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Preface

We will show in this monograph some possibilities of using the potential of satellite
passive microwave radiometric methods for the analysis of variations of heat and
dynamic processes in the ocean—atmosphere interface in a wide range of time scales
— from mesometeorogical (hours, daily) to seasonal (month) and multiyear (climatic)
ones.

The most essential mechanisms of intercommunication of natural microwave
radiation of the system ocean—atmosphere (SOA) with the vertical turbulence
fluxes of sensible, latent heat, as well as the momentum at the boundary of the SOA
are studied.

We will consider the turbulence heat fluxes as the factors generated by the cha-
otic movements in the atmosphere, when every small individual part of air is moved
irregularly. Here, one can observe a transfer of the energy from large-scale to small-
scales; the average distance between the air particles is increased with a time.

Also, the potential of remote sensing the characteristics of heat and water advec-
tion and their accumulation in the atmosphere boundary layer are demonstrated.

In these studies, we mean mainly the middle and high latitudes of the North
Atlantic, which are forming the weather conditions and climatic trends over Europe
and European territories of the Russia.

Elaboration of the methods of analysis of the processes of the ocean—atmosphere
interaction as the factor of seasonal and intraannual climate variability is very impor-
tant component of international scientific programs such as Global Change Research
Program, Earth Observing System (EOS), and climate variability and predictability
(CLIVAR). The actuality of these subjects is emphasized and accounted also in spe-
cial issues of Russian programs on researches of the nature of the World ocean and
the development of systems for its studies.

As a result of the steady reduction of the field measurements in the World ocean,
the satellite means have become the most perspective tools of its investigation.
Additionally, the measurements from vessels and buoys do not provide the required
global observations for spatial resolution and time regularity: conventional esti-
mates of global fields of the fluxes between ocean and atmosphere suffer from
inadequate spatial and time sampling, with the exception of the North Atlantic.

The parameters measured from satellites such as vertical turbulent fluxes of
sensible and latent heat, as well as the impulse (momentum), are considered as the
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so-called climate-forming factors. The main problem of retrieving these parameters
from satellites is caused by the following reason: an intensity of natural microwave
radiation of the SOA brings an information not only on near-surface atmospheric
layers (which are most active in forming the processes of energy exchanges with
the oceanic surface), but also on the more higher layers.

That is why the satellite passive microwave radiometric methods of analysis of
the climate-forming parameters were recognized as the effective tools only in the
1980s and 1990s (mainly in USA, Russia, and Germany), though earlier (in 1960s
and 1970s) some encouraging results of the use of the remote sensed data of labora-
tory studies, as well as the measurements, were obtained from aircrafts and floating
platforms at microwaves and infrareds for the analysis of the heat and water
exchange at the air—sea boundary.

Conventional estimates of global fields of the fluxes between ocean and atmo-
sphere suffer from inadequate spatial and time sampling with the exception of the
North Atlantic. Additionally, the parameters that determine the fluxes are very dif-
ficult to measure on buoys and ships or are not measured at all. Satellite measure-
ments probably offer a possibility to circumvent some of these difficulties. In the
last two decades, strong efforts have been spent in developing methods to derive
geophysical parameters like water vapor content, radiation fluxes, etc. from geosta-
tionary and polar orbiting satellites. Retrievals developed for radiometers on polar
orbiting satellites like the AVHRR (advanced very high resolution radiometer) on
the NOAA series, the SSM/I (special sensor microwave/imager) on the DMSP
program and for the instruments onboard the TRMM satellite are distinguished by
an accuracy that is competitive to in situ measurements or even better.

The various methods of estimation of the monthly mean latent heat fluxes at the
SOA boundary and their seasonal variability are proposed and approved. They are
based on the direct (physical) properties or indirect (correlative) relations between the
SOA brightness temperatures measured from satellites and the most important com-
ponents of the heat and water exchange, such as the sea (ocean) surface temperature,
the temperature, moisture, and wind speed of the near-surface atmosphere.

Later, we have examined the potential of the radiometer SSM/I for retrieval of
the synoptic latent fluxes, but results of these studies were not found so encourag-
ing. At present, we ought to fill out some gaps in researches of real and potential
possibilities of the satellite passive microwave radiometric methods conformably to
an analysis of the heat and dynamic ocean—atmosphere interaction:

* The methods used are based on the formulas of heat and water exchange
between the ocean and atmosphere (bulk-formulas), accounting in calculations
of the near-surface air temperature and humidity, which are indirectly connected
to the SOA brightness temperature.

e Usually, only the humidity atmospheric characteristics measured from satellites
in the spectral microwave band of the water vapor absorption are taken into
consideration as the intermediate characteristic between the SOA brightness
temperature and the boundary heat fluxes.

* Relations between the SOA brightness temperature and the boundary heat fluxes
have a static character, as they are based on general (climatic) regressions
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between the air integral and near-surface humidity, which do not reflect their
endowment to the effects of various mechanisms of heat and water transfer in
the atmosphere (such as the vertical diffusive, horizontal advective, etc.) at the
short-period time scales.

What is more important is that the specialists in the field of remote sensing the
oceanological and climatic processes did not consider possibilities of using the
satellite microwave radiometric methods in the frontal oceanic zones, where the
effectiveness of bulk-formulas is not clear yet.

Also, the potential of satellite passive microwave radiometric methods for the
analysis of energy and circulation characteristics of the boundary layer of the atmo-
sphere and their influence on the heat and water exchange at the boundary of the
SOA is still not fully researched.

Finally, the specialists on remote sensing of the World ocean by means of pas-
sive radiometric microwave, infrared, and other methods lost sight of the urgent
problem concerning the study of initial role of the ocean and atmosphere in their
heat and dynamic interaction at various spatial and time scales.

In this connection, first of all, we directed our efforts on the elaboration of the
physical backgrounds and approaches of determination of vertical turbulent sensi-
ble and latent heat fluxes in a wide range of their variability (hours, weeks, seasons,
and years) using the satellite-derived data measurements of characteristics of natu-
ral microwave radiation at millimeters and centimeters.

Toward this end, we solved the following problems and tasks:

* Study of the mechanisms of forming an intercommunication of the SOA natural
microwave radiation intensity and an intensity of heat and water exchange at the
SOA boundary.

* Searching the spectral intervals, which provide a most close correlation of the
SOA brightness temperatures m asured from satellites with vertical turbulent
heat and impulse fluxes at the SOA boundary for different time scales.

e Study of ways of using the data of satellite microwave radiometric measure-
ments for an analysis of heat and dynamic interaction characteristics in the
frontal zones of the North Atlantic.

* Analysis of satellite passive microwave radiometric methods with a view to use
their potential to analyze the ocean and atmosphere roles in the heat interaction
over different time scales.

The special aspect of these studies is the research of mechanisms of the SOA
natural microwave field reaction to variations of heat properties in the near-surface
and boundary layers of the atmosphere, as well as the search of spectral intervals
and suitable scales of spatial and time averaging the data of satellite measurements,
which provide the immediate (direct) connection between the SOA brightness tem-
perature measured from satellites and an intensity of heat and water exchange at the
boundary of the system.

These studies were supported by the Russian Fond of Basic Researches (Grant
No0.94-05-16234a, 1994-1995). The Russian and American space agencies
(Rosaviacosmos and NASA) sponsored our activity in a frame of the contract NAS
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15-10110, 1996-1997. The results of our studies of correlation between brightness
temperature and the atmosphere boundary layer enthalpy caused by horizontal heat
advection were included in the annual report of Russian Academy of Sciences
(RAS) in 1998.

The researches were conducted mainly in the Institute of Radioengineering and
Electronics (IRE) RAS; so, we are grateful to our colleagues: N.A. Armand, A.M.
Shutko, B.G. Kutuza, E.P. Novichihin, N.K. Shelobanova, Ju.G. Tischenko, A.B.
Akvilonova, N.K.Shelobanova, B.Z. Petrenko, B.M. Liberman, and S.P. Golovachev.

The important factor in these studies was a collaboration with the Moscow sci-
entific organizations — P.P. Shirshov’s Institute of the Oceanology RAS (S.V.
Pereslegin, V.N. Pelevin), Russian Hydrometcenter (Ju.D. Resnyaskii), Center of
Space Observations of Rosaviacosmos (I.V. Cherny), Institute of Space Researches
RAS (Yu.A. Kravtzov, Je.A. Sharkov), Institute of the Water Problems RAS (G.N.
Panin), and Moscow Physical and Technical Institute (P.P. Usov).

The invaluable contribution to conducting the studies was made due to unique
data of the vessel experiments NEWFOUEX-88 and ATLANTEX-90 received
from the P.P. Shirshov's Institute of Oceanology RAS (S.K. Gulev) and the archive
data of satellite microwave radiometric long-term (10-years) measurements derived
from the USA meteorological satellites DMSP given us by the Marshall Space
Flight Center. The data of oceanographic, meteorological, and satellite measure-
ments accumulated in the point “M” of the North Atlantic reported by Joerg Schulz
(Germany) made us expand our understanding of forming the dependencies of the
SOA brightness temperature vs. boundary heat fluxes rules found in the middle lati-
tudes on more higher ones.

Moscow, Russia A.G. Grankov
Moscow, Russia A.A. Milshin
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Introduction

The satellite-derived data of passive microwave radiometric measurements have an
essential potential to evaluate the parameters of the system ocean—atmosphere (SOA)
determining the processes of heat interchange in its interface with use for oceanolo-
gists” and climatologists’ accuracy. In particular, the brightness temperature of the
SOA is directly connected to the water surface temperature and near-surface wind
speed, which are the key parameters in the formulas used for computation of heat and
water vertical turbulent fluxes at the SOA boundary (bulk-formulas). Such parameters
as the near-surface air temperature and humidity only indirectly influence natural
microwave radiation of the SOA, but in spacious areas of the North Atlantic (in the
middle and high latitudes), the total water vapor of the atmosphere is an effective
indicator of variations of these parameters in a wide range of time scales.

An influence of the oceanic water surface temperature 7, on the SOA brightness
temperature is the passive factor in comparison with the near-surface air tempera-
ture and integral water vapor content of the atmosphere observed in the experiments
NEWFOUEX-88 and ATLANTEX-90 in the range of synoptic time scales. This
fact, possibly, is not evident for oceanologists and climatologists in their traditional
understanding of the role of using the remote sensing methods, when only the par-
tial parameters of the SOA interface are used in retrieving the heat fluxes in the
ocean—atmosphere interface with the well-known procedures such as the bulk-for-
mulas. Such result can be justified by an intensive variability of the atmospheric
parameters T, e, and Q, as well as their close correlation determined by the pro-
cesses of the horizontal air movements in the near-surface and the boundary layers
masses typical for middle and high latitudes. This effect excites the brightness
contrasts at the synoptic time scales exceeding in ten times the contrasts produced
by variations of the parameter T, because the influence of the vertical heat transfer
on the MCW radiation characteristics is more weak in comparison with the effect
of the horizontal heat transfer in the atmosphere.

The significant and unique effect observed in these tasks is a high sensitivity of
the SOA brightness temperature at the wavelength 1.35 cm to variations of the
atmospheric.

The relations between the SOA natural microwave radiation and the processes
of heat interchanges in the system are most indicative at the synoptic range of time
scales; the following regularities are observed in this case:

XV



Xvi Introduction

— Parameterizations used for calculating the vertical turbulent fluxes of sensible
and latent heat over the ocean can be reconstructed in the form of combinations
of only those parameters of the ocean—atmosphere system that are directly
related to satellite-derived characteristics.

— A good agreement between theoretical and experimental (satellite) estimates of
the brightness temperature of the system ocean atmosphere natural microwave
radiation and the results of their processing is observed in the mid- and north
latitudes of the North Atlantic.

— An influence of the near-surface wind speed and its direction on synoptic vari-
ability of meteorological parameters, total heat (sensible and latent fluxes), and
the SOA brightness temperature over the Subpolar Hydrological Front in the
North Atlantic has been discovered.

Long-term measurements from the DMSP SSM/I devices help estimate the
monthly mean values of most changeable SOA parameters, which are forming the
air—sea heat interaction at seasonal and climatic time scales such as the monthly
mean wind speed and integral water vapor content in the atmosphere, and whose
current values cannot be evaluated with ordinary reference data.

The satellite estimates of the monthly mean estimates of the wind speed and
atmosphere integral water vapor content are slightly dependent on the spatial aver-
aging (within the squares varied from 1 x 1° to 5x5°); the cloudiness and precipita-
tion do not influence essentially an accuracy of these parameters estimation.

A strong correlation between monthly mean values of the SOA brightness tem-
perature at the resonant line of a water vapor absorption in the atmosphere (1.35 cm)
and the surface vertical turbulent heat fluxes in some areas of the North Atlantic
over a period of years has been discovered.IntroductionIntroduction



Chapter 1

Parameters Accessible for the Satellite
Microwave Radiometric Means and Their
Relations with the Ocean—Atmosphere
Interaction

1.1 Relationship Between Dielectric Properties, Physical
and Chemical Parameters of the Water and Physical
Characteristics of the Atmosphere

1.1.1 Radiation Models of a Water Surface

The most important characteristics of the sea water are their temperature and salin-
ity. Permittivity of water, €, is a function of the wavelength A. The dependence of
permittivity € on the wavelength, temperature, and salinity is approximately
described by the Debye’s relaxation equations supplemented by an additional term
to account for an increase in ionic conductivity at a given wavelength A due to an
increase in salt content in the solution.

Of all the salt solutions present in natural water, the most extensively studied in
the radio wavelength range is the NaCl solution proper to sea water (in concentration
upto 3-5 moles L) (Hasted 1974).

At wind speeds V of about 5-7 ms™!, foam appears on the ocean surface. The
water-surface area covered by foam increases with a rise in wind speed. Foam may
also be formed as a result of turbulence of the surface and subsurface waves, and
also in regions of plankton by a reduced pressure caused by the motion of internal
waves. Theoretical estimates show the real and imaginary parts of the foam dielec-
tric constant to vary inversely with the air concentration and constitute several units
at concentrations in excess of 0.9. The spectral dependence of foam dielectric con-
stant is due to the frequency dependence of the water dielectric constants.

The dependence of the SOA brightness temperature 7° of a calm (not exited by
wind force) water surface on temperature and salinity is described in the Kirchoff
approximation by the Fresnel reflection equations R(g, 6), which include the char-
acteristics of this medium as the complex dielectric constant €, observation angle 8
and polarization (Basharinov et al. 1974).

T =yT,, x=1-R, (1.1)

A. Grankov and A. Milshin, Microwave Radiation of the Ocean-Atmosphere: 1
Boundary Heat and Dynamic Interaction, DOI 10.1007/978-90-481-3206-5_1,
© Springer Science+Business Media B.V. 2010



2 1 Parameters Accessible for the Satellite Microwave Radiometric Means

where T is the water surface temperature.
With vertical observation =0,

X = X = Xoo (1.2)

where |8| =g,4/1+1g°5;tgd = €, / €, is the dielectric loss angle;

€ and ¢, are the real and imaginary parts of the permittivity, respectively.

The angular dependence of the coefficients of horizontally and vertically
polarized radiation can be approximated with an accuracy of 2—-10% by the follow-
ing polynomials:

X (0)= x,(1-4, 6%),0<6<0.5m,
%, (0)=x,(1+ A, x.0°+B, 6*),0<60<04n (1.3)

When the receiving antenna is oriented at an angle o relative to the observational
plane,

Xy (0)=x,cos’a+7y, (0) sin’6). (1.4)

The thickness of the efficiently emitting layer (the skin layer) is determined as the
inverse of the absorption factor:

L=1/y,

where

y= 272:/5 Jlel-¢.. (1.5)

Analysis of the fresh water dielectric constant data discloses the relation:

lel /leZ = f(xl /7\'2)’ (16)

which is valid for k£ from 0.94-1 in the 5-30 cm wavelength range

I, (A)=0.01 17, (1.7

where le, A are in centimeters.

Calculations used (1.1)—(1.7) in early works (Nikolaev and Pertshev 1964;
Pereslegin 1967; Sirounian 1969; Rabinovich and Melentjev 1970; Matveev 1971;
Raizer et al. 1975; Grankov and Shutko 1980) disclosed the frequency dependent
relations between the SOA radiation characteristics at microwaves and water
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surface temperature and salinity. As an example, a relation for a NaCl solution of
varying concentration is presented in Fig. 1.1.

The emissivity of a smooth water surface covered with a uniform foam or an oil
layer can be approximated by the equations derived for the stratified models
(Basharinov et al. 1974), which account for the dielectric characteristics of indi-
vidual layers and multiple reflections of electromagnetic radiation fluxes from the
boundaries of individual layers. These multiple reflections are responsible for inter-
ference effects (foamed mixtures with air content above 95% feature the absence of
any interference effects; the emissitivity of a foam-covered water surface in these
cases is estimated taking into account the absorption in the foam layer). In later
works (Wentz 1983; Shutko 1985; Sasaki et al. 1987; Meissner and Wentz 2004),
some considerable revisions of relations between the sea temperature, salinity and
wind speed of sea water, its dielectric constants, emissivity, and brightness temperature
were made.

7
0°
20°
J7°

49241 L

48 155 225 3% 5 Y4 20 A, oM

Fig. 1.1 Theoretical dependence of a water surface emissivity y from the wavelength A at various
temperatures and NaCl solution concentrations: 1-0%o; 2—20%0; 3—40%o
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1.1.2  Radiation Models of the Atmosphere and the SOA

A standard cloudless atmosphere is characterized by such parameters as tempera-
ture, air density, and water vapor pressure. The height temperature profile T, is
described by the broken line functions T, T ,, and T,

a2’

T,=T,-ah 0<h<1lkm,

T =T, (11km), 11km < i < 20km,

T.= T (11km) + h —20, 20km < h < 32km.

Here, T, is the temperature at sea level (h=0), and a is the temperature vertical
gradient. Due to one of the known (US) standards, 7, =288.15 K, and =6.5 Kkm™".
For an approximate calculation, we can use the simplified formula:

T(h)=T, exp """, H, = 4.4 km. (1.8)

For many preliminary calculations, we can also use the exponential altitude model
of atmospheric pressure P:

P(h)=P, exp™", P, =1013 mb, H, = 7.7 km (1.9)

The exponential model is used here to describe the volumetric water vapor density in
the atmosphere:

P, (h):poe(*””” (1.10)

Here, p, is the atmospheric water vapor density at sea level and depends on climatic
and seasonal time scales. On the average, it varies from 102g m™ for a dry climate
upto 30 gm= for a warm climate. The models (1.8)—(1.10) are fit, to our opinion,
also for using in the climatic and seasonal time scales.

The main absorption and radiation components of the atmosphere are its water
vapor and oxygen, which are entirely determined by the atmosphere temperature 7,
air pressure P, water vapor density p, and their vertical distribution. Water vapor
and oxygen have absorptive lines at Wavelength 1.35 cm (f=22.235 GHz) and in
the region of ~5 mm, respectively; they are, as per our opinion, both attractive for
a diagnosis of the atmosphere heat and its interaction with the ocean surface.
Namely, in these spectral regions, we can observe the significant brightness con-
trasts measured from satellites, or artificially derived (simulated) estimates of the
SOA physical state.

The brightness temperature of the SOA depends on the radiation properties of
the water surface and the absorption of the atmosphere at microwaves; the SOA
brightness temperature 7° is given by the following relations (Basharinov et al. 1974):

T =T0 + T4 +T", (1.11)
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where

T® - =T", - exp(-1) (1.12)
is an intensity of radiation flux from the water (oceanic) surface T®, attenuated in
the atmosphere (the quantity T is proportional to emissivity of the water surface
and its thermodynamic temperature 7, )

TY = |-T(h) - exp [x(h)—(H)] - dh (1.13)

S ey

is an intensity of the up-going atmosphere radiation flux;
H
T =R+ [T,(h) - exp [(n~(H)] - d (1.14)
0

is an intensity of the atmosphere down-going radiation flux reflected by the water
surface

h

wh)-=-[ -y () - dn’ (1.15)

0

7 is the integral attenuation of the radiation by the atmosphere, which depends on
the linear absorption factor y and the thickness & of the absorbing layer counted
from the ocean surface (h=0); and R is the coefficient of reflection of the atmo-
sphere down-going radiation flux from the water surface.

Figure 1.2 gives the SOA brightness temperature values at millimeters and cen-
timeters, where the resonance effects become apparent.

Besides molecular attenuation in water vapor and oxygen, the microwave
propagation at centimeters and millimeters is also greatly affected by various
hydrometeors, first of all, rain and clouds; one can evaluate appropriate models from
Basharinov et al. (1974), Wentz (1983), and Andreev et al. (1985), for example.

1.2 Methods of Using the Data of Microwave and Infrared
Radiometric Measurements for an Analysis
of Heat Fluxes at the SOA Boundary

1.2.1 Traditional Approach

The main problem in remote sensing the heat exchange processes in the interface
of the SOA is caused by the fact that characteristics of natural microwave and infrared
radiation of the ocean—atmosphere system are formed not only in the near-surface
atmosphere layer (thick in 10-20 m), but also in its more higher layers (2-5 km),
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Fig. 1.2 Frequency dependencies of the SOA brightness temperature of the earth atmosphere 7°:
(1, 3), the downward atmospheric natural microwave radiation; (2, 4), when the water vapor den-
sity at the sea level p,is 7 gm™; (3, 4) p,is 2 gm™

depending on the spectral bands used in satellite measurements. There are different
approaches to use the data of microwave and infrared radiometric measurements for
estimating the heat fluxes in the SOA interface. For example, one of these is based
on retrieving the vertical temperature profiles (gradients) in the oceanic surface
layer; it was shown in Khundzhua and Andreev (1973) that their magnitude and the
sign let us to judge on intensity of the vertical turbulent flux of sensible heat. The
effectiveness of such approach at infrareds is confirmed by results of numerous
measurements conducted in laboratories, from stationary coast points, and the
floating sea platforms; these results are in a good agreement with the data of aircraft
measurements (Bychkova et al. 1988).

The potential of retrieving the vertical temperature (profile) of the sea subsurface
layer was investigated theoretically in Sharkov (1978) and Mitnik (1979). Afterwards,
these studies were continued by the specialists, which developed and tested the pos-
sibilities of retrieving the water surface vertical temperature profile of the ideal (flat)
and natural (waved) sea surface (Gaikovich et al. 1987) in the laboratory conditions.

At the same time, we have no evidences of using the microwave and infrared wave-
length ranges for determination of heat fluxes based on determination of the water
surface vertical temperature profiles with the data of measurements of satellite micro-
wave or infrared means. The modern satellite MCW and IR means, which provide an
accuracy of retrieving the sea surface temperature (SST) at best of 0.5-1°C, do not
provide the correct estimations of the SST values and their variations. It is even for
results of MCW and IR methods of retrieving the air vertical temperature and humidity
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profiles in locally bands of radiation (absorption) for the most important atmospheric
components — the water vapor and the oxygen, whose accuracy estimates are insuffi-
cient for these tasks due to the low spectral resolution and sensitivity of radiometers.

More perspective (the forced, at some extent) is the method of determination of
heat fluxes based on the statistical correlation between the integral (averaged over
the height), whose variations are neatly fixed from satellites with the data of MCW
and IR measurements, and its temperature and humidity values.

This correlation is caused by the air near-surface and the boundary layers mecha-
nisms of turbulent the heat and water mixing. These processes are most typical and
intensive for the atmosphere (in contrast of the ocean) and become apparent for their
monthly (or decade) mean variations, which are free from their more short-period per-
turbations. That is why the best results of application of satellite radiometric methods
obtained are concerned with retrieving monthly mean SOA boundary heat fluxes, based,
for example, on the data of MCW and IR passive radiometric measurements derived
from the satellite Nimbus 7, as well as from the DMSP and NOAA satellite series.

The relation between temperature and humidity characteristics in various atmo-
sphere layers is the starting point for using the data of satellite radiometric methods
of analyzing the sensible (g,) and latent (g ) vertical turbulent heat fluxes at the
SOA boundary, if we use the semi-empirical formulas (bulk formulas), based on the
global bulk aerodynamic method. In accordance with this method, the values g, and
q, are given by the formulas (Ivanov 1978; Lappo et al. 1990):

q,=C,p C(T -T)V; (1.16)
q,=L p(0.622/P) C,(e—e,)V, (1.17)

One can see from these formulas that values g, and g, depend on such parameters of the
SOA as the temperature (7 ), water vapor pressure (), and wind speed (V) in the near-
surface atmosphere, as well as the oceanic water surface temperature (7, ), and maximum
for this value, air humidity (e). The following parameters used in bulk-formulas (1.16)
and (1.17) are the numbers of Schmidt (C,), Dalton (C,), the specific heat of evaporation
(L), the specific air heat under constant pressure (cp), and the air density (p).

The frames of aerodynamic method let us also to obtain the simple parameter-
ization of relations between an intensity of dynamic air—sea interaction character-
ized by the turbulent flux of impulse (momentum) (g, ), which can be calculated
(Ivanov 1978; Lappo et al. 1990):

q,=pC, V2 (1.18)

where C, is the drag coefficient.

The formulas (1.16)—(1.18) enable to determine not only “instant,” but also
averaged over considerable time scales heat and impulse fluxes. For example, it is
possible to estimate the monthly mean ones using the monthly mean parameters
T,T,e, and V as the input data (Ariel et al. 1973; Esbensen and Reynolds 1981;
Larin 1984; Gulev 1991).

This peculiarity of the global bulk aerodynamic method attracts an attention
of specialists in the field of the oceanology, meteorology, and climatology, who
are really interested in the results of the remote sensing means, especially, an
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information on the near-surface atmosphere air temperature 7 and humidity e.
However, the possibilities of this method are good only in the limited frames: one
can envisage some limitations, maintaining this method: the horizontal spatial gra-
dients of the parameters 7, T , ¢ must not exceed some critical values (Lappo et al.
1990). Consequently, the possibilities of its realization are unclear in the oceanic
frontal zones, which are characterized by significant geophysical and brightness
temperature spatial and temporal contrasts.

It is seen from the formulas (1.16)—(1.18) that the water surface temperature 7,
the near-surface air temperature 7 , humidity e, and wind speed V are playing the
main role in the air—sea interchanges.

The estimates of the parameters 7, and T can be obtained directly from the data
of satellite microwave radiometric measurement data. To estimate the parameters
T, and e, we ought to use some correlative relations between these parameters and
an intensity of the SOA natural MCW and IR radiation, which are manifested only
in some spectral intervals.

The extensive studies were devoted to analyze the potential of satellite MCW and
IR methods of estimating the characteristics of heat and dynamic interaction between
the ocean and atmosphere. For example, in Dymnikov et al. (1984) were obtained
some proximate estimates of an accuracy of determining the oceanic layer parameters
closely related to the SOA radiation balance. In Grishin and Lebedev (1990) the
maximal values of errors of the parameters 7, T , V, and e, when the estimates of the
fluxes g,, g, and g, calculated with the bulk-formulas, are useful for the oceanologists
and climatolologists, namely, from this vision angle the possibilities of modern satel-
lite MCW and IR radiometric instrumentation are discussed here. In Taylor (1984)
the information content of satellite-derived monthly-mean heat and latent heat fluxes
depending on their sampling frequency was studied on the basis of the data obtained
during the experiment JASIN in the North Sea. The results of this studies show that
the relative error of heat flux determination is estimated to be ~10% for the parameter
q, and 30% for the parameter g, if the oceanic areas observed from satellites are
covering through every 12 h.

The results of experimental measurements derived from the satellites Nimbus 7,
DMSP (at microwaves), and the NOAA satellites (at infrareds) within various
physical and geographical zones of the World Ocean (Schulz et al. 1997; Grankov
et al. 1999a, b; Liu 1995) justify an effectiveness of this approach. For example,
the square root estimates of the month mean latent heat fluxes averaged over 2 x5°
squares on the basis of selected satellite data (September 1987, Global Ocean
(Schulz et al. 1997)) is about 15-30 W m=. The similar results have been obtained
in Grankov et al. (1999a, b) (in some energy active zones of the North Atlantics, in
February 1994), and in Liu (1995) (in tropical zones of the Pacific Ocean).

As the following important step in the field of remote sensing the processes of
the heat and dynamic ocean—atmosphere interaction characteristics, we can con-
sider an appearance of the atlas of the monthly mean sensible and latent heat fluxes,
and some other parameters of the SOA typical for the global ocean collected during
the period July 1987-December 1998 (Grassl et al. 2000), which are based on the
data of satellite MCW and IR measurements.
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The evident endowment in an analysis of the potential of satellite microwave
radiometric methods in studies of the SOA heat interaction in tropical oceanic
zones was introduced by Sharkov from the Institute of Space Research, Russian
Academy of Sciences (RAS) (Sharkov 1998).

At the same time, we ought to emphasize the problems of using the bulk-aero-
dynamic method for retrieving the synoptic variations of heat and water vapor
exchanges, which are more changeable with the seasonal variations. We can
explain this features starting from the own experience:

1. When passing on the seasonal to the synoptic time scales, we can observe the
relations between the air temperature and humidity in different atmospheric lay-
ers become more weakened; hence, we may conclude that the accuracy of deter-
mination of the parameters T and e, appearing in the formulas (1.16) and (1.18),
will be decreased due to the time scale shortening.

2. The role of such factors as the wind speed in the near-surface atmosphere, the
atmospheric cloudiness and rainfall, which have limited the satellite estimates of
the SST in principle, has become clearly apparent in the range of the synoptic
time scales.

3. An ambiguity of the coefficients C, and C; denoted in the relations (1.16) and
(1.17) plays more essential role at the synoptic time scales in comparison with
the seasonal ones.

Some efforts were undertaken for solving these problems by way of the modifica-
tion of the formulas (1.16)—(1.18) taking into account the close correlation between
the near-surface air humidity e and the atmospheric total water vapor content Q in
the North Atlantic and Pacific oceans (Schulz et al. 1997), the parameters T_and T,
in the Caspian sea (II'yin et al. 1986; Panin 1987) as well as the parameters T,e,
and Q in the Newfoundland active zone of the North Atlantic (Grankov and
Novichikhin 1997).

1.2.2 Alternative Approach

Another approach is based on using the data of satellite MCW and IR radiometric
measurements as the direct characteristics of the heat dynamic interactions between
the ocean and atmosphere. This idea was declared first in Dymnikov et al. (1984),
where the requirements to the satellite means were discussed from the point of view
of the program “RAZREZY” in studies of the heat ocean/atmosphere balance, and
in Eyre and Lorence (1989) in interests of the weather forecast. Also, in Lapshin
and Ragulin (1989), it was shown that an intensity of the SOA natural MCW radia-
tion (the brightness temperature) in the centimeter range of wavelengths can be
considered as the direct characteristic of intensity (rate) of exchanges between the
ocean and atmosphere through the CO, component.

We think that it is an appropriate way to discuss the two conceptions of using
the data of satellite MCW radiometric means and methods.
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In the first case, we deal with the traditional approach reasonably, when we try
to retrieve the information on the near-surface air humidity and temperature char-
acteristics as well as on the SST and near-surface wind speed, which determine the
regime of the ocean—atmosphere heat and dynamic interaction. This conception is
more convenient and clear for the oceanologists.

In another case, our method corresponds to proposed by A.M Shutko and E.A.
Reutov (Reutov and Shutko 1987; Reutov 1989) conception of using the remote
sensing data not only for their retrieving into adopted in the geophysics parameters
such as the near-surface air humidity and temperature, and wind speed, which are
significant factors used in the Bulk-formulas. Following this principle, we can
ignore the other factors in details — the vertical distribution of these parameters,
for example. When solving this problem, we can decide the typical problems of
the extraction (retrieving) of some partial characteristics of media state accepted
in science and practice (such as the near-surface air temperature, humidity, and
wind speed), but also first of all, for a direct use of radiation characteristics such
as an intensity, scattering, and polarization electromagnetic properties of natural
objects (oceans, basins, lands) for determining their state at whole. Some results
of realization of these ideas were demonstrated in Reutov and Shutko (1987) and
Reutov (1989), where it was shown that the SOA brightness temperature at centi-
meters and decimeters is closely attached to the so-called radiation index of dry-
ness of the land; it is also possible to associate the brightness temperature
measured from satellites with an intensity of large-scale ocean—atmosphere heat
interaction in the energy-active zones (EAZOs) (Grankov and Shutko 1992a, b;
Grankov and Usov 1994), also for estimation of the temporal and spatial variations
of the total turbulent (sensible +latent) heat fluxes in the synoptic range of time
scales (Grankov and Resnjanskii 1998; Grankov and Mil’shin 1999; Grankov et al.
2000, 2002), as well as for an analysis of the multiyear changeability of their
month mean values in the middle and high latitudes of the North Atlantic (Grankov
and Mil’shin 2001).

To our opinion, the satellite microwave radiometric of the direct analysis of heat
and water exchanges in the SOA interface should be based on the following
principles:

1. The methods used must be based on the models of interrelations between radia-
tion characteristics of the SOA and the boundary heat processes using a clear
physical interpretation, which includes a minimal number of transit parameters;
in other words, the most simple parameterizations of these relations are
preferable.

2. It is a desirable and effective approach when the models used will include the
oceanic and atmospheric parameters, which are accessible for the satellites
methods of remote sensing of the SOA; it is very important that these parameters
should provide strong response of the SOA natural MCW and IR radiation in
contrast of other parameters of the system.

3. The parameterizations used must be universal enough to provide their accom-
modation to different parts of the World ocean (at least, in the middle and high
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latitudes) for various seasons. Also these approaches must be suitable for the
cyclonic and frontal zones, when the classic insight on the ocean—atmosphere
heat and water interchanges are effective even we will be use the climatic data,
accumulated by means of satellite and vessel measurements.

The following examples have met the requirements listed above, such as the
example (Grankov and Usov 1994), which illustrates the close relation between
seasonal variations of the month mean of the SOA brightness at the specific
pieces (intervals) at microwaves and the air—sea temperature differences
AT=T -T , which is considered as one of the key characteristics of heat and
water interchange in the ocean—atmosphere interface (at least, in the middle and
high latitudes of the World ocean) (Shuleikin 1968; Nikolaev 1981). The results
of regressions between the values AT (taken from the atlas of the climatic-mean
hydrometeorological parameters for the Gulf Stream active zone) with their
calculated MCW estimates AT show us that the value of the correlation coeffi-
cient r is about 0.92; the values of the root-mean-square (rms) discrepancy G is
about 0.6°C. Such approach demonstrates the evident advantage in comparison
with the methods of the singly determination 7, and T and the following calcu-
lations of their difference. Let us note that an accuracy of a single estimation of
the month mean values of the SST (the parameter 7)) only is about 1°C (see
details in Chap. 3).

More possibilities of a direct use of satellite data measurements at microwaves
demonstrates the method (Grankov and Shutko 1992a, b) elaborated for an analy-
sis of the integral (averaged per year) vertical turbulent heat fluxes and their year-
to-year variability. This approach is based on the method of calculation of the heat
fluxes, which was founded by Lappo et al. (1990) and takes into account not only
the month mean values of the parameters 7 and T, (and their annual amplitudes),
but also the estimations of the time shift between them. The method is more pre-
sentable, if we draw the line (phase) trajectories in the form of the 7 ~T loops.
The geometric characteristics of these loops such as the square, orientation, and
their distinctions from the ideal (rectangular) form let us to estimate the annual
heat fluxes in different regions of the World ocean and to evaluate their intra-
annual variability. The advantage of this procedure is in its resistance to all kinds
of the measurement noises, as far as the final estimates of the heat fluxes include
not only some separate data of satellite measurements, but also take into account
the general (seasonal) tendencies. The similar approach is used in radioengineer-
ing and radiolocation, when we operate with the low-level in contrast with noises;
in this case, besides the amplitude (intensity) of the signals measured, the other
properties (spectrum form, energy, time delay) are actively used (Kharkevich
1962; Frenks 1969).

The effectiveness of a direct use of satellite MCW radiometric measurements
for analysis of the heat and water exchanges in the SOA interface is endorsed also
in the synoptic range of time scales. It is important in this case that the satellite
methods are quite efficient in the cyclonic zones as well as in the hydrological
and atmospheric frontal areas, where the oceanologists cannot use effectively
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their traditional methods and instrumentations. This approach was examined
also for an analysis of the climatic variability of the month mean values of the
parameters q,, g, g, in the Gulf Stream, Newfoundland, and Norwegian EAZOs
of the North Atlantic.

1.3 Parameters of Heat Interchanges in the SOA,
which are Directly Determined by Means of Satellite
Microwave Radiometry

1.3.1 Preamble

One can select only a row of the SOA parameters, which are directly accessible
for the satellite passive MCW radiometric method. In this turn, we must underline
the oceanic (sea) surface temperature and the near-surface wind speed, which play
a significant role in forming the heat and dynamic processes in the SOA interface.
We consider the task of retrieving these parameters from satellite microwave and
radiometric data as the important one from the theoretical and practical points of
view for studies of the ocean—atmosphere interaction. A long time this problem is
in a focus of scientific specialists of leading research Russian centers such as the
Moscow and Fryazino departments of the IRE (RAS), the Research Institute of
Radiophysics (Nizhnij Novgorod), the Institute of Atmospheric Physics (Moscow,
RAS), the Sevastopol Sea Hydrophysical Institute (Ukraine Academy of Sciences),
the Institute of the Space Research (Moscow, RAS, the Voejkov’s Main
Geophysical Observatory (St. Petersburg, Hydrometeorological Service of the
Russia), the Shirshov’s Institute of Oceanology (Moscow, RAS), the Scientific
Research Center for Exploration of Natural Researches (Moscow, Russian
Hydrometeorological Service), etc. The interest to these themes simulated a lot of
monographs based on theoretical and experimental studies in Russia and abroad
(Nikolaev and Pertshev 1964; Basharinov et al. 1974; Bogorodskii et al. 1977,
Twomey 1977; Kondrat'ev and Timofeev 1978, 1979; Ulaby et al. 1981, 1982,
1986; Tsang et al. 1985; Nelepo et al 1985; Shutko 1986; Kochergin and
Timchenko 1987; Bychkova et al. 1988; Chavro 1990; Kondrat'ev et al. 1992;
Raizer and Cherny 1994; Cherny and Raizer 1998; Sharkov 1998; Grankov and
Mil’shin 2004; Armand and Polyakov 2005).

The important endowment in a theory and practice of using the satellite pas-
sive microwave radiometric methods was made by Sergey V. Pereslegin in its
pioneer work (Pereslegin 1967) devoted to an analysis of relations of the oce-
anic surface temperature and the brightness temperature contrasts observed
from satellites.

Let us make a brief review of some relations between the ocean surface bright-
ness temperature and its thermodynamic (kinetic) temperature, and near-surface
wind speed.
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1.3.2 Relations Between MCW Radiation, the SST,
and the Wind Speed

An effectiveness of satellite passive microwave radiometric methods of determining
the SST (except for an influence of the noise temperature (sensitivity) of radiom-
eters, an attenuations in feeders, the directional patterns, etc.) depends upon the
natural sensitivity (¢") of natural MCW radiation intensity (brightness temperature
T%) to variations of SST (¢"=AT"/AT*), and its steadiness to variations of the near-
surface wind speed and the atmosphere meteorological parameters. The main prob-
lem is an extraction of the component of the SOA brightness temperature related to
the SST variations against a background of its variations caused by the water sur-
face roughness and its foam cover as well as an influence of the atmosphere cloudi-
ness and rainfall intensity (Basharinov et al. 1974; Shutko 1986; Grankov and
Shutko 1992b).

The value of the parameter ¢ reaches a maximum in the centimeter range of
wavelengths (see Fig. 1.3); at the wavelength 8.5 cm, a close linear correlation
between the SOA brightness temperature — measured from the firstling of radio-
physical researches of the Earth from space, the soviet satellite “Cosmos-243,” and
in situ SST estimates is observed (see Fig. 1.4).

The satellite estimates of SST are especially critical (sensible) to a water state
excitable by the wind at the SOA boundary. There are two suitable reasons: (1) the
roughness of the water surface causes the appreciable brightness temperature con-
trasts, which are comparable with ones induced by the SST variations and (2) the
spectral distinctions between the SST and near-surface wind speed effects on the SOA
brightness temperature at the centimeter range of wavelengths are quiet slight; their
resolution will be possible by expanding the wavelength range from centimeters to
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Fig. 1.4 Brightness temperature AT, K
variations obtained from the
satellite “Cosmos-243” at the 14+
wavelength 8.5 cm, plotted as
function of SST (Shutko 1986) 12+
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millimeters, i.e., by increasing the number of radiometric channels and losing a
simplicity of a radiation model used (Grankov and Shutko 1992b). That is why,
already in the first experiments on remote of the ocean from the satellites
“Cosmos-243” (1968), “Cosmos-1076" (1979), “Cosmos-1151" (1980), and
Nimbus 5 (1979), four spectral channels operated in the centimeter and millimeter
ranges of wavelengths were used.

As early as the first, researches on remote sensing displayed the close correlation
between the microwave radiation characteristics of sea surface and the near-surface
wind speed: some results of systematization of experimental data obtained are
demonstrated in the Figs. 1.5-1.8.

Figure 1.5 shows the dispersion of a sensitivity of brightness temperature to
near-surface wind speed variations (¢*=AT°/AV) in the centimeter range of
wavelengths with an account of roughness and the foam characteristics observed in
different experiments.

Figure 1.6 shows the dispersion of a sensitivity of the coefficient of
polarization p to variations of parameter V in two subranges: 0<V<8 ms™
(without a foam cover) and 8 <V <25 ms™! (in presence of foam). Let us note
that the polarization characteristics of MCW radiation give us an additional
information about the sea surface state. It follows from Fig. 1.6 that an account
of such information at least at the wavelength of 3 cm for the angle of
observation of 55° gives 4-5 gradations of wind speed. Data obtained in this
way may be used as some of the basic values for the parameter V (similarly to
averaged climatic data of the SST).

Figures 1.7 and 1.8 compare the brightness temperature contrasts AT* measured
from satellite “Cosmos-243” and their scattering with the wind speed V.
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Fig. 1.5 Sensitivity of brightness g%, m/s
temperature to wind speed variations as 12,
function of wavelength (Grankov and ’ — AT JAV
Shutko 1980)
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These (or similar) data are very important for solving the problem of determina-
tion of the brightness temperature component caused by the SST variations of
rough water surface.

1.3.3 Estimates of an Accuracy of the SST Determination

Already in 1960s and '70s a large number of investigations were devoted to a theoretical
analysis of the accuracy of estimates of the SST derived from the data of satellite
MCW radiometric measurements; one can find some results of these investigations
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in Basharinov et al. (1974), Wilheit (1978), Kondrat'ev and Timofeev (1979),
Nelepo et al. (1985), Shutko (1985), Robinson (1985), and Bychkova et al. (1988).

Table 1.1 shows some estimates of potential accuracy of the SST determination —
minimum rms error o, which is accessible for satellite passive MCW radiometric
methods in the centimeter wavelength range. Here, we take into account first of all
such interfering factors as the near-surface wind speed V and the integral liquid
water content in the clouds W.
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Table 1.1 Root-mean-square errors of the sst estimates under
various weather conditions, °C

V(ms™)
W (kg m™2) 0<V<8 8< V<15 V>15
0<W<0.2 0.6 (0.5) 1(0.1)
02<W<1 0.8 (0.1) 1.2°C (0.15)
W>1 1.2-2 (0.15)

Its frequency is indicated in brackets (Shutko 1986; Grankov and
Shutko 1992b)

o1, °C

2.5

2.0 4

1 11 111
Time scales of observations from satellite

Fig. 1.9 Estimates of the SST errors o, for various time scales: mesometeorological (I), synoptic
(IT), and seasonal (IIT) (Grankov and Shutko 1992a, b)

The table shows that if the wind speed does not exceed the value 8 ms™ (when
a sea surface is free from the foam) and water content in clouds less than 0.2 kg m™
(a week cloudiness), the rms error of the SST determination reaches its margin,
which is specified by a natural sensitivity of the SOA brightness temperature to the
SST variations. Only in this case the satellite means can provide a determination of
SST with the accuracy acceptable for the oceanologists.

An accuracy of the SST determination at more complicated weather conditions
(V>8 ms™ and W>0.2 kg m™) may be increased in 1.5-2 times in comparison
with the data shown in Table 1.1 due to an appropriate selection and averaging the
results of long-term satellite MCW radiometric measurements. This conclusion is
confirmed by results of calculations (see Fig. 1.9).

These results are in a good agreement with the data of spacious studies fulfilled in
one’s time in Jet Propulsion Laboratory with the radiometers AVHRR, HIRS/MSU, and
SMMR from the satellites NOAA, Seasat, and Nimbus 7 (Hofer et al. 1981; Njoku et al.
1985; Susskind and Reuter 1985; Bernstein and Chelton 1985; Hilland et al. 1985).
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Table 1.2 Results of comparison of satellite and vessel monthly SST averages in 2°% 2° bins and
the rms values of their differences (Bernstein and Chelton 1985), °C

Satellite sensor November 1979  December 1981 March 1982  July 1982
AVHRR

Mean value 0.19 -0.30 -0.36 -0.48
rms 0.61 0.58 0.62 0.92
Number of measurements 723 729 795 644
HIRS

Mean value -0.04 0.13 0.30 -0.07
rms 1.01 0.89 0.97 0.69
Number of measurements 735 729 795 662
SMMR

Mean value 0.52 0.72 -0.21 -0.43
rms 1.37 1.37 1.13 1.06
Number of measurements 395 677 690 522

An effectiveness of using the satellite passive radiometric methods of the SST
determination with the radiometer SSMR (at microwaves), AVHRR (at infrareds),
and HIRS/MSU (at microwaves and infrareds) in climatologic studies of the ocean
is summarized in Table 1.2. In Bernstein and Chelton (1985) are presented some
important and edifying results relating to a choice of the time intervals reasonable
for comparison of remotely sensed and in situ data obtained in different physical
and geographical oceanic zones characterized by a considerable variability and
changeability of their meteorological and oceanographic parameters.

1.3.4 Perspective Methods of Resolution of the Problem
of the SST Determination

We intend to analyze an effectiveness of some methods of increasing the accuracy
of the SST determination; the following ways of their realization can be used here:

1. Searching the new features in the SOA field of natural MCW radiation as the
characteristics of the SST in the tradition for satellite passive radiometric mea-
surements centimeter range of wavelengths.

2. Using the SOA brightness temperature in the more long-wave (decimeter) range
of wavelengths.

It was shown in Grankov and Shutko (1980) and Shutko and Grankov (1982) that
a position of the spectral maximum of a sensitivity of the brightness temperature of
the SOA in the wavelength range 3-8 cm (3.75-10 GHz) to the SST can be used as
its quantitative characteristics in the interval of the SST variations from 0 to 30°C.

Based on these idea, we proposed the method of determination of the spectral
maximum and the method of estimating the SST from satellites. This method can



1.3 Parameters of Heat Interchanges in the SOA, which are Directly Determined 19

be realized with the special radiometer-spectrometer, which can provide a periodi-
cal scanning of the SOA brightness temperatures in the wavelength range 3-8 cm
during the traveling satellites over the ocean.

In our opinion, this method provides some advantages in comparison with the
known methods of passive microwave radiometric determination of the SST,
which will provide the following advantages: (a) a possibility of calibrations of
satellite data in terms of absolute SST values with the use of several data on the
SST and other SOA parameters and (b) the steadiness of the satellite SST esti-
mates to variations of the radiometers parameters (stability, sensitivity) and their
variations caused by instability of the temperature regime of radiometers and
antennas in open space. Some results of this method were testified by laboratory
experiments in the range of the water surface temperature variations from 11 to
23°C using the sweeping radiometer PK7-19 operating in the frequency range
3.9-6.0 GHz (Grankov 2003).

We also studied the potential of passive microwave radiometric methods of
determination of the SST from satellites. The results of these studies at the waves 2040
cm show that an accuracy of determination of the sea surface parameter (i.e., their
local spatial variations) is comparable with an accuracy achievable at the centime-
ters. In addition, we can obtain additional information on the local variations of the
ocean surface salinity (Grankov and Shutko 1986; Grankov and Mil’shin, 1988).
An essential limitation for exploration of the passive radiometric means designed
for operating on the space orbit in the decimeter wavelength range is the antennas’
sizes (10-30 m), which can provide useful information on the water surface tem-
perature and salinity spatial variations for the oceanologists.

In the near future, the Russian Cosmic Agency is planning the placing of deci-
meter radiometers operating in radioastronomical “window” 21 cm on the board of
the “Lavochkin” satellites. We believe that these data will improve the estimates of
parameters obtained by traditional radiometric means in the centimeter wave range
of wavelengths.

Additionally, the following methodological aspect of these studies is seemed as
an actual problem of development of satellite MCW radiometric methods: we see
here the only way, instead of a demonstration to oceanologists some possibilities
of the remote sensing of the SST and the other SOA parameters from the aerospace
levels, we have to develop the common (integrated) models of heat and radiation
processes at the ocean—atmosphere boundary. Let us note that the specialists
engaged in the physics and mathematics applied a strong force to solve this prob-
lem (Kochergin and Timchenko 1987; Armand et al. 1987; Fedorov and Ginsburg
1988). It is very important to understand for everybody the following: in what seg-
ments of these models (and in a what form) we have to assimilate the data of satel-
lite measurements; only after that, we can formulate demands to the technical
means and to their engineering requirements such as an accuracy and spatial and
time resolution. For example, a slight spatial resolution (countable in tenths of
kilometers) and a low accuracy of the SST determination are not sufficient in the
practice of the operative oceanic studies from satellites. At the same time, one can
see that the SOA brightness temperature is be used as the direct characteristic of



20 1 Parameters Accessible for the Satellite Microwave Radiometric Means

the monthly-mean SST values and their seasonal variations with an accuracy of
0.5-0.6°C (Fig. 1.9); some interests of the climatologists may be awaken in this
respect. The demands to the satellite estimates of the SST may be reduced also, if
we will use the remote sensed data not only as the local (spotted) values, but as
their spatial and temporal images. Another side of this methodology (and philoso-
phy) is based on combination of the satellite MCW radiometric methods with the
methods of mathematical modeling of the processes observed from the space,
which let us to raise the information content of satellite methods of studies the
“invisible” for these methods processes. In terms of the words of the academician
Konstantin Fedorov, these peculiarities let us “to use the remote sensors to look
into in the ocean, which surface as the screen illuminates various deep-sea pro-
cesses” (Fedorov and Ginsburg 1988). In this respect, the very interest results were
obtained from the vessel and satellite levels by Raizer and Cherny (1994) and
Cherny and Raizer (1998).

1.4 Potential of Satellite Microwave Radiometric Methods
for Determining the Meteorological Parameters
of the Near-Surface Atmosphere

1.4.1 Climatic and Seasonal Scales

As it was mentioned above, the relation between temperature and humidity charac-
teristics in various atmosphere layers is the starting point for using the data of satel-
lite passive radiometric methods of determining the surface heat fluxes. From this
point of view, the analysis of correlations between total water vapor content of the
atmosphere Q and its near-surface parameters 7, and e in the ranges of seasonal,
synoptic, and mesometeorological time scales is a required stage in studies of heat
and water interchanges at the SOA interface from satellites. Some examples of such
analysis can be found in the works, which are based on the results of systematiza-
tion of the long-term oceanological, meteorological, and aerologic measurements
(Snopkov 1977; Liu 1986; Hsu and Blanchard 1989; Grankov and Mil’shin 1994,
1995). Besides, the latest researches testify that the results of satellite MCW and IR
passive radiometric measurements can essentially supplement the data of direct
meteorological and aerologic measurements when analyzing relations between the
atmosphere total and near-surface humidity and temperature (Liu 1988; Schulz
et al. 1993; Shibata and Konda 1996; Liu et al. 2003).

At least, the two circumstances denote the specific role of the total water vapor
of the atmosphere — parameter Q:

1. Parameter Q is closely related to an intensity of the water vapor radiation in
the resonant line 1.35 cm, which variations are reliable measured from
satellites.
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Fig. 1.10 Correlations between monthly mean parameters Q and 7, during the period January—
December (a) and the parameters e and 7, during the period February—August (b) in the Norwegian
(1), Newfoundland (2), and Gulf Stream (3) EAZOs

2. A significant fraction of the total quantity of heat in the SOA is concentrated in
a water vapor.

The premise for joint analysis of the parameters e, T, and Q is the correlations
between them, which are conditioned by the processes of vertical diffusion as well
as horizontal (advective) heat and water transfer in the near-surface and boundary
layers of the atmosphere.

The results of numerous experimental investigations (shipborne, satellite), per-
formed in different regions of the ocean in limited time intervals (hours, days),
show that under these conditions, the relations between Q and e and between Q and
T, are not single-valued. The reason is that the parameter Q is not determined only
by e and T , but rather it is a sum of many factors: wind speed, vertical stratification
of the air temperature and humidity, etc. More definite estimates of the relation-
ships between water vapor content of the atmosphere and its near-surface tempera-
ture and humidity should be expected when they are significantly averaged in space
and time as indicated in Fig. 1.10. We analyzed the results of comparison of
monthly mean parameters e, Q, and T, for their 5°x5° spatial averaging in some
fragments of Norwegian, Newfoundland, and Gulf Stream EAZOs of the North
Atlantic based on various climatic archives: the estimates of T are taken from
Handbook (1977), Q from Tuller (1968), e — from Handbook (1979), Snopkov
(1981), Timofeev (1979), and Drozdov and Grigor'eva (1963).

We also studied the problem to what extent the relations between monthly mean
of the atmospheric water vapor and near the surface values of the air temperature and
humidity could be stable (universal), if we will use the different archival data on the
parameters O, e, and T,. The result of this study confirms our idea and experience
that one can reduce the dispersion of the dependencies Q(T) and Q(e) essentially, if
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Fig. 1.11 Estimates of relations between month mean (climatic) values of the parameters Q and
T, (a) and their variations (b) during February-May—August-November in the Newfoundland
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Fig. 1.12 Annual values of month mean water vapor of the atmosphere Q and its near-surface
temperature 7 (a) in the island Midway) in the Pacific ocean (28.2'N, 177.4°W); linear regression
between them (b): O — data of interpretation of the radiometer Nimbus 7 SMMR radiometer (Liu
1988) averaged during the period 1980-1983 years, T, - climatic data (Handbook 1977)

operating not with the absolute, but relative values (variations) of this parameters
(Grankov and Mil’shin 1994, 1995). Taking as the examples the data accumulated
in the Newfoundland EAZO for confirmation of this idea, we see that this approach
will be as is quite effective (Fig. 1.11).

Figure 1.11 shows that the strong relationships between seasonal variations of
the month mean parameters Q and T, are obvious under these conditions, in spite
of the diversity of initial archival data. The distinctions of using the means and
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Table 1.3 Intraannual variability of the slope of regressional relations AQ/Ae and AQ/AT,
observed by the island meteorological station St. Paul in the Pacific Ocean

Years 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974

AQ/Ae 016 019 0.14 018 0.5 017 016 017 020 015 0.15
AQ/AT 0.17 013 013 0.5 013 018 0.13 014 018 013 0.13

methods of the Earth observation as well as the time and spatial scales of averaging
the data obtained are very important for solving the problem of validation of the
data of passive MCW radiometric measurements derived from satellites.

One can see that in selected EAZOs the relationships between the monthly mean
values Q and T in the entire range of their variations are very strong. Change of the
5° oceanic areas by 1-2° ones in the chosen EAZOs has virtually no effect on the
results of the comparison. It is remarkable that the slope of the regression depen-
dence Q (T) is slightly varied in the middle latitudes of the North Atlantic from the
value 0.1 in the Norwegian EAZO to 0.13 gcm™' K in the EAZO Gulf Stream. In
the equatorial zones of the Pacific Ocean, this characteristic is twice as much of this,
at which, a correlation between the values AQ and AT is more than 0.9 (Fig. 1.12).

We analyzed the intra annual variability of the regressions between the month
mean values of the atmospheric water vapor and its near-surface temperature and
humidity using the data of meteorological and aerologic measurements from the
Pacific island station St. Paul (52.7°N, 170.2°W) during the period 1964-1974
years figured in Liu (1988). The results of analyzing these data demonstrate a
steadiness of the dependences AQ/Ae and AQ/AT, (see Table 1.3), where the varia-
tion coefficients are 9.4 and 13.6% accordingly.

The results presented indicate that averaged microwave radiometric data mea-
sured from satellites at the wavelength 1.35 cm can be used as the indirect charac-
teristics of the near-surface atmosphere temperature 7. Let us note that the
averaging scales required in order to reveal the statistically significant microwave
radiometric estimates of the parameter 7 (during every 30 days with a spatial reso-
lution of several degrees) correspond to the characteristics adopted in the problems
of modeling the global interaction of the ocean and atmosphere (Dymnikov et al.
1984) and can be realized by periodic (with an interval of several days) and long-
term (for several years) surveying (monitoring) of the EAZOs with the satellite
method of passive microwave radiometry. In addition, the averaging of satellite
microwave radiometric data gives us some auxiliary possibilities for improving the
accuracy of remote sensed estimates of seasonal variations of the SST up to 0.5—
0.6°C as a result of smoothing the noise components of the instrumental (radiomet-
ric) errors and selection (rejection) of the measurement fragments with a thick
cloudiness in the atmosphere and the storm zones in the ocean (Grankov and
Shutko 1992a, b) (see again Fig. 1.9).

In general, results of analysis and systematization of long-term data show that
the correlation of monthly mean values Q, e, and T, is stable in the wide range of
their variations (0.5<Q<4.5 gecm™, 5<e<30 hPa, O<Ta <30°C). The results
obtained illustrate clearly the seasonal variations of the monthly mean parameters
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O, e, and T and, in the same time, demonstrate some individual features of the
dependencies Q(e) and Q(T ), as well as the dependence e(T)) in different physical
and geographical zones of the North Atlantic and the Pacific Ocean.

1.4.2 Synoptic Scales

Results of the experiments NEWFOUEX-88 (November 1987—-April 1988) and
ATLANTEX-90 (November 1989-June 1990) on observation of the ocean—atmo-
sphere interaction in the Newfoundland EAZO give us the spacious information
useful for studies of relationships between synoptic variations of the parameters Q,
e, and T in the middle latitudes.

We extracted from these archives the data obtained from the research vessels (R/
Vs) Victor Bugaev, Musson, and Volna in the stationary phases of these experi-
ments (March 1988 and April 1990), when the vessels were immovable. The initial
data in each phase include the following:

(a) More than 2,000 meteorological measurements in the near-surface atmosphere
with the 1-h time resolution.

(b) More than 400 aerological measurements in the interval of heights 10-16,000 m
(at 20 levels) with the 6-h time resolution.

(c) More than 2,000 measurements of the water vapor content with the 15-20-min
resolution obtained from the ship-boarding microwave-radiometers at the 1.35
and 0.8 cm wavelengths (R/V Volna) in the experiment ATLANTEX-90).

The results of these measurements show that the relation between synoptic varia-
tions of the atmospheric water vapor obtained from microwave radiometric mea-
surements and the variations of the near-surface air determined directly from
meteorological measurements is very strong (Fig. 1.13).

5 10 15 20
Days of April 1990 Days of March 1988

Fig. 1.13 Correlations of daily the parameters e, T, and Q observed at the stationary phases of
the experiments ATLANTEX-90 (Volna) (a) and NEWFOUEX-88 (Musson) (b)
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Figure 1.14 illustrates the results of our comparison of the data of synchronous
measurements of passive MCW radiometers derived from the satellite level (with
down-looking radiometer SSMI of the satellite F 08 of the DMSP series) and the
vessel level (up-looking radiometric complex of the Voeikov Geophysical
Observatory, operated at wavelengths 0.8 and 1.35 cm) derived at the stationary
phase of the experiment ATLANTEX-90.

Table 1.4 shows the data of a regression analysis presented in the form of linear
relations (of a kind y=A + B x) between current daily values of the parameters Q, e,
and T, measured during the periods in turn 4-8 April, 4-10 April, 4-20 April,
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Fig. 1.14 Results of comparison of the total water vapor content in the atmosphere Q retrieved
with the looking-up MCW radiometric complex operated at the wavelengths 0.8 and 1.35 cm from
R/V Volna (1) with the SOA brightness temperature derived from the radiometer SSM/I of the
satellite F-08 at the wavelength 1.35 cm (2). The stationary phase of the experiment
ATLANTEX-90

Table 1.4 Parameters of regressions between daily parameters 7, ¢, and Q at the stationary phase
of the experiment ATLANTEX-90 (R/V Volna) (Grankov and Novichikhin 1997)

Data Regression parameters

April 1990 T, and e eand Q T, and Q

Coefficients A B r A B r A B r
4-8 5.33 0.67 0.96 -0.86 0.41 0.59 1.24 0.30 0.62
4-10 5.40 0.64 0.99 -0.93 042  0.90 1.31 0.27 0.90
4-12 5.39 0.63 0.99 -1.34 048 091 1.25 0.31 0.92
4-14 542 0.62 0.99 -1.83 0.55 0.89 1.15 0.35 0.91
4-16 5.67 0.51 0.96 -2.08 0.59 0091 1.23 0.32 0.92
4-18 5.67 0.55 0.97 -2.33 0.63 0.93 1.24 0.35 0.93

4-20 5.62 0.56 096  -2.24 063  0.89 129 036  0.88
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which characterize the history of evolution of the atmospheric temperature and
humidity characteristics at the stationary phase of the experiment ATLANTEX-90
derived from the R/V Volna.

Strong correlations between these parameters and their stability at once are
observed, in spite of their intense variability caused by cyclones typical of these
areas. The results of observational data processing in the initial phase of the experi-
ment (4—7 April) are excluded from consideration because they have a low statistical
significance. As evident from the table, the current samples of the mean daily values
of the parameters T and e and also of T, and Q have the most stable regressions: the
coefficient of variations of the parameter for these combinations is half as large as
the respective coefficients for the combination of e and Q values (the coefficient of
variation of the parameter A is an order of magnitude less). The analogical results
were obtained with R/Vs Victor Bugaev and Musson in the March of 1988.

The analysis of relations between the atmosphere water vapor and its near-surface
temperature and humidity within the mesometeorological time scales (hours, days)
is very important in the two aspects as follows (Grankov and Resnjanskii 1998):

1. An understanding and interpretation these processes on the synoptic and sea-
sonal time scales

2. Estimating the possibilities of using the parameter Q, which are easily accessible for
satellite microwave radiometric means, as the reliable criteria for estimating not only
seasonal, but for more dynamic (short-period) values of the parameters e and T,

Based on these ideas, we used the data accumulated in the stationary phases of the
experiments ATLANTEX-90 and NEWFOUEX-88 for an analysis of relations
between the mesometeorogical variations of the parameters Q, e, and T, which are
varied intensively in the ocean (especially, in their active zones). Some results of this
analysis are presented in Fig. 1.15 where the results of comparison of the 1-h read-
ings of the parameters e, T, and 6-h indications of the parameter Q are illustrated.
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Fig. 1.15 Comparison between daily variations of the parameters e, 7, and Q: (a): ATLANTEX-90
(R/V Volna, April 16-19, 1990); (b) NEWFOUEX 88 (R/V Musson, March 3-8, 1988)
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Results of the analysis show that the relations between the atmosphere water
vapor and its near-surface temperature and moisture are developed on the daily
intervals. One can see the following peculiarities: (a) a most close correlation exist-
ing between the parameters e and T in the atmosphere near-surface layer is mostly
observed. These regularities conform the rules of the ideal gas and (b) under influ-
ence of energetic (cyclonic) processes of tuning the atmosphere, the variations of
the parameter Q are following often to variations of the parameters e, T, with a time
lag of a few hours (Grankov and Novichikhin 1997).

The atmosphere horizontal circulation plays a key role in forming the vertical
distribution of the air temperature and humidity, which immediately influence the
SOA brightness temperature measured from satellites. First of all, this rule becomes
apparent for middle latitudes of the North Atlantic, especially in the periods of the
cyclonic activity of the atmosphere. This reason is confirmed by the data presented
in Fig. 1.16, which shows the data of the aerologic testing of the atmosphere from
the R/V Victor Bugaev during the experiment ATLANTEX-90.

Figure 1.16 illustrates variations of the temperature and humidity of the atmo-
sphere boundary layer for its different layers during April 8—13, 1990 with 6-h reso-
lution; Table 1.5 demonstrates some results of their correlation analysis.
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Fig. 1.16 Variations of the temperature 7, and humidity e in the atmosphere boundary layer dur-
ing a passage of powerful cyclone in the point of location of the R/V Victor Bugaev at the hori-
zons: 1-10 m, 2-100 m, 3-200 m, 4-500 m, 5-1,000 m

Table 1.5 Correlation of the air temperature 7, and humidity e in
various horizons of the atmosphere boundary layer

h (m) 10 100 200 500 1,000
10 1 0.993 0.988 0.968 0.788
100 0.995 1 0.998 0.979 0.812
200 0.990 0.999 1 0.982 0.827
500 0.988 0.996 0.996 1 0.857
1,000 0.948 0.954 0.953 0.962 1

Near-surface air temperature Near-surface air humidity
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Fig. 1.17 Results of upper-air sounding the atmospheric water vapor pressure e at various hori-
zons h from the R/V V.Bugaev in the experiment in April 12, 1990: 1-6 h; 2-12 h; 3-18 h

Once, such cooperativeness in variations of the air temperature and humidity at
various horizons can be disturbed due to an appearance of inversions in vertical
distribution of these parameters in the atmosphere (see Fig. 1.17).

As seen from the illustration, a life time of the inversion in this case in no way
exceed 12 h; more certain estimates of its are difficult because the periodicity of the
aerologic soundings from vessels is 6 h. Let us note that this phenomena was observed
at the stationary phases of the experiments ATLANTEX-90 and NEWFOUEX-88,
but not frequently — some tens advents in hundreds aerologic soundings.

1.5 Conclusion

The satellite-derived data of passive microwave radiometric measurements have an
essential potential to evaluate the parameters of the system ocean—atmosphere
(SOA) determining the processes of heat interchange in its interface with useful
information for oceanologists and climatologists accuracy. In particular, the bright-
ness temperature of the SOA is directly connected with the water surface tempera-
ture and near-surface wind speed, which are the key parameters in the formulas
used for computation of heat and water vertical turbulent fluxes at the SOA bound-
ary (bulk-formulas). Such parameters as the near-surface air temperature and
humidity only indirectly influence natural microwave radiation of the SOA, but in
spacious areas of the North Atlantic (in the middle and high latitudes), the total
water vapor of the atmosphere is an effective indicator of variations of these param-
eters in a wide range of time scales.
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Chapter 2

Modeling of the SOA MCW and IR
Characteristics and Their Relations
With the Air—-Sea Heat Interaction

2.1 Sensitivity of Microwave and Infrared Radiation
of the System Ocean—-Atmosphere to Mesometeorological
Variations of Heat Interchanges Between the Oceanic
and Atmospheric Boundary Layers

2.1.1 Model of Heat Interchanges Between the Oceanic
and Atmospheric Boundary Layers

To study the thermal response of the atmospheric and oceanic boundary layers
(hereafter, ABL and OBL, respectively) to a heat perturbation at their interface:

dY‘I /dt = (Qha - qhi)/( pa Ca h] )’
dTZ /dt = (qhs - qhw _Les + R)/(pw Cw h2 )’ (21)
dgldt = (e, — ¢, )/ (p h ),

I, =Ty T, =Ty, q =g, =0) (2.2)

Here, the values T, and T, are denoted as the temperatures of the atmospheric and
oceanic boundary layers, respectively; ¢ is the specific humidity in the ABL; /, and
h, are the thickness of the ABL and OBL, respectively; p, and p, are the air water
densities; C, and ¢, are the air and water specific capacities, respectively; g, and
q,, are the latent heat fluxes at the sea-air interface; e is the moisture flux (rate of
evaporation/condensation) at the water surface; L is the specific heat of evapora-
tion; and R is the sun shortwave radiation flux heated the water surface.

The temperature-moisture regime of the SOA is parameterized under the follow-
ing assumptions:

— The simulated system is laterally homogeneous
— The boundary layers of the atmosphere and ocean are well mixed, so that T,T,
and g values are independent of the height (depth) within the ABL and OBL

A. Grankov and A. Milshin, Microwave Radiation of the Ocean-Atmosphere: 33
Boundary Heat and Dynamic Interaction, DOI 10.1007/978-90-481-3206-5_2,
© Springer Science+Business Media B.V. 2010
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— The boundary-layer thicknesses %, and &, remain unchanged with time

— The ABL heat budget is controlled only by sensible heat fluxes g, and g,

— The OBL heat budget is controlled only by sensible heat g,  and g, and also by
the latent heat Le, resulting from a water surface evaporation (condensation),
and by the solar radiation flux R, which is entirely absorbed within the OBL

— The ABL moisture budget is determined by the surface evaporation e_and the
moisture exchange e_with the overlying air layer; phase conversions of water do
not occur in the ABL

— ABL and OBL temperature regime is independent of the electromagnetic radia-
tion intensity in the ocean—atmosphere system

The problem is formulated analogously to Grankov and Resnjanskii (1998), with
the only difference that in the evolution of the ABL moisture regime, the respective
component of the OBL heat budget is taken into account inconvenience.

To close the problem, it is necessary to express the fluxes g, q,, q,., g,.» €., and
e, in terms of the sought variables and g as well as the external conditions. The
radiation flux R is assumed to be specified. It serves as a thermal perturbation. The
simulation of the response to this perturbation is the essence of the given problem.
To determine the fluxes, the following expressions are used:

4 = pc V1 -T),

e, =¢6pV,(@—q,),

G = P ¢V, (T, =T),

e, = ¢ p VY, (g~

¢ = Cs5 P, u, (I, =T, ), 2.3)

where the first two are conventional bulk formulas, and the last three are based on
the assumption that the fluxes ¢, , g, , and g,  at the outer boundaries of the ABL and
OBL, to first approximation, can be expressed similarly through the values of the g,
and g, and g, with a proper choice of the transfer coefficients c,, c,, and c..

In formulas (2.3), 7 is the air temperature just above the ABL; T, is the water
beneath the OBL; g_ is the saturation specific humidity at the water temperature T,;
V is the mean near-surface wind speed; u  is the mean oceanic current; ¢, c,, ...,
c, are some nondimensional transfer coefficients.

Using one more assumption of the linearized dependence of a saturation humid-
ity g, vs. the temperature T,

4, = ¢, +ra(T,-T) 2.4

where, g_and T are the reference humidity and temperature; the set of equations (2.1)
taking into account (2.3) and (2.4) can be rewritten in a vector form as follows:

dy/dt = Ay + f, 2.5)

where y = (T, T,, q) is the vector of the sought variables; f'= (f,, f,, f,) is the vector
of three terms:
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Table 2.1 Matrix of the coefficients
aij characterized the equation of the
system (2.7)

a,-r a, 13
ay ap =T Ay
a a a,,—r

31 32 33

fi =l u, Th) T,
f2 = [R + CS pw Cw uwTw _CZ pa Ma L (Qr —a ]wr) )]’ (26)
L= h)le, g+ ¢, (g, —aT)l;

A= |al.k| , 1, k=1, 2,3, is the matrix of coefficients. Unlike f, the expressions for
a, comprise only the model parameters &, h,, a, ¢, €y vees butnotR, T, T, and g,
which characterize the external conditions of forcing with respect to the ABL
(OBL).

The solution of (2.5) is written as follows:

I,=C e’ ' +C,e'," + C;e"," + T,

T,=C,p e’ +C,p,e"," + C,p, e’ + T, , 2.7

g =C sye’)' +Cys,e ' +5,Coe'' + ¢,

Here, r, (i =1, 2, 3) are the roots of a characteristic equation of the homogeneous
system (2.5) as shown in the Table 2.1.

The values 7,", T,", and q are the partial solutions of the inhomogeneous system
(2.7), sought by the method of variation of constants and expressed in terms of a,
f,and r; p, s and C, are some combinations of coefficients and initial values T,
T,,, and g, from condition (2.2).

Numerical estimates show that for typical values of the model parameters, the
determinant of the characteristics of (2.8) is negative, and all its roots r,, (j = 1, 2, 3)
are real, different, and negative. Hence, the solution (2.7) describes the adaptation
of the ABL-OBL system to the external conditions (factors) R, T, T , g, which tend
with time to a stable state (7|, T,", g’). The characteristic adaptation time
[min (| r,|)]™" is about 18 h for typical values of the parameters: p, = 1.25 kg m™;
p, =10°kg m™; ¢, = 10°J kg deg™'; ¢, = 4,100 Jkg deg™'; h, = 1,500 m; 2, = 30 m;
L=24x10°Tkg;,R=200Wm>V=10ms";u, =0.1ms";¢c=13x107
(i=1,2,..,5;T =10°C; g = 7.5 x 10?kgkg";and a = 5 x 10~* deg™".

2.1.2 Interrelations of MCW and IR Radiation Fluxes with Heat
Fluxes in the System Ocean—-Atmosphere

In the framework of a plane-layered model of thermal radiation (absorption) in the
ocean—atmosphere system (Fig. 2.1), it is possible to analyze the processes of the
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Fig. 2.1 Parameterization scheme of the main characteristics of thermal and electromagnetic
energy transfer in the ocean—atmosphere system

electromagnetic energy transfer in various layers, as well as to estimate an intensity
of these radiation components, which can be registered with satellite (A), airplane
(B), and shipboard (C) equipment.

A: In satellite observations, the ocean—atmosphere natural microwave radiation
I is composed of the intensity of the free-atmosphere radiation /, and an intensity
of the up-going radiation flux IlT at the top of the ABL attenuated in the free atmo-
sphere (multiplier G ):

I, =1, +1'G, (2.8)

sat

where I'=1 +(I* R, ,+1,) G, is an intensity of the up-going radiation flux at the top
of the ABL; I, =1 +I; G, is an intensity of the down-going radiation flux at the
bottom of the ABL; /,(G)) is an intensity of the integral (total) attenuation in the
ABL; I, is an intensity of the ABL natural radiation; G, is the integral attenuation
of radiation in the ABL; and R, is the coefficient of reflection of the down-going
radiation flux 7 ]i from the water surface.

It is assumed that the electrophysical parameters of the ABL and the free atmo-
sphere, in spite of the difference (in a general case) between their temperature and
humidity characteristics, are consistent with each other, that is, the reflectivity at
their interface is absent or negligibly small compared with R,

B: In observations from an aircraft (at the top of the ABL), the ocean—atmosphere
radiation intensity / __is determined solely by the component / IT:

ar I 1T (29)
C: In shipboard observations (at the lower boundary of the ABL), an intensity of
radiation Lo is computed as follows:

I, =1, +1"R, (2.10)

ship



2.1 Sensitivity of Microwave and Infrared Radiation of the System 37

The characteristics of natural radiation of the boundary (/,) and free (/) atmosphere
in expressions (2.8)—(2.10) are related to the corresponding values of temperature
T,, T and of the integral absorption G, G, of this media:

I, =T 1-G )l =T 1-0G,). (2.11)
An intensity of the thermal radiation of the water surface /, is proportional to

I, = @ T, in the MCW wavelength range;
I, = 8 B(T,) in the IR —band,

where T, is the OBL temperature; B(T,) is the Planck’s function with T, as an
argument; @& is the emissivity of the water surface at microwaves; and J is the
IR-emissivity of the ocean surface.

In the MCW range of wavelengths, where the Rayleigh-Jeens approximation is
valid, respective values of the brightness temperature 7° are used as a measure of
the radiation intensity of different components of the ocean—atmosphere system. To
characterize the IR radiation intensity / here and below, we will use the concept of
the effective (radiation) temperature 7, defining it from the equation B(7™), that is,
as a thermodynamic temperature of the absolute (ideal) black body with a radiation
intensity is equal to 1.

2.1.3 Results of Numerical Analysis of the Dynamics of Thermal
and Electromagnetic Fluxes and Their Correlations
in the Ocean—-Atmosphere System

The numerical estimates were obtained for the temporal evolutions of fluxes g, and
q, at the ABL-OBL interface boundary and the radiation fluxes I_, I ., and L in
terms of the corresponding values of the brightness temperature at the wavelength
range (5 mm-3 cm) and infrared radiation temperatures (8—12 mcm) after the
ocean—atmosphere system was forced out of the state of a thermal equilibrium.
They were obtained for typical values of thermal constants (air humidity and
density, heat capacity, specific heat of evaporation (condensation), heat and humidity
interchange coefficients), ABL and OBL thickness, mean wind, and current velocities,
given above.

The computations were performed in the following sequence: (a) derivation of
the system solution (2.7) as related to the tasks (2.1), (2.2) in terms of the ocean—
atmosphere interface layer variables T, T,, and g, for given values of the thermody-
namic parameters 7., T, and ¢, at the outer boundaries of the ABL and OBL and of
the solar heat flux R at the water surface; (b) determination of heat fluxes ¢, and g,
at the ocean—atmosphere interface from the defined values of 7, T, and ¢,; and (c)
determination of electromagnetic fluxes I_, /., and Ishi]D from the calculated values
of parameters T, T, and g, and specified values of T, T, and ¢ ; and (d) regression
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analysis of the interrelation between the evolutions of the g, and g, parameters and
the evolutions of the I_, I, and I hip values in various MCW and IR spectral bands.

The analysis of the ocean—atmosphere brightness temperature has been carried
out for the range of wavelengths from 5 mm to 3 cm, where the natural MCW radiation
of the system is most sensitive to variations of thermal and humidity characteristics,
the radiation temperature being used as a measure of natural IR radiation in the
atmospheric window of 8—12 mcm. The atmospheric absorption was computed
with an account of the effect of the water vapor content (in MCW and IR bands),
molecular oxygen (in the MCW bands), and the aerosol component (in the IR band)
on the basis of theoretical relations (Zhevakin and Naumov 1964, 1965) and semi-
empirical relations (Arefjev 1991; Paramonova 1985) mainly used at infrareds.

The simulation of the dynamics of thermal and electromagnetic fluxes and an
analysis of their interrelations have been performed for several variants differing in
the character of the thermal energy outflow from the ocean—atmosphere interface
toward the outer boundaries of the ABL and OBL and beyond their borders. This
was achieved by a proper choice of parameters of the free atmosphere and of the
lower quasi-homogeneous ocean in reference to the initial ABL and OBL condi-
tions invariant in all cases (T,,=7,,=10°C, ¢,=6 gkg™). The results given below
illustrate the following variants: (1) T, =7, =5°C; g=4 gkg™' (the heat propagates
toward the outer boundary of the ABL and simultaneously to the outer boundary of
the OBL); (2) T, =5°C; T,=10°C; g=6 gkg™' (heat propagates only to the lower
oceanic layer); and (3) 7, =10°C; T, =5°C; g=4 gkg™' (heat propagates only to the
free atmosphere).

Figure 2.2 demonstrates the results of an analysis of the response of the ABL
and OBL parameters 7', T, and g, which determine a natural MCW and IR radiation
of the SOA, for the first (most general of the above-mentioned) variant.

AT, AT, °C g4 0.8 1.2 1.6 Ag gkg'!

Fig. 2.2 The response of (1) ABL temperature 7, (2) OBL temperature 7, and (3) ABL humid-
ity ¢ to the thermal excitation of the SOA in the case of heat outflow from the ocean—atmosphere
interface toward the outer boundaries of the ABL and OBL
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As seen from the figure, the complete adaptation of the SOA parameters to the
impact of the solar radiation flux R occurs during 1-2 days; the adaptation of the ABL
temperature occurs about twice as fast as that of the ABL parameters 7, and g.

The analysis of corresponding variations of sensible and latent heat fluxes g, and
q, shows that the response of heat fluxes and of the ocean—atmosphere brightness
(radiation) temperature is also formed during 1-2 days, that is, it agrees with the
time of adaptation of the ocean—atmosphere characteristics to the external influx R.

A regression analysis has been performed to derive some relations between
variations of sensible and latent heat fluxes, Ag, and Ag_, and brightness AT® (radia-
tion AT") temperature variations at microwaves and infrareds, accordingly, for ver-
sions I, II, III at different observation levels (from satellites, aircrafts, vessels). In
particular, the feasibility of an approximation of Ag, and Ag_has been examined for
the case of the heat outflow in both directions from the ocean—atmosphere inter-
face; the approximations were constructed as linear pair combinations of AT in
different spectral bands (if meaning the satellite level) and are shown in Fig. 2.3.
The solution of this problem involves: (1) determination of regression coefficients
between Ag,, Aq,, and AT in the initial stage of formation of the SOA response to a
thermal perturbation (hatched area in Fig. 2.3); (2) approximation of Ag, and Ag,
using the computed regression coefficients; and (3) extrapolation (prediction of the
subsequent evolution) of Ag, and Ag, with the regression relations derived in the
initial stage with an account for the evolution of AT in the final stage of formation
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of the ocean—atmosphere response. As seen from the Fig. 2.3, the variations of an
intensity of the ocean—atmosphere natural radiation in the spectral windows
~10 microns and ~5.7 mm provide the best reconstruction of the g, and g, fluxes in
the entire time interval (2 days) of a formation of the radiation and heat response.

The results of a regression analysis for different versions of heat outflow from
the interface to the outer boundaries of the ABL and OBL are given more com-
pletely in Table 2.2.

It follows from the table that the lowest estimation errors &g,) and &¢,) (a few
percent of the amplitude of natural variations of these parameters) correspond in
most cases to spectral intervals 10 and 5.7 micrometers microns as well as 1.35 and
3.2 cm; the increase in the number of spectral intervals as degrees of freedom from
two to three or more in the approximation of heat fluxes by MCW and IR radiation
characteristics does not lead to any significant reduction of the errors.

The results of a regression analysis of heat fluxes at the micrometers (mycrons)
ocean—atmosphere interface and electromagnetic fluxes at the top of the ABL (the
aircraft level) are quite close to those given in the table. At the same time, the results
of regression analysis of the heat and electromagnetic fluxes at the lower boundary of
the ABL (the vessel level), where the atmosphere influence is minimal, differ from
the data in the table by substantially larger values of g, and g, which in this case equal
5-6 Wm™ and are scarcely affected by the selection of the spectral intervals.

As a whole, the idea of studying the response of the ABL heat features on the
air—sea boundary perturbations give us the following results:

1. The heat and water exchange processes in the ocean—atmosphere interface layer
have a profound effect on the MCW and IR radiation characteristics not only in
the interface layer, but also in the entire atmosphere. This is evident from analysis
of the evolutions of the SOA brightness temperatures at the top of the ABL and
in the free atmosphere, as well from comparison of these data with the evolutions
of heat fluxes at the ocean—atmosphere interface. One can see that the response
of thermal and electromagnetic fluxes to the excitation of the system is develop-
ing during about the same time period (several days, typically).

2. A connection of brightness and radiation temperatures at the top of the ABL and
in the free atmosphere with sensible and latent heat fluxes in the SOA interface
is best pronounced in certain spectral intervals; the main effect of the outflows
from the ocean—atmosphere interface toward the outer boundaries of the ABL
and OBL becomes more apparent in the regions of the atmospheric resonance
absorption by molecular oxygen (~5 mm) and in the water vapor line 1.35 cm.
Hence, the oxygen and water vapor atmospheric factors can serve as some tran-
sient parameters (“bridges”) between the natural radiation of the SOA and the
heat exchange intensity at its interface not only on seasonal and synoptic scales,
but also on smaller (daily, for example) time scales.

3. Because of theoretical analysis fulfilled in the framework of the plane-layered
problem, the brightness (radiation) temperature variations at the top of the ABL
and in the free atmosphere caused by vertical transfer of heat and water transfer
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in the interface of the system are of a few degrees of Kelvins (K). At the same
time, as it will be shown below, the satellite-derived estimates of the SOA bright-
ness temperature variations can reach the tens of K measured at the wavelength
1.35 cm.

2.2 Correlation of the Brightness Temperature with an
Intensity of the Ocean—-Atmosphere Heat Interaction
in the Synoptic Range of Time Scales

2.2.1 Initial Data

We will use in this study the results of the experiments ATLANTEX-90 and
NEWFOUEX-88 obtained from the research vessels (R/Vs) Victor Bugaev,
Musson, and Volna, which manifested and completed a final phase of the scientific
project “RAZREZY” devoted to an analysis of the large-scale air—sea heat and
dynamic interaction in the North Atlantic energy active zones.

First of all, from these unique experiments, we extracted the data that are
obtained during the so-called stationary phases (April 4-21, 1990 and March 3-23,
1988), which are distinguished by the following features:

(a) Maximum regularity of the meteorological and, especially, aerologic measure-
ments fulfilled during this period

(b) Possibility of a fine analysis of the temporal dynamics of the oceanic and atmo-
spheric parameters due to the fixed (stationary) positions of the R/Vs Victor
Bugaev, Musson, and Volna

The research vessels were settled in the three areas of the Gulf Stream delta: in
a southern periphery of the basic Gulf Stream water flow (R/V Victor Bugaev), in
its southern stream (R/V Musson), and in an eastern branch of the Labrador
Current (R/V Volna). This zone is characterized by a strong synoptic variability of
the oceanic and atmospheric parameters, which is caused by an influence of the
subpolar hydrological front (SHF) as a result of interaction between the cold
Labrador Current and the warm quasi-stationary anticyclone rings of the Gulf
Stream. The important attribute of this zone is an intensive horizontal circulation
of the atmosphere — about 50% of all the time this area of the North Atlantic feels
an influence of the powerful midlatitude cyclones, which excite intensive varia-
tions of the atmospheric temperature and humidity as well as the boundary heat
fluxes (Lappo et al. 1990).

The fragments of stationary phase