler shift. Maximizing the upper altitude of the bending angle
profile requires minimizing errors in the atmospheric Doppler profile. Minimization
is achieved via a combination of much higher frequencies to reduce ionospheric
sensitivity, use of excellent reference oscillators in combination with GPS to further
calibrate the oscillator errors, maximizing the signal-to-noise ratio (SNR) and very
accurate reconstruction of the orbits.

A key question is at what altitude in an occultation does observational noise
become sufficiently smaller than the atmospheric Doppler signature that accurate
profiling of the atmosphere can begin. Frequency variations of a 10−13 ultra stable
oscillator (USO) are approximately 10 times less than the atmospheric Doppler near
85 km altitude (Kursinski et al. 1997). GPS measurements made during the occul-
tations can be used to estimate and remove USO frequency variations at time scales
of several seconds or longer (limited by the GPS SNR). Such an error reduction
can extend a low vertical resolution bending angle profile higher by a scale height
or more and extend the Abel integral that derives refractivity. Conceivably, if every
ATOMMS instrument in orbit were to radiate occultation signals such that occul-
tation signals travel in both directions, the USO errors can be cancelled as is done
on GRACE (e.g., Dunn et al.2003). This approach will be used in the ATOMMS
aircraft to aircraft occultation demonstration.

Orbital inaccuracy is an important source of error. To be 10% of the atmospheric
Doppler at 85 km, the velocity error along the occultation path direction must be
0.03 mm/s or less. A beauty of the occultations is that any slowly varying error
such as that due to a bias in the orbital velocity will be evident as a non-zero signal
frequency (after orbital motion has been removed) at altitudes above the detectable
atmosphere. Any such non-zero frequency and slow variation above the detectable
atmosphere can be fitted and extrapolated down through altitudes where the atmo-
sphere is detectable to reduce the errors due to orbit and other sources below those
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of the reference oscillator. Such an approach has been used in planetary occultations
where the orbit reconstructions are less accurate.

We estimate that ATOMMS will derive accurate, high vertical resolution bending
angle profiles to at least 80 km altitude, approximately consistent with Kursinski
et al. (2002).

2.2 Hydrostatic Integral Constraint

A conceptual innovation we have come to realize is that measurements of absorp-
tion lineshape can provide the boundary condition for the hydrostatic integral at very
high altitudes. Kursinski et al. (2002) showed that temperature accuracies of 1 K can
be achieved up to 40 km altitude using just the ATOMMS observations themselves
and no external information for the hydrostatic constraint. This is achieved by com-
bining the refractivity profile, hydrostatic equilibrium, and the pressure and temper-
ature constraints imbedded in the profile of the 183 GHz line shape. We have come
to realize that sub-Kelvin performance can be extended to much higher altitudes
with accurate measurements of the Doppler broadened line shape at higher altitudes
that yield a direct estimate of temperature. This temperature constraint in com-
bination with density (derived from bending angle) yields pressure and therefore
constrains the hydrostatic integral. The approximate altitudes at which the Doppler
linewidth is 10 times that of the collisional linewidth are 80 km, 77 km, and 70 km
for 118 GHz (O2), 183 GHz (H2O), and 557 GHz (H2O), respectively.

The strength of the 183 GHz line combined with ppm middle atmospheric water
vapor mixing ratios is not sufficient for the 183 GHz observations to accurately
determine the 183 GHz linewidth at 77 km altitude. The 50–60 GHz and 118 GHz
O2 lines can provide this hydrostatic constraint. Wu et al. (2003) have demonstrated
that temperatures can be derived from emission in the 50–60 GHz O2 band with
accuracies of approximately 8 K and 15 K at 80 km and 90 km altitude, respectively.
From a climate perspective, the complication is the O2 lines result from magnetic
dipoles and are therefore sensitive to the Earth’s magnetic field and Zeeman splitting
complicating and likely limiting the ultimate accuracy of the retrieval.

The best approach may be to probe the very strong 557 GHz water line and
profile water vapor to much higher altitudes than is possible with the 183 GHz line.
Furthermore, observations between 500 GHz and 600 GHz can accurately profile
water isotopes in the middle atmosphere as well as provide information to cross-
compare with the 183 GHz water results. Sensitivity to the ionosphere at 557 GHz
is an order of magnitude smaller than that at 183 GHz. Occultation SNRs can be
higher at 557 GHz because of higher antenna gain. The wind induced Doppler shift
of the 557 GHz line is also 3 times larger (although the pressure induced line shift is
4 times larger, the uncertainties of which may limit the accuracy of wind estimates).
The Doppler linewidth is 3 times larger so the Doppler linewidth dominates the
collisional width at lower altitudes. Figure 1 shows the approximate accuracy of
temperature versus altitude derived from including occultation measurements of the



300 E.R. Kursinski et al.

Fig. 1 The temperature error
versus altitude in the upper
middle atmosphere and lower
thermosphere, representative
of a typical ATOMMS profile.
Temperature has been derived
combining density from
occultation-derived profiles of
refractivity and the Doppler
width of the 557 GHz water
line in combination with the
hydrostatic integral

557 GHz linewidth. We note that since the accuracy will depend on the accuracy of
the spectroscopy, ATOMMS should sample the line with at least one more tone than
that the number required for the temperature and wind retrievals in order to provide
information needed to assess and refine the spectroscopy.

3 Assessing the Impact of Turbulence on ATOMMS
Observations and Retrievals

The potential importance of turbulence to ATOMMS was identified in a talk at
OPAC-1 (Feng et al. 2002). Propagation of electromagnetic signals through a turbu-
lent refractive medium creates interference through diffraction that produces phase
and amplitude scintillations. From the standpoint of measuring the absorption sig-
natures of atmospheric water vapor and ozone, turbulent amplitude scintillations
are a noise source. For those interested in turbulence, ATOMMS is a planetary-
scale microwave scintillometer that will provide an unprecedented global turbulence
monitor.

We summarize our findings concerning the impact of amplitude scintillations
due to turbulence on the ATOMMS measurements. The differential opacity mea-
surement approach used by ATOMMS and described by Kursinski et al. (2002) is
key to controlling the impact of turbulence.
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3.1 Simulation Results for Variations in the Refractive Index

To evaluate the effects of 3-D turbulent variations in the refractive index, we have
used a method suggested by R. Frehlich at NCAR and set up a numerical occultation
signal propagation simulator using a simple Cartesian geometry with a plane wave
source on one side of a box filled with turbulence. Microwave signals are propagated
through the box, and then through an additional 3000 km of vacuum to approximate
the signal propagation measured by a satellite in an Earth occultation geometry. We
have specified the turbulent spectrum as 3-D, homogeneous von Karman turbulence
with an inner scale of 10 cm and an outer scale of 500 m, and a magnitude of the
turbulence defined by the refractive index structure parameter, C2

n . Besides testing
the effectiveness of amplitude ratioing on the directly measured signal amplitudes,
we have also considered how 1-D back-propagation (the simplest form of diffraction
correction) together with vertical smoothing can reduce amplitude scintillations.

Figure 2 shows two examples of scintillation simulations results. The left hand
figure is representative of wet turbulence contributions in the mid-troposphere near
the 22 GHz water line. The turbulent magnitude was specified by setting the real
refractive index structure parameter, C2

n , equal to 10−16 (Jursa 1985). The right hand
panel is representative of dry turbulence contributions in the upper troposphere near
the 183 GHz water line, where a typical value for the dry-real refractive index struc-
ture parameter of C2

n = 10−17 has been used (Jursa 1985). The amplitude variations
are caused by diffraction, since no absorption is included in the simulations, i.e.,
the imaginary part of the refractive index is zero. The standard deviations of the
single frequency raw amplitude variations (before applying a 1-D back propagation
and smoothing) are roughly 7–8% for both the 22 GHz and 183 GHz simulations.
The combination of 1-D back propagation and smoothing reduces the raw single

Fig. 2 Simulation of the impact of turbulent variations in the refractive index on occultation ampli-
tudes. (a) Tropospheric conditions (C2

n = 10−16) at frequencies near the 22 GHz water line after
applying 1-D back propagation and 200 m smoothing. (b) Upper tropospheric jet stream conditions
(C2

n = 10−17) at frequencies near the 183 GHz water line after applying 1-D back propagation and
50 m smoothing. Relative means that an amplitude of unity would be measured in the absence of
turbulence. In both cases, the amplitude standard deviation for individual frequencies is ∼7–8%,
and the standard deviation of the amplitude ratio is ∼1–2%
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channel standard deviations by roughly a factor of 2. Note that for both the 22 GHz
and 183 GHz regions, the smoothing is over a scale similar to the diameter of the
first Fresnel zone. Therefore, there is little loss in resolution or information content
associated with this smoothing.

The results indicate how the ratioing approach will reduce the impact of turbu-
lence at frequencies near the 22 GHz and 183 GHz water absorption lines. Although
the raw amplitude scintillations are comparable in the two panels (since shorter
wavelengths are more affected by turbulence), the closer fractional separation of the
calibrations tones near 183 GHz yields better cancellation of the turbulence effects
after ratioing.

To understand the optimal separation between signal frequencies, we did many
simulations with different frequency separations and turbulence realizations to
reveal the statistical behavior shown in Fig. 3. Figure 3 shows that the amplitude
errors can be reduced significantly by a combination of amplitude ratioing, verti-
cal smoothing, and 1-D back propagation. For the simulated conditions, the single
frequency 22 GHz amplitude variations without vertical smoothing are about 13%
and about 8% after applying 200 m vertical smoothing. Thus amplitude ratioing can
effectively reduce the retrieval errors caused by turbulence. Based on these results,
two trade-offs in the ATOMMS system are apparent. First, the amplitude diffraction
error decreases as the frequency separation between signal pairs decreases. How-
ever, as the frequency separation decreases, the differential absorption signature,
due to the difference between the water vapor absorption at the two frequencies,
also decreases. Secondly, the standard trade-off exists between the retrieved verti-
cal resolution and the level of vertical smoothing required to satisfactorily reduce
measurement fluctuations.

Fig. 3 Standard deviation of the error in measuring amplitude ratios due to turbulence for the
atmospheric conditions specified in Fig. 2. The base frequency is 22 GHz and frequency ratio refers
to base frequency divided by the second frequency. Three pairs of curves are shown, upper curves
drawn with dashed lines indicating no 1-D back propagation applied and lower curves drawn with
solid lines indicating 1-D back propagation applied. The three pairs of curves correspond to no
vertical smoothing applied to the amplitude ratio, 200 m vertical smoothing applied, and 500 m
vertical smoothing applied
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3.2 Determining the Wet Refractive Index Structure
Parameter, C2

nw

The relation between the refractivity of air at radio frequencies and atmospheric
variables is given in Eq. (1) from Rüeger (2002) where N is total atmospheric refrac-
tivity, Nd and Nw, respectively the first term and the second term (which is within
the brackets) in Eq. (1), are the contributions of the dry gas and water vapor com-
ponents of the atmosphere, Pd is dry partial pressure in hPa, T is temperature in K,
e is partial pressure of water vapor in hPa, and the constants are those of the “best
average” case. The constant for the dry component of refractivity assumes a CO2

mixing ratio of 375 ppm.

N = Nd + Nw = 77.6890
Pd

T
+

(
71.2952

e

T
+ 375463

e

T 2

)
(1)

The impact of dry turbulence has received much attention in the literature due in
particular to its impact on astronomy. The wet refractivity term has received less
attention and is only relevant at microwave frequencies slow enough to respond
to the motion of the permanent dipole of the water molecule. Since scintillations
at ATOMMS frequencies are dominated by wet rather than dry turbulence over
much of the troposphere, we have developed a parameterization of wet turbulence
described in Otarola (2008).

At radio frequencies, in the warmer regions of the troposphere, the fluctua-
tions in the refractive index tend to depend more on humidity fluctuations and
less on temperature fluctuations (e.g., Coulman and Vernin 1991). The structure
constant of the air index of refraction fluctuations, C2

n , is the variance of the dif-
ference in index of refraction variations at points separated by one meter. C2

n
can be written as shown in Eq. (2). This is possible under the assumption that
the power spectral density of the dry, wet, and cross terms share similar spec-
tral characteristics with the only exception being the power level. Equation (2)
is similar to that found in the works of Wesely (1976) and Coulman (1985)
except that it is written in terms of the structure constants associated with the
dry and wet components of air refractivity, C2

nd and C2
nw, respectively, and the

covariance of the variations in the dry and wet components of the air refractive
index, Cnd,nw.

C2
n = C2

nd + 2Cnd,nw + C2
nw (2)

Therefore, the strength of the turbulence, C2
n L , where L is the path length through

the atmosphere depends on fluctuations in both the dry and wet components of the
air index of refraction, C2

nd and C2
nw. While the literature includes some empirical

formulations for the determination of the C2
nd structure constant as a function of alti-

tude (e.g., Fenn et al. 1985), little information is available about how to estimate the
contribution to the turbulence strength from fluctuations in humidity. Combining our
analysis of aircraft observations of temperature, pressure, and humidity at various
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altitudes levels in the atmosphere with a theoretical framework, we have derived a
relationship between the wet component of the index of refraction structure constant
and the mean wet refractivity that is given in Eq. (3) (Otarola 2008).

C2
nw = 8 × 10−18 〈Nw〉2 (3)

The procedure we have developed to model and account for the effects that tur-
bulent variations in real refractivity will have on ATOMMS retrieval system per-
formance is outlined here. Under the condition of weak turbulence (weak scintilla-
tions), the appropriate equation for computing the expected amplitude variations for
a signal propagating through a turbulent medium is given by Eq. (4) (Frehlich and
Ochs 1990),

〈[
ln

(
A

A0

)]2
〉

= 0.56k7/6

L∫

0

C2
n (x)

[
x − x2

L

]5/6

dx (4)

where A is the amplitude that is varying due to scintillations, A0 is the mean ampli-
tude of the signal, k is the signal wavenumber, C2

n is the refractive index structure
parameter, L is the total distance from transmitter to receiver, and the integration
proceeds along the propagation direction, specified here as the x direction. In order
to utilize this equation, one must specify values for C2

n along the propagation path.
As mentioned above, for microwave signals, the atmospheric refractivity depends
on both the dry air density (dry part) and water vapor density (wet part). Turbu-
lent variations in both components will result in amplitude scintillations on our sig-
nals. Figure 4a shows a representative profile of the dry part and two realizations
of the wet parameterization for Mid-Latitude Summer (MLS) and Arctic Winter
(ArW) conditions, respectively. Figure 4b shows simulated profiles of the turbu-
lent amplitude fluctuations for 20 GHz signals using the C2

n profiles in Fig. 4a and

Fig. 4 (a) Profile examples of dry and wet turbulence intensity. (b) The resulting square root
of the log amplitude fluctuations at 20 GHz (no amplitude ratioing) in both the LEO-LEO and
aircraft-aircraft occultation geometries
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Eq. (4). As Fig. 4b shows, we estimate, based on Eq. (4), that turbulent scintillations
measured during the high altitude aircraft-to-aircraft occultations will be a factor of
2–3 smaller than those of the LEO-LEO occultations due to the shorter aircraft-to-
aircraft path length. The amplitude scintillation fluctuations will be reduced signifi-
cantly with amplitude ratioing as indicated in Fig. 2.

Because ATOMMS utilizes calibration tones to mitigate unwanted instrumen-
tal and atmospheric effects, a key quantity is the difference between optical depths
measured at two (or more) frequencies, defined as Δτ = τ ( f1) − τ ( f2), rather
than the optical depth at a single frequency, τ ( f1). The optical depth difference
is proportional to the logarithm of the ratio of the two signal amplitudes. There-
fore, the appropriate quantity for retrieval error estimation is the residual uncer-
tainty in the amplitude ratios, rather than the amplitude uncertainty at an individual
frequency.

3.3 Comparison with Turbulence Estimates of Gorbunov
and Kirchengast (2007)

Gorbunov and Kirchengast (2007) (GK07) performed 2-D occultation simulations
to assess the effects of turbulence near 22 GHz. Our Cartesian turbulence simula-
tions are less realistic in that the turbulence effects are not imbedded in a full occul-
tation retrieval simulation. This is adequate if the process is linear. On the other
hand, our simulations are more realistic than GK07 in that they include the turbu-
lence effects of all 3 dimensions. This is important because a limitation of occul-
tation diffraction correction schemes is that they are 2-D, designed for cylindrical
atmospheres with no variation in the dimension orthogonal to the occultation plane.
Clearly there are turbulent variations in that dimension that must be considered. Our
approach has the advantage of being much faster computationally, allowing us to
simulate a large number of cases to yield the smooth statistical behavior evident in
Fig. 3 in order to parameterize the turbulent errors for inclusion in our error covari-
ance studies.

We can compare GK07 and our estimates of turbulence errors. In GK07 Fig. 6,
the differential transmission error using frequencies of 9.7 GHz and 17.25 GHz in
the 5–8 km altitude interval at low latitudes is ∼0.05 dB or 1% for anisotropy coef-
ficients of ≥ 4. Our turbulence parameterization estimates indicate that for typical
mid-latitude summer conditions, the fractional amplitude error at 22 GHz measured
at 6.5 km altitude is approximately 6% (see Fig. 4b). From Fig. 2 (where the frac-
tional amplitude error at 22 GHz is 13%), the fractional error in the amplitude ratio
for a frequency ratio of 1.8 is 5%. So, based on our findings regarding how turbu-
lence errors scale, the fractional error in the ratio of the 9.7 GHz and 17.25 GHz
amplitudes under low latitude conditions near 6.5 km altitude will be 2% = 6%
(5/13)(17.25/22)0.35. This is equivalent to the “differential transmission error” as
defined by GK07. So our estimate of the differential transmission error for low
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latitude, mid-tropospheric conditions is approximately twice that of GK07. Inter-
estingly our approach, which is simpler, actually predicts larger errors.

The similarity of these two error estimates is promising as it suggests that despite
the very different approaches used to simulate the effects of turbulence, the lev-
els of turbulent noise behavior being approximated are somewhat realistic. A bet-
ter understanding and reconciliation of the differences between the two error esti-
mate approaches clearly warrants more attention. Our understanding will improve
and uncertainties will decrease dramatically with the aircraft to aircraft occultations
which will directly measure the real impact of turbulence on ATOMMS occultation
measurements and retrievals.

4 Simulated Retrieval Errors (Clear Sky)

Figure 5 shows the computed errors in the retrieved temperature and water vapor
pressure for six Lowtran atmospheres under clear-sky conditions. The simulations
include the following sources of uncertainty: uncertainty in the near vertical pro-
file of refractivity is set based on refractivity errors estimated for GPS/MET by
Kursinski et al. (1995, 1997), instrumental measurement errors in difference optical
depths for frequency pairs are based on Kursinski et al. (2002), and uncertainty in
determining the difference optical depths due to amplitude scintillations resulting
from turbulent variations in the real part of the atmospheric index of refraction. The
latter source of uncertainty accounts for both the dry (non-water vapor) as well as the
wet (water vapor) contribution to turbulent variations in the refractivity. Extending
upward in altitude, the standard deviation of the temperature error remains below

Fig. 5 Computed standard deviation of the error in the retrievals of temperature (left panel),
expressed in Kelvin and water vapor partial pressure (right panel), expressed in percent, using sim-
ulated ATOMMS observations for the six labeled Lowtran atmospheres (Trop = tropical; MLS =
mid-latitude summer; MLW = mid-latitude winter; ArS = Arctic summer; ArW = Arctic winter;
USS = U.S. Standard)
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1 K and the standard deviation of the water vapor error remains below 2% up to at
least 60 km (not shown).

It is only at the lowest altitudes, below about 5 km, where we begin to see the
retrieval errors increase significantly. There are several related reasons for this that
are associated with the increase in air pressure and water vapor content as the ground
surface is approached. As the water vapor content increases, the absorption optical
depth becomes large which necessitates using occultation tone frequencies farther
below the 22 GHz line center. Because of collisional line broadening, the differ-
ence in the optical depths at our closely spaced frequency pairs becomes smaller
(the absorption line shape broadens), which reduces the information content of the
measurements. At the same time, the orthogonality between the refractivity infor-
mation and the absorption information for separating water vapor from temperature
decreases as the amount of water vapor increases (Kursinski et al. 2002). On top
of these, turbulent fluctuations in refractivity generally increase as the surface is
approached which increase the error in the measured amplitudes and derived optical
depths. Thus, the ability to produce accurate retrievals at low altitudes is limited by
effects related to the mean amount of water vapor. For example, for the dry arctic
winter case, temperature errors of less than 1 K are estimated to extend essentially
right down to the surface, whereas for the tropical atmosphere, temperature errors
become larger than 1 K below about 5 km in altitude. Errors in water vapor retrievals
are approximately 2–3% above 3 km altitude and increase to 6–30% at the surface
for arctic winter and tropical conditions, respectively.

5 An Approach for Retrievals in the Presence of Inhomogeneous
Liquid Water Clouds

We have developed a new conceptual approach for isolating and removing the
effects of inhomogeneous liquid water clouds that are potentially a limiting error
source for ATOMMS. Previous approaches such as Kursinski et al. (2004a) have
assumed that liquid water is distributed spherically symmetrically, clearly a poor
approximation given the clumpy and inhomogeneous distribution of clouds.

Our approach is conceptually analogous to the method of isolating and remov-
ing ice clouds described in Kursinski et al. (2002). Ice clouds cause scattering but
no absorption and the scattering dependence on frequency is weak. Therefore the
extinction effect is reduced substantially by ratioing the signal amplitudes at similar
frequencies, largely eliminating the effect of ice clouds prior to the unraveling of the
onion skin via the Abel transform or equivalent retrieval process. A strength of this
elimination approach is its lack of sensitivity to the horizontal distribution of the ice
clouds.

Our desire has been to develop a similar approach for isolating and removing the
effects of liquid water clouds. Frequencies near 183 GHz will not be used to measure
absorption when liquid water clouds are present because the absorption of liquid
water is too large at these frequencies. At low band frequencies (near 22 GHz),
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scattering can be neglected and the problem is one of separating cloud liquid water
absorption from that due to water vapor and dry air. The liquid water absorption
spectrum is more complex than that due to scattering by ice both in terms of spectral
shape and its dependence on temperature. Because cloud droplet sizes fall in the
Rayleigh regime with respect to the low band wavelengths, absorption due to liquid
water will depend primarily on liquid water path rather than droplet size distribution.
Because the spatial distribution of clouds can be very inhomogeneous, the frequency
dependent cloud absorption signature must be isolated and removed from the slant-
path absorption measurements before passing them through the Abel transform or
equivalent. Not doing so may result in the inhomogeneous distribution of clouds
producing some rather poor water vapor retrieval results.

We have developed a species separation inversion routine capable of handling
inhomogeneous cloudiness that we will briefly outline here. A manuscript describ-
ing this strategy in more detail is in preparation. The inversion routine begins
with amplitude calibration measurements taken above the atmosphere and pro-
ceeds downward toward the surface. Above the troposphere, we assume there are no
clouds and we can readily separate the dry air absorption from water vapor absorp-
tion and thus retrieve temperature and water vapor content. As the inversion routine
moves down into the troposphere, for each set of measured optical depth difference
pairs at a given tangent altitude, we determine whether or not the spectral absorption
signature can be satisfactorily explained by a combination of water vapor and dry air
absorption. If not, then the algorithm attempts to fit the residual optical depth differ-
ences with cloud absorption. We have found that the spectral shape and magnitude
of liquid water absorption at the low band frequencies, although somewhat uncer-
tain, depends mainly on the cloud liquid water path and cloud temperature. Figure 6

Fig. 6 Fractional change (expressed in percentage) in the absorption spectrum of liquid water
clouds for 1 K changes in cloud temperature and a 3% change in liquid water content (LWC).
Based on the liquid water dielectric model of Otarola (2007)
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shows the fractional changes, in percentage, expected in the cloud absorption
spectrum resulting from changes in cloud temperature and in cloud liquid water
content (LWC). The dissimilar changes in spectra clearly indicate that changes due
to cloud temperature cannot be accurately represented by changes in LWC, par-
ticularly at colder temperatures. Thus, if our retrieval algorithm detects the pres-
ence of clouds along an occultation path, an estimate is made for two “fitting”
parameters: cloud liquid water path and effective cloud temperature. Importantly,
no presumption of spherical symmetry is invoked for clouds. The estimate for
cloud absorption is removed from each occultation path before making the final
species retrievals for temperature and water vapor, which assume local spherical
symmetry.

Preliminary simulations have shown that we can separate cloud absorption
optical depth from the optical depths due to water vapor and dry air based on
differences in their absorption as a function of frequency. The presence of clouds
generally results in somewhat larger errors in the retrievals of water vapor and tem-
perature. Based on our latest simulations, we expect to retrieve water vapor, tem-
perature, and pressure in cloudy conditions with accuracies within a factor of two
of water vapor retrievals in clear air, consistent with the prediction of Kursinski
et al. (2002). Two examples showing the effects of clouds on the retrievals of
temperature and water vapor are shown in Figs. 7 and 8. In general, the errors
in the retrievals of temperature and water vapor increase from the altitude of the
cloud downward. This is expected because occultation observations correspond-
ing to lower tangent altitudes can still pass through clouds located at higher
altitudes.

Fig. 7 Computed standard deviation of the errors in the retrievals of (a) temperature and (b) water
vapor pressure using simulated ATOMMS observations. The background atmosphere is the Low-
tran 2 mid-latitude summer profile. Solid lines are for clear sky conditions, while the dashed lines
were computed after placing a broken deck of altostratus clouds between 4.5 km and 5.5 km alti-
tude. The cloud field is highly non-symmetric about the local tangent point. Cloud elements have
liquid water contents of 0.3 g m−3
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Fig. 8 Same as Fig. 7 except the background atmosphere is the Lowtran 5 Arctic Winter. For
the inhomogeneous Arctic fog case, a cloud with liquid water content of 0.15 g m−3 extends from
ground level to 1.0 km above ground

The ability to estimate two additional parameters, cloud liquid water path and
effective cloud temperature, along each occultation path, requires sampling the spec-
trum with a sufficient number of frequencies to separate the liquid water, water
vapor, and dry air spectra using the slant optical depths. Beside the refractivity
information derived from the phase measurements and the hydrostatic constraint,
we require absorption information from at least four frequencies to isolate liquid
water clouds from water vapor and unwanted variations from the instrument and
turbulence.

If our error estimates prove representative as we expect, then the accuracy (as
opposed to precision) of ATOMMS will be limited ultimately by the knowledge
of spectroscopy. To quantify and reduce spectroscopic uncertainty, we believe it
is crucial that ATOMMS observes at least one additional frequency, bringing the
minimum number to five. For this reason, the aircraft version of ATOMMS has 8
frequencies near 22 GHz and we now refer to the technique as an “Active Spec-
trometer”. In general, it is very important that ATOMMS probes with a number of
tones that provide sufficient information to ensure that ATOMMS observations do
not yield an underdetermined retrieval problem (at least under the local spherical
symmetry constraint).

6 ATOMMS Aircraft to Aircraft Occultation Demonstration

In spring 2009, we will begin to demonstrate the ATOMMS occultation concept
using two high-altitude NASA WB-57F aircraft as substitutes for the eventual orbit-
ing platforms. Development of the ATOMMS aircraft instrument and the analysis of
the measurements are funded by NSF. NASA is providing the aircraft time. The two
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aircraft will fly toward one another at approximately 19 km altitude, thus creating a
rising occultation that will profile the atmosphere from 0 km to 19 km altitude. This
range is sufficient to demonstrate most of the key features of ATOMMS including
accurate retrievals in the presence of ice and liquid water clouds and characterization
of the impact of turbulence. The low transmit power of the ATOMMS instrument
requires high gain antennas and precise pointing. The two WB-57F aircraft that
we will use for the demonstration have been fitted with precise pointing noses (see
Fig. 9) for imaging material falling from the Space Shuttle at launch. The shuttle
imaging system in the noses will be replaced by our ATOMMS instrumentation.

Validation, a key part of the demonstration, is challenging because ATOMMS
is a state of the art remote sensing system with the ability to penetrate clouds and
extremely high vertical resolution but somewhat coarse horizontal resolution. At
least one of the aircraft-to-aircraft occultation demonstrations is planned over the
Atmospheric Radiation Measurement Program (ARM) site in Oklahoma to utilize
the instrumentation there. To the extent possible, the plane of the occultation will
be aligned with the prevailing wind direction so that the ground profile observations
provide information about the vertical and horizontal structure in the same plane
as the occultation measurements. A key aspect of the assessment of the retrievals
will be cross comparison of the 22 GHz and 183 GHz water vapor retrievals within
a 2 km altitude interval in the troposphere where both sets of profiles will be very
accurate.

Fig. 9 WB-57F aircraft with WAVES nose cone. The large mirror is about the size of the 30 cm
aperture of the ATOMMS instrument. (Figure provided courtesy of M. Ross)
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We also note that the possibility of including ACCURATE (Kirchengast et al.
2008) in these aircraft to aircraft demonstrations was discussed at OPAC-3. We
hope that an aircraft-compatible version of the near-IR portion of ACCURATE can
be developed and proceed sufficiently quickly in Europe that at least one of the
ATOMMS aircraft to aircraft occultation demonstrations can include the near-IR
portion of ACCURATE to demonstrate and assess its capabilities as well.
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