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Preface

Ozone is so rare in the atmosphere (there are only about three ozone molecules per
10 million air molecules) that if it was brought down to the Earth’s surface and
compressed to standard temperature and pressure, it would form a layer about as
thick as a small coin. In spite of this, the importance of ozone, particularly in
protecting the biosphere from the harmful effects of solar ultraviolet radiation,
vastly exceeds what one might expect from this minor trace gas in the atmosphere.
In the mid 1970s some scientists alerted the world to the fact that atmospheric ozone
(which is mostly in the stratosphere) was being destroyed by manufactured chemicals
released into the atmosphere. This led in 1987 to the Montreal Protocol to protect
the ozone layer, which has been ratified by virtually every country in the world.

Remote sensing, which is mostly concerned with using Earth-orbiting satellites
to study the Earth, played a vital role in the events leading up to the Montreal
Protocol and since then has continued to play an important role in monitoring the
implementation of the Montreal Protocol. The era of satellite remote sensing began
on October 4, 1957, when the former Soviet Union launched Sputnik 1, the world’s
first artificial satellite (a 55 cm diameter sphere that weighed 83 kg with four antennae
attached to it). It circled the Earth once every 96 minutes and transmitted radio
signals that could be received on Earth. On November 3, 1957, a second satellite,
Sputnik 2, was launched carrying a dog named Laika. The United States launched its
first satellite, Explorer 1, on January, 31 1958, and its second, Vanguard 1, on March
17, 1958.

The launch of Sputniks 1 and 2 over 50 years ago marked the beginning of a
long period of successful launches of a large number of Earth-orbiting unmanned
spacecraft for environmental observation. Earth-orbiting satellites now play a
crucial role in studying resources and environmental conditions in the atmosphere,
biosphere, cryosphere, geosphere, and the oceans; in particular, in the present
context they are involved in studying atmospheric ozone. Traditional measurements
of atmospheric ozone from the ground, using ultraviolet spectrophotometers, and

xi



xii  Preface

from ozonesonde balloons were being made for many years before remote-sensing
satellites came to be developed and operated. However, these traditional methods
only measured ozone concentrations at a few points on the surface of the Earth. The
advantage of remote sensing is that it provides frequent coverage of the whole Earth.

This book is concerned with showing how remote sensing contributes to the
study of atmospheric ozone and the consequences of human activities on atmo-
spheric ozone. We cover the traditional measurement of ozone concentration in
the atmosphere and give a comprehensive description of the large number of differ-
ent satellite systems for the study of atmospheric ozone. This is followed by a
consideration of the consistency of the ozone observations obtained with different
methodologies and techniques and the importance of intercomparisons between
various atmospheric ozone datasets and between various ozone-monitoring
systems. We give a summary of the state of knowledge of the dynamics of atmo-
spheric ozone and then consider the Montreal Protocol, how it came about and how
its implementation is being monitored.

Remote sensing played a key role in the scientific research that led to the
Montreal Protocol on ozone-depleting substances and it continues to play an im-
portant role in the monitoring of the success of the Protocol (we edited a special issue
of the International Journal of Remote Sensing on Remote Sensing and the Imple-
mentation of the Montreal Protocol, Volume 30, Numbers 15-16, August 2009). Our
introductory paper in that special issue (pp. 3853-3873) forms the basis of Chapter 5
of this book. In this context, the topic on the evolution of the Antarctic ozone hole is
discussed based on the proposition by Mario Molina and Sherwood Rowland that
human manufacture and release of CFCs (chlorofluorocarbons) into the atmosphere
causes ozone depletion.

In view of various criticisms of the Intergovernmental Panel on Climate Change
(IPCC) and a general feeling of depression induced by the apparent slowness of the
international community in addressing the problems of global warming and climate
change, it is perhaps instructive to consider the relation between the Montreal
Protocol and the Kyoto Protocol and we do discuss this question.

We end with a summary of the results of research work since 1987 (i.e., since the
Montreal Protocol was formulated). This involves the study of ozone depletion, both
the steady decline in concentration amounting to a few percent per decade, depend-
ing on location, and the catastrophic temporary development of the ozone hole for a
few months each year in the Antarctic and, more recently, in the Arctic. It also
involves the relation between changes in ozone and climatic conditions.

In some ways this book is a sequel to Atmospheric Ozone Variability: Implica-
tions for Climate Change, Human Health and Ecosystems, by K.Ya. Kondratyev and
C.A. Varotsos (Springer/Praxis, 2000). However, a great deal has happened since
that book was written, both in terms of new remote-sensing systems and results and
in connection with long-term datasets and ozone depletion. We now concentrate
here on the science of studying atmospheric ozone itself, principally using remote-
sensing techniques. In writing the present book, we have relied on many sources of
information, including of course papers from research journals, the proceedings
of the various Quadrennial Ozone Symposia and the Reports on the Scientific
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Assessment of Ozone Depletion by WMO/UNEP (the World Meteorological
Organization and the United Nations Environment Program), which we have
listed in our Table 6.1. However, when it came to the 2008 Quadrennial Ozone
Symposium held in Tromse, Norway, no proceedings volume was published; only
a set of abstracts was produced and it was left to participants to publish their work in
refereed journals. We have made extensive use of these abstracts and they enabled us
to find many recently published papers that we have cited, but we have not cited any
of the Tromse abstracts themselves.
We are grateful to many present and former students and colleagues who have
contributed to our understanding of remote sensing and atmospheric ozone.
Inevitably, we have reproduced a large amount of copyright material and we are
grateful to the various copyright holders who have given their permission and who
are acknowledged in situ in the text, figures, or tables. Every effort has been made to
trace original copyright holders of previously published material but with mergers in
the publishing industry it is not always possible to track them down, so we offer our
apologies where any have been overlooked. We are very grateful to Clive Horwood,
of Praxis Publishing, for his help and encouragement during the writing of this book
and to the staff of OPS for their production work.
Arthur P. Cracknell
Costas A. Varotsos
September 2011
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Balloon-borne Superconducting subMIllimeter-wave
Limb Emission Sondes

Backscattered UltraViolet

Cloud—Aerosol Lidar and Infrared Pathfinder Satellite
Observations

California Institute of Technology

Community Atmosphere Model

CAnadian Network for the Detection of Atmospheric
Change

Central Aerological Observatory



CARIBIC

CC

CCD

CCM
CCMVal
CCO3L
CCOL
CCsSM
CCSR/NIES

CDOM
CEOS
CERES

CF

CFC

CFL

CGE
CHEM
CHEOPS
CHRONOS

CHMI
CIRRIS
CLAES
CMAM
CMDL
CMIP5
CNR

CNRS
CONTRAIL

COP-7
COPES
CPV
CrIS
CRISTA

CTM
CTMK
CUE
CUSUM
CWT
DAAC
DAO
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Civil Aircraft for the Regular Investigation of the
atmosphere Based on an Instrument Container

Cross Correlation

Convective Cloud Differential; Charge Coupled Device
Chemistry—Climate Model

Chemistry—Climate Model Validation activity
Coordination Committee on Ozone Layer
Coordinating Committee on the Ozone Layer
Community Climate System Model

Center for Climate System Research/National Institute
for Environmental Studies

Colored Dissolved Organic Matter

Committee on Earth Observation Satellites

Clouds and the Earth Radiant Energy System

Cloud cover Fraction

Chlorofluorocarbon

Courant-Friedrichs—Levy

Centro de Geofisica de Evora

CHEMistry model

CHEmistry of Ozone in the Polar Stratosphere
Canadian Hemispheric and Regional Ozone and
Nitrous Oxide System

Czech HydroMeteorological Institute

Cryogenic InfraRed Radiance Instrument for Shuttle
Cryogenic Limb Array Etalon Spectrometer
Canadian Middle Atmosphere Model

Climate Monitoring and Diagnostics Laboratory
Coupled Model Intercomparison Project Phase 5
Italian National Research Council

Centre National de la Recherche Scientifique
Comprehensive Observation Network for TRace Gases
by AlrLiner

Conference of Parties to the Vienna Convention
Core Project

CircumPolar Vortex

Cross-track Infrared Sounder

CRyogenic Infrared Spectrometers and Telescopes for
the Atmosphere

Chemistry—Transport Model; Chemical Tracer Model
Continuous Time MarKov chain model

Critical Use Exemption

CUmulative SUM

Continuous Wavelet Transform

Distributed Active Archive Center

Data Assimilation Office
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DCC
DE-1
DFA
DIAL
DKRZ
DLR
DMI
DMSP
DOAS
DoD
DS
D-TOC
DU
DWD
DWSS
E

E39C
EASOE
EC
ECC
ECD
ECHAM
ECMWF

ECOC
EDR
EECI
EESC
emf
ENSCI
ENSO
ENVISAT
EOS
EP
EPA
EPP
EPPA
EQ
EQUAL
ERA
ERB
ERBS
ERI
ERS
ESA

Dobson Calibration Center

Dynamics Explorer-1 (spacecraft)

Detrended Fluctuation Analysis

DlIfferential Absorption Lidar

Deutsches KlimaRechenZentrum

Deutsches Zentrum fiir Luft und Raumfahrt
Danish Meteorological Institute

Defense Meteorological Satellite Program
Differential Optical Absorption Spectroscopy
Department of Defense

Direct Sun

Data Table Of Contents

Dobson Unit

German Weather Service (Deutscher Wetterdienst)
Defence Weather Satellite System

East

Chemistry—climate model (ECHAMA4.1.39)
European Arctic Stratospheric Ozone Experiment
Environment Canada

Electrochemical Concentration Cell (ozonesonde)
Electron Capture Detector

ECMWF HAMburg

European Centre for Medium Range Weather
Forecasts

ElectroChemical Ozone Cell

Environmental Data Record

Effective Equivalent Chlorine

Equivalent Effective Stratospheric Chlorine
Electromotive force

ENvironmental SClence Corporation

El Nifio Southern Oscillation

ENVIronmental SATellite

Earth Observing System

Earth Probe

Environmental Protection Agency

Emissions Prediction and Policy

Emissions Prediction and Policy Analysis (model)
EQuator

ENVISAT QUality Assessment with Lidar
ECMWF Re-Analyses

Earth Radiation Budget

Earth Radiation Budget Satellite

European Research Infrastructure

Earth Resources Satellite

European Space Agency



ESABC

ESL

ESMOS
ESRIN

ETC
EUMETSAT

EV-PYR
EVA
ExMOP-1

ExMOP-2

FB

FD
FFSL
FFT
FIRS-2
FMI
FOZAN
FRESCO
FT
FT-FIR
FTIR
FTS

FU
FURM
FVGCM
FWHM
FZK
GACM
GAMETAG

GAMS
GAS
GASP
GAW
GBMCD
GC

GCM
GCMAM
GCOM
GDP
GEOS CCM
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ENVISAT Stratospheric Aircraft and Balloon
Campaigns

Equivalent Solar Latitude

European Stratospheric MOnitoring Stations
European Space Research INstitute
ExtraTerrestrial Constant

EUropean Organisation for the Exploitation of
METeorological SATellites

Everest-Pyramid

A visible absorption spectrometer
Extraordinary Meeting of Parties to the Montreal
Protocol-1

Extraordinary Meeting of Parties to the Montreal
Protocol-2

FeedBack

Fixed Dynamic Heating

Flux-Form Fermi-Lagrangian

Fast Fourier Transform

Far InfraRed Spectrometer-2

Finnish Meteorological Institute

Fast OZone ANalyzer

Fast REtrieval Scheme for Cloud Observables
Fixed air Temperature

Fourier Transform Far-InfraRed

Fourier Transform InfraRed

Fourier Transform Spectrometer

Free University (Berlin)

FUII Retrieval Method

Finite Volume General Circulation Model

Full Width Half Maximum
ForschungsZentrum Karlsruhe

Global Atmosphere Composition Mission
Global Atmospheric Measurements Experiment on
Tropospheric Aerosols and Gases

Gas and Aerosol Monitoring Sensorcraft

Get Away Special (canister)

Global Air Sampling Program

Global Atmospheric Watch

Ground-Based Measurements and Campaign Database
Governing Council

General Circulation Model

Global Climate/Middle Atmosphere Model
Global Change Observation Mission

GOME Data Processor

Goddard CCM (labeled)
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GFS
GGC
GHG
GISS
GKSS

GloPac
GMCC

GMI

GMTR
GO;0S
GODFIT
GOES

GOME
GOMETRAN
GOMOS
GPH

GRIPS
GROMOS
GSFC

GUV

GWP
HADAM?2a
HadGEMI
HALOE
HAMMONIA

HCFC
HFC

HH
HIRDLS
HIRS
HIRS/2
HIRS/3
HIRS/4
HITRAN

IAGA

IAGOS
IAM

IAMA
I-ARC
IASB

Global Forecast System

Grand Governing Council

GreenHouse Gas

Goddard Institute for Space Studies

Gesellschaft fiir Kernenergieverwertung in Schiffbau
und Schiffahrt mbH

Global Hawk Pacific Mission

Geophysical Monitoring for Climatic Change
Global Modeling Initiative

Geo-fit Multi Target Retrieval

Global Ozone Observing System

GOME Direct FITting

Geostationary Operational Environmental Satellite
Global Ozone Monitoring Experiment

GOME TRANsport model

Global Ozone Monitoring by Occultation of Stars
Geo-Potential Height

GCM-Reality Intercomparison Project for SPARC
GROund-based Millimeter-wave Ozone Spectrometer
Goddard Space Flight Center

Ground-based Ultraviolet Radiometer

Global Warming Potential

HADlIley Centre AtMospheric GCM-2a

Hadley Centre Global Environmental Model-1
HALogen Occultation Experiment

HAMburg Model Of the Neutral and Ionized
Atmosphere

Hydrochlorofluorocarbon

Hydrofluorocarbon

Hitch Hiker (payload)

HlIgh Resolution Dynamics Limb Scanner

HlIgh Resolution Infrared Sounder
High-resolution Infrared Radiation Sounder-2
High-resolution Infrared Radiation Sounder-3
High-resolution Infrared Radiation Sounder-4
HIgh-resolution TRANsmission molecular absorption
database

International Association of Geomagnetism and
Aeronomy

In-service Aircraft for a Global Observation System
Interface Adapter Model; Integrated Assessment
Model

International Aerosol Modeling Algorithm

Izana Atmospheric Research Center

Institut d’Aéronomie Spatiale de Belgique
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TIASI Infrared Atmospheric Sounding Interferometer

IBEX Infrared Balloon EXperiment

IFAC Institute For Applied Physics Nello Carrara

IFE Institut fiir Femerkundug (Institute of Remote
Sensing)

IFOV Instantaneous Field Of View

IGBP International Geosphere—Biosphere Program

1GS Infrared Grating Spectrometer

IGY International Geophysical Year

1P Instrument Incubator Program

ILAS-1 Improved Limb Atmospheric Sounder-1

ILAS-2 Improved Limb Atmospheric Sounder-2

ILS Instrumental Line Shape

IMG Interferometric Monitor for Greenhouse Gases

IMK Institut fiir Meteorologie und Klimaforschung

IMOS Inadvertent Modification of the Stratosphere

INPE National Institute for Space Research

INTA Instituto Nacional de Técnica Acrospacial

INTEX INtercontinental Chemical Transport Experiment

10C International Ozone Commission

IONS INTEX Ozonesonde Network Study

IPCC Intergovernmental Panel on Climate Change

IPSL Institut Pierre Simon Laplace

IPY International Polar Year

IR InfraRed

IRA Instrumentation et Réactivité Atmosphérique

IRCI IntegRated Cloud Imager

IRF Institutet for Rymdfysik

IRFS-1 InfraRed Fourier-transform spectrometer

IRFS-2 InfraRed Fourier-transform spectrometer

IRHS InfraRed Heterodyne Spectroscopy

IRIS InfraRed Interferometer Spectrometer

IRLS InfraRed Limb Sounder

IRS InfraRed Sounder

ISAC Institute of Atmospheric Sciences and Climate

ISAMS Improved Stratospheric And Mesospheric Sounder

ITCZ Inter Tropical Convergence Zone

17O 1Zaa Observatory

JAL Japan AirLines

JAXA Japan Aerospace eXploration Agency

JEM Japanese Experiment Module

JIMA Japan Meteorological Agency

JOSIE Jilich Ozone Sonde Intercomparison Experiment

JPL Jet Propulsion Laboratory

JPSS Joint Polar Satellite System
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KIMRA
KMI

KNMI
KOPRA

LAGRANTO
LAS

LFB

LHS

LID

LIDAR
LIDORT
LIMS

LKO

LMDZ
LNO,

LOP

LORE

LOS
LPCE-CNRS

LRD

LRIR

LS

LSC

LSST

LT

LW
MAESTRO

MAHRSI

MANTRA
MAP
MAS
MASI
MASTER
MDI
MDOHA
MDR
MGC
MINOS

KlIruna Millimeter wave RAdiometer

Koninklijk Meteorologisch Instituut (Royal
Meteorological Institute)

Royal Netherlands Meteorological Institute
Karlsruhe Optimized Precise Radiative transfer
Algorithm

LAGRangian ANalysis TOol

Limb Atmospheric Infrared Spectrometer
Lightning—ozone FeedBack

Laser Heterodyne Spectrometer

LIDar Systems

LIght Detection And Ranging

LlInearized Discrete Ordinate Radiative Transfer
Limb Infrared Monitor of the Stratosphere
Licht-Klimatisches Observatorium; Light Climatic
Observatory

Laboratoire de Météorologie Dynamique Zoom
NO, production by lightning

Low-Ozone Pocket

Limb Ozone Retrieval Experiment

Line Of Sight

Laboratoire de Physique et Chimie de ’Environment
(Orléans, France)

Laser Resonant Desorption

Limb Radiance Inversion Radiometer

Lower Stratosphere

Lyndon State College

Land and Sea Surface Temperature

Local Time

Long Wave

Measurement of Aerosol Extinction in the
Stratosphere and Troposphere Retrieved by
Occultation

Middle Atmosphere High Resolution Spectrographic
Investigation

Middle Atmosphere Nitrogen TRend Assessment
Middle Atmosphere Program

Millimeter-wave Atmospheric Sounder

Model Assimilation and Satellite Intercomparison
MODIS/ASTER airborne simulator

Metered Dose Inhaler

Maximum Daily Ozone Hole Area

Maximum Detectable Rigidity

Minor Gaseous Component

Main Injector Neutrino Oscillation Search



MIPAS

MIR

MIRA

MLF

MLO

MLS

MLTI
MOGUNTIA

MOHp
MOMS
MOP
MOS
MOZAIC

MOZART
MR
MRD
MRI
MSC
MSU
MT
MUTOP
MWLS
MWR
NAM
NAPMN
NASA
NASDA
NAT
NCAR
NCDC
NCEP
NDACC

NDSC
NFB
NGOs
NH
NHGOS
NIES
NILU
NIRS
NIST
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Michelson Interferometer for Passive Atmospheric
Sounding

Millimeter-wave Imaging Radiometer

MIcrowave RAdiometry

MultiLateral Fund

Mauna Loa Observatory

Microwave Limb Sounder

Mesosphere and Lower Thermosphere/Ionosphere
Model Of the Global UNiversal Tracer Transport In
the Atmosphere

Meteorological Observatory of Hohenpeissenberg
Modular Optoelectronic Multispectral Scanner
Meetings of Parties

Modular Optoelectronic Scanner

Measurements of OZone and Water Vapor by Airbus
In-service AirCraft

Model for OZone And Related chemical Tracers
Microwave Radiometer

Mean Relative Deviation

Meteorological Research Institute

Meteorological Service of Canada

Microwave Sounding Unit

Middle Troposphere

Multi-sensor Upper Tropospheric Ozone Product
Millimeter-Wave Limb Sounder

MicroWave Radiometer

Northern Hemisphere Annular Mode

National Air Pollution Monitoring Network
National Aeronautics and Space Administration
NAtional Space Development Agency of Japan
Nitric Acid Trihydrate

National Center for Atmospheric Research
National Climatic Data Center

National Centers for Environmental Prediction
Network for the Detection of Atmospheric
Composition Change

Network for the Detection of Stratospheric Changes
No FeedBack

Non Governmental Organization

Northern Hemisphere

Northern Hemisphere Ground Ozone Stations
National Institute for Environmental Studies
Norsk Institutt for LUftforskning

Near-InfraRed Spectrometer

National Institute of Standards and Technology
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NIVR Nederlands Instituut voor Vliegtuigontwikkeling en
Ruimtevaart

NIWA National Institute of Water and Atmospheric
Research, Ltd. (New Zealand)

NLTE Non-Local Thermal Equilibrium

NMC National Meteorological Center

NMHC Non-Methane HydroCarbons

NNORSY Neural Network Ozone Profile Retrieval

NOAA National Oceanic and Atmospheric Administration

NOZE National OZone Expedition

NPOESS National Polar-orbiting Operational Environmental
Satellite System

NPP NPOESS Preparatory Project

NTF No Tropospheric Feedbacks

O;MD Ozone Mass Deficiency

Oss Oj; originating in the stratosphere

03S Ozonesonde Stations

O;t O; originating in the troposphere

OCO Orbiting Carbon Observatory

OD Ozone Depletion

ODP Ozone Depletion Potential

ODS Ozone Depleting Substance

ODUS Ozone Dynamics Ultraviolet Spectrometer

0GOS Operational Ground-based Ozone Sensor

OHP Observatoire d’Haute Provence

OLME Ozone Layer Monitoring Experiment

oM Ozone Meter

OMI Ozone Monitoring Instrument

OMPS Ozone Mapping and Profiler Suite

OMS Observations of the Middle Stratosphere

OOAM Orbiting Ozone and Aerosol Monitor

ORACLE Ozone layer and UV Radiation in A Changing
cLimate Evaluated during IPY

OSIRIS Optical Spectrograph and Infra-Red Imager System

OSN Ozone Sounding Network

OSORT Ozone and SOlar Radiation research Team

ovp Ozone Vertical Profile

OZAFS Ozone and Aerosol Fine Structure

PARASOL Polarization and Anisotropy of Réflectances for
Atmospheric Sciences coupled with Observations from
a Lidar

PBL Planetary Boundary Layer

PCMDI Program for Climate Model Diagnosis and
Intercomparison

PD Present Day



PEM-West
PERPA

PI

PION
PIRAMHYD

PNJ
POAM
POAM II1
POES
POLARIS

POLECAT
PREMIER

PREMOS
PROFFIT
PTFE

PV

QBO

QTO
QUANTIFY

RAL

RAM

RCC

RCP

RD
RDCC/A
RDCC/E
REFIR
REPROBUS

RF
RFD
RIS
RIVM

RMS
ROCOZ
ROI
RRS
RSAS
SA
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Pacific Exploratory Mission-West

National Service for Air Pollution Monitoring
Pre Industrial

(spectrometer—ozonometer)

Passive InfraRed Atmospheric Measurements of
HYDroxyl

Polar Night Jet

Polar Ozone and Aerosol Measurement

Polar Ozone and Aerosol Measurement-I11

Polar Operational Environmental Satellites
Photochemistry of Ozone Loss in the Arctic Region in
Summer

POlar stratospheric clouds, LEe waves, Chemistry,
Aerosols and Transport

PRocess Exploration through Measurements of
Infrared and millimeter-wave Emitted Radiation
PREcision Monitor for OScillation measurement
PROFile FITPSCs Polar Stratospheric Clouds
Polytetrafluoroethylene

Potential Vorticity

Quasi-Biennial Oscillation

Quasi-Triennial Oscillation

QUANTIFYing the Climate Impact of Global and
European Transport Systems

Rutherford Appleton Laboratory

Radiometer for Atmospheric Measurements
Regional Calibration Center

Representation Concentration Pathway

Relative Deviation

Regional Dobson Calibration Centers for Asia
Regional Dobson Calibration Centers for Europe
Radiative Explorer in the Far-InfraRed

REactive Processes Ruling the Ozone BUdget in the
Stratosphere

Radiative Forcing

Radiative Flux Divergence

Retro-reflector In Space

National Institute for Public Health and the
Environment

Root Mean Square

ROCket OZonesonde

Reynolds Optimally Interpolated

Royal Research Ship

Rayleigh Scattering Attitude Sensor

Solar Activity



xxxviii Abbreviations and acronyms

SABE
SABER

SAFARI
SAFIRE

SAGE
SAM
SAM I
SAMS
SAOZ
SAT
SAUNA

SAWS

SBUS

SBUV
SBUV/2
SCIAMACHY

SCIAVALUE

SCISAT
SCO
SCOUT

SD

SEM

SES
SESAME

SH
SHADOZ
SHIS

SIC
SIRHS

SIRIS
SLIMCAT

SME
SMILES

SMM
SMR

Solar Absorption Balloon Experiment

Sounding of the Atmosphere using Broadband
Emission Radiometry

Southern Africa Fine Atmosphere Research Initiative
Spectroscopy of the Atmosphere using Far IR
Emission

Stratospheric Aerosol and Gas Experiment
Southern Annular Mode

Stratospheric Aerosol Measurement

Stratosphere and Mesosphere Sounder

System for Analysis of Observation at Zenith
Surface Air Temperature

Sodankyld Total Ozone Intercomparison and
Validation Campaign

South African Weather Service

Solar Backscattering UV Sounder

Solar Backscatter Ultraviolet

Solar Backscatter UltraViolet radiometer-2
SCanning Imaging Absorption SpectroMeter for
Atmospheric CartograpHY

SCIAMACHY VALidation and Utilization
Experiment

SClentific SATellite

Stratospheric Column Ozone
Stratospheric—Climate links with emphasis On the
Upper Troposphere and lower stratosphere
Standard Deviation

Standard Error on the Mean

Seismic Electromagnetic Signals

Second European Stratospheric Arctic and Mid-
latitude Experiment

Southern Hemosphere

Southern Hemisphere ADditional OZonesondes
Scanning High-resolution Interferometer Sounder
Sea Ice Concentration

Stratospheric Sounding by InfraRed Heterodyne
Spectroscopy

Stratospheric InfraRed Interferometer Spectroscopy
Single Layer Isentropic Model of Chemistry And
Transport

Solar Mesosphere Explorer

Superconducting SubMIllimeter-Wave Limb-Emission
Sounder

Solar Maximum Mission

Sub-Millimeter Radiometer



SOCOL
SOI
SOLSE
SOLSTICE
SOLVE
SOMORA
SOPRANO

SOz
SPARC
SPAS
SPATRAM
SPC

SPE
SPEAM
SPIRALE

SPOT-3
SPS
SPURT
SRES
SRFG
SSBUV
SSF/IC
SIC
SSBUV
SSH

SST

SSTs

SSU

SSW

STE

STEP
STH

STL

STP
STRATOC
STREAMR

STS
SUMAS
SUSIM
SUVR
SUVS
SUV-100
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SOlar Climate Ozone Links

Southern Oscillation Index

Shuttle Ozone Limb Sounding Experiment
SOLar-STellar Irradiance Comparison Experiment
SAGE-III Ozone Loss and Validation Experiment
Stratospheric Ozone MOnitoring RAdiometer
Sub-millimetric Observations of PRocesses in the
Atmosphere Noteworthy for Ozone

Surface OZone

Stratospheric Processes And their Role in Climate
Shuttle PAllet Satellite

SPectrometer for Atmospheric TRAcers Monitoring
Science Pump Corporation

Solar Proton Event

SunPhotometer Earth Atmosphere Measurement
SPectroscopie InfraRouge par Absorption de Lasers
Embarqués

Systéme Pour I’Observation de la Terre

Star Pointing Spectrometer

Spurengastransport in der Tropopausenregion
Special Report on Emissions Scenarios
Stratospheric RF Gradient

Shuttle SBUV

Stiga Ski Field InterComparison

Sea Ice Concentration

Shuttle Solar Backscatter UltraViolet radiometer
Special Sensor H

Sea Surface Temperature

SuperSonic (jet) Transport aircraft

Stratospheric Sounding Unit

Sudden Stratospheric Warming
Stratosphere—Troposphere Exchange

Stratosphere and Troposphere Exchange Project
Higher stratosphere

Lower stratosphere

Standard Temperature and Pressure
STRATOspheriC Ozone Experiment
Stratosphere-TRoposphere Exchange And climate
Monitor Radiometer

(Space Shuttle mission)

SUbMillimeter Atmospheric Sounder

Solar Ultravioliet Spectral Irradiance Monitor
Solar UltraViolet Radiation

Solar UltraViolet Spectrophotometer

Solar UltraViolet (spectroradiometer)
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SW
SWIFT

SYMOCS

SZA
TANSO-FTS

TDL
TDLHS
TEAP
TES

TG
THESEO
THIR
THT
TIMED

TIROS
TOC
TOM
TOMS
TOMS/EP

TOPS
ToR, TOR
TOTE
TOU
TOVS
TOZ
TRACE A

TROPOZ
TROZ
TrOZ
TRT
TTL
UARS
UClI
UGAMP
UGCM
UK.
UKMO
ULAQ
UMAS

Short Wave

Stratospheric Wind Interferometer For Transport
Studies

SYstem for the Monitoring Of Stratospheric
Compounds

Solar Zenith Angle

Thermal And Near ir Sensor for climate Observation-
Fourier Transform interferometer Spectrometer
Tunable Diode Laser

Tunable Diode LHS

Technical and Economic Assessment Panel
Tropospheric Emission Spectrometer

Trace Gas

THird European Stratospheric Experiment on Ozone
Temperature Humidity Infrared Radiometer
Trajectory Hunting Technique

Thermosphere lonosphere Mesosphere Energetics and
Dynamics

Television InfraRed Observational Satellite

Total Ozone Content

Total Ozone Mapper; Tertiary Ozone Maximum
Total Ozone Monitoring Spectrometer

Total Ozone Monitoring Spectrometer/Earth Probe
Satellite

Total Ozone Portable Spectrometer

Terms Of Reference

Tropical Ozone Transport Experiment

Total Ozone Unit

TIROS Operational Vertical Sounder

Total OZone Column

TRansport and Atmosphere Chemistry Near the
Equatorial Atlantic

TROPospheric OZone Experiment
TRoposphérische OZon

Tropospheric OZone

TRopospheric brightness Temperature

Tropical Tropopause Layer

Upper Atmospheric Research Satellite

University of California, Irvine

Universities Global Atmospheric Modeling Program
UGAMP General Circulation Model

United Kingdom

United Kingdom Meteorological Office

University of L’Aquila

UnManned Aerial mapping Systems



UMETRAC
UMSLIMCAT
UNEP

UPAS

US.A.
U.S.S.R.

UT

UTC

UT/LS

uv

UV-B

UVISI

UVN

UVS

UVSP

VFD

VIIRS
VINTERSOL

VIS
VMR
VOC
VOTE
VSLS

W
WACCM
WCC
WCRP
WG
WIND
WMO
WODC
WwOoUDC
YAG

ZS

ZSW
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Unified Model with Eulerian TRAnsport
Unified Model SLIMCAT

United Nations Environmental Program
Universal Processor for UV/VIS Atmospheric
Spectrometers

United States of America

Union of Soviet Socialist Republics

Upper Troposphere

Coordinated Universal Time

Upper Troposphere/Lower Stratosphere
UltraViolet

UltraViolet-B

UV and Visible Imagers and Spectrographic Imagers
Ultraviolet Visible and Near-IR sounder
UltraViolet Spectrometer

UltraViolet Spectrometer Polarimeter

Very Fast Delivery

Visible/Infrared Imager Radiometer Suite
Validation of INTERnational Satellites and study of
Ozone Loss

VISible

Volume Mixing Ratio

Volatile Organic Compound

Vortex Ozone Transport Experiment

Very Short-Lived Substance

West

Whole Atmosphere Community Climate Model
World Calibration Center

World Climate Research Program

Working Group

WIND Imaging Interferometer

World Meteorological Organization

World Ozone Data Center

World Ozone and Ultraviolet Data Center
Yttrium Aluminum Garnet

Zenith Sky

Zentrum fiir Sonnenenergie- und Wasserstoff-
Forschung
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The traditional measurement of ozone
concentration in the atmosphere

1.1 INTRODUCTION

Almost a century after Tyndall’s discovery in 1859 that changes in the concentration
of the atmospheric gases could bring about climate change, and almost 50 years after
Arrhenius’ calculation in 1896 of the global warming from human emissions of CO,,
a small group of scientists got together to increase international cooperation to a
higher level in all areas of geophysics. They aimed to coordinate their data gathering
and to persuade their governments to spend extra money on research. The result was
the International Geophysical Year (IGY) of 1957—-1958.

Under the IGY umbrella, the United States and the former Soviet Union
officially announced plans to launch artificial satellites as cooperative scientific
experiments. The era of satellite remote sensing began on October 4, 1957, when
the former Soviet Union launched Sputnik 1, the world’s first artificial satellite (a
55 cm diameter sphere that weighed 83 kg with four antennae coming off it) (Figure
1.1). It circled the Earth once every 96 min and transmitted radio signals that could
be received on Earth, providing the first space views of our planet’s surface and
atmosphere. On November 3, 1957, a second satellite, Sputnik 2, was launched
which carried a dog named Laika. The United States launched its first satellite,
Explorer 1, on January 31, 1958, and its second, Vanguard 1, on March 17, 1958.

Among the principal priorities of IGY efforts was the study of atmospheric
ozone (http://nsidc.org/dataldocs/noaalg02184_station_alphalindex.html). Ozone
(an allotrope of oxygen) is produced naturally in the stratosphere and drifts down-
ward by mixing processes, producing a maximum in its concentration near 25 km. It
is also destroyed naturally by absorbing ultraviolet (UV) radiation (0.2-0.3 um) and
through chemical reactions with other atmospheric components. The natural balance
between production and destruction leads to maintenance of the stratospheric ozone
layer which, however, is now subject to substantial anthropogenic impacts. Much

A.P. Cracknell and C.A. Varotsos, Remote Sensing and Atmospheric Ozone: Human Activities 1
Versus Natural Variability, Springer Praxis Books, DOI 10.1007/978-3-642-10334-6 1,
© Springer-Verlag Berlin Heidelberg 2012
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(b)

Figure 1.1. (a) Sputnik 1 (a basketball in diameter with mass 83kg) (source: http:/| www.
honors.umd.edu/ HON R269J |projects/castell.html). (b) ENVISAT with various instruments
on board. In its orbit configuration, its dimensions are 26 m x 10 m x 65m, and its total mass
is 8,211 kg (source: ESA). (¢) Sputnik on the same scale as ENVISAT in (b).

smaller amounts of ozone, of the order of 10%, are generated at the Earth’s surface
and enter the troposphere (see Figure 1.2).

Ozone is so rare in the atmosphere (there are only about three ozone molecules
per 10 million air molecules) that if it was brought down to the Earth’s surface and
compressed, it would form a layer about as thick as a small coin. The thickness of
this layer at standard temperature and pressure (STP) is used as a measure of total

* Contains 90% of Atmospheric Ozone
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Figure 1.2. The vertical distribution of atmospheric ozone: partial pressure of ozone (mPa) and
height (km) (source: Earth Observing System (EOS) Science Plan, Chapter 7, Ozone and
Stratospheric Chemistry, http://eospso.gsfc.nasa.gov/science_plany).
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ozone content or total ozone column (TOC, or sometimes referred to as TOZ). The
value of the TOC is usually expressed in Dobson units (DU) and one Dobson unit
corresponds to a thickness of ozone of 10> mm, or 10 um, at STP. Typical values of
TOC are of the order of a few hundred Dobson units.

The ozone molecules in the stratosphere and those in the troposphere are, of
course, chemically identical. However, they have very different roles in the atmo-
sphere and very different effects on humans and other living beings. Although it is
thin, the stratospheric ozone layer prevents harmful solar energy (the biologically
damaging ultraviolet radiation) from reaching the Earth’s surface. The absorption of
ultraviolet radiation by ozone in the stratosphere provides an important source of
heat, so that ozone thus plays a key role in the temperature structure of the Earth’s
atmosphere. It also strongly absorbs infrared thermal radiation (heating the strato-
sphere) and plays a major role in photochemistry (involved in the nitrogen, carbon,
hydrogen, oxygen, and halogen chemical cycles). Various human activities, on the
one hand, decrease the amount of ozone in the stratosphere, as was first pointed out
in the early 1970s. Stratospheric ozone therefore is sometimes referred to as
“good ozone”, since it plays a beneficial role by absorbing most of the biologically
damaging ultraviolet sunlight (called UV-B), allowing only a small amount to reach
the Earth’s surface.

On the other hand, tropospheric ozone, in cases of high concentration, is toxic to
living systems. At the Earth’s surface, ozone comes into direct contact with life-
forms and displays its destructive side; hence, tropospheric ozone is often called
“bad ozone”. Because ozone reacts strongly with other molecules, high levels of
ozone are toxic to living systems. Several studies have documented the harmful
effects of ozone on crop production, forest growth, and human health. The sub-
stantial negative effects of surface-level tropospheric ozone from this direct toxicity
contrast with the benefits of the additional filtering of UV-B radiation that it
provides.

The dual role of ozone leads to two separate environmental issues. There is
concern both about decreases of ozone in the stratosphere and there is concern
about increases of ozone in the troposphere. Near-surface ozone is a key component
of photochemical “smog”, a familiar problem in the atmospheres of many cities
around the world. Higher amounts of surface-level ozone are increasingly being
observed in rural areas as well. There is some transport of ozone between the tropo-
sphere and the stratosphere (see Section 4.3.1), but this is quite limited and it does
not lead to significant compensation between these two effects.

Observations conducted in recent years have led to a deeper understanding of
the anthropogenic and natural causes of changes in the chemical composition of the
atmosphere and their association with ozone depletion in the stratosphere. These
observations and laboratory investigations indicate that the by-products of human-
made chlorofluorocarbons (CFCs) and halons are the main causes of stratospheric
ozone decline, especially in the Antarctic. This global-scale decline started in the
1970s and continued with statistically significant rates except over the 20°N-20°S
tropical belt. Realization of the importance of this decline led to the formulation of
the Montreal Protocol in 1987 (see Chapter 5).
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Global stratospheric ozone levels are now no longer declining as fast as they
were from the late 1970s until the mid-1990s, and some increases in ozone have
recently been observed. Specifically, averaged between 60°S and 60°N, total
column ozone is projected to increase in all models between 2000 and 2020, with
most of the increase of 1 to 2.5% occurring after 2010. These improvements in the
ozone layer have occurred during a period when stratospheric halogen abundances
reached their peak and started to decline. These declining halogen abundances
clearly reflect the success of the Montreal Protocol and its Amendments and Adjust-
ments in controlling the global production and consumption of ozone-depleting
substances (ODSs).

The reliable assessment of ozone depletion in the stratosphere and ozone
increase in the troposphere depends on accurate monitoring of long-term changes
in global TOC and in ozone vertical concentration profiles (OVPs). Therefore, there
is a need for continuous and long-term collection of reliable ozone data. Ground-
based measurements and ozonesonde data constitute a key component of the Global
Ozone Network, both on their own account and by providing ground-based calibra-
tion for satellite-based instruments. However, the uneven geographical distribution
of the existing ground-based network gives rise to a spatial sampling error when
attempts are made to determine the global distribution of the atmospheric ozone
content. The benefit of ground-based instruments is that it is easy to maintain them in
good condition, including regularly checking their calibration, while satellite-based
instruments provide better temporospatial coverage and resolution.

This chapter describes the instrumentation and measurement techniques that
have been used for the measurement of the TOC or the OVP. Additional information
in this respect has been presented elsewhere (WMO, 1990, 1995, 1999, 2007, 2010).

1.1.1 Observations of the total ozone column

M.A. Cornu in 1879 suggested that the cause of the rather sharp limitation of the UV
part of the solar spectrum (as observed at the ground) was absorption by the atmo-
sphere. In 1880 W.N. Hartley suggested that ozone was responsible for this
absorption. C. Fabry and H. Buisson, in 1912, measured the absorption coefficients
of ozone and concluded that there was about 5mm (500 DU) of ozone in the vertical
thickness of the atmosphere. The same researchers in 1920 made measurements of
the amount of ozone at Marseilles by using a special spectrograph (Fabry and
Buisson, 1913).

In the early 1920s G.M.B. Dobson initiated the first regular measurements of
atmospheric ozone using spectrographic instruments (Dobson, 1931; Walshaw,
1989). Today, ozone observations are carried out daily by using different kinds of
instrumentation, from early ground-based devices and balloons to the more
advanced devices launched on rockets and flown on aircraft, rockets, and satellites
(see Sections 1.2-1.8, 2.1-2.6).

At the time of the International Geophysical Year (in 1957/1958) the WMO
assumed responsibility for establishing standard international procedures to ensure
the uniformity and high quality of ozone observations conducted at ground-based
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ozone stations of which there are more than 160 at present (WMO, 2008). These
standard procedures have been used in the WMO Global Ozone Observing System
(GO;0S) as well as the Background Air Pollution Monitoring Network
(BAPoMON), which mainly constitute the WMO Global Atmospheric Watch
(GAW). Since 1989 the latter also serves as an early-warning system to detect
changes in atmospheric concentrations of greenhouse gases (WMO, 1990).

In connection with the International Geophysical Year, the World Ozone Data
Center (WODC) was initiated and first located at the WMO Secretariat. From 1961
it has been run in Toronto for WMO, first by the Meteorological Service of Canada
and, since 1972, by its successor the Atmospheric Environment Service (AES) of
Environment Canada.

More than 40 GO;OS stations (using filter instruments) making long-term
observations supplemented by another 100 stations and satellites over the last few
decades (data held by the World Ozone and Ultraviolet Data Centre, WOUDC),
show that TOC decline has been observed over mid-latitudes and polar latitudes,
which is approximately at a 10% level relative to the TOC of 1950s and 1960s. This
will be discussed in detail in Section 4.1

We shall now briefly describe the basic instrumentation and the basic
measurement techniques used for the measurement of TOC.

1.2  GROUND-BASED INSTRUMENTATION FOR TOC OBSERVATIONS

TOC was measured from the ground at a few sites in the late 1920s and early 1930s
by using the Dobson spectrophotometer (initially consisting of a filter and a Fery
prism (Miller et al., 1949) and later on a photoelectric sensor), the development of
which was based on earlier research with the Fabry—Buisson device which used a
double-spectrograph with photographic plates (Dobson, 1968; Fabry and Buisson,
1921). In the 1920s, TOC was measured mainly by the two research groups around
Fabry and Dobson at several sites in Europe with the aim to reveal the association
between TOC variability and atmospheric circulation (Dobson and Harrison, 1926).
A few years later, Dobson re-distributed his observational sites at more widely
separated sites in order to study the geographical variability of TOC. Figure 1.3
shows seasonal TOC variability measured at Table Mountain, California, for the
1920s and 1930s and data from different instruments (Dobson spectrophotograph,
spectrobolometer, stellar spectra from nearby Mount Wilson; see Bronnimann, 2005;
Griffin, 20006).

The majority of the ground-based techniques that were used to measure TOC
during the 20th century were mainly based on observations in the 300—340 nm band,
where TOC is the most important absorber. Nowadays, three main types of primary
instruments are used for routine TOC observations from the ground: the Dobson
spectrophotometer (Section 1.2), the Brewer spectrophotometer (Section 1.3), and
the M-83/124/134 filter ozonometer (Section 1.4). All of them use the principle of
differential absorption by ozone of solar UV radiation within the 300460 nm band.
Determination of TOC by these three instruments becomes feasible through measur-
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Figure 1.3. TOC at Table Mountain, California, as a function of season from three different
TOC data sets from the 1920s to 1940s (black dots = Dobson Fery spectrograph, 1928-1929,
Bronnimann, 2005; gray dots = spectrobolometer at 574 nm, 1925-1948, Bronnimann, 2005;
stars = stellar spectra from nearby Mt. Wilson, 1935-1941, Griffin, 2006).

ing scattered solar radiation in the Hartley or Hartley-Huggins bands in the UV
spectral region (Figure 1.4). Dobson and Brewer spectrophotometers can measure
TOC with up to 99% accuracy, while filter ozonometers are less accurate (Bojkov et
al., 1988). Observations carried out with these instruments over longer time periods
can also be used to measure OVP with approximately 5 km resolution and TOC with
fairly high accuracy, by looking directly at the Sun or Moon.
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In the following Sections 1.2, 1.3, 1.4 more detailed information about these

basic instruments is presented. Secondary ground-based instruments will be
described in Sections 1.5 and 1.6.

1.2.1 The Dobson ozone spectrophotometer

Dobson, Gordon Miller Bourne (1889-1976)
- (http:|/rammb.cira.colostate.edu/dev/hillger/modern.htm #dobson)
Y

The Dobson Spectrophotometer is the oldest device for measuring atmospheric
TOC; it was developed in 1924 by G.M.B. Dobson. Today, the observations of TOC
by this instrument constitute one of the longest geophysical measurement series in
existence (TOC has been continuously observed over Arosa, Switzerland, since
1926). In addition, knowledge of the ozone layer prior to satellite measurements is
derived from Dobson spectrophotometer records for more than 80 years.

The absorption spectrum of ozone in the UV region shows a large continuum
from 200 to 300 nm, with a maximum near 250 nm, and this is called the Hartley
band; there are some small oscillations which can be seen near the maximum (see
Figure 1.4). At longer wavelengths (310-350 nm) the spectrum is dominated by more
intense but also diffuse vibrational bands known as the Huggins bands. The instru-
ment makes use of the rapid variation of the absorption cross-section of ozone for
solar ultraviolet radiation, as a function of wavelength, in the Huggins bands.
The instrument uses a quartz double-monochromator (see Figure 1.5). One mono-
chromator is used to disperse the radiation and the second is used to reject
interfering scattered radiation (stray light) (Dobson, 1931, 1957a,b; Dobson and
Normand, 1957a,b, 1962).

The operation of the instrument involves measuring the difference between the
intensity of solar UV at certain wavelength pairs in the Huggins bands. These pairs
are selected in such a manner that the difference between the ozone absorption
coefficient for each pair is as large as possible, while the difference between the
corresponding wavelengths is as small as possible. By using one pair of wavelengths
a differential measurement is made. One wavelength is significantly absorbed by
ozone and the other passes through a variable optical attenuator (wedge). The
idea of this is to produce a null measurement (i.c., the absorption of the second
wavelength by the optical attenuator within the instrument is equal to the absorption
in the atmosphere of the first wavelength of the pair).

The measured absorption combined with the extraterrestrial constant and the
ozone absorption spectrum indicates the total ozone amount. Consider a case when
the Sun is at an angle 8 from the vertical (i.e., the zenith angle is 6). If we assume a
horizontally stratified atmosphere and neglect scattering then the solar spectral
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Figure 1.5. (a) Prof. G.M.B. Dobson (on the right) with his co-worker Dr. D. Walshaw around
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radiance at frequency v at the ground is:

Ll/ = LVOO exp(_XVO sec 9) (11)
where

Yoo =k, j p(=') d=' = ko (1.2)

is the optical path between the top of the atmosphere and the ground; k, is the
absorption coefficient; and m, is the total mass of absorbing material (i.e., the ozone)
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in a vertical column of unit area. From these two equations we obtain

L, =L, exp(—k,mgsec ) (1.3)
Similarly, for a second frequency at the same zenith angle:
L, = L, exp(—k,mqsec ) (1.4)
Then, if we divide and take logs we obtain
LV LI/OC
In <L1/> =1In (Lll’oo> + (k, — k,)mg sec 0 (L.5)

my can be determined from this equation since the two quantities on the left-hand
side are measured, sec § is measured, and all the other quantities on the right-hand
side of the equation are known. In practice it is better to take measurements for a
number of different solar zenith angles and then plot the measured values of the left-
hand side against sec #; the best fit to the total mass of ozone in the vertical column
can then be found from the slope, which is (k,, — k,)my.

Equation (1.3) forms the basis of the Langley (extrapolation) method, which is a
method for measuring the Sun’s radiance with ground-based instrumentation,
thereby removing the effect of the atmosphere. In the present context it is used to
determine L, and L, ., in equation (1.5). The Langley method is based on repeated
measurements with a Sun photometer operated at a given location for a cloudless
morning or afternoon, as the Sun moves across the sky. It is named after the
American astronomer and physicist Samuel Pierpont Langley. If we take (natural)
logarithms of equation (1.3) and revert to the total radiances I, and 7 integrated over
all frequencies, we obtain

In(L,) =In(L,) — k,mq sec 0 (1.6)

If one assumes that the atmospheric conditions are constant (i.e., k,m, is constant)
and measurements of L, are taken at various times of day (i.e., at various solar
zenith angles 6), one can plot In(L,) against sec 6 and then the intercept on the y axis
will be the value of In(L,.. ). This method is very widely used in processing data from
Dobson spectrophotometers (and other ground-based instruments) for determining
TOC.

The main limitation of the Langley method is the requirement of atmospheric
stability and therefore a constant value of k,m. This requirement can be fulfilled
only under particular conditions, since the atmosphere is continuously changing. The
required conditions are in particular the absence of clouds and the absence of
variations in the atmospheric aerosol along the optical path. Since aerosols tend
to be more concentrated at low altitude, Langley extrapolation is often performed
at high mountain sites. Data from the NASA Glenn Research Center indicates that
Langley plot accuracy is improved if the data are taken above the tropopause. Stray
light is dealt with by allowing L,., and L, ., to be instrument dependent (see Section
1.2.4). There are very few places on the globe where the requirement of atmospheric
stability is satisfied sufficiently often. Therefore the original version of the Langley
method is not applicable for most observation stations. An attempt was made to
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overcome the disadvantages of the Langley method by taking a statistical approach
and using the hypothesis that the effect of daily atmospheric variability may be
minimized by averaging over a sufficiently large number of daily observations.
However, a variational method, which is an alternative to the Langley method,
has been proposed and tested with data from the Minsk ozone station (Krasouski
and Liudchik, 2004; Liudchik, 2009; Liudchik and Krasouski, 2002, 2010).

One of the main factors affecting the accuracy of the determination of TOC
measurements using a Dobson spectrophotometer arises from the stray light con-
tribution, mainly to the shorter wavelength band of the wavelength pairs measured
by this instrument. By using two pairs of wavelengths the scattering effects can
essentially be filtered out.

The wavelength pairs most frequently used for precise observations are the
standard double-pair wavelengths designated AD, while the pair CC’ is used less
frequently for less precise observations (A: 305.5 and 3254nm; C: 311.4 and
332.4nm; D: 317.6 and 339.8 nm; C": 332.4 and 453.6 nm). Direct Sun AD observa-
tions generally provide the most precise measurements if the secant of the zenith
angle, sec 0, is less than 3.

Dobson spectrophotometers can be operated manually, semi-automatically, or
automatically (Evans et al., 1994); they can also determine the vertical ozone dis-
tribution (OVP) by using the Umkehr technique (described in Sections 1.6.2 and
1.6.3). For instance, Dobson instruments D015 and D101 at the Light Climatic
Observatory (LKO) in Arosa, Switzerland, are partially automated and located
inside a spectrodome performing Umkehr observations in a completely automated
way (Hoegger et al., 1992).

1.2.2 Intercomparison of Dobson spectrophotometers

Nowadays, over 100 Dobson spectrophotometers constitute the global primary
ground-based network of stations for monitoring atmospheric concentrations of
ozone. This network provides the most reliable source of ozone data and is a key
component of the GO5;0S, which is now part of the GAW of the WMO.

The Dobson network also serves a valuable function in providing ground-based
calibration and validation data for satellite-based measurements and various remote-
sensing instruments, which are used to measure atmospheric ozone (see Section 3.2).

The GAW/WMO has identified a World Calibration Center (WCC) and Re-
gional Calibration Centers (RCCs) for ozone. The World Calibration Center is
located at the World Dobson Spectrophotometer Central Laboratory (operated by
the Climate Monitoring and Diagnostics Laboratory (CMDL) of the U.S. National
Oceanic and Atmospheric Administration, NOAA). Since 1960 this Laboratory has
organized intercomparisons of Dobson instruments, in order to maintain calibration
within the network. These field intercomparisons (jointly organized by WMO and
the International Ozone Commission) are usually accompanied by laboratory
assessments and internal adjustments.

The Laboratory at Boulder also serves as the Regional Calibration Center
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for North America (http://www.cmdl.noaa.gov/ozwv/dobson). Other Regional
Calibration Centers are:

— Regional Dobson Calibration Center for Africa
South African Weather Bureau, Pretoria, South Africa
(coetzee@sawb.gov.za)

— Regional Dobson Calibration Center (RDCC) for Asia
Japan Meteorological Agency (JMA), Tokyo, Japan
(http:|/gaw.kishou.go.jp/wce.html)

— Regional Dobson Calibration Center for Australia
Bureau of Meteorology, Melbourne, Australia
(j.easson(@bom.gov.au)

— Regional Dobson Calibration Center for Europe
Meteorological Observatory, Hohenpeissenberg, Germany
(http:|lwww.dwd.de/ozone)
(http:|/www.chmi.cz/meteo/ozon/dobsonweb|welcome.htm)

— Regional Dobson Calibration Center for South America
Observatorio Central, Buenos Aires, Argentina
(maximo@meteofa.mil.ar).

In 1962 the Dobson spectrophotometer No. 83 (ID083) was established as the
U.S. standard for TOC measurements. It is maintained at the World Dobson Spec-
trophotometer Central Laboratory in Boulder, Colorado. This instrument was
initially calibrated relative to Dobson spectrophotometer D072 (Launder, New
Zealand) and additional calibrations were performed nine times between 1972 and
1987, using direct Sun observations (Komhyr et al., 1989a). Since the early 1960s,
almost all Dobson instruments have been calibrated either directly or indirectly,
relative to instrument D083. Since 1974, most of the existing Dobson instruments
have been modernized and calibrated by direct intercomparison with the WMO-
designated World Primary Standard Dobson spectrophotometer D083. A secondary
standard D065 is also maintained by the Laboratory in Boulder.

It should be noted that Komhyr (1980) suggested that traveling standard lamps,
properly calibrated and adjusted, could also be used for basic error detection and
stability testing of Dobson instruments. These kinds of systematic intercomparisons
of Dobson instruments against traveling standard lamps have been undertaken since
1984 (Komhyr ez al., 1989a). In this context, satellite instruments providing ozone
observations (see Chapter 2) are often used as the traveling reference instrument, in
order to identify those field Dobson instruments that are systematically in error
(Bojkov et al., 1988). According to Basher (1995), WMO traveling standard lamp
tests showed that more than 75% of Dobson instruments differ from the standard
lamp by less than +1.5%.

To extend the calibration further, each participant in the international
intercomparison gathers together a set of regional instruments, as well as the
World Primary Standard Dobson Instrument or Regional Secondary Standard
Instrument (calibrated in Boulder) for a period of 3 weeks in summer at a site
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that has relatively clear skies. The Meteorological Observatory of Hohenpeissenberg
(MOHp) in Germany was designated to act as the European Ozone Center taking on
the role of a Dobson Calibration Center (DCC). Several Dobson spectro-
photometers have been used for total ozone observations at Arosa, Switzerland,
beginning in 1926 and providing the world’s longest series of such observations.
From the mid-1950s to 1992 Dobson instrument D015 was calibrated by the statis-
tical Langley plot method. In 1986 the calibration of another Dobson spectrometer
at Arosa, D101, was changed by intercomparison with the primary world Dobson
instrument D083. A statistical model based on simultaneous measurements of D101
and DO15 for the period from 1987 to 1990 was then used to obtain a TOC series of
data in line with the primary Dobson spectrophotometer. The normal MOHp
(DCC) support in its role as the European Ozone Center includes among other
things:

e Maintenance of each neighboring Dobson station will be guaranteed within the
bounds of the usual DCC duties: regular (at least once every 4 years) check of
the instrument’s state and calibration as well as a kind of ““first aid”, if some
trouble occurs with any instrument.

e Re-evaluation of a station’s Dobson record should be done by its own staff,
because they know the history of the instrument and have easy access to all
necessary information, like test records and documents.

The DCC can give recommendations and advice on what to do and how to do it. The
procedure and methods of re-evaluation are given in the NOAA Technical Report
NESDIS 74 Dobson Data Re-evaluation Handbook and in WMO-GAW Report No.
29 Handbook for Dobson Ozone Data Re-evaluation (1993).

An intercomparison campaign was carried out at Arosa in Switzerland from
July 22 to August 10, 1990 (see Figure 1.6). The main tasks of the campaign were the
following:

Technical inspection of the instrument

Checking the electronic equipment

Inspection, cleaning, and adjustment of the optical parts

Wedge calibration test

New Q-table (lever settings according to instrument temperature)

New N-table (conversion of dial readings R into N for total ozone calculations).

The results of this intercomparison are shown in Table 1.1. An initial
intercomparison of three reference instruments was carried out in summer 1999 at
MOHDp in collaboration with Hradec Kralove (Czech Republic). Since 2004 a series
of intercomparisons has been held to evaluate the calibration of Dobson instruments
in the international network. These intercomparisons include WMO-sponsored
international campaigns and the ongoing intercomparisons organized by the
Regional Dobson Calibration Centers for Europe (RDCC/E) at Hohenpeissenberg,
and for Asia (RDCC/A) by the Japan Meteorological Agency’s Aerological Obser-
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Table 1.1. Results of intercomparison of Dobson instruments (July 22 to August 10, 1990) at
Arosa, Switzerland. AXap is the percentage deviation from the U.S.A. standard (X = total
amount of ozone expressed in Dobson Units; Basher, 1995).

Instrument | Country—Location Last Initial Final
No. intercomparison | AXap (%) | AXap (%)
13 Portugal-Lisbon 1987 0.28 —0.16
14 Norway—Tromso 1977 —0.99 —0.19
15 Switzerland—Arosa -4.96 0.82
40 Belgium—Uccle 1986 —0.6 —0.15
41 United Kingdom 1985 —0.59 0.15
50 Iceland—Reykjavik 1977 —0.16 0.05
64 Germany—Potsdam 1977 0.22 —0.09
74 Czech—Hradek Kralove 1986 —0.66 —0.07
84 Poland-Belsk 1986 0.35 —0.05
92 Denmark—Greenland 1986 —-0.5 —0.05
101 Switzerland—Arosa 1986 0.37 0.09
104 Germany—Hohenpeissenberg 1986 -24 —0.04
107 U.S.S.R.—Moscow 1988 —0.95
110 Hungary—Budapest 1988 0.93 —0.24
118 Greece—Athens Never? —-2.27 0.03
120 Spain 1989 -1.92
121 Rumania—Bucharest 1988 —0.06 0.04
65 U.S.A.—standard 1990 0 0

“Has never been used or calibrated before this intercomparison.

vatory, Tokyo. In January 2006, four instruments, including the Australian and
WMO region V standard D105, were compared with D083 at the Australian
Bureau of Meteorology’s facility near Melbourne. In March 2006, five instruments
were compared with the Region II standard D116 at Tsukuba, Japan. In November—
January 2006-2007, eight instruments were compared with D065 at the Argentine
National Weather Service Villa Ortuzar Observatory in Buenos Aires. In April 2008,
nine instruments were compared with D065 at the South African Weather
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Service’s facilities at Irene. During this period the RDCC/E and RDCC/A held
intercomparisons for their respective regions. The instruments involved in these
various campaigns comprise the majority of the operational Dobson spectrophot-
ometers in the WMO Global Ozone Observing System. In general, the calibration of
the instruments was good, within 1% of the standard.

As an example of the intercomparisons of Dobson spectrophotometers, we
consider in some detail the case of Dobson spectrophotometer D118, which is
based at Athens University, Greece, with various world standard instruments.
More information about the Dobson spectrophotometer, in general, and the
Athens Dobson Station (WMO Station No. 293), in particular, is given by Varotsos
and Cracknell (1993, 1994). Intercomparison of the daily column ozone observations
obtained by satellite instruments and Dobson spectrophotometer D118 has shown
that satellite data compare well with the D118 measurements (Varotsos and Crack-
nell, 1994, 2007). It should be noted that the Athens location has already been
suggested in the literature as representative for column ozone variations not only
of the Mediterranean region but also of the entire mid-latitude belt in the Northern
Hemisphere (Chandra and Varotsos, 1995). The Athens Dobson spectrophotometer,
D118, has participated in three international intercomparison campaigns since it was
installed at the Athens University campus; the first was the campaign in Arosa in
1990 mentioned above, the second was in Kalavryta (Greece) in 1997, and the third
was in Hohenpeissenberg in 2006. The first two campaigns were organized by the
World Dobson Calibration Center at the Climate Monitoring and Diagnostics
Laboratory (CMDL), National Oceanic and Atmospheric Administration
(NOAA) in Boulder, Colorado, which maintains the world primary D083 and
secondary Standard D065 Dobson spectrophotometers. The third campaign was
organized by the Regional Dobson Calibration Center, Europe (RDCC/E) at Ho-
henpeissenberg, Germany, which maintains the Regional Standard D064 Dobson
spectrophotometer.

The whole experiment was divided into two parts. In the first part, after some
initial mercury and standard lamp tests, the necessary maintenance of the optical,
mechanical, and electronic sub-systems was performed. In the second part the
Dobson D118 was checked against the World Secondary Standard Dobson Instru-
ment D065 to determine the existing calibration level. During this part, both
spectrophotometers made observations of total ozone at the same time, under
clear-sky conditions. For each instrument the quantity N; was determined where

1y; 1;
N; = log L_Z)J —log L—’:] (1.7)

I,; and I{; are the intensities outside the atmosphere of solar radiation at the short
and long wavelengths, respectively, of the A, C, and D wavelength pairs; I; and I are
the measured intensities at the ground of solar radiation at the short and long
wavelengths, respectively; and i =A, C, D. The parameter pu = cos 6 expresses the
relative path length of sunlight, through the ozone layer, assumed to be on average at
the 22 km altitude from the Earth’s surface. When z = 0 then p = 1.
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The experimental results obtained from the intercomparison campaign at Arosa
showed that TOC observations made by Dobson spectrophotometer D118 had a
deviation of 0.03% compared with TOC observations made by the Standard Dobson
D065 (see photo in Figure 1.6) while x ranged from 1.15 to 3.2. It should be clarified
here that X,p stands for the total ozone amount (X) that was observed by using the
A and D wavelengths. AX,p is the difference in X,p between two observations on
the same morning (or afternoon) taken on high and low Sun, defining AX,p as
positive when the value nearer noon is the greater. During a calibration campaign
the instrument before its calibration measures the “Initial AX,p™, whilst after its
calibration it measures the “Final AX,p”.

The second WMO International Intercomparison of the Dobson spectro-
photometers took place in the Stiga Ski Field, Kalavryta, Greece, in July—August
1997. This intercomparison of Dobson instruments (SSF/IC) was sponsored by the
WMO and the University of Athens (Ozone and Solar Radiation Research Team,
OSORT) and assisted by the NOAA Climate Monitoring and Diagnostics Labor-
atory’s World Dobson Calibration Center. The SSF/IC consisted of the
intercomparison of Dobson Instruments with the World Secondary Standard
Dobson Instrument D065. The procedure during this campaign was the same as
at Arosa. Instruments and personnel from the Czech Republic, Egypt, Germany,
Greece, Romania, Russia, and the United States attended the intercomparison. In
this context, long-term quality-controlled ozone data, obtained within the frame-
work of the WMO/GAW, are essential for assessment of the state of the global
ozone layer.

After the necessary checks and maintenance, the Athens Dobson D118 was
ready for intercomparison with the secondary Standard Dobson DO065. The final
experiment took place on August 7, 1997. According to the results of this experiment
the differences between N for Dobson D065 and Dobson D118 versus p were similar
to those presented in Figure 1.7. The fractions N¢/puc versus pc, Np/pp versus fip,
and N,/uy versus py were found to be similar to those presented in Figure 1.8.
Specifically, the highest difference against the Standard Dobson (D065) for
ADDSGQP observations, in the p range 1.15 to 3.2, was —0.4% in total ozone.
Here, ADDSGQP refers to the mode of measurement, where AD means that A and
D pairs of wavelength were used, DS stands for Direct Sun (< 3.5), and GQP
means that the Ground Quartz Plate was placed on the inlet window.

A general recommendation was that total ozone observations and ozone vertical
profile measurements made by the University of Athens (WMO station 293) should
be continued, as these data play an important part in the understanding of both
ozone climatology and ozone trends in the Eastern Mediterranean and southeastern
Europe.

The third WMO International Intercomparison of Dobson spectrophotometers
took place at the European Ozone Center at the Meteorological Observatory of
Hohenpeissenberg, Germany (MOHp) from June 18 to July 11, 2006. During the
first phase of the campaign, new U.S.-type electronics were installed, but normally
this does not affect the calibration level. In addition, the shutter motor and its gear
mechanism, responsible for adjusting the speed of the sector wheel, were replaced
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Figure 1.6. (Top) Photo from the Dobson Intercomparison held in Arosa (July—August 1990).
From left to the right, the observers are (1) U. Feister, (2) M. Degorska, (3) A. Ashbridge,
(4) R. Hartmannsgruber, (5) J. Stachelin, (6) B. Thorkelson, (7) R. Evans, (8) C. Varotsos,
(9), Observer (10), Z. Nagy (11) B. Rajewska-Wiech, (12) W. Komhyr, (13) K. Vanicek,
(14) D. De Muer, (15) B. Grass, (16) M. Frimescu, (17) Observer, (18) V. Dorokhov,
(19) A. Lapworth, (20) U. Kohler, (21) Observer, (22) D. Henriques, (23) Paul Eriksen,
(24) Cacho A. Diaz, (25) G. Loska, (26) S. Trono, (27) H. De Backer, (28) K. Aeschbacher,
(29) P. Plessing, (30) K. Henriksen, (31) Jim Kerr. (Bottom) Dr. D. Walshaw with Dr. C.
Varotsos around 1985.
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Figure 1.7. AN; =(N; for Dobson D065 —N; for Dobson D118), i =A, C, D, on August 5,
1990, versus u = sec 6.

with a new motor free of the gear mechanism. The optical sub-system was checked,
cleaned, and adjusted and the wedge calibration test was carried out.

In the next phase, the intercomparison of D118 against the Standard Dobson
spectrophotometer of this station (D064) took place. The final experiment was
conducted on July 11, 2006. Figure 1.9 shows the differences between N for
Dobson D064 and Dobson D118 that arose from this experiment. Figures 1.10a—c
illustrate the fractions N¢/pe versus pe, Np/pp versus pp, and N/, versus piy,
respectively. From these figures it is evident that the highest difference against the
Standard Dobson No. 064 ADDSGQP observations, in the 4 range 1.15 to 3.2, was
0.6% in total ozone (Christodoulakis ez al. 2008).

As mentioned already, the Dobson spectrophotometer is a mainstay instrument
of the GO;0S, and the Dobson stations are among those selected for trend analyses
by the International Ozone Trends Panel. Thus, the accuracy and precision of the
Dobson instruments used in the Dobson WMO Network must be known in order to
perform trend analysis. According to the current experience, the calibration levels of
many Dobson spectrophotometers have been changed at different times and there-
fore their records cannot be treated as entirely consistent. Therefore, the data from
several Dobson stations were provisionally revised on a month-by-month basis.
Nevertheless, the regional trends in TOC are non-uniform during a given time
period.

As far as total ozone variability over the mid-latitude belt of the Northern
Hemisphere (the most populated region of the planet) is concerned, it is well repre-
sented by total ozone variability over Athens (Chandra and Varotsos, 1995), which is
very important for the validation of satellite observations. Thus maintenance of the
calibration of the Dobson instrument in Athens is of great importance. In this
context, the experimental results from the intercomparison campaign at Arosa
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Figure 1.9. AN; = (N, for Dobson D064 — N, for Dobson D118), where i = A, C, D on July 11,
2006, versus pu (Tzanis et al., 2009b).

showed that TOC observations made by Dobson spectrophotometer D118 had a
deviation of 0.03% from the TOC observations made by Standard Dobson D065,
when g ranged from 1.15 to 3.2. During the intercomparison campaign at Kalavryta,
the highest difference against the Standard Dobson (D065) for ADDSGQP observa-
tions, in the p range from 1.15 to 3.2, was —0.4% in total ozone. Finally, at
Hohenpeissenberg the highest difference against the secondary Standard Dobson
(D064), in the i range from 1.15 to 3.2, was 0.6% in total ozone.

It should be noted that AD observations are regularly performed at noon to
avoid p values greater than 2.0 (where, according to Figure 1.10, the plausible
deviation increases). It should be stressed that, according to the WMO, if the
difference is less than 1%, then the test instrument is considered to be at the same
calibration level as the Standard. Consequently, according to these results, Dobson
spectrophotometer D118 installed at Athens, Greece, can be regarded as a reliable
spectrophotometer and its measurements accurate and appropriate for further
analysis.

Intercomparisons of Dobson spectrophotometers with other instruments will be
discussed in some detail in Chapter 3.

1.2.3 Interference of SO, and NO; in Dobson TOC measurements

The precision of a well-calibrated Dobson spectrophotometer is about 0.5% and its
accuracy is of the order of 2-4%. The instrument is also subject to additional errors
in the presence of SO,, NO,, and aerosols (Komhyr and Evans, 1980; Varotsos et al.,
1995b). The sources of error in Dobson TOC measurement become significant where
the Dobson instrument is placed in an area surrounded by a highly polluted atmo-
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sphere. Two methods of identifying and correcting for SO, interference in Dobson
measurements were suggested by Evans et al. (1980).

In the greater Athens area, where Dobson spectrophotometer D118 is installed,
more than half of the industrial activities of the country are concentrated. Athens is
situated in a relatively small basin of 450 km? surface area, surrounded by three
mountains with heights of 100, 1,000 and 1,500 m. This creates ventilation problems,
especially during meteorological conditions of low synoptic winds accompanied by
high sunshine (anticyclonic conditions). Very high concentrations of urban
pollutants, especially the photochemical ones (NO,, O3), are frequently observed
under these conditions.

In order to find out the extent of the error in TOC measurements both in
wintertime and summertime because of the presence of SO, and NO, in the Athenian
atmosphere, the SO, and NO, concentration data of PERPA (National Service for
Air Pollution Monitoring) at 13:00 LT were used. These data were obtained at the
Patissia station located in the center of Athens and refer to the 2-year period 1989—
1990.

Because the PERPA SO, and NO, concentration data are given in pg m , the
former must be multiplied by the factor 3.82 x 10~* and the latter by the factor
5.32 x 10~* to convert them into parts per million by volume (ppmv). The expression
relating ppmv to pg m > is the following:

Ippmv = 107°[M/(M; p)] pgm > (1.8)

where M = 28.97 is the average molecular weight of the air; M; is the molecular
weight of the specific pollutant; and p=1.184kgm > is the air density for
atmospheric pressure 1.013 hPa and 298.15K.

Radiosonde temperature profiles as well as surface temperatures (obtained from
the National Meteorological Service of Greece) were also used. All these data
resulted from measurements made on a daily basis at 12:00 utc at Hellinikon
Airport, Athens, over 17 years (1974-1990).

The error in TOC measurement caused by the presence of absorbing species
other than ozone is given by equation (1.9) (Komhyr and Evans, 1980):

Ax = x| — x| :@xz (1.9)
Qi
where x| is the apparent TOC amount; x; is the true TOC amount, without the error
owing to the presence of the specific absorbing species; and x, is the total amount of
the absorbing species (all in atm-cm); o is the ozone double-pair wavelength decimal
absorption coefficient; a, is the corresponding coefficient for the absorbing species;
m is the relative optical airmass; and p is the relative optical ozone mass. As an
approximation we can take p = m.
Thus the percentage error in true TOC amount x; because of the presence of the
absorbing species will be:

100(12

X1Q

% error in x; = X, (1.10)
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The total amount x, of the absorbing species can be estimated in atm-cm (the
Dobson Unit is defined to be 0.001 atm-cm) by the following equation, if we know its
mixing ratio C in ppmv, as well as the height of the pollution mixing layer:

1 —exp[—(z/H)]
2T 1.251

where H is the scale height of the pollution mixing layer. It is given by the expression
H = RyT/g,, where Ry is the gas constant for dry air (= 287Tkg 'K T is the
mean temperature of the mixing layer; and g, = 9.80665 ms 2 is the global average
of the acceleration due to gravity at mean sea level. H = 8.49 km for a layer at 17°C
and z is the mixing layer’s height.

Mixing heights were calculated from radiosonde temperature profiles and
surface temperature measurements by the simple thermodynamic method of Holz-
worth (1972). This method has been widely used in several countries all over the
world and seems to be appropriate for countries such as Greece, especially for the
afternoon mixing height.

Potential temperature was calculated at the surface as well as in the layers at
which the radiosonde data were available using the Poisson equation. If the potential
temperature of a layer was greater than that of the surface, then the mixing height
was defined at the bottom of that layer.

Mean total SO, amounts in the atmosphere over Athens for the periods
December—March and May—August of the 2-year period 1989-1990 at local noon
were estimated using equation (1.11). Afterwards, by using equation (1.10), the
corresponding percentage errors in true TOC amount because of the presence of
SO, for a value of true TOC amount of 0.300 atm-cm (300 DU) were calculated.

The results are shown in Figure 1.11. From this figure it is evident that the errors
in true TOC amount due to the presence of SO, in Athens were higher between
December and March than between May and August. This is due to the fact that
SO, concentration is greater in winter than in summer since in winter the Athenian
atmosphere is supplied with SO, from the central heating systems of buildings.

In order to estimate the percentage error in true TOC because of the presence of
NO, the same method as used for SO, was followed. The results are presented in
Figure 1.12. This figure shows that the errors in true TOC amount because of the
presence of NO, in Athens are higher from May to August (not shown here), than
from December to March. The explanation of this is that NO, concentration is
greater in summer than in winter, since in summer there is greater photochemical
pollution.

Svendby and Dahlback (2002) described the effect of SO, on measurements of
TOC level in Oslo (59.9°N, 10.7°E), Norway, over a 20-year period from 1978 to
1998 using the Dobson spectrophotometer D056. When D056 ozone observations
started in 1978 the SO, level in Oslo was significant and failure to make appropriate
corrections may lead to false determinations of trends in TOC. For these Oslo data,
without correcting for the effects of SO, the Oslo Dobson data showed a year-round
TOC decrease of (—5.22 £ 0.63)% per decade from 1978 to 1998, while after correct-
ing for the effect of the SO, the decrease was reduced to (—4.68 + 0.63)% per decade.

C (1.11)
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Figure 1.11. Mean daily percentage error in TOC caused by SO, for (a) December to March
and (b) May to August of the 2-year period 1989-1990 (Varotsos et al., 1995b).
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Figure 1.12. Mean daily percentage error in TOC caused by NO, for December to March of the
2-year period 1989-1990 (Varotsos et al., 1995b).

1.2.4 Influence of stray light on Dobson TOC measurements

One of the main factors affecting the accuracy of determination of TOC measure-
ments using a Dobson spectrophotometer arises from stray light contributions. The
term “‘stray light” is considered here as being any radiation which contaminates the
measurements made with a Dobson spectrophotometer. Therefore it includes both
unwanted radiation scattered in the atmosphere by air molecules, aerosols, and
clouds that enters the instrument’s field of view as well as unwanted radiation
scattered within the instrument. It should be distinguished from the internal stray
light within the instrument which limits its ability to make accurate measurements at
high total ozone amounts and high solar zenith angles (Evans et al., 2009). The
problem of stray light applies mainly to the shorter wavelength band of the wave-
length pairs measured by this instrument. This means that the problem is principally
evident in the lower intensity band of the Dobson bandpairs. The influence of stray
light on Dobson TOC measurements is manifested by the characteristic effect of
apparently declining ozone amounts with airmass above 2.5. For direct sunlight
AD measurements, errors of 1%, 3%, and 10% may be present at airmasses 2.5,
3.2, and 3.8, respectively (Basher, 1982a).

A summary of early work on the effect of stray light on measurements made with
Dobson spectrophotometers is given by Basher (1982a). According to Basher (1995)
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the error in direct Sun observations for a well-calibrated and well-operated
instrument is about 1% (lo) and for zenith sky measurements it is about 3%.

Radiation is scattered by the atmosphere into the instrument’s field of view and
contributes to stray light intensity which is approximately proportional to the field
of view and to the airmass. This light contributes homochromatic (i.e., same wave-
length) and heterochromatic (i.e., different wavelength) components and will include
single and multiple scattered components. Its effect on ozone measurement is usually
negative but may be positive and will depend on the relative intensity of the band-
pair’s intensities, the amount of the scattering material, the material’s spectral and
angular (phase function) scattering properties, and the optical depth along the
beam’s path.

Rayleigh scattering’s inverse fourth-power dependence on wavelength and broad
cos” @ phase function results in a nearly spatially uniform and bright (i.e., very hazy)
sky radiance at 300-320 nm. Its main effect is the contribution of homochromatic
stray light to the shorter wavelength bands and hence a reduction in the measured
ozone amount. The attenuation by aerosol scattering (due to particles typically from
0.05 to 5pum in diameter) has a weak spectral dependence. The homochromatic
component and the internally scattered heterochromatic component both serve to
reduce the measured ozone amount. The attenuation by individual cloud droplets
(typically 10 to 1,000 um in diameter) is essentially spectrally uniform, but coloring
effects, as shown by colored rings about the Sun and the Moon, can also arise. For
all but the thinnest of clouds multiple scattering becomes dominant. The effect of
these factors on stray light is unclear (Basher, 1982a).

Thomas and Holland (1977) carried out a computer modeling experiment to
determine ozone errors due to atmospheric scattering. They used a Monte Carlo
simulation of radiative transfer through an atmosphere of fifty 2km layers which
included a Haze-C aerosol size distribution of 0.11 decimal optical depth. According
to their model, which considered only homochromatic light, the ozone errors arising
from this extra radiation received were less than 0.5% for single bandpairs and less
than 0.2% for double-bandpair combinations. Calculations were limited to an
airmass of 3, but extrapolation beyond this to an airmass of 4 suggested that the
errors for single bandpairs may be about 2%. This is a larger estimate than that
given by Dobson’s earlier work as noted by Basher (1982a), which may be due in
part to the greater density of the aecrosol model used by Thomas and Holland. These
authors showed that the errors are approximately linearly dependent on aerosol
amount. The aerosol optical depth of 0.11 used by them may be compared with
visible (500 nm) optical depths of 0.02 for very clear conditions to 0.5 for extremely
hazy conditions.

We now turn to the stray light from internal scattering. Radiation entering the
Dobson instrument must pass through either 28 or 32 optical surfaces and undergo
three reflections before reaching the photomultiplier. This radiation is affected by
undesired stray reflections at these components, by the usual optical aberrations of
lenses and prisms, and by the diffraction effects of finite slit widths. There is also the
possibility of the attenuation of short-wavelength bands by the poor-quality quartz
optics of some instruments.
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Figure 1.13. Illustration of the effect of stray light on log intensity ratios and on the
determination of extraterrestrial constants (Basher, 1982a).

Some of the stray radiation will be homochromatic but the heterochromatic
component, particularly from about 350 to 400 nm, is far more important because
the incoming energy in this wavelength range is several orders of magnitude greater
than that of the narrow and highly attenuated bands being measured. It is the second
monochromator in the instrument that provides the means for reducing the effect of
heterochromatic stray radiation.

The non-linearity of the log intensity ratio versus airmass function, stemming
from the contribution of stray light to the short wavelength pair, induces the two
errors shown in Figure 1.13. The first concerns the obvious reduction of the log
intensity ratio (and thus of ozone measurement) with airmass. The second error
concerns overestimation of the extraterrestrial constant (ETC) which can be calcu-
lated from the log intensity versus airmass plot. The latter will make the ozone
measurements appear more constant with airmass and the residual curvature in
the data seem small.

Basher (1982a) presented a simple homochromatic/heterochromatic stray light
model for investigating non-linearity errors of the log intensity ratio versus airmass
function. That model is characterized by two parameters. The first one, Ry, is the
ratio of the energy of the monochromatic stray light source to that of the desired
band as would be measured under the imaginary conditions of zero airmass. The
second, a, is the atmosphere’s relative attenuation coefficient of the stray light band
to the desired band. If we consider the monochromatic and heterochromatic stray
light at 370 nm then, according to Basher, the value of R, will be between 10> and
1072, depending on the quality of the instrument, and the parameter ¢ would range
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from about 0.7 to 1.2, depending on ozone amount. The contribution of stray light
to the longer wavelength band of a pair, in this example the 325.4nm band, is
negligible, and the errors are not very dependent on the assumption of mono-
chromaticity or the center wavelength of the stray light band. The resulting
equations for Agtc, the error in the extraterrestrial constant, and for AX the total
error in the ozone measurement are:

1 (14 Ry10™) 1,
A = lo 1.12
T — g(l + Ro10M1) 1 (1.12)
and
-1
AX = (Agre + log(1 + Ry10") (1.13)

pA«

where p; and p, are the airmass values at which the straight line used to determine
the ETC intersect the log intensity versus airmass curve; and A« is the bandpair’s
ozone absorption coefficient. Values of Agyc for various values of R, and a are given
in Table 1.2.

The more able the instrument to reject stray light, the smaller the R, value.
The application of this model to total ozone X p measurements made by Basher
in 1977 with the Wallops Island Dobson spectrophotometer showed that the value of
the R, parameter at that time was about 10>® to 107>, Application of the same
stray light model to the Belsk Dobson instrument D084 (Poland) gave R, values of
10~* to 10 for all the analyzed time series (Degorska and Rajewska-Wiech, 1989).
The value of 107> is not unattainable. This claim is verified by the airmass depen-
dences taken with the Canadian Dobson D077 and shown by Olafson and Asbridge
(1981).

A selection of results for ozone error, AX,p, versus airmass p for various values
of Ry, i1, 2, and a were given by Basher (1982a). In the calculation of AX,p it was
assumed that the relative attenuation, a, and therefore the ozone amount is the same

Table 1.2. Agrc, the error in determination of the extraterrestrial constant for various stray
light error models (Basher, 1982a).

Airmasses Ry, a
1 i) 1073, 1.0 1074, 0.8 1074, 1.0 1074, 1.2 1074, 1.0
1.25 2.0 0.0003 0.0012 0.0035 0.0094 0.0327
1.25 2.5 0.0008 0.0024 0.0083 0.0264 0.0724
1.25 3.0 0.0021 0.0050 0.0200 0.0717 0.1440
1.25 3.5 0.0053 0.0102 0.0471 0.1640 0.2417
1.25 4.0 0.0137 0.0209 0.0998 0.2870 0.3414
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at the time of measurement as at the time of calibration of the ETC, and that the
error source affects only the A bandpair. The following points were noted by Basher
(1982a):

(i) The dependence of the ETC error, and therefore any ETC determination, on the
airmass range used, and on the value of the parameter «, and therefore on the
ozone amount. This may be a main cause for the difficulty of obtaining
consistent ETCs for an instrument and for the lack of agreement between
independently calibrated instruments.

(i1) The relative uniformity of the ozone error in the operating range of 1 to 3 in
airmass, and the way this tends to conceal what may be a significant
underestimation of ozone amount.

(iii) The increased error at low airmasses, which is principally due to ETC error. In
middle latitudes this will result in noon values that in summer are lower than
morning and afternoon values, and that in winter are higher. This sort of
behavior has been observed in the Wallops Island Dobson instrument data
(Geraci and Luers, 1978).

(iv) The strong dependence of the error on the parameters Ry, @, ui, and pp. An
instrument whose Ry is 10~* might agree very well with another instrument
whose Ry is 107> during a summer intercomparison when the ozone level is
low (i.e., when «a is about 0.8), but it would disagree by 5% or more under
winter—spring high-ozone conditions.

The measurements of any instrument can be compared to the calculated values
to estimate the stray light levels present. The fact that for most Dobson instruments
the Xap measurement is not satisfactory beyond an airmass of 3 suggests that R is
typically about 10~*. Basher made measurements of X Ap beyond this airmass using
the Wallops Island Dobson instrument in 1977 (the average of the results for a range
of ozone values is compared with two models in Figure 1.14). This suggests that the
instrument’s R, value at that time was about 10 >® to 107>, The data of Figure 1.15
show that a value of 10 is the maximum desirable value. The airmass dependences
shown by Olafson and Asbridge (1981) indicate that the Canadian D077 instrument
is of this higher quality, which in turn indicates that the goal of R = 107> is not
unattainable.

A series of total ozone X,p measurements for a large range of airmasses,
extending to the value of 3.0, were taken over many days from 1992 to 1994 with
Dobson spectrophotometer D118 in Athens, Greece. Among this measurement
series were cases where the dependence of Dobson TOC measurements on airmass
were first observed higher than about the value of 3.0, while in other cases they were
observed higher than about the value of 2.5. The averages of the results for a range
of ozone values were compared with some of the curves from Basher’s stray light
model. For that purpose, a reproduction of some of the stray light model’s curves is
given. Figures 1.16 and 1.17 show two clusters for various a values of some of the
stray light model’s curves. The first corresponds to the value Ry = 10~*° and
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Figure 1.14. Variation of ozone error X,p as a function of airmass p for various values of
model parameters, as calculated by the stray light model (Basher, 1982a).

the second to the value Ry = 103, From these figures it is obvious that the smaller
the parameter R, the more able the specific Dobson instrument to reject the inter-
fering stray light. Indeed, comparing any of these curves corresponding to the same
value of the parameter a but to different values of the parameter R, we can observe
that in the case of Ry = 10730 the curves start to decline with much smaller airmass
than for the corresponding curves with Ry = 104, Also these are more abrupt (i.e.,
the rate of increase in error of total ozone measurement, because of the presence of
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Figure 1.15. Comparison of experimental data with stray light models (Basher, 1982a):
(— )Ry =108 a=1.0, sy = 1.0, jty = 2.5; (-----) Ry = 107>¢, a = 1.0, pi; = 1.0, o = 2.5.

stray light in the instrument, will be greater). Similar behavior can be observed with
the model curves for different values of a. The greater the value of a, the greater the
influence of stray light on Dobson total ozone measurements.

The results of the comparisons are given in Table 1.3. The first column shows the
dates the measurements were made. These are dates between 1992 and 1994. The
second and third columns contain the values of R, and «, the stray light model
parameters of the model curves fitting the data series. The fourth column contains
the true total ozone amount as calculated from the model, while the last column
shows the measured total ozone value (see also Figure 1.18).

The general conclusion from the abovementioned series of TOC measurements
is that, in the period in which these measurements were made, the value of the R, of
the Basher stray light model for the Dobson D118 instrument was in the range
between 107> and 10**. This means that this particular instrument does not
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Figure 1.16. Variation of ozone error Xap as a function of airmass p for Ry = 107* as
calculated by Basher’s stray light model (Varotsos et al., 1998).
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Table 1.3. The results from some stray light experiments taken by the
Dobson D118 instrument in Athens between 1992 and 1994 (Varotsos et

al., 1998).
Date Ry a True TOC | Measured TOC

(DU) (DU)

November 27, 1992 | 1034 0.6 285 282
1033 285

December 7, 1992 1034 0.6 286 201
10733 285

March 23, 1993 10734 0.6 303 306
10733 303

November 16, 1992 | 1034 0.7 278 281
10733 277

January 14, 1993 10734 0.8 312 305
10733 309

January 19, 1994 10734 0.8 330 327
1033 327

March 24, 1993 1034 0.8 307 307
10733 305

December 21, 1992 | 10734 0.9 304 293
10733 301

March 18, 1993 1034 0.9 340 336
10733 337

suffer from stray light interference when TOC measurements are made with low
values of airmass p (regularly obtained observations). Another result from the
same series of measurements is that there is only a weak relation between the
other Basher model parameter ¢ and the TOC content because of the interference
arising from the presence of SO, and NO,, which absorb at the selected wavelengths
of solar UVB radiation (Varotsos et al., 1998).

Stray light effects are apparent when Dobson spectrophotometers are used to
produce vertical ozone profiles using the Umkehr effect (see Section 1.6.2). Adjusting
measurements for stray light components removes much of the bias between
Umkehr profiles and other ozone-measuring datasets (Petropavlovskikh er al.,
2009). Evans et al. (2009) presented a method of making a measurement of the
internal stray light, as well as other approaches evaluating the approximate level
of internal stray light. These techniques can also be used to improve the results of
direct Sun observations at high latitudes and high ozone.
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1.3 BREWER SPECTROPHOTOMETER

/ Brewer, Alan W. (1915-2007)
¢ l (http:|[rammb.cira.colostate.edu/dev/hillger/modern.htm #brewer)
‘ .

Since the early 1980s, scientists around the world have been measuring TOC,
SO,, NO,, with Brewer Spectrophotometers, which use a similar method to measure
TOC to that of the Dobson instruments (Brewer, 1973).

These are grating spectrophotometers, developed in the early 1970s as an
alternative to Dobson instruments in the World Ozone Network (Figure 1.19).
They are modified Ebert-type spectrometers with focal length 16 cm, width 11 cm,
and aperture ratio F/6. They use a single detector and are generally supplied with an
automatic Sun tracker. Ground-based observations are made on both the solar and
lunar disks as well as the zenith sky. They simultancously measure the intensity of
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Figure 1.19. Brewer Mark IV mechanical assembly (top view) (http://www.esrl.noaa.gov/gmd|/
grad/neubrew| MKIV jsp).
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light at five wavelengths in the ultraviolet absorption spectrum of ozone with a
resolution of 0.6 nm. The operational radiances at 306.3, 310.1, 313.5, 316.8, and
320 nm are monitored sequentially in 1.6 s. Measurements at these wavelengths allow
correction for the effects of SO,, which is a serious cause of error in ozone measure-
ments in polluted air. Various intercomparisons of Brewer spectrophotometers, both
between themselves and with Dobson instruments, have been carried out mainly by
the Atmospheric Environment Service (AES) Canada. Periodic intercomparison of
Dobson instrument D083 (World Primary Standard Dobson Spectrophotometer)
with Canada’s Standard Brewer Ozone Instrument D017 has achieved consistent
results within 1% (Kerr ef al., 1988).

Differences between measurements of the TOC derived from Brewer and
Dobson instruments are of the order of 3% (Kohler, 1999a, b; Vanicek, 1998). In
1997, over 130 Brewer spectrophotometers were in operation in 33 countries and in
Antarctica.

To investigate the effects of scattered light on ozone retrieval a new double-
monochromator Brewer instrument was built by AES. Stray light in the double-
monochromator is several orders of magnitude less than that in a conventional
single Brewer instrument. This instrument was made by linking two modified
single Brewer optical frames together. The AES maintains a triad of calibrated
Brewer instruments, as well as two traveling standards and one manufacturing
standard. Each Brewer instrument is calibrated and maintained at WMO/AES
ideal levels by means of intercomparison and using traveling standards (Kerr et
al., 1998).

Mark II and Mark IV model Brewer instruments are fully automated to use
the direct Sun, zenith sky, or Moon as their light source. It is worth noting that
Environment Canada (EC) recommends the Mark III Brewer Ozone Spectro-
photometer as significantly superior to the Mark II and Mark IV Brewers for the
measurement of solar radiation and ozone in the ultraviolet (UV) region of
the spectrum. This is because of the much improved stray light performance of
the double-monochromator optical system used in the Mark III. Instrument
design and automation allow for nearly simultaneous observations of TOC, SO,,
and UV spectra (290-325nm). The principle of measurements of total ozone and
SO, column in the atmosphere with the Brewer spectrophotometer is similar to the
method used for the Dobson spectrophotometer. The Brewer instrument measures
spectral irradiances of solar radiation at five wavelengths selected by rotating a slit
mask. From a series of zenith sky observations at twilight, OVP can be determined
by utilizing the “Umkehr” inversion technique, which is described in Sections 1.6.2
and 1.6.3.

A new practical method for retrieving diurnal variability in tropospheric ozone
OVP (Observations of ozone Vertical Profile) and day-to-day variability in strato-
spheric OVPs, using ground-based measurements of sky radiances obtained by a
polarization-insensitive modified Brewer double-spectrometer and an optimal esti-
mation retrieval method, was described by Tzortziou et al. (2008). Values of TOC
derived by nearly simultaneous direct Sun Brewer observations were used to stabilize
and constrain the retrieval. Using both simulated and measured radiances, their
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results demonstrated that the Brewer angular (0-72° viewing zenith angle) and
spectral (303-320 nm) measurements of sky radiance in the solar principal plane
provide sufficient information to derive the diurnal variability of the tropospheric
OVP every 30 minutes. The Brewer measurements also provide stratospheric OVPs
near sunrise and sunset each day. The OVP resolution was shown to give at least four
points in the troposphere—low stratosphere, including good information in Umkehr
layer 0 (0-5 km). Tzortziou et al. (2008) also showed that including a site-specific and
time-dependent aerosol correction, based on Brewer direct Sun observations of
aerosol optical thickness, was critical to minimize ozone retrieval residuals as a
function of observing angle in the optimal estimation inversion algorithm, and
improved the accuracy of the ozone profiles retrieved. Extending the technique to
include longer wavelengths (>320 nm) could provide additional information on both
OVPs and acrosol properties.

Just as we have seen in Section 1.2.2—that intercalibration of various individual
Dobson spectrophotometers is important—so it is also important to carry out inter-
calibration of various Brewer spectrophotometers too. So within the GAW program
of the WMO a World Calibration Center (WCC) for Brewer spectrophotometers has
been established at the Meteorological Service of Canada (MSC), Toronto, Canada.
The world Brewer calibration scale is defined by a set of three Brewer instruments
maintained by MSC. Each of these instruments is calibrated absolutely at the Mauna
Loa Observatory, Hawaii (MLO). Instruments in the world network are routinely
calibrated by comparisons with traveling references. Outside Canada, these compar-
isons are mostly made with the Brewer No. 17 (B017) operated by the International
Ozone Service, a Canadian commercial company. B017 is regularly checked against
the three Brewer spectrophotometers maintained at the MSC.

In November 2003 the WMO/GAW Regional Calibration Center for the RA-VI
region (Europe) (RBCC-E) was established by the Izana Atmospheric Research
Centre (I-ARC) at Izana Observatory (IZO, Canary Islands), managed by the
“Agencia Estatal de Meteorologia” (AEMET, Spain). RBCC-E owns three
Brewer spectroradiometers, a Regional Primary Reference (B157), a Regional Sec-
ondary Reference (B185), and a Regional Traveling Reference (B183) which can be
transported for calibration campaigns outside IZO. These three spectrophotometers
are absolutely calibrated at IZO and regularly compared against the three World
Reference Brewer spectrophotometers maintained by the MSC in Toronto. As a
Regional Brewer Calibration Center, the RBCC-E organizes regular inter-
comparison campaigns in Europe, mainly taking place in Central and South
Europe (for details see the website www.rbcc-e.org).

The Sodankyld Total Ozone Intercomparison and Validation Campaign
(SAUNA) took place in March—-April 2006 and in February—March 2007 in
Sodankyld, Finland (67.4°N, 26.6°E). The campaign involved a wide variety of
ground-based systems including Brewer spectrophotometers, Dobson spectro-
photometers, DOAS (Differential Optical Absorption Spectroscopy) and SAOZ
(System for Analysis of Observation at Zenith) systems, and the NDSC (Network
for the Detection of Stratospheric Change) traveling standard stratospheric ozone
LIDAR; it also involved daily ozonesonde launches. The objective was to validate
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the performance of ground-based and satellite-flown ozone instruments at high
latitude and low solar elevation. It was also to support the ongoing validation of
the EOS-Aura OMI, the ERS-GOME, the ENVISAT-SCIAMACHY, SCISAT
MAESTRO, and FTS instruments, by performing coincident satellite measurements.

In September 2007 the El Arenosillo Observatory (National Institute for Aero-
space Technology, Spain) hosted an international calibration campaign for Brewer
spectroradiometers, Dobson spectrophotometers, and UV-erythemal broadband
radiometers in cooperation with several regional calibration centers and traveling
reference instruments (http://www.woudc.org).

Stiibi et al. (2008) described the analysis of 140 dual flights involving two types
of ozonesondes—namely, the Brewer-Mast (BM) ozonesonde and the electro-
chemical concentration cell (ECC) ozonesonde. These dual flights were performed
before the transition from BM to ECC as the operational ozonesonde for the
Payerne Aerological Station, Switzerland. Different factors of ozonesonde data
processing were considered and their influences on the OVPs were evaluated. The
analysis showed good agreement between the data from the BM and the ECC
ozonesondes. The profile of the ozone difference was found to be limited to +5%
(£0.3mPa) from the ground to 32 km. The analysis confirmed the appropriateness of
the standard BM data-processing method and the usefulness of normalization of the
ozonesonde data. The conclusions of the extended dual flight campaigns were
corroborated by analysis of the time series of the Payerne soundings for the
periods of 5 years before and after the change from BM to ECC which occurred
in September 2002. No significant discontinuity can be identified in 2002 attributable
to the change of sonde.

1.4 FILTER OZONOMETERS M-83/124/134

The filter-type instrument is based on the same principle as the Dobson spec-
trophotometer in using differential absorption of ultraviolet radiation in the
300-350 nm Huggins band of ozone. The M-83 filter ozonometer was developed in
1963 (Gushchin, 1963). This instrument is equipped with optical light filters, which
consist of a set of optical pigmented glasses. It uses 21 nm and 15nm bandpass
channels at central wavelengths 299 and 326 nm, respectively. Improvements were
made in 1972 by using the stated bandwidths and a third filter for corrections due to
aerosol effects. Improved versions, instruments M-124 and M-134, developed in the
1980s, were introduced into the former U.S.S.R.’s network of stations in 1985-1986
(Gushchin ef al., 1985b). This instrument measures ozone column content by looking
directly at the Sun, using a peak spectral sensitivity at 299 nm (strong absorption by
ozone) and another peak response at 326 nm (weak absorption by ozone). Like M-
83, the improved instruments are intended to measure total ozone in the atmosphere,
using both the direct Sun observation method and the zenith sky observation.
Instead of two photoelectric receivers, the improved versions of M-83 employ only
one sensing element (reducing substantially the weight and size of this device). The
accuracy appears to be 2-4% and the precision of the measurement is approximately
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Figure 1.20. Map showing the location of total ozone stations where data were submitted to
WMO within the period of 1979-2006 (Fioletov et al., 2008).

5%. A network consisting of 45 stations has been operating for 30 years in the
former U.S.S.R. and other countries (Figure 1.20).

The principle behind the operation of M-83/124/134 ozonometers (Figure 1.21)
and, in general, filter-type instruments (Gushchin ozonometers) has often been
criticized mainly because of the effect of finite wavelength intervals. As glass filters
are used with broadband transmission characteristics for the selection of wavelength
bands, their peak transmission shifts depend on the solar zenith angle and the
amount of ozone. For instance, empirical curves have to be used to determine
TOC from direct Sun or zenith sky measurements (Feister, 1994). Some years ago,
a number of researchers (Bojkov, 1969) concluded that there is systematic disagree-
ment between the M-83/124/134 ozonometers and Dobson spectrophotometers,
which increases with increasing airmass p (reaching 20-30%, when p > 2). This
difference becomes even larger if visibility is below 5km (in the presence of haze).
Filter ozonometer data (covering more than one third of the northern mid and high
latitudes from Eastern Europe to the Far East) were re-evaluated based on station
instrument changes and calibrations (Bojkov et al., 1994). It can be assumed that, in
order to use filter-equipped instruments, careful study of the relevant errors, like the
effective transmission factors of the filters, needs to be carried out in advance
(Gushchin et al., 1985a).

The GAW/WMO has designated one regional Calibration Center for Filter
ozonometers, namely:

— Regional Calibration Center for Filter Ozone Instruments
Voeikov Main Geophysical Observatory, St. Petersburg, Russian Federation
(ozon@peterlink.ru)


mailto:ozon@peterlink.ru
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Figure 1.21. Schematic diagram of M-124 Ozonometer (Gushchin et al., 1985a).

The total ozone observations conducted by Russia using filter ozonometers
(M124/M83) cover a large area of Siberia. These instruments are regularly calibrated
against the St. Petersburg Dobson instrument, which in turn is calibrated against the
European reference instrument.

1.5 SECONDARY GROUND-BASED INSTRUMENTATION FOR TOC
OBSERVATIONS

The Global Ozone Network of primary ground-based instruments is supplemented
by several similar instruments such as the Canterbury ozonometer (New Zealand)
and Sentran ozonometer (U.S.A.), which are based on various techniques. Among
these is the differential optical absorption spectroscopy (DOAS) technique, which
is one of the most powerful tools for observations of stratospheric trace gases
(O3, NO,, NO3;, BrO, and ClO,) (Balatsko et al., 2010a, b; Platt and Stutz, 2008).
The term “differential absorption spectrum” (simply) refers to studying 7()), the
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intensity of a beam of radiation with initial intensity /,(\) after it has passed through
an absorbing medium. To perform DOAS, two spectra are necessary; in one, re-
ferred to as the reference, the light has passed through little (ideally, of course, none)
of the absorbing species in question and in the other the light has passed through a
large amount of the absorber. The retrieved DOAS quantity is the apparent column
density (ACD).

In the case of the study of trace gases in the atmosphere the wavelength range of
interest is the UV and, to a lesser extent, the visible wavelength range. Each of the
trace gases present contributes to the absorption of the radiation according to its
own absorption spectrum (see Figure 1.22) and its concentration. The first step in
DOAS applied to the determination of the concentrations of trace gases, including
ozone, is to apply numerical filtering to the measured spectrum to separate the low-
frequency (long wavelength) and high-frequency (short wavelength) parts of the
spectrum. The low-frequency (i.e., long-wavelength) spectrum includes the broad-
band gas absorptions and Rayleigh and Mie scattering, while the high-frequency
(i.e., short wavelength) part of the spectrum contains the trace gas contributions.
The short-wavelength intensity, 7(\), can be written as:

I0) = (V) exp(Z a;(A)c,.L) (1.14)

where I;(\) is the extraterrestrial incoming radiation at the top of the atmosphere;
() are the absorption coefficients of the various trace gases labeled by i; C; are the
concentrations of these gases; and L is the path length. By writing

> oi(NCL=1n ;}(a)) =D'()\) (1.15)

and recalling that D’()) is a (continuous) function of ), then the C; can be regarded
as coefficients or variables to be determined by a least squares fitting procedure to
equation (1.15). In the ground-based version I;(\) is the incident sunlight and the
instrument is mounted looking up vertically. In this common DOAS geometry the
effective path along which the light travels is determined primarily by the solar zenith
angle. As the Sun rises or sets the path length will change by an order of magnitude.
The reference spectrum is obtained in the afternoon for solar zenith angles less than
80° and the retrieval is performed on spectra obtained at larger solar zenith angles,
typically 88-90°. When the instrument is pointed at the Sun the measured signal
comes from direct sunlight. In this case physical interpretation of the ACD is rela-
tively straightforward; it represents the difference between the column density of the
absorbing species along the line of sight and in the reference. However, if the viewing
direction is away from the Sun, the source of the measured signal is scattered light.
The ACD no longer has a clear physical interpretation because the path of the light
through the atmosphere is complex and the measured sunlight may have been
scattered in the atmosphere or reflected by the surface several times.

DOAS instruments have been employed not only on the ground but also on
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Figure 1.22. Differential absorption cross-sections of some trace gases absorbing in the UV/

visible wavelength region. On the right axis the detection limits of the trace gases is listed

together with the typical light path lengths used to measure them (http.//www.atmos.ucla.edu/

~jochen|research/doas/ DOAS.html).

aircraft and in space in nadir and limb-sounding modes (see Section 2.5.1).
For instance, DOAS is also used in some satellite-flown instruments (e.g.,
SCIAMACHY:; see Section 2.5.2.5). In the following sections, brief information
about some of the secondary ground-based instruments for TOC observations is
given.
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1.5.1 System for Analysis of Observation at Zenith (SAOZ)

SAOZ measures the ozone column by application of the DOAS method (described
above) to zenith sky scattered light spectra in the UV—visible range, taken at twilight.
This instrument allows TOC observations at polar sites in winter, when Dobson and
Brewer measurements are strongly restricted.

In particular, SAOZ is a UV-visible diode array spectrometer (300-600 nm)
developed for regular TOC and NO, monitoring at all latitudes up to the polar
circle in winter. The instrument has a flat field grating, a 512 or 1,024 diode array
detector and a 30° field-of-view limiter. Measurements are performed automatically
from sunrise until sunset, through a solar zenith angle (SZA) of 84°. These are made
by looking at the sunlight scattered at zenith in the visible wavelength range twice a
day, just before sunrise and just after sunset, with a resolution of 0.6 nm. It should be
mentioned that: (1) visible observations in the Chappuis bands (450-580 nm) at
twilight have the advantages of being independent of stratospheric temperature,
little contaminated by tropospheric ozone and multiple scattering, and permitting
observations even in winter at the polar circle; (2) measurements in the UV (by
Dobson and Brewer instruments) cannot be performed at SZA larger than 80° to
82° (i.e., at high latitudes in late autumn and winter).

In order to retrieve the constituent vertical total column the slant column is
divided by the airmass, which corresponds to the enhancement of the optical path
compared to the vertical. The resulting differential spectrum is filtered to leave feat-
ures resulting from absorption by various species in the atmosphere: O3, NO,, H,O,
O,. The absorber features are then correlated with laboratory cross-sections to
obtain the total amount of each species present in the path.

Errors in TOC with this method are the sum of those of the spectral analysis of
the measurements and those of the AMF used in the retrieval. The SAOZ standard
AMF calculated for high latitude during winter is 16.59 for O3 and 17.77 for NO, at
90° SZA. On average, the standard AMF is 3% smaller than that calculated from
sondes with little seasonal dependence (Barlett and Vaughan, 1998; Sarkissian et al.,
1997). Ozone columns are therefore overestimated by the same factor. Overall
accuracy is £10% for ozone and between +25% and —45% for NO, at the polar
circle in winter, where the column is smallest. In Section 1.7.3.9 a small balloonborne
version of an SAOZ spectrometer is described.

1.5.2 MICROTOPS II (Total Ozone Portable Spectrometer)

This filter instrument is a continuation of a series of hand-held ozonometers starting
with TOPS (Morys et al., 1996). The new generation of these is MICROTOPS 11, a
five-channel Sun photometer with center wavelengths of 300, 305.5, 312.5, 940 and
1,020 nm for measurements of TOC, total water vapor, and aerosol optical thickness
measurements (Morys et al., 1996). With this instrument TOC is derived from
measurements for three wavelengths in the UV region, given the site’s latitude and
longitude, universal time, altitude, and pressure. As in Dobson instruments the
measurement at an additional third wavelength enables a correction to be made
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for particulate scattering and stray light. Total water vapor is determined by
measurements at 940 nm and 1,020 nm. The angle of view of each optical channel
is 2.5° and the resolution is 0.001 pW cm 2. Typical agreement between various
MICROTOPS 1II instruments (accuracy) is within 1-2% (Flynn et al., 1996;
Labow et al., 1996). The repeatability of consecutive ozone measurements is better
than 0.5%. Koéhler (1999) recently made a 21-month intercomparison of the MI-
CROTOPS II filter ozonometer with Dobson and Brewer spectrophotometers. The
result is that MICROTOPS can measure total ozone with an accuracy comparable
with that of conventional spectrophotometers (agreement is better than +1%), over
a reasonable range of u. Adverse conditions (clouds, haze, and low Sun) result in
deviations of more than +2% or even +3%.

1.5.3 High-Resolution Visible/Ultraviolet Absorption Spectroscopy

Absorption spectroscopy monitors the column abundance of various atmospheric
species by measuring the absorption of light scattered by the sunlit zenith sky very
precisely, typically 0.05% absorption (McKenzie and Johnston, 1982; Noxon et al.,
1979; Pommereau and Goutail, 1988a,b). An important feature of such measure-
ments is that they can be carried out on cloudy as well as clear days. Observations of
the stratospheric species that are achievable with UV /visible absorption spectroscopy
have proved to be O3, NO,, NOj3, and ClO, (Megie et al., 1998).

An example of this type of instrument is the crossed Czerny—Turner
spectrometer (Mount et al., 1987), with a grating chosen so that the appropriate
color filters provide second-order light in the red region of the spectrum, approxi-
mately 605-685 nm (for NO; observations), and third-order light in the blue region,
approximately 403 to 453 nm (for O3, NO,, and CIO, observations). The instrument
is used at approximately 0.5nm spectral resolution. The detection system is a
Reticon diode array cooled by a refrigerator to about —70°C; the array contains
1,024 independent silicon diodes that simultaneously measure the spectrum over the
indicated wavelengths. Eleven diodes cover the full width at half-maximum of the
instrumental spectral profile. Thus, spectral lines are highly oversampled. Observa-
tions are usually made using the direct light from the Sun or Moon. Direct light
observations have the advantage that weak sources (i.e., the Moon) can be observed.

The 1o standard errors of the fitted column abundances are typically 2-5% for
large solar zenith angles for NO,. Ozone columns can be determined to 10-15%
accuracy, using the Chappuis bands. Future development is expected to improve this
considerably. The largest source of systematic error in the measurements is the
evaluation of the airmass factors for scattered light that are used to convert meas-
ured slant column abundances to vertical column abundances. These errors largely
affect the accuracy, but not the precision of the data.

1.5.4 Fourier transform spectrometer (FTS)

A Fourier transform spectrometer uses the Sun as a radiation source and measures
the absorption by molecules in the stratosphere. A dispersive optical element such as
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Figure 1.23. Optical diagram of a Michelson interferometer; in one of the arms the mirror can

be moved to lengthen or shorten the optical path (http://schools-wikipedia.org/wp/s/Speed_

of _light.htm).

a grating (as in the spectrometers described in the previous section) separates in-
cident radiation into components with various wavelengths. A Fourier transform
spectrometer (FTS) uses an interferometer. Radiation is not split into its component
wavelengths but the beam is just split into two beams that follow different (optical)
paths and are then recombined. The length of one of the two optical paths can be
varied, as in a Michelson interferometer (see Figure 1.23), and the intensity of the
output beam is recorded as the mirror is moved. By taking a Fourier transform of
the output intensity as a function of mirror position one obtains the intensity as a
function of frequency (i.e., the spectrum of the incident radiation). If I(p) is the
intensity as a function of the path difference p in the interferometer then the Fourier
transform of 7(p), that is

I(v) = 4J: (p) —L1(p = 0)] cos(2mvp) dp (1.16)

is intensity as a function of frequency, v. This can easily be converted into 7(\),
intensity as a function of wavelength, A, instead of a function of frequency, v, and
this is the required absorption spectrum. This principle can be applied to radiation
of various wavelengths—UYV, visible, and infrared—Iet alone its use in radio
astronomy.
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In the present context the radiation incident on the FTS is solar radiation that
has passed through the atmosphere. and the absorption spectrum is then used to
determine the concentrations of trace gases, particularly ozone. With this technique
all wavelengths are measured simultaneously. That is the main advantage of
interferometers compared with most grating spectrometers (Grant, 1989).

The lack of highly accurate spectral line data and the overlaps within the
instrument resolution of absorption lines of several species are the main factors
that restrict measurement accuracy. Because of this a large spectral database is
maintained in support of the Atmospheric Trace Molecule Spectroscopy
(ATMOS) project (outlined in Section 2.5.1.2) that is updated continually with
other field and laboratory measurements. In general, the FTS measurement accuracy
of ozone is approximately 5% because of spectral parameter uncertainties. The
resultant accuracy from further uncertainties (temperature and pressure profiles,
instrument errors, and interference from other species) is from 10 to 20%. The
instrument has been used in various experimental campaigns as a ground-based,
balloonborne, or spaceborne device.

SIRIS, for instance, is a balloonborne FTS (see also Section 1.7.3.5). It is an
emission mode remote-sensing instrument for measurement of the Earth limb from a
balloon platform. Remote sensing of the limb allows vertical coverage from 5 to
40 km with a vertical resolution of 3 km. Another balloonborne-type instrument is
the sub-millimeter high-resolution FTS.

Ground-based FTS (with a 0.01cm™' resolution) has been used by the Jet
Propulsion Laboratory (JPL) group to measure stratospheric trace gases in the
Antarctic at the time of the spring ozone hole and to establish that chlorine rather
than nitrogen is responsible for the rapid decrease in ozone after the spring sunrise.
A ground-based FTS instrument has also been operated in France (CNRS, Service
d’Aéronomie/IPSL, Paris) to measure TOC making use of two spectral regions
(2,084-2,085cm ! and 2,775-2,776cm™ ') (Kramer, 2002).

The International Scientific Station of the Jungfraujoch located at 3,580m
altitude in the Swiss Alps is one of the alpine sites that constitute the primary
(Network for Detection of Stratospheric Changes) station for the northern mid-
latitude and is equipped with various instruments, such as infrared FTSs (Fourier
Transform Infrared, FTIR, spectrometers), for TOC measurements. FTIR ozone
data are retrieved from direct Sun absorption spectra in various spectral regions
by two FTSs: a commercial Bruker IFSHR-120 spectrometer and a home-made
FTS (De Maziére et al., 1998).

A similar FTIR spectrometer has been used at Zugspitze/Garmisch (47.4°N,
11.0°E, 2,964 m above sea level, asl), since 1995. The main device is a Bruker IFS
120 HR spectrometer with a maximum resolution of Av = 0.00185cm™'. The optics
of a 1.92m Newtonian telescope (40 cm diameter) with a computer-controlled two-
mirror solar tracker is matched to the spectrometer. For open path or laboratory
measurements the radiation of three different internal sources can be detected
through the telescope and solar tracker optics to an external retro-reflector
positioned at a horizontal distance of 123 m. The reflected radiation is then directed
back into the spectrometer through a beam splitter (Sussmann and Schaefer, 1997).
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A ground-based Bruker 120 HR FTIR spectrometer is also used at Kiruna in
Sweden (67.84°N, 20.41°E, 419m asl) to derive the isotopic ratios of ozone from
solar and lunar IR absorption spectra recorded in the 10 pm spectral region (Meier et
al., 1998; see also Section 3.8.5).

Finally, all thermal emission spectra have been measured also by a BOMEM
M100 Michelson interferometer at Peterborough, Ontario, since 1991 (Evans et al.,
1994). The resolution of this instrument was of the order of 4cm™'. The results
indicate that it provides useful information on TOC and on the tropo-stratospheric
OVP (see also Section 2.5.3.3).

1.5.5 Spystem for the Monitoring of Stratospheric Compounds (SYMOCS)

This instrument is a DOAS spectrometer (Mayer and Putz, 1998) developed by the
Norwegian Institute for Air Research (Norsk institutt for luftforskning—NILU). It
measures ozone, NO,, BrO, and ClO, in the spectral region 332-482nm (using the
UV/visible spectroscopy method). This instrument was installed at Spitsbergen in
the autumn of 1995 and participated in an NDSC (Network for the Detection of
Stratospheric Change) validation campaign for ozone and NO, in the Observatoire
d’Haute Provence (OHP) in June 1996. Just before winter 1997 SYMOCS moved to
Andoya in Norway (ALOMAR) to participate in several satellite validation studies
(GOME and SAGE 11I) (Fierli et al., 1998).

1.5.6 Star Pointing Spectrometer (SPS)

The instrument consists of a telescope that focuses light from stars, planets, or the
Moon onto a spectrometer,and two CCD array detectors. From the observations of
atmospheric absorption, the atmospheric columns of several gases can be determined
(Fish et al., 1994). A novel version of this instrument (used for Oj, ClO,, NO,,
and NO; retrieval) was deployed in Abisko (69°N) during the European Arctic
Stratospheric Ozone Experiment (EASOE) (see Section 2.6.1). This instrument is
particularly useful for polar measurements in winter, because it observes at night.
By using an array detector as well, spectral noise from atmospheric flicker is avoided.
Additional use of a two-dimensional array allows light from the sky adjacent to the
star to be measured simultaneously and subtracted. This technique is very important
at twilight at the poles during auroras or under hazy conditions near city lights.

1.5.7 MDR-23 (a Russian commercial device)

This is a grating scanning spectrometer with a 0.7nm spectral resolution and a
51.2nmmin~! scanning rate. It measures TOC in the 303-333 nm spectral range at
solar zenith angles lower than 70° and total NO, in the 435-450 nm spectral range
during morning and evening twilights at solar zenith angles 84°-96°. TOC is derived
using nomograms calculated using a single-scattering approach (Elokhov and
Gruzdev, 1991, 1992). This kind of instrument was installed aboard the ship
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Akademik Feodorov and TOC was measured in the 40°S—40°N latitude band in the
Atlantic Ocean in May 1988.

1.5.8 Scanning spectrometer (EVA)

This operates in the range of 450-470 nm for TOC and 430-450 nm for total NO,, in
zenith view made at twilight. A fully automatic version, which was developed later,
obtained a set of 30 spectra, 200 samples each, accumulated for each measurement to
reduce photomultiplier noise. Instrumental errors are estimated to be 4-6 x 10> mol
cm 2 for NO,, and 1-2 x 10" mol ecm 2 for O; (Yela et al., 1998).

1.5.9 Solar IR spectroradiometer

This instrument is basically a double-monochromator on a heliostat to track the
Sun. Solar radiation is focused on the entrance slit of the instrument by a Newtonian
telescope and is converted to a square wave by the in-built chopper with frequency
163.4 Hz. Incoming radiation is dispersed by the gratings, centred blared at 1,600 nm
and passed through the filter to a detector fixed at the exit slit. The electrical signal
generated by the detector is amplified and the output is fed to a computer for data
processing and analysis. The maximum error in TOC is less than 7%. The stray light
is less than 0.1%, with maximum error 3% (Bose ef al., 1998).

1.5.10 Ground-based UV radiometer (GUV)

This is a multi-channel moderate-bandwidth UV filter instrument measuring
absolute irradiance at 305nm and 320nm and used to derive total ozone. The
optical part of the instrument consists of a Teflon diffuser, interference filters, and
photosensitive detectors. The instrument is temperature stabilized at 40°C and the
time resolution is 1 min. Details of the instrument and data analysis are given by van
Roozendael et al. (1998a) and Dahlback et al. (1998). Ground-based UV-visible
measurements of O3, NO,, ClO,, and BrO were carried out over Ny-Alesund
(79°N, 12°E). The instrument operated in the near UV and visible spectrum
(327-491 nm) and zenith sky spectra were measured every day for solar zenith
angles smaller than 85°. Automatic spectral calibration with an HgCd lamp and
measurements of the dark current and the detector were performed daily (Wittrock
et al., 1998). A UV spectroradiometer (absolutely calibrated) was also used for
ground-based TOC determination by Huber ef al. (1998). In this respect, a high-
resolution double-monochromator with a full bandwidth of 0.72nm at 50%
maximum was used. Spectra were taken from 290 to 500 nm. The spectroradiometer
was calibrated against a 1,000 W standard lamp. An automated solar UV spectro-
photometer (SUVS) was described by Dorokhov et al. (1989) for measurements of
TOC and UV radiation, using a similar technique to that of the Dobson spectro-
photometer. Spectral measurements of solar radiation were also carried out in the
Arctic with a double-monochromator H10D produced by Jobin-Yvon. The TOC
was derived from direct solar measurements by applying Beer’s law (Henriksen and
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Stamnes, 1989). NILU UV ground-based multi-channel ultraviolet radiometers have
been used since 2004 at Thessaloniki and Athens in Greece and the resulting values
of TOC compared with values obtained from Brewer spectrophotometers at the
same locations (Kazantzidis et al., 2009). At both locations TOC was scarcely over-
estimated by these radiometers; the average difference being less than 1% (0.90% in
Thessaloniki and 0.76% in Athens).

1.5.11 Spectrometer—-Ozonometer PION

This instrument was constructed in 1985 in Belarus. It consists of a double-grating
monochromator specially designed for reducing the level of internal scattering radi-
ation. For measuring total ozone the spectral range was chosen within 295-320 nm.
The instrument is equipped with a special input objective which forms a very narrow
field of vision (about 40 angular minutes). The monochromator characteristics are
very stable due to the absence of moving parts. The spectrometer—ozonometer PION
has a precise automatic tracking system that tracks the Sun with an error not
exceeding 2 angular minutes, a multi-wavelength method of total ozone calculation
(up to 20 wavelengths in the 295-317 nm region), and a high speed of measurements
(up to 1,000 measurements per day). The instrument has the ability to make total
ozone observations at low Sun inclination angles (~8°) as well as measuring
the absolute intensities and spectral distribution of direct and scattered UV solar
radiation in the spectral range of 280-450 nm. The processes of measurement and
data storage are fully automated under the control of an external computer. A new
modification of the instrument is being created to measure ozone concentration by
means of zenith sky observation (WMO, 1996).

1.5.12 SPectrometer for Atmospheric TRAcers Monitoring (SPATRAM)

The SPATRAM (Spectrometer for Atmospheric TRAcers Monitoring) instrument is
a multi-purpose UV/visible spectrometer for the measurement of radiation in the
spectral range from 250 to 950 nm and has been installed at the Observatory of the
Centro de Geofisica de Evora (CGE) in Evora (38°34'N, 7°54'W, 300 m amsl), in the
south of Portugal since April 2004 (Figure 1.24).

In the SPATRAM, the spectrometer is installed inside a thermostatic box able to
keep the internal temperature within the working range of the instrument (typically
15°C for the optical unit). The equipment allows for multiple input of radiation:

(1) from the primary input that is composed of a pair of flat and spherical mirrors

that focus the light beam on the entrance slit (0.1 mm x 8§ mm);

(i1) from the two lateral inputs, where the signal is carried to the entrance slit with an
optical fiber connected to a very simple optical system; and

(ii1) an additional input for spectral and radiometric calibration. A rotating mirror,
driven by a stepper motor, allows the operator to choose between the primary
input (pointing to the vertical), optical fiber inputs or additional input for
spectral or radiometric calibration.
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Figure 1.24. SPATRAM (SPectrometer for Atmospheric TRAcers Monitoring) installed since
April 2004 at the University of Evora, Portugal (source: http://www.dta.it/images|/files/works/
spatram.html).

The spectrometer is composed of a holographic spherical diffraction grating of
1,200 grooves/mm and a Back-Illuminated CCD (Charge Coupled Device) sensor
array both of which are customized in terms of cooling capability and AD signal
conversion. In order to minimize the effects on measurements of the dark and read
current, a two-stage Peltier circuit cools the CCD chip to —40°C. The grating is
controlled by a stepper motor which, by varying the angle of incidence of light,
allows the instrument to obtain measurements from 250 to 950nm in spectral
windows of 60nm width each. The spectral dispersion is approximately 2.4 nm/
mm (depending on the spectral region being investigated), and the overall typical
spectral resolution is about 0.5 nm. Band-pass filters are used to remove the inter-
ference caused by the different order of dispersion and to reduce stray light inside the
spectrometer. An internal mercury lamp is used for periodic checks of the diffraction
grating positions, ensuring spectral accuracy better than 0.05 nm.

SPATRAM can provide the column content of all the compounds presenting
absorption features in its spectral range. The standard products that have been
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obtained are O; and NO, in the UV and visible spectral region, respectively (specific-
ally 320-340nm for Oz and 430-450nm for NO,), while the column contents of
other species, such as SO,, BrO, H,CO were planned to be included in the retrieval
(Bortoli et al., 2009a, b).

1.6 OBSERVATIONS OF OZONE VERTICAL PROFILE (OVP)

In 1881 Hartley reached the important conclusion that ozone is a normal constituent
of the higher atmosphere, being in larger proportion there than near the Earth’s
surface and being present in sufficient quantity to account for the ultraviolet limita-
tion of the solar spectrum at ground level (Dobson, 1968). The first theoretical
explanation of the ozone vertical profile (OVP) was given at a conference in Paris
in May 1929 by Chapman (1930). However, in 1930 it was not yet possible to reach a
general understanding because the ozone peak was misplaced at an average height of
about 45 km.

The first measurements of the OVP were made by an indirect method (Umkehr)
introduced by Go6tz in 1929 (Dobson, 1968). According to these observations the
average height of the ozone layer is only of the order of 25 km and the main changes
in OVP appear to be centered between 10 and 20 km. It should be stressed that
these studies of OVP were made before direct soundings with the use of optical
instruments (Dobson, 1968).

Since 1965 the use of chemical instruments has become the basis for the first
analysis of the meridional pattern of the OVP (Griggs, 1964). Today, observations of
OVP are made with the utilization of ground-based, airborne, and spaceborne
instruments; we shall postpone the discussion of spaceborne instruments to the
next chapter.

A number of instruments and techniques have been used to measure OVP from
the ground. However, only a few have produced reliable and long-term data sets. In
the following sections, brief information about the main instruments and techniques
for OVP measurements from the ground is presented.

1.6.1 Primary ground-based instrumentation for OVP observations

OVPs are mainly retrieved from the ground using zenith sky measurements in the
so-called Umkehr mode, which takes its name from the German word ‘“‘umkehren”
to turn back (round).

In 1929, F.W.P. Gotz registered spectra of the zenith skylight, while the Sun was
rising or setting while he was operating two spectrographs (a Fabry type and a
Fabry—Buisson type) at Spitzbergen. He found that, when the Sun was fairly high,
shorter wavelength radiation decreased in intensity more rapidly than longer wave-
length radiation with increasing zenith distance of the Sun, because of the greater
absorption of shorter wavelengths. He found, however, that when the Sun was very
low the reverse occurred. The explanation he gave is that when the Sun is high most
of the short-wavelength zenith skylight is scattered from the direct solar beam below
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the ozone region, but when the Sun is very low the absorption of the direct sunlight
by the ozone is so great that the amount of light scattered above the ozone region
and which passes down to the instrument by the short vertical path becomes pre-
dominant. Near the end of 1930 he wrote to G.M.B. Dobson in Oxford telling him of
the effect and suggested that the ratio of two wavelengths should show a similar
effect. He also suggested that this effect might be used as a means of estimating the
OVP. Dobson, not really believing in G6tz’s suggestion, started to make measure-
ments using his own instrument, the Dobson spectrophotometer (see Section 1.2.1)
on the first clear day early in January 1931. He started before sunrise and he was
surprised to find that the effect proposed by G6tz was real. It was the first “Umkehr
curve” (the term was suggested by G6tz for “the turning back” of the curves, when
the Sun is low) ever obtained. After that, in 1932 G6tz and Dobson (joined later by
A.R. Meetham) worked together for 6 weeks at Arosa and showed with certainty
that the average height of the ozone in the atmosphere was about 22km and not
about 40-50 km as had been previously thought.

Umkehr observations may be made at ground level with both Dobson (WMO,
1991; Staehelin ef al., 1998b) and Brewer (Kerr e al., 1988) spectrophotometers,
measuring the ratio of diffusely transmitted zenith sky radiance at a wavelength pair
in the ultraviolet, one wavelength strongly, the other weakly absorbed by ozone (e.g.,
for the C wavelength pair 311.5nm is strongly absorbed and 332.4nm is weakly
absorbed). These wavelength pairs are measured in a series of zenith sky observa-
tions with the solar zenith angle changing from 60° to 90° during sunrise or sunset.
During the Umkehr observation period, the Dobson or Brewer instrument also
independently measures the total ozone column. The ground-based instrument per-
forms observations of the blue zenith sky while the Sun is between the horizon and
an elevation of 30° at sunrise or sunset.

1.6.2 Dobson Umkehr measurements and inversion

To reduce the time required for an Umkehr measurement, the Short method was
developed, which uses the A, C, and D Dobson wavelength pairs (Mateer and
DeLuisi, 1985; McElroy et al., 1998). By using the triple-pair (A, C, D), OVP
information is obtained, when measurements are made during a solar zenith angle
change from 80° to 89°. However, for most of the past data and for current work,
only the C pair is used for Dobson Umkehr inversion (Mateer and DeLuisi, 1992)
and this requires measurements to be made over the range of solar zenith angle from
60° to 90°. The inversion algorithm of Mateer and DeLuisi uses new temperature-
dependent ozone absorption coefficients (Bass and Paur, 1985). Umkehr inversions
determine ozone concentrations in 10 Umkehr layers (layers 0 and 1 are combined
into layer 1) divided into equal log-pressure vertical intervals starting at the surface
(latm=1,013hPa) and extending to layer 10 (9.77 x 10 * atm to the top of the
atmosphere). These Umkehr layers are approximately 5km thick and are centered
roughly at the layer number times 5 km in height (e.g., layer 8 is centered at 40 km).
Although standard Umkehr retrievals report 10 layers, because of a combination of
the physical atmospheric scattering process, finite instrument spectral resolution, and
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real atmospheric vertical correlation, only data for layers 4-8 (19-43 km) are reliable.
The vertical resolution of retrieval for these layers is from 11 to 14 km. Systematic
uncertainty is estimated to be 15-20 and 5-12% (DeLuisi et al., 1989).

The current Umkehr inversion algorithm due to Mateer and DeLuisi (1992) is
based on the techniques of Rodgers (1990) and represents the first update of the
original algorithm of Mateer and Diitsch (1964). Dobson zenith sky measurements
may be written as

N(x,z) = 100 logo{[(x,z, L2)/Fo(Ly)]|/[1(x, 2, L)/ Fo(Ly)]} + Co (1.17)

where N(x,z) is the relative logarithmic attenuation for the wavelength pair and is
referred to as the NV value. The quantity x refers to the ozone profile; z is the solar
zenith angle; I(x,z,L;) is the 311.5nm radiance and 7(x,z,L,) is the 332.4nm
radiance of the C wavelength pair; F, is extraterrestrial flux; and C is an instru-
mental constant. The measured N(x,z) values are inverted to provide ozone
amounts (in Dobson Units, DU) in the 10 Umkehr layers through the application
of a radiative transfer code that takes into account primary and multiple atmo-
spheric scattering, atmospheric refraction, and absorption by atmospheric ozone.

In the forward model, the N value comprises four components: the primary
scattering component, N,, the multiple scattering component Nyg, a refraction
component Ng, and an instrumental parameter C,

Np:N_NMS_NR_CO (118)

By using differences Y; = N; — Ny, where N, is the N value at zenith angle z; and N,
is the lowest zenith angle, the instrumental constant C, and the extraterrestrial flux
F can be eliminated. The forward model uses the average of the Middle Atmosphere
Program (MAP) 40°-50° North and South temperature profile with the temperature-
dependent ozone cross-sections of Bass and Paur (1985). For the forward calcula-
tion, the atmosphere is divided into 61 layers in the vertical where each layer is 1/4 of
the appropriate Umkehr layer. Table 1.4 shows the layer designations used in the
Umkehr retrievals along with the pressure levels and approximate altitudes. The
inverse model provides ozone content in 10 layers, where layer 10 includes all the
ozone above layer 9, and layer 1 includes the retrieved ozone for both layers 0 and 1.

The inverse problem uses the observed N value corrected for multiple scattering
and refraction with the value for the smallest solar zenith angle subtracted. Addi-
tionally, the integral of the retrieved ozone is constrained to have the value of the
observed total ozone. The retrieval algorithm uses the optimal estimation method of
Strand and Westwater (1968) as formulated by Rodgers (1976). At the nth iteration,
retrieval x,,,, is obtained from x,, by the following expression:

X1 =X + S +KiSET'K,] 'K SE T [(y —y,) — K, (xa —x,)]  (1.19)

where x, is the a priori ozone profile; S, is the covariance uncertainty matrix for the
first-guess profile; SE is the error covariance matrix for the measurements; y, is the
vector of calculated observations for x,,; K, is the averaging kernel; and the super-
script T represents matrix transposition. The a priori profiles are significantly
improved over the 1964 approximations. In layers above 5, the current a priori
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Table 1.4. Layers used for Umkehr ozone profile retrievals (Mateer and
DeLuisi, 1992).

Layer number Layer base pressure Layer base approximate height

(atm) (km)
0 1.0 0.0
1 0.5 5.5
2 0.25 10.3
3 0.125 14.7
4 6.25x 1072 19.1
5 3.12x 1072 23.5
6 1.56 x 1072 28.0
7 7.81x 1073 32.6
8 391 x 1073 37.5
9 1.95x 1073 42.6
10 9.77 x 10~* 47.9
11 4.88 x 107 53.2
12 2.44 x 107 58.3
13 1.22x107* 63.1
14 6.10 x 1073 67.8
15 3.05%x 1073 72.2

profiles are sinusoidal functions of Julian day and latitude in six latitude bands. The
a priori amounts below layer 4 are quadratic functions of the measured total ozone
amount only derived from ozonesonde climatology. The amounts in layers 4 and 5
result from a cubic fit to upper and lower layers.

Umkehr observations share most of the errors associated with measurements
performed with ground-based instruments. However, these observations suffer some
additional errors which do not significantly influence TOC measurements. Apart
from instrument calibration problems, major sources of uncertainty include the
inversion algorithm, the temperature dependence of the absorption cross-section,
and the optical effects due to both stratospheric and tropospheric aerosols. The
Umkehr inversion algorithm, which we have just described employing improved
first-guess ozone profiles and improved ozone absorption coefficients (Mateer and
DeLuisi, 1992; Reinsel et al., 1994a,b), displays less error sensitivity in layer 9 to
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stratospheric aerosols normally existing in the Junge layer (stratospheric aerosol
layer residing at 20 km altitude).

There are presently seven automated Dobson instruments that routinely make
standard and short Umkehr measurements. These instruments were developed by
NOAA/GMCC (Komhyr et al., 1985) and are located at Perth (Australia), Lauder
(New Zealand), Huancayo (Peru), Mauna Loa (Hawaii), Boulder (Colorado), Haute
Provence (France), and Fairbanks (Alaska). The frequency of Umkehr measure-
ments has significantly increased with the use of the automated Dobson, because
observers are not required and a shorter observing time (for the Short Umkehr)
decreases the chance of cloud interference.

1.6.3 Brewer Umkehr measurements

A Brewer Umkehr observation consists of zenith sky radiance ratio measurements
for three wavelength pairs over the SZA range from 60° to 90°. The profile retrieval
data cover the altitude range of layers 1-10 (0-53km). A new five-wavelength
version of the Brewer Umkehr inversion algorithm was suggested by McElroy et
al. (1994). The performance of this new algorithm was assessed by comparing the
OVP retrieved with those profiles generated using the six-wavelength algorithm,
showing that there exists a much-reduced sensitivity of the five-wavelength
algorithm. Until a complete error analysis has been carried out for the Brewer
Umbkehr system, the profiles for the standard Dobson Umkehr should be considered
as only approximately applicable. Results of an intercomparison of Brewer Umkehr,
Dobson Umkehr, and ozonesonde data indicated that the quality of the Brewer
Umkehr technique is comparable to that of the Dobson “Short” Umkehr method
(McElroy et al., 1989).

An improved Brewer Umkehr retrieval algorithm produces ozone profiles
directly from observations made by the Brewer spectrophotometer. It uses climato-
logical ozone natural variability as a function of TOC, the season, and the year
(Elansky et al., 1998; Kosmidis et al., 1998) to predict information about OVP
(such as TOC). Furthermore, the estimation of measurement errors by using the
new method leads to the determination of OVP by performing observations at one
solar zenith angle (express Umkehr method). Note that the express Umkehr method
allows for OVP measurements (1) between clouds and varying aerosol conditions
and (2) at polar sites (the standard and short Umkehr are not applicable because of
small changes in solar zenith angle).

Recently Petropavlovskikh et al. (2009, 2010) reached the following conclusions
for the Umkehr observations obtained

(a) by the Dobson spectrophotometer:

o the effect of band-pass (BP) shift (0.1 nm) error is small (wide BP), but
the appropriate BP shape increases Umkehr retrieved ozone in the upper
stratosphere;

O the effect of temperature corections (climatology based) is small;

o differences occur in the results from collocated instruments (these are
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attributed to stray light effects and can be taken into account by including a
stray light parameter in the individual Dobson instrument characterization);
(b) by the Brewer spectrophotometer:

o the effect of band-pass shift and temperature corrections (climatology based)
is small;

o the stray light effect in single Brewers (1 x 10~* level for Mark IV) is
significant for ozone profile retrieval, but needs to be further evaluated;

o the errors in Brewer Umkehr ozone profile retrievals related to the
uncertainties in instrumental parameters are larger than errors due to
X-section choice.

1.6.4 Secondary ground-based instrumentation for OVP observations

Besides direct in situ stratospheric techniques, remote-sensing observations have
been made over a wide range of the electromagnetic spectrum, from the microwave
to the ultraviolet. Of these, microwave and millimeter wave observations for
rotational transitions offer certain advantages. First, calculations of spectral line
intensities are simpler and more certain because the vibrational and electronic
wave functions do not need to be known. Second, millimeter wave radiation,
unlike ultraviolet and visible radiation, is unaffected by atmospheric aerosols.
Third, the high spectral resolution permits the measurement of pressure-broadened
line shapes, from which information can be obtained on ozone altitude distribution.

1.6.5 Lidar

Lidar uses the difference between two laser wavelengths (308 nm, 351 nm), one
absorbed by ozone (308 nm) and the other not (351 nm). The two beams are sent
out into the atmosphere, where they are scattered and reflected and are then collected
by a telescope. The intensity of the scattered light from each laser beam is compared
and a measure of the concentration of ozone in the range 10 km to 50 km is received.
The Differential Absorption Laser (DIAL) technique is the main basis of lidar
measurements of the OVP in the troposphere and the stratosphere (from the ground
up to 50km). This technique requires measurements of the emission at two laser
wavelengths with different ozone absorption cross-sections. The choice of the two
wavelengths used in the experiment depends directly on the altitude range being
monitored. The laser radiation that is scattered back to the surface is collected by
a telescope. The derivative of the logarithm of each signal is computed and the ozone
number density is obtained from the difference between the derivatives, divided by
the differential ozone cross-section (Ancellet e al., 1988; Eisele and Trickl, 1998;
Godin et al., 1989; McDermid et al., 1990; Megie et al., 1977, Pelon and Megie, 1982;
Pelon et al., 1986; Uchino et al., 1983; Werner et al., 1983; Zuev and Kabanov,
1987). The vertical profiles of ozone concentrations in the Planetary Boundary
Layer (PBL) were measured at Schauinsland in the southern Black Forest with the
Advanced Remote Gaseous Oxides Sensor (ARGOS) lidar (Bisling et al., 1998).
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Two types of error affect ozone lidar measurement: the random or statistical
error (related to the signal-to-noise ratio) and the systematic error (related to errors in
the value of ozone absorption cross-sections and to uncertainties in the Rayleigh and
Mie scattering or the absorption by other species such as NO,, SO,). To obtain an
ozone profile in the 15-50 km altitude range with resolution of 0.5-8 km, the corre-
sponding uncertainty is 2 to 10%.

With respect to passive systems the lidar system has several advantages:
(a) control of the emitting source and (b) higher altitude resolution of OVP.

However, in the presence of Polar Stratospheric Clouds (PSCs) conventional
DIAL systems are strongly affected by the scattering by cloud particles. An alter-
native to reduction of the interference of particle scattering is to use the Raman
DIAL technique (instead of the conventional Rayleigh DIAL). It should be clarified
at this point that Raman scattering is an inelastic interaction of the optical beam
involving excitation of the energy levels of a molecule and re-radiation at a different
wavelength. In distinction, Rayleigh and Mie scattering are elastic interactions (i.e.,
there is no change of wavelength): the former is due to particles in the atmosphere,
such as molecules or fine dust, that are much smaller than the optical wavelength A
of the laser, whilst the latter is associated with larger particles such as aerosols whose
size is on the order of \. Such an instrument was built and has been operated by the
Forschungszentrum Geestacht GmbH (GKSS) at Esrange (near Kiruna, Sweden),
since the winter of 1996/1997. This lidar uses two laser systems as emitters (Nd:YAG
and XeCl excimer). The backscattered light is collected by an afocal Cassegrain
telescope. It is separated by a filter polychromator with eight different channels.
Both lasers are synchronized on a mechanical chopper wheel, which protects the
photomultipliers against the very intense backscattered light from the lower atmo-
sphere. The Meteorological Research Institute (MRI) in Japan developed an ozone
lidar, the MRI Mark 11, which consists of an XeCl excimer laser (8.8 W at 308 nm), a
Nd:YAG laser (2.6 W at 355nm, 2.0 W at 532 nm), and an 80 cm diameter receiving
telescope (Fujimoto et al., 1998).

The NIES ozone lidar system which is located at 36°N, 140°E, in Japan, is a
typical UV differential absorption lidar (DIAL) system for low-stratospheric ozone
measurements (Tatarov et al., 2009). The system has been in operation since 1988,
and several replacements and improvements have been made since it was first in-
stalled (Nakane et al., 1992a,b). System parameters and improvements have been
presented in detail by Park et al. (2006) and by Tatarov et al. (2009). Tatarov et al.
applied an improved data-processing and retrieval algorithm (version 2) for ozone.
This algorithm removed systematic errors in the signals (background signals, signal-
induced noise, and dead time corrections) as well as errors due to the scattering and
extinction of the atmosphere (air molecule extinction correction and aerosol correc-
tions). The values of the TOC were calculated by means of the DIAL equation
(Schotland, 1974).

1.6.6 Microwave radiometry

The Microwave Radiometer (MR) measures thermal emission from rotational
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transitions of the molecule under investigation. The frequency employed is typically
below 300 GHz (1 mm wavelength). The sensor operates on the super-heterodyne
principle, which provides very high spectral resolution, allowing determination of the
exact shape of the emission line. The altitude range over which high-quality ozone
profiles can be determined from MR measurements is typically 15 to 70 km (Zom-
merfeld and Kunzi, 1989) with an altitude resolution of ~10 km. By extending the
bandwidth of the receiver from 200 MHz to 1,200 MHz it is possible to include the
lower stratosphere (Rubin and Kunzi, 1989). The accuracy claimed for this sensor is
1 ppmv and the statistical error is of the order of 15%. The measuring time required
for a complete profile is approximately one hour.

Note that accuracy can be improved by using observing sites at high altitudes,
thus reducing attenuation by tropospheric water vapor. Model calculations (Kunzi
and Rubin, 1988) indicate that for >90% of available observing time the sensor has
to be at an altitude of 3,000 m in the tropics, whereas in polar regions the site can be
at any altitude. Ozone profile data were also taken with microwave instruments in
southern California during 1989 and 1995 (Parrish, A., et al., 1998).

The operation and data retrieval of an MR can be fully automated and require
only little maintenance (see also the MLS instrument and RAM described in Sections
1.7.3.3 and 1.6.9, respectively).

1.6.7 Ground-based Millimeter wave Ozone Spectrometer (GROMOS)

This spectrometer has been performing continuous measurements of the pressure-
broadened millimeter wave line emission of ozone at 142.175 GHz at the University
of Bern, Switzerland, since November 1994. Stratospheric and mesospheric ozone is
measured on an operational basis from Bern as a part of ESMOS (European Strato-
spheric MOnitoring Stations) using the GROMOS (Jost et al., 1998). A similar
instrument is the Operational Ground-based Ozone Sensor (OGOS) providing
ozone profiles from 15 to 75km (Zommerfeld and Kunzi, 1989). The collected
ozone profiles are retrieved from microwave observations using the optimal
estimation method. Retrieval of ozone profiles is carried out for the altitude range
of 12-80 km, with an altitude resolution of 10—15km and a time resolution of 1-2h
(Peter et al., 1998). A ground-based millimeter wave radiometer observing pressure-
broadened 204 GHz CIlO transition lines is installed at the International Scientific
Station at Jungfraujoch in the Swiss Alps. In 1995 the radiometer was modified and
equipped with an additional front-end to measure the ozone transition line at
195 GHz (Siegenthaler et al., 1998).

1.6.8 Stratospheric Sounding by Infrared Heterodyne Spectroscopy (SIRHS)

Trace constituents in the stratosphere may be detected by exploiting their infrared
vibrational-rotational lines. Measurements of individual line shapes provide the
density—altitude profile by finding an inverse solution of the radiative transfer equa-
tion. However, measurements of individual line intensity profiles are very difficult
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with conventional spectroscopy, because of pressure-broadening wings and Doppler
cores in the line profiles.

Infrared heterodyne spectroscopy (IRHS) gives high specific detection sensitivity
and ultrahigh spectral resolution (~5MHz), and therefore individual line shapes
can be measured without significant instrumental distortion (Abbas et al., 1979).
Stratospheric measurements may be performed either in absorption or in self-
emission. In a heterodyne receiver, the infrared signal from the source is mixed
with coherent radiation from a local oscillator (such as a CO, laser or a tunable
diode laser), and the difference frequency signal is detected by radio-frequency tech-
niques. The vertical mixing ratio profiles and total abundances of some constituents
may be determined with high vertical resolution (~4 km) and diurnal variation may
be followed by tracking the Sun or the Moon. The Rutherford Appleton Laboratory
has developed a high-sensitivity airborne 500 GHz heterodyne receiver designed to
measure the spectral line emission of ClO, BrO, O3, N,O, and HNOj; (Siddans ef al.,
1998).

1.6.9 Ground-based microwave radiometers

The MIRA Team (Mlcrowave RAdiometry) from the IMK (Institute of
Meteorology and Climate Research, Forschungszentrum und Universitidt Karlsruhe)
has been operating a 278 GHz radiometer system, which is intended for long-term
ground-based monitoring of the vertical profiles of stratospheric CIO, Oz, HNO;,
and N,O since 1996. To improve the measurement of weak lines and to allow
operation over a wider range of weather conditions an advanced balancing technique
was implemented. Several measurement campaigns were carried out at Kiruna,
Sweden, between February 1996 and March 2001, on the Zugspitze from February
to July 2003 and at Ny-Alesund, Svalbard, in March 1997. Since March 2004 the
instrument has been operated on Pico Espejo at Mérida in Venezuela.

Another instrument, the ground-based KlIruna Millimeter wave RAdiometer
(KIMRA) has been operated almost continuously by the Swedish Institute of
Space Physics (Institutet for Rymdfysik, IRF) at Kiruna (67.84°N, 20.41°E, 425m
asl), since 2002. KIMRA was developed as a cooperation between IMK and IRF. It
was designed for the observation of thermal emission lines of stratospheric trace
gases between 195 and 225 GHz to measure CIO, O3, HNOj3;, and N,O in a con-
tinuous mode 24 hours a day throughout the year. Additionally, measurements of
tropospheric transmission and tropospheric water vapor columns are routinely
carried out. Data analysis of the measured spectra is performed at IMK in Karlsruhe
using the same methods as for the MIRA measurements (Attp://www.irf.se/program/
afp/mmy).

The radiometer at IRF has an obvious advantage in the location above the polar
circle with only a short polar night. This is favorable for studying the evolution of
polar stratospheric winter chemistry both inside and outside the polar vortex and for
investigating early ozone loss. With a detailed study of the potential vorticity of the
polar vortex using the Equivalent Latitude Method (Nash et al., 1996) it is possible
to identify whether measurements have been taken inside or outside the Arctic
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vortex. Since ground-based measurements over a longer time span like a week
observe a substantial part of the inside vortex airmass, they provide some kind of
vortex-averaged data.

The Radiometer for Atmospheric Measurements (RAM) is a ground-based
passive microwave radiometer (installed at Ny-Alesund; 78.9°N, 11.9°E) which
detects the mixing ratio profiles of ozone as well as chlorine monoxide. It can be
operated all year round independently of the weather, performing one to five profiles
per hour. Its vertical resolution is 10—15km and it is dependent on altitude. Its
altitude range is 12-55km with 0.1 ppm precision at a height of 20 km.

A similar radiometer was installed at the Bordeaux Observatory, France (45°N,
5°W) in 1995. This instrument is tuned to 110.836 GHz and ozone profiles are
retrieved using the optimal estimation method in the altitude range 25-65 km.

Also, two ground-based microwave instruments, capable of measuring OVP
between 20 and 70 km, are operated at the Jet Propulsion Laboratory. These meas-
urements are considered accurate because the wavelength at which these instruments
operate (2.7 mm) is very large compared with aerosol particle size (Parrish, A., et al.,
1998).

Since November 1994, the RAM is part of the permanent installation at the
International Network for the Detection of Stratospheric Changes (NDSC).

1.6.10 Ground-based infrared solar spectroscopy

Ground-based high-resolution infrared (IR) solar spectroscopy is a powerful tool,
used to measure OVP, in the study of the vertical distributions of various atmo-
spheric trace gases (Pougatchev et al., 1995). For instance, OVP in the troposphere
and the lower stratosphere has been retrieved from a series of 0.0035-0.013cm ™'
resolution infrared solar spectra recorded by Fourier transform spectrometers at
Kitt Peak in the U.S.A. (32°N, 112°W) and at Lauder in New Zealand (45°S,
169.7°E). Direct comparison of OVP from IR ground-based high-resolution solar
spectra with ozonesonde, microwave, and Dobson data showed that IR total and O,
columns above 20 km agree with Dobson and microwave measurements to better
than 2% (see Section 3.3.3). For the lowest layer and 12-20 km zone the differences
between IR and integrated ozonesonde columns are (7 + 5)% and (2 +4)%, respec-
tively (Pougatchev et al., 1998).

1.6.11 Stratospheric Ozone Monitoring Radiometer (SOMORA)

The stratospheric ozone monitoring radiometer (SOMORA) has operated in
Switzerland since January 2000 and delivers data to the Network for the Detection
of Atmospheric Composition Change (NDACC) (Maillard-Barras et al., 2009). In
2002, SOMORA was moved from Bern to Payerne, about 50 km away.

SOMORA measures the ozone volume mixing ratio in the stratosphere and
lower mesosphere (20—65km) with a vertical resolution of 8-15km and a time
resolution of 30 min.
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SOMORA is a triple-switched, total power microwave radiometer measuring the
thermal emission line of ozone at 142.175 GHz (Figure 1.25). It essentially consists of
a heterodyne receiver by which the broadband signal emitted spontaneously by the
atmosphere is collected, filtered, and converted to a lower frequency prior to being
analyzed by the detectors. The SOMORA detectors are two acousto-optical spec-
trometers (AOS). The first AOS is characterized by a detection bandwidth of 1 GHz
distributed over 1,024 channels. Its spectral resolution is sufficient for the retrieval of
ozone profiles in the stratosphere. The second AOS is used to monitor mesospheric
ozone and focuses at the center of the observed emission line with a bandwidth of
50 MHz distributed over 2,048 channels. In the total power calibration mode, the
dominant intrinsic system noise is separated from the very faint atmospheric signal by
observing, besides the atmosphere, two calibration sources alternately: one cold
(liquid nitrogen at 77 K) and one warm (electric heating plate at 300 K).The system
noise temperature obtained in this way with the SOMORA instrument is of the order
of 2,200 K (single-sideband, uncooled), whilst at the considered frequencies the typi-
cal background sky brightness temperature lies in the range of 50-250 K for an ozone
line amplitude between 20 and 0 K. After 30 minutes of integration time, a sufficient
signal-to-noise ratio is achieved with SOMORA spectral line measurements to
retrieve ozone volume mixing ratio (VMR) profiles with low a priori information
content in the altitude range of 20 to 60 km. Outside this altitude range, the measure-
ment information content is low and the retrieved profiles are determined mainly by
an a priori information guess (Barras et al., 2009).

——

Figure 1.25. The SOMORA instrument (http://www.issibern.ch/~yasmine| Publications/ndsc_
application.pdf).
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1.7 AIRBORNE INSTRUMENTATION FOR OVP OBSERVATIONS

Airborne measurements of the vertical profile of ozone concentration are very
accurate because the instruments are brought into direct contact with the atmo-
sphere; they are not remote-sensing instruments. However, airborne measurements
cannot provide a global picture of ozone distribution because of the local area they
cover. The most common types of airborne measurements are from balloons,
aircraft, and rockets using the instrumentation briefly described in the following
sections.

Ozonesondes are balloon or rocketborne instruments, flown with standard
meteorological radiosondes, performing in sifu measurements of ozone vertical pro-
files up to altitudes of about 35 km. Ozonesonde measurements, after correction for
residual ozone at altitudes above the balloon burst level, are normalized in order to
reach agreement between the integrated ozone of the sonde and the TOC observed
by a nearby TOC-measuring instrument (e.g., Dobson Spectrophotometer). The
current ozonesonde network is geographically uneven with the large majority of
stations in Europe and North America. The two most commonly used devices are
the electrochemical and optical ozonesondes, which are now briefly discussed.

1.7.1 Electrochemical ozonesondes

Electrochemical ozonesondes utilize iodine iodide redox electrodes and have
been used for many years to measure the spatiotemporal variation of the vertical
distributions of ozone in both the troposphere and lower stratosphere.

Various versions of these ozonesondes have so far been constructed. The most
commonly used are the electrochemical concentration cell (ECC) ozonesonde
(Komhyr, 1969, 1987; Komhyr and Harris, 1971) and the Brewer—Mast (BM) elec-
trochemical cell ozonesonde (Brewer and Milford, 1960; Mast and Saunders, 1962;
Griggs, 1964). Both types measure ozone concentration via its reaction with an
aqueous solution of potassium iodide.

Electrochemical concentration cell (ECC) ozonesondes are launched more or
less regularly on board small meteorological balloons at a variety of stations from
pole to pole. They yield the vertical distribution of ozone (expressed in volume
mixing ratio (VMR)) from the ground up to burst point, the latter occurring typic-
ally around 30 km. Ozone VMR recorded at a typical vertical resolution of 100—
150 m is converted to an ozone number density using pressure and temperature data
recorded on board the same balloon. Errors in the ozone profiles of ozonesondes
depend on a large number of parameters. For ECC sondes the important parameters
are: the manufacturer of the sonde (SPC or ENSCI), the percentage of the sensing
solution used in the electrochemical cell, and the type of correction applied for pump
efficiency. Unfortunately, this information is not always given or well identified in
the data files (see also Section 3.8.6).

The ozone sensor used in the Electrochemical Concentration Cell (ECC)
ozonesonde is an iodine iodide redox electrode concentration cell that consists of
two bright platinum electrodes immersed in potassium iodide solutions of different
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concentrations, contained in separate cathode and anode chambers. The chambers
are fabricated from polytetrafluoroethylene (PTFE) and are linked together with an
ion bridge that serves as an ion pathway and retards mixing of the cathode and
anode electrolytes. The electrolyte in each chamber also contains potassium bromide
and a buffer. The concentrations of these chemicals are the same in each half-cell.
A similar technique is currently used in the model 2Z ECC ozonesonde produced by
ENSCI Corporation. The ECC sensor does not require application of an external
electromotive force (EMF) for operation (as in the BM sensor). Power for the cell is
derived from the difference between the potassium iodide concentrations present in
the two half-cells (Komhyr, 1969). A small pump is used to pass air through the
ozonesonde cells. When air containing ozone is passed through these cells a chemical
reaction occurs. The reaction is an iodide redox reaction. The platinum electrodes do
not take part in the chemical reaction, since they are inert; they only carry electrons
between cells of the sensor. Electrochemical reactions take place in the boundary
layers of the electrodes. Each ozone molecule releases an iodine (I,) molecule from
the electrolyte, which is transformed by the cell to iodide (21 ) resulting in current
flow through the external circuit because of the flow of two electrons. An electrical
current is generated in the proportion to the rate at which ozone enters the cell. The
electronic interface relays the electric current data to the radiosonde. Ozone and
meteorological data are telemetered to a receiving station where, using a microcom-
puter and appropriate software, they are transformed into readable information. The
ozone concentration in the air is determined by an equation that also takes into
account the airflow rate, air pressure, and pump temperature. The precision of an
ECC for ozone measurement in the troposphere is 5-13% and the accuracy +10%.
In the stratosphere at 10 hPa the accuracy is 5% but varies from +5% to +20% at
pressure levels lower than 10 hPa. The Brewer—Mast sondes perform a little less well.
ECC ozonesondes yield TOC that agree well with the Dobson spectrophotometer
ozone values derived from observations on AD wavelengths (Komhyr et al., 1989b).

In this respect, the EN-SCI Corporation conducted laboratory tests to check the
performance of sample ECC sensors using a Thermo Environmental Instrument
Incorporated Primary Standard Ozone Calibrator with calibration standards set
by the U.S. National Institute of Standards and Technology (NIST). This quality
control indicates that ECC sondes, when charged with standard 1% KI cathode
electrolyte, overestimate ozone by 5-7% in the region of the atmospheric ozone
maximum. The problem is corrected by using a 0.5% KI concentration of ECC
sensor cathode electrolyte instead of the 1% KI solution concentration currently
used. Additionally, ECC ozonesonde soundings made using the less concentrated KI
cathode electrolyte yield integrated ozone amounts that are in excellent agreement
with Dobson TOC observations (Komhyr ez al., 1995).

The use of balloonborne ozonesondes is a well-established technique used in
the Global Atmosphere Watch (GAW) program of the World Meteorological
Organization (WMO) to detect long-term changes of ozone and to validate satellite
measurements up to 35km altitude. Ozonesondes are also widely used in strategic-
ally designed networks such as SHADOZ in the tropics, IONS in the mid-latitudes,
and MATCH in the polar regions to study atmospheric processes (see Sections
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6.6.3.3, 6.6.3.2, and 6.6.3.1, respectively). Since 1996 several JOSIE (Jiilich Ozone
Sonde Intercomparison Experiment: http://www.fz-juelich.de/icg]icg-2/josie) ozone-
sonde simulation experiments to investigate and evaluate the performance of
different ozonesonde types and to guarantee consistency in ozonesonde data have
been conducted at the ozonesonde simulation facility at the Forschungszentrum
Julich  (http:/|www.fz-juelich.delicgicg-2/esf]). In addition, in April 2004 the
WMO/BESOS (Balloon Experiment on Standards for Ozone Sondes) field campaign
at the University of Wyoming at Laramie was held to test the representativeness of
JOSIE results in the real atmosphere. The results of JOSIE and BESOS have demon-
strated that in studying trends in ozonesonde data it is necessary to exercise caution
when there have been changes in instruments or in preparing/operating procedures.
Under the auspices of WMO/GAW the Assessment of Standard Operating
Procedures for Ozone Sondes (ASOPOS) has been conducted.

The Brewer—Mast (BM) ozonesonde uses a patented electrochemical sensing
cell developed by Dr. Alan W. Brewer with one platinum electrode and one silver
electrode. As with the ECC ozonesonde, the output of the bubbler cell is a
current proportional to the rate of sampling of the ozone. The following relationship
is used:

Py =431 x 107 ITt (1.20)

where Pj is the partial pressure of the ozone (mb); 7 is the current (nA); T is the air
pump temperature (K); and ¢ is the time (s) to pump 10ml of air sample.

The calibration curve assumes a constant air pump temperature of 300 K (De
Backer et al., 1998). Table 1.5 gives an approximate correction for the air pump
temperature. The percentage increase has to be added to the partial pressure (add)
depending upon the altitude (ambient pressure).

Versions of the instrument are manufactured in the U.S.A., Germany, and India
(e.g., the Wyoming digital electrochemical ozonesonde). Improvement in data
quality is achieved by normalization of all ozonesonde ascents to Dobson spectro-
photometer TOC. Recently, the EN-SCI Corporation (Environmental Science
Corporation) produced the Model KZ-ECC which is a portable atmospheric
ozone-sounding system.

In Japan model RSII-KC79 ozonesondes manufactured by Meisei Electric
Company (Ibaraki) have been used for weekly observations at four sites since
1989 (Fujiwara et al., 1998). The Japanese KC79 ozonesonde is a modified version
of the KC68 sonde-type developed by Kobayashi and Toyama (1966). Both sonde
types are based on the carbon—iodine ozone sensor. This is a single electrochemical
cell containing a platinum gauze as the cathode and an activated carbon anode
immersed in an aqueous neutral potassium bromide solution. As ozone is passed
through the sensing solution it generates free bromine molecules (Br;). At the Pt
cathode, bromine is re-converted into two bromide (2Br™) ions by the uptake of
two electrons, while correspondingly at the activated carbon anode the following
reaction takes place:

C+20H™ — CO + H,0 + 2¢ (1.21)
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Table 1.5. An approximate correction for
the air pump temperature. The percentage
increase has to be added to the partial
pressure (add) depending upon the altitude
(ambient pressure) (De Backer et al., 1998).

Ambient pressure Add
(hPa) (o)
1013-250 2
250-120 1
120-70 0
70-55 -1
55-38 -2
38-25 -3
25-17 —4
17-11.5 -5
11.5-7.7 -6
7.7-5.2 -7

releasing two electrons. Accordingly, one ozone molecule produces an electrical
current of two electrons in the external circuit. The gas-sampling pump and the
electrochemical cell are made of methacrylate resin. The pump flow rate is about
400 cm® /min with the pump motor speed being held constant by a governor. The
sonde is enclosed in a Styrofoam flight box (see Figure 1.26).

The ozonesonde used in India is a hybrid Brewer—Milford-type ozone sensor
made of Plexiglas and a non-reactive Teflon pump. All parts of the sonde are
manufactured and assembled by the Indian Meteorological Department. The
sonde is mounted in a polystyrene flight box. A schematic diagram of the sonde is
shown in Figure 1.27. The typical flow rate of gas sampling is about 200 cm® /min.
The anode is a silver wire and the cathode a cylindrical Pt gauze in a neutrally
buffered aqueous KI solution (0.25%).

1.7.2 Optical ozonesondes

This instrument consists of a multi-filter UV radiometer launched on board an
ARCAS or a Super-Loki rocket to a height of about 70 km and permitted to fall
back to Earth with a parachute. Direct solar irradiance in several channels is meas-
ured as the instrument descends on the parachute and ozone concentration is
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Figure 1.26. A schematic diagram of the Japanese ozonesonde (ICG, 2006) (top) and of an
electrochemical concentration cell (ECC) ozonesonde (bottom) (http.//www.fz-juelich.de/icg/|

icg-2|josie/ozone_sondes|eccl).
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Figure 1.27. A schematic diagram of the Indian ozonesonde (ICG, 2006).

determined using the Beer—Lambert-Bouguer law. The precision and accuracy
depend on the accuracy of the ozone absorption cross-sections and knowledge of
the filter transmission. Precision is given as approximately 2.5% and accuracy is
estimated at 5-7%. An example of this instrument is the optical Rocket Ozonesonde
(ROCOZ), which uses four filters from 267 to 309 nm. The shortest wavelength is
used to measure ozone from 39 to 54 km altitude and the longer from 20 to 47 km
altitude. Samples are taken every 0.6 s, giving measurements every 80 m at 55 km and
every 9m at 25 km. The improved rocket ozonesonde (ROCOZ-A) includes electro-
nics that provide essentially drift-free outputs throughout ozone soundings. It should
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be stressed that the fundamental ozone value measured by ROCOZ-A is the vertical
ozone overburden as a function of geometric altitude (Barnes and Simeth, 1986).
Measurements by ROCOZ-A ozonesonde were initiated by NASA in 1983.

1.7.3 Other balloon instrumentation

In the previous two sections, the basic versions of ozonesondes that can be carried
into the troposphere and stratosphere using either balloons or rockets were dis-
cussed. Other instruments that perform in situ measurements of atmospheric
ozone, mostly balloonborne, are presented in this section.

1.7.3.1 Chemiluminescence ozonometer

Regener (1960, 1964) developed a very fast response chemiluminescent ozonesonde
that often exhibited considerable variations in sensitivity to ozone; this was later
corrected. The chemiluminescence ozonesonde or rocketsonde exploits the chemi-
luminescence reaction between ozone and the dye Rhodamine B in order to measure
the stratospheric ozone profile (20-65 km) with a vertical resolution of 0.5-1km as
the instrument ascends by balloon or descends by parachute. Atmospheric air is
brought into a reaction chamber that is shielded from sunlight (Rhodamine B
fluoresces in the 500-615nm region and is sensitive to sunlight). In the chamber
ozone reacts with the dye and the resulting luminescence is monitored (Krueger,
1986). Sometimes gas phase chemiluminescence is also used by employing such
gases as 2-methyl-2-butene and NO (see also FOZAN described later in Section
1.7.3.8). A novel chemiluminescence sonde was described by Speuser ef al. (1989)
which can measure ozone up to 1.5mb.

The accuracy of the chemiluminescence rocketsonde/ozonesonde is about 12%
and the precision approximately 6%. Note that three types of ozonometric
apparatus were used on the meteorological rockets M-100B: heterophase
chemiluminescent, gas phase chemiluminescent, and optical (Perov and Tishin,
1989).

1.7.3.2  Mass spectrometer

This instrument has been used to measure vertical distribution of ozone in the
stratosphere and in the mesosphere. For instance, a liquid helium-cooled mass spec-
trometer was developed and demonstrated in the 1990s for measuring ozone (and
other species) when balloonborne in the stratosphere.

This instrument uses liquid helium to trap most of the gases entering it and
ionizes the molecules, which travel along certain pathways. Then by using magnetic
fields, various ions are separated into different paths in the measurement chamber.
Given that the gas flow rate is known, thus the fractional composition of the gas can
be identified. The measurement accuracy for ozone is about 2% (Mauersberger et al.,
1985).
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1.7.3.3 Balloon Microwave Limb Sounder (BMLS)

The balloonborne version of this instrument operates in the 200300 GHz range and
was the first use of a microwave remote-sensing technique for limb sounding. The
brightness temperatures at various frequencies within emission lines from various
molecular species in the stratosphere can be measured using microwave local oscil-
lators and a filter bank (35 filters per local oscillator). From these measurements and
by looking at various limb angles the altitude profiles of concentrations of species
can be inferred (ClO, O3, H,O, NO,, HNOj3, N,O, and HCN). For OVP measure-
ments the O; spectral lines at 206.132 GHz were chosen because of the insensitivity
of O; emission to stratospheric temperature variations. For instance, a temperature
variation of 10°C changes the O; emission by only 1% (Waters et al., 1993).

An important version of the MLS has been used on aircraft and in the Upper
Atmospheric Research Satellite (UARS) launched in 1991. Another MLS version
with additional frequencies between 63 and 640 GHz is currently used on the Earth
Observing System (EOS) platform, which is in a 98° Sun-synchronous orbit
(permitting measurements in polar regions).

1.7.3.4 Far-infrared emission measurements

The instruments used to study molecular species in the stratosphere (emission
spectral region from 7 to 200cm™!) are Fourier transform spectrometers. To
reduce detector noise cryogenically cooled detectors are used and then the resolution
varies from 0.5 to 0.0033 cm™'. Direct comparison of atmospheric emission with the
blackbody signal at liquid nitrogen temperature leads to determination of the emis-
sions made by atmospheric molecular species. These instruments are pointed
outward by a few degrees above the horizon. An ‘“‘onion-peeling” technique is
used to separate signals into components from various altitudes.

SAFIRE (Spectroscopy of the Atmosphere using Far IR Emission) was
launched on 2004 and is used for the Earth Observing System (EOS). The main
aim of the SAFIRE experiment is to improve understanding of mid-atmosphere
ozone distribution by performing global-scale measurements of the most important
chemical, radiative, and dynamical processes that influence ozone changes. The
instrument will measure ozone in the 10-100 km altitude range, with an accuracy
of 10%. It operates day and night and covers the latitude belt 86°N-86°S (Megie et
al., 1989).

REFIR (radiative explorer in the far-infrared, Palchetti et al., 2004) is a
broadband FT spectro-radiometer capable of measuring atmospheric spectral radi-
ance in the 100-1,100cm ™' wave number region, with a resolution of 0.5 em” !, using
room temperature detectors. A combined package of the REFIR and SAFIRE
instruments, simultaneously operating in nadir geometry aboard the same platform
(either a stratospheric balloon or high-altitude aircraft), is ideally suited for an
airborne mission devoted to the study of atmospheric radiative properties and
could make a significant contribution in improving our understanding of the pro-
cesses that regulate the ERB (Earth Radiation Budget), including the distribution of
water vapor and clouds (Cortesi et al., 2005).
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A Fourier transform infrared spectrometer built at JPL in 1984 is the Mk IV
balloon interferometer (high resolution, 0.01cm™') operating in solar absorption
mode (Ostermann, 1999).

1.7.3.5 Stratospheric Infrared Interferometer Spectrometer (SIRILS)

Infrared emission spectroscopy using Fourier transform spectroscopy (Section 1.5.4)
can be employed to measure the vertical distributions of ozone and other molecular
species in the stratosphere. It is necessary to measure the vertical profiles of both
temperature and absolute radiance to conduct such measurements. The stratospheric
IR Interferometer Spectrometer using dichroic filters divides the 700-1,920cm ™'
region into four channels. The region between 1,125 and 1,425cm™" has been used
to perform observations for O; and other species in the 12-40 km altitude region.
The instrument, which is balloonborne, allows (by scanning below the horizon)
measurements with a vertical resolution of 3 km (Grant, 1989).

The total error associated with SIRIS varies from 14% at 38 km to 42% at
16 km.

1.7.3.6 Balloonborne lasers

The Balloonborne Laser In Situ Sensor (BLISS) is a microprocessor-controlled
high-resolution absorption spectrometer operating in the mid-infrared region using
tunable diode laser (TDL) sources.

It performs observations of ozone and other stratospheric trace species by
measuring the absorption from balloonborne diode lasers and reflected back from
a retro-reflector suspended ~500m below the balloon. For each gas of interest in
the stratosphere, a narrowband tunable diode laser is scanned over a few selected
infrared absorption lines and the mean gas concentration over the fixed path length
is determined from the depth of the observed absorption lines through Beer’s law
(df/dx = —kI) which states that there is a logarithmic dependence between the
transmission of light through a substance and the product of the absorption coeffi-
cient of the substance and the distance the light travels through the material (i.e., the
path length). This instrument’s calibration uncertainty is 4.8%, overcoming various
factors of uncertainty like temperature, pressure, and laser half-width at half-
maximum. As far as accuracy is concerned, this is governed by precision in com-
bination with uncertainty in the absorption cross-section of the ozone line and its
temperature dependence and broadening coefficient, which lead to a total 10%
accuracy in the 28-38 km altitude range (Grant, 1989). Another balloonborne in
situ ozonometer based on the absorption of a laser beam by ozone in the Hartley
band was built in France (Moreau et al., 1989).

The balloonborne instrument SPIRALE (Spectroscopie Infrarouge par
Absorption de Lasers Embarqués) has been developed (Moreau et al., 2005; Pirre
et al., 2008) and used for in situ measurements of several tracer and chemically active
species, including ozone, in the stratosphere. Laser absorption takes place in an open
Herriott multipass cell located under the balloon gondola, with six lead salt diode
lasers as light sources. One mirror is located at the extremity of a deployable mast
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3.5m below the gondola, enabling the measurement of very low abundance species
throughout a very long absorption path. Fast measurements (every 1.1s) allow a
vertical resolution of 5m for the profiles to be obained. A detection limit of a few
tens of parts per trillion in volume has been demonstrated. Uncertainties of 3%—5%
are estimated for the most abundant species rising to about 30% for the less
abundant ones, mainly depending on the laser linewidth and the signal-to-noise
ratio.

1.7.3.7 Ultraviolet Absorption Photometer

This is an in situ instrument that performs observations of ozone concentrations by
measuring the absorption at 253.65nm (near the UV ozone peak). It is actually a
modified version of the Dasibi ozone monitor which is often used for ozone measure-
ments at the ground level of air pollution. Dasibi-like devices use a mercury lamp as
the spectral source, a narrowband filter, a silicon photodiode as the detector and a
pump to pass air through the sample volume. For half of the measurement time, an
ozone scrubber removes the ozone thus providing a reference atmosphere (Sections
1.7.4.3 and 1.8.3). In general, UV photometers have good precision (3%) and
accuracy (5%). They are typically used on large balloons with other instruments
and during return to the ground observe the fine structure in ozone distribution. For
instance, a dual-beam UV absorption photometer (or balloon dual-beam UV in situ
O; photometer) for balloonborne measurements of ozone has a response time of 1s
and an uncertainty at the ozone maximum of 3.6%, where 2% of this is the accuracy
of the ozone cross-section. This photometer has two identical absorption chambers,
each alternating between reference mode (ozone free) and sample mode by means of
a four-port valve and ozone scrubber. The ratio of the absorption signals, along with
the known lengths and ozone absorption cross-section, yields the ozone concen-
tration (Proffitt and McLaughlin, 1983). The Deutsches Zentrum fiir Luft und
Raumfahrt (DLR) research aircraft Falcon has also been used for ozone measure-
ment using a UV absorption photometer (Ziereis et al., 1998). A balloonborne Sun-
tracking photometer operating at six wavelength bands centered at 210, 215, 290,
750, 860 and 950 nm was developed and used to measure the OVP in the 10 to 35 km
altitude region (Lat et al., 1989).

In the past this instrument has flown aboard gondolas carrying other
instruments to provide data for the validation of ozone measurements of several
satellite instruments including UARS MLS, HALOE, CLAES, and ADEOS ILAS.
In 1996-1998 a suite of in-situ instruments was assembled and flown as the Observa-
tions of the Middle Stratosphere (OMS) gondola to expand the database obtained
with the ER-2 (NOAA) instruments. Suggestions for improved operation practices
of the ultraviolet O; monitors and recommendations for future testing were made by
Dunlea et al. (2006).

Murata et al. (2009) described the development of a balloonborne optical ozone
sensor and its operation since 1994 to observe the vertical distribution of upper
stratospheric ozone in summer using a thin-film high-altitude balloon at Sanriku,
Japan (39.2°N, 141.8°E). The sensor measures solar ultraviolet radiation in the
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Hartley band at a wavelength of 300 nm. The optical system is described by Okano et
al. (1996) and Murata et al. (2009). The balloon used in the observation is a thin-film
high-altitude balloon developed by the Institute of Space and Astronautical Science
(Japan Aerospace Exploration Agency) and it can attain an altitude of about 42 km.
Vertical ozone distributions from 15 to 42km were obtained with 1km resolution
from the altitude variation of the solar UV intensity. The temporal variations
of ozone concentrations above 30km from 1994 to 2007 showed correlations
with the 11-year solar cycle and there was no evidence of decreasing or increasing
trends.

1.7.3.8 Fast Ozone Analyser (FOZAN)

This is a chemiluminescent sensor based on the heterophase luminescence of ozone in
a solid-state matrix filled with gallic acid dye. Inside a chemical reactor, the sensor is
placed along a line where the airflow to be analyzed is provided by a pump. The
luminescence light produced by the sensor is modulated by an optical liquid crystal
chopper, regulated by a controller unit, and registered by the photomultiplier. A
double-entry valve connects to the chemical reactor, either with a built-in calibrating
ozone generator or with the airflow to be analyzed. The calibrating ozone generator
supplies an airflow, with a strictly specified ozone concentration, to the chemical
reactor. The generator produces ozone because of the effect of UV radiation from a
mercury lamp on the airflow. The instrument can operate in two modes: (a) the
measurement mode in which the airflow (after being thermostatted) is passed
through the valve to the reactor to undergo the ozone-sensor chemiluminescence
reaction; (b) the calibration mode in which the valve passes the airflow to the reactor
through the ozone calibration cell and the calibrating ozone generator. The two
modes are switched automatically. This instrument was used on board the high-
altitude aircraft M-55 Geophysica (Figure 1.28) at the beginning of 1997 (Georgiadis
et al., 1998).

1.7.3.9 SAOZ sonde

This is a small balloonborne version of the SAOZ UV-visible spectrometer (Pundt
and Pommereau, 1998). It measures vertical profiles of O3, NO,, H,O, and ClO, by
solar occultation in the UV and visible range (Pommereau and Piquard, 1994a, b).
Measurements are performed at an altitude of 28-31km and during the balloon
ascent. One complete measurement cycle is made every 30s for every 200m in
altitude during the balloon ascent and every 300-1,000 m during solar occultation
depending on the altitude and latitude.

1.7.4 Aircraft instrumentation

Two of the balloonborne instruments—the UV photometer (Section 1.7.3.7) and the
diode laser in situ (Section 1.7.3.6)—are also used on aircraft. Among other devices
providing measurements of airborne ozone vertical profile are the Infrared Grating
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Figure 1.28. The M55 Geophysica high-altitude aircraft (source: http://www.phmi.uni-mainz.de/
Bildergalerie/geophysica_I.JPG).

Spectrometer and the Differential Absorption Lidar Technique, which are discussed
in more detail in the following two sections.

1.7.4.1 Infrared Grating Spectrometer (IGS)

This instrument performs measurements of ozone and other trace species in the
stratosphere. It observes absorption in the long optical path by the instrument,
while observing the Sun at sunrise or sunset.

A modified version of this device, the grille spectrometer, is a correlation
instrument with large-area geometrical patterns (grilles), instead of slits, at both
the entrance and the exit of the spectrometer. The favorite arrangement has a set
of hyperbolic curves in four quadrants, with alternate shaded bands adjacent to
quadrants of mirror images. This specific arrangement scans rapidly (0.2 em”! s_l)
over a limited spectral range (5-10cm ') (Grant, 1989).

This instrument was used to measure latitudinal variations in the abundances of
ten stratospheric species including ozone on board aircraft between 62°N and 62°S.
It can also be used on a balloon to measure H,O, NO,, HNOj3, and O; in the altitude
range 23-40 km.

In this group belongs GOMOS, which measures the vertical profiles of NO,,
NO;, H,O, aerosol (extinction), and high-resolution temperature profiles, the latter
being derived from atmospheric scintillations (Wehr, 2002). The spectrometer is
a medium-resolution grating spectrometer operating in the ultraviolet—visible (at
250-675nm with 1.2 nm resolution) and near-infrared (at 756773 nm with 0.2 nm
resolution for O, for the derivation of atmospheric density and temperature and at
926-952 nm with 0.2 nm resolution for H,O).


http://www.phmi.uni-mainz.de/Bildergalerie/geophysica_I.JPG
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Sec. 1.7] Airborne instrumentation for OVP observations 73

1.7.4.2 Differential Absorption Lidar Technique

The instrument consists of (1) a telescope to capture backscattered photons; (2) a
filter to reject out-of-band radiation; (3) a photomultiplier tube and (4) signal chain
electronics (see Section 1.6.5). The conventional differential absorption lidar (DIAL)
consists of a light source (e.g., a XeCl gas laser) emitting pulses (25Hz) at two
wavelengths, one of which lies in the ozone absorption band. Backscattered radia-
tion (Rayleigh scattering) is observed by the telescope with a photon-counting
detector. High resolution is achieved by measuring the time between the emission
and detection of light pulses. For ozone measurements, wavelengths of 308 nm
(ozone absorbent) and 353 nm (ozone almost transparent) are chosen (Godin et
al., 1989; Krueger et al., 1989). The accuracy for ozone-mixing ratios is estimated
to be 10-15% in the mid-stratosphere, with a decrease above and below this region.
Airborne lidar provides OVP from aircraft cruise altitudes up to 25 km. The vertical
and horizontal resolutions are 0.5km and 50-100 km, respectively (Megie et al.,
1989).

1.7.43 MOZAIC, CARIBIC, IAGOS

An alternative to commissioning special flights on research aircraft to carry
instruments for scientific work is to make use of the goodwill of commercial airlines.
Weather services routinely use commercial aircraft to gather pressure, temperature,
and wind data, but not generally for research. However, some projects have been
developed that involve flying more sophisticated instruments on commercial aircraft
for research purposes (Feder, 2008). The use of commercial aircraft allows the
collection of highly relevant observations on a scale and in numbers impossible
to achieve using research aircraft and where other measurement methods (e.g.,
satellites) have technical limitations.

Since the mid-1990s MOZAIC (Measurements of Ozone and Water Vapor by
Airbus In-service Aircraft), CARIBIC (Civil Aircraft for the Regular Investigation
of the atmosphere Based on an Instrument Container), and the predecessor to the
current Japanese project, CONTRAIL (Comprehensive Observation Network for
TRace Gases by AlrLiner), have been flying scientific instruments on commercial jet
aircraft. NASA ran a similar project in the 1970s. Among the things the current
experiments measure are ozone, water vapor, carbon monoxide, carbon dioxide,
reactive nitrogen species, and aerosols. In the case of CONTRAIL, the main
purpose is to understand the global carbon cycle. Data from all three projects are
used in climate change and pollution studies. Other uses include validating satellite
measurements and guiding computer models of various atmospheric chemical and
physical processes.

The MOZAIC program was initiated in 1993 by European scientists, aircraft
manufacturers, and airlines to better understand the natural variability of the
chemical composition of the atmosphere and how it is changing under the influence
of human activity, with particular interest in the effects of aircraft. The program was
coordinated by the Laboratoire d’Aérologie (CNRS, Toulouse). MOZAIC consists
of automatic and regular measurements of reactive gases by five long-range
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passenger airliners. A large database of measurements (about 30,000 flights since
1994) allows studies of chemical and physical processes in the atmosphere, valida-
tions of global chemistry transport models, and satellite retrievals. MOZAIC data
provide detailed climatologies of trace gases at 9—12 km where sub-sonic aircraft emit
most of their exhaust and which is a very critical domain (e.g., radiatively and as a
result of stratosphere—troposphere exchanges) still imperfectly described in existing
models. MOZAIC data also provide frequent vertical profiles over a large number of
airports. MOZAIC has provided data from more than 100 million flight kilometers
in the upper troposphere and lower stratosphere and 40,000 vertical profiles in the
troposphere. The data are open to researchers worldwide.

CARIBIC began operation in 2004 and involves a mobile laboratory in an
airfreight container, with instruments for 15 experiments that sample more than
40 different gases and which weighs 1.5t. Once a month the container is loaded at
Frankfurt airport onto a Lufthansa Airbus A340-600 aircraft with a built-in air inlet
system. A month later it is unloaded and the data and samples are removed and
analyzed and another month later the whole operation is repeated. The container
organization is handled by the Max-Planck-Institute for Chemistry’s Atmospheric
Chemistry Division, Mainz, Germany (http://www.caribic-atmospheric.com/).

The Japanese CONTRAIL project began in 1993 and used the Boeing 747
aircraft of JAL (Japan Airlines). The program continues up to the present time.
When the original aircraft were replaced the program was extended with new scien-
tific equipment in new aircraft and over extended routes. The main purpose of the
program is to obtain basic data on the concentration of greenhouse gases such as
carbon dioxide (CO,) that have been linked to global warming and human activity
since the industrial revolution (http://www.jal-foundation.or jp/shintaikikansokue/
Contrail_index (E).htm).

MOZAIC and CARIBIC have now been merged into IAGOS (In-service
Aircraft for a Global Observation System). IAGOS is one of the new European
Research Infrastructures (ERIs) and is preparing the transition from a scheme of
individual research projects into a sustainable infrastructure with enhanced measure-
ment capabilities and global coverage. Several airlines are already involved
(Lufthansa, British Airways, Air France, Austrian Airways, and Air Namibia) and
several other airlines are in the process of becoming involved. It will establish and
operate a distributed infrastructure for long-term observations of atmospheric com-
position, aerosol, and cloud particles on a global scale from a fleet of initially 10-20
long-range aircraft of various airlines (http://www.iagos.org/).

In a similar program, the ozone-mixing ratio of ambient air around a Transall
C-160 aircraft was detected in situ using a UV absorption monitor (Horiba APOA-
350E) (Zahn et al., 1998). During the Arctic winters of 1991/1992 and 1994/1995,
airborne UV-DOAS (Differential Optical Absorption Spectroscopy) on board a
Transall aircraft measured the stratospheric trace gases NO,, Oz, BrO, and CIO
(Grund et al., 1998). Note that on the Solar Absorption Balloon Experiment
(SABE-2) the NASA LSC and NASA Goddard “Dasibi” photometers measured
lower ozone than SBUV instruments for altitudes above 35km (Weinstock and
Anderson, 1989).


http://www.caribic-atmospheric.com/
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1.7.4.4 Electrochemical Ozone Sensor (ECOC)

This instrument performs in situ ozone measurements on board aircraft. For
instance, during the APE/POLECAT campaign the M55 Geophysica (high-altitude
aircraft) (Figure 1.28) sampled vortex filaments with sudden and intense tracer
variation in in situ ozone data from the ECOC instrument on board the aircraft,
while flying on an isentropic surface. This sensor consists of a Teflon sampler with
cell, two pumps, and control electronics. The cell is filled with a KI-water solution
similar to standard ozonesondes, but specially designed for use on high-altitude
research aircraft. Both pumps are identical. The second pump is used to eliminate
possible contamination of the electrochemical cell by the air leaving the pressure
sensor during ascent. This pump also shortens the time taken by air samples to get
from the air intake to the cell. The time resolution of the cell is 5s and the accuracy
of individual ozone readings is better than 5%. The instrument is temperature
controlled and is assembled in a metal box and placed in an unpressurized
compartment (Steffanutti et al., 1999).

1.7.4.5 Airborne Submillimeter Receiver (ASUR)

ASUR and its predecessor SUMAS (Submillimeter Atmospheric Sounder) have
been used for several campaigns such as the European Arctic Stratospheric Ozone
Experiment, EASOE (Urban et al., 1998). It is a passive heterodyne radiometer
operating at sub-millimeter wavelengths (in the frequency range of 620-650 GHz)
and employing novel superconductor—insulator—superconductor detector technol-
ogy. Vertical concentration profiles are derived from pressure—broadened emission
lines of the species under examination. It uses the German Air and Space Research
Organization (DLR) research aircraft Falcon as a platform. Among the molecules
measurable (which show rotational/vibrational transitions in emission) by ASUR are
the chlorine species HCI and ClO, O3, and N,O (Kleipool ez al., 1998).

1.7.4.6 The Gas and Aerosol Monitoring Sensorcraft (GAMS)

The Gas and Aerosol Monitoring Sensorcraft (GAMS) concept is an outgrowth of a
SAGE technology development study and a successful Instrument Incubator
Program (IIP) proposal. The goal for GAMS is to make essential climate measure-
ments in a cost-effective, sustainable manner. The term “‘sensorcraft” designates a
spaceflight, remote-sensing system that does not distinguish between the instrument
that performs the remote measurement and the spacecraft. The system does,
however, provide the operational resources needed by the instrument in orbit. The
instrument measures the vertical distribution of aerosols, ozone, and other trace
species. The GAMS sensorcraft integrates the resource requirements of both the
instrument and the spacecraft to minimize size, power consumption, and cost.

The GAMS instrument (Figure 1.29) measures direct solar transmittance along
the LOS (line of sight) between the aircraft and the Sun in 1,024 spectral channels
from 430 to 1,030 nm. The instrument package includes spectrometer, solar imager,
and telescope assemblies that are pointed at the Sun by a two-axis rotating mirror.
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Figure 1.29. Photograph of the GAMS spectrometer (http://www.archive.org/details/1998-L-
00864).

The grating spectrometer and detectors were developed under NASA’s Instrument
Incubator Program and have exceptionally high performance. The spectrometer
disperses the spectral region from 430 to 1,030 nm onto two 512-clement hybrid
diode—-CCD arrays using a dichroic beam splitter. Spectral coverage is nearly
continuous except for a gap of approximately 20 nm centered near 730 nm. The
pixel-to-pixel spacing in wavelength is a uniform 0.58 nm/pixel across both detectors.
Spectral resolution varies across each detector between values of 0.7 and 1.0 nm on
the short-wavelength detector and 1.0 and 2.0 nm on the long-wavelength detector.
The combination of a diode array, for primary light gathering and conversion of
incident photon into electrons, with a pair of CCD-based serial 20-shift registers
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endows this detector with a 20 million electron full well and a small 10 um pixel
pitch. The entire detector assembly is referred to as the photon-to-bits board and
achieves a shot noise-limited signal-to-noise ratio of 4,000:1 as it is digitized to 16
bits. The spectra are acquired at a rate of 180 Hz with a dynamic range above the
noise floor in excess of 14 bits. The spectrometer is fed with an off-axis parabolic
telescope and has a 0.5arcmin vertical FOV. The solar imager is a commercially
available 1,024 x 1,024 CCD camera with each pixel having a FOV of 0.3 arcmin.
A narrow band filter at 865nm is used in both the imager and the Sun position
sensor in the gimbal servo-pointing system and allows pointing errors to be meas-
ured and modeled relative to the imager data and enables a means of evaluating
scene homogeneity (Pitts et al., 2005).

1.8 SURFACE OZONE MEASUREMENTS

Three methods are widely used for detecting surface ozone in clean air: the
chemiluminescence method, the KI method, and the UV absorption method—all
of which are briefly discussed in the following sections.

1.8.1 Chemiluminescence method

Several commercial instruments are available and, in general, these consist of an
air-intake filter, detector cell, photomultiplier, amplifier, recorder, sample pump,
ethylene supply, and flowmeter. Ambient air and ethylene are delivered simul-
taneously to a mixture zone of a detection cell, where the ozone reacts with the
ethylene thus emitting light which is detected with a photomultiplier tube, after
amplification of the photocurrent. The sensitivity is approximately 2 pg O3 m>.
These instruments are calibrated against artificially generated test atmospheres of

ozone (WMO, 1978).

1.8.2 Electrochemical potassium iodide method

The apparatus mainly consists of the measuring cell and air pump (integrated in one
unit). The principle of the method makes use of the oxidation of the neutral buffered
KI solution by ozone. Two electrons per reacting ozone are produced on a platinum
electrode at the cathode. The electric current from the measuring cell is amplified by
a DC amplifier. The instrument has a sensitivity of 2 to 5pug O; m > and a range
from this detection limit to clean air ozone concentrations of about 200 pgm >
(Feister et al., 1989). The method is considered accurate to within +5% (WMO,
1978).

1.8.3 UYV absorption method

The principle of “ultraviolet absorption” is based on the fact that ozone molecules
absorb ultraviolet energy at a known wavelength of 254 nm. The UV light available
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Figure 1.30. Advanced Pollution Instruments (API) Model 400E Ultraviolet Absorption
Ozone analyzer (source: http:|/www.anr.state.vt.us/air/monitoring/htm/InstrumentlInfo.htm
#ozone).

for detection is proportional to the amount of ozone in the sample chamber. This
method is used by several instruments like the Advanced Pollution Instruments
(API) Model 400E Ultraviolet Absorption Ozone analyzer (Figure 1.30). The API
unit is set up and operated to monitor ambient ozone concentrations up to 500 parts
per billion.

The main instruments that use the UV absorption method are the Dasibi-1003—
1008, the ThermoElectron 49 (TEI-49C), and the Environment S.A. In contrast to
the Dasibi types, the ThermoElectron is a dual-beam instrument and has the fastest
response (Helas et al., 1989). Another instrument that is based on the UV absorption
technique is the Dylec Model 1006 AHJ produced under licence from Dasibi Inc.
The cycle time of measurements is about 12s (Ogawa and Komala, 1989).

However, optical meters with gas vessels (e.g., ozone analyzers from Dasibi,
Monitor Labs, Thermo Environmental Instruments, etc.) exhibit significant errors
associated with the sampling of the air being analyzed, where a priori ozone destruc-
tion occurs (Balatsko ez al., 2008). To avoid this disadvantage an optical track
analyzer TrlO-1 for ozone has been developed in the National Research Center
for Monitoring the Ozonosphere of the Belarus State University, operating by the
principle of DOAS equipment (Balatsko er al., 2008). This instrument has some
advantages over optical meters in the way it samples (e.g., it provides average values
of ozone concentration over the probing track, etc.).
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2

Satellite systems for studies of
atmospheric ozone

It is now slightly over 50 years since the era of satellite remote sensing began on
October 4, 1957, when the former Soviet Union launched Sputnik 1, the world’s
first artificial satellite (a 55cm diameter sphere that weighed 83kg with four
antennae attached to it) (Figure 1.1). In the intervening years, satellites have revo-
lutionized the Earth sciences, including the study of trace gases, in general, and
ozone, in particular. With the passage of time, satellite-flown instruments became
more complicated, while larger satellites carrying more and more instruments were
launched. One of the largest of these was ENVISAT (ENVIronmental SATellite)
which was launched on March 1, 2002 by the European Space Agency (ESA), with a
mass of 8,211kg and dimensions in orbit of 26 m x 10m x Sm. It was a Sun-syn-
chronous satellite flown at an altitude of 800 km, with an inclination of 98° and an
orbital period of 101 min. It carried instruments for monitoring the Earth’s land,
atmosphere, oceans, and ice caps (Figure 1.1) (http://envisat.esa.int/) and three of
these were particularly relevant to atmospheric ozone (see Section 2.3.6). It
successfully reached its nominal 5-year mission lifetime, having orbited the Earth
more than 26,000 times. Figure 1.1c shows Sputnik on the same scale as ENVISAT
in Figure 1.1b.

Recently, we have been seeing a trend to move away from large multifunctional
Earth-observing satellites, like ENVISAT, to small satellites dedicated to one par-
ticular observational task. The advantages of this include simple and speedy design
and manufacture, many more launch opportunities, low cost, non-competition
between the requirements of different instruments, risk reduction, etc. Small satellites
also provide opportunities for developing countries to become involved in technol-
ogy transfer and the development of indigenous space-related capabilities. Thus we
foresee a role for both large and small Earth-observing satellites in the future
(Cracknell and Varotsos, 2007a).

However, before considering satellite remote sensing of atmospheric ozone we
should also consider the use of aircraft. There have been a few studies of the atmo-

A.P. Cracknell and C.A. Varotsos, Remote Sensing and Atmospheric Ozone: Human Activities 79
Versus Natural Variability, Springer Praxis Books, DOI 10.1007/978-3-642-10334-6 2,
© Springer-Verlag Berlin Heidelberg 2012


http://envisat.esa.int/

80 Satellite systems for studies of atmospheric ozone [Ch. 2

sphere using instruments flown on aircraft to study ozone and related chemicals
directly, most notably in the early study of the Antarctic ozone hole, using a
modified U-2 spy plane called ER-2 (see Section 5.6). However, many of the satel-
lite-flown instruments we discuss in this chapter have similar counterparts flown on
aircraft as well. There have usually been two reasons for this. The first is for
calibrating and evaluating prototypes of the instruments before flying them in
space. The second is for simultaneous flying of similar (nominally identical) instru-
ments in aircraft and in space for validation of the spaceborne instrument. Some
instances of airborne versions of instruments will be given in later sections in this
chapter. However, there is another rather new aspect of airborne remote sensing
which we should mention.

Just as remote-sensing satellites for environmental studies can be regarded as a
spin-off development from military spy satellites, so we are now seeing a similar spin-
off from unmanned military aircraft in a new mission called Global Hawk Pacific, or
GloPac, and one or two other unmanned aircraft NASA projects. NASA has staged
environmental (manned) research flights from aircraft previously, but none has had
the reach and duration of Global Hawk, a high-altitude, unmanned aircraft. The
aircraft, which is distinguished by its bulbous nose and 35.4 m wingspan, can travel
about 18,500 km in up to 31 hours, carrying almost 1t of instrument payload. By
contrast, NASA’s manned research aircraft, the ER-2, can fly for only eight hours.
Furthermore, researchers do not have access to their data until after the ER-2
aircraft lands (http://gsfctechnology.gsfc.nasa.gov/GlobalHawk.htm).

NASA has taken over two Global Hawk unmanned airraft that were originally
built by Northrop Grumman for the U.S. Defense Advanced Research Projects
Agency. The first two test flights were made on April 6 and April 13, 2010. These
two flights were part of the five-flight GloPac mission to study the atmosphere over
the Pacific and Arctic Oceans—NASA’s first Earth science project to make use of
unmanned aircraft, two of which were transferred from the U.S. Air Force to be
based at NASA Dryden Flight Research Center on Edwards Air Force Base in
California.

The Global Hawk aircraft used in the GloPac mission carried a suite of 12
instruments—provided by scientists from the Goddard Space Flight Center, the
Jet Propulsion Laboratory, the National Oceanic and Atmospheric Administration
(NOAA), Denver University, and the Ames Research Center. The first operational
flights of the Global Hawk for GloPac were conducted in support of the Aura
Validation Experiment (AVE). This was planned to encompass the entire offshore
Pacific region with four to five 30 hour flights. Aura is one of the A-Train satellites
(Figure 2.1) supported by the NASA Earth Observation System (http://www.espo.
nasa.gov/glopac/). The NASA A-Train is a convoy of Earth-observing spacecraft
following one another in polar orbit. Initially the A-Train comprised four satel-
lites—Aqua, CloudSat, Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) and Aura—which pass in sequence across the equator
each day at around 1:30 pm local time each afternoon and carry between them 15
separate scientific instruments. From time to time further satellites are added to the
A-Train (e.g., PARASOL and OCO satellites). Having several individual satellites in
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Figure 2.1. A NASA Global Hawk lands at Dryden (top) and the A-Train (bottom) (source:
NASA).

the A-Train avoids some of the engineering problems that would arise if one at-
tempted the impossible by assembling 15 or more instruments on one large
spacecraft like ENVISAT. The Global Hawk flights were designed to address
various science objectives:
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1. validation and scientific collaboration with NASA Earth-monitoring satellite
missions, principally the Aura satellite;

2. observations of stratospheric trace gases in the upper troposphere and lower
stratosphere from the mid-latitudes to the tropics;

3. sampling of polar stratospheric air and the break-up fragments of the air that
move into the mid-latitudes;

4. measurements of dust, smoke, and pollution that cross the Pacific from Asia and
Siberia;

5. measurements of streamers of moist air from the central tropical Pacific that
move onto the West Coast of the United States (atmospheric rivers).

2.1 SATELLITE REMOTE SOUNDING OF TOC

We now turn to the satellite remote sensing of ozone. A number of instruments
measure ozone vertical profiles and TOC from space by measuring backscattered
UV solar radiation. The spectral distribution of backscattered radiation to space by
the Earth’s atmosphere depends on the presence of gases with selective absorption
bands and molecular (Rayleigh) as well as aerosol scattering. The instruments can
use spectrometers or filters for various spectral channels and they can observe in the
nadir direction—as for solar-backscattered UV) or through scanning cross-tracks (as
with total ozone-mapping spectrometry (Grant, 1989). These instruments operate
best above 15-20km (where there is strong absorption by ozone in the Hartley
band).

During the second half of the 1960s several attempts at satellite remote sounding
of ozone and other minor gas components from Soviet manned spacecraft were first
made, using a hand-held spectrograph, and a complex of solar spectrometers func-
tioning in a regime of occultation geometry (Kondratyev, 1972; Kondratyev et al.,
1996).

Since 1970, appropriate instrumentation launched on board various satellites
(e.g., Nimbus-4), has provided values of the global distribution of TOC with very
good spatiotemporal coverage. In the early days, TOC monitoring was carried out
with NOAA’s TOVS and its predecessors, with NASA’s and METEOR’s TOMS
(Total Ozone Monitoring Spectrometer) and with the SBUV (Solar Backscatter
UV), all instruments that were first flown on satellites in 1978. These measurements
continued with SBUV/2 instruments on board the NOAA-9, -11, -14, -16, and -17
satellites, and TOMS instruments on the Russian Meteor-3, Earth Probe, and Japan-
ese ADEOS satellites until the year 2003 (when instrument degradation was
observed). The European Space Agency’s GOME on the ERS-2 satellite, also per-
forming BUV measurements, complemented the U.S. efforts. In addition, the Shuttle
SBUYV (SSBUYV) experiment (conducting eight missions between October 1989 and
January 1996) provided regular checks on the calibration of individual satellite
instruments. Hilsenrath et al. (1997) summarized the contributions of the SSBUV
(eight Space Shuttle missions from October 1989 to January 1996) in support of the
U.S. long-term ozone-monitoring program (mainly from the viewpoint of validation
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of satellite observations). A significant decrease in Northern Hemisphere TOC from
the winter of 1992 to the following winter was observed. However, the TOMS time
series was interrupted during May 1993—July 1996 when TOMS/EP (Total Ozone
Monitoring Spectrometer/Earth Probe Satellite) was launched. This gap was filled by
continuous SBUV observations on various NOAA satellite missions and some
GOME ozone observations since July 1995 aboard ERS-2, the first European sa-
tellite instrument measuring total ozone from the UV-VIS. An important source of
minor gas components data is the TERRA satellite launched in December 1999. An
instrumental problem in 2003 reduced the global coverage of GOME. Follow-up
European satellite instruments are SCIAMACHY launched in 2002 on the
ENVISAT platform of the European Space Agency (ESA) and OMI, a Dutch—
Finnish instrument on the NASA EOS-Aura platform launched in 2004 and then
later on the first European polar-orbiting meteorological satellite MetOp (Kaye,
1997). The first MetOp satellite (MetOp-A) was launched on October 19, 2006
and was declared fully operational in mid-May 2007. In addition, an interesting
aspect of the OMI is also its synergy with the ENVISAT and GOME missions
(Dobber et al., 2006). The UV-VIS spectrometer GOME-2 was launched in 2006
on the first of a series of three operational EUMETSAT MetOp missions, which
should allow continuous ozone monitoring until about 2020.

Multiple intercomparisons with ground-based instruments (e.g., Brewer,
Dobson, and filter instruments) improved data-retrieval algorithms and therefore
satellite observations of TOC became compatible with ground-based ones (Fioletov
et al., 2008; McPeters and Labow, 1996; see Chapter 3).

In the U.S. ozone research plans include both a total ozone mapper and an
ozone-profiling instrument for the National Polar-orbiting Operational Environ-
mental Satellite System (NPOESS; see Section 2.3.7).

A brief description of the satellite instrumentation providing TOC observations
is given in Sections 2.3.1, 2.3.2, and 2.3.6, grouped by type of measurement (direct
absorption, indirect absorption, and emission). It should be noted that several
instruments provide not only TOC, but also OVP measurements.

2.2 DIRECT ABSORPTION MEASURING INSTRUMENTS

In this section brief information is given for a few instruments that are used to
measure TOC by directly measuring the absorption features of ozone, either
within a path defined by the instrument or by using an extraterrestrial source such
as the Sun.

2.2.1 TIROS Operational Vertical Sounder (TOVS); GOES

The Television InfraRed Observational Satellite (TIROS)-N and its successors in the
NOAA series of polar-orbiting meteorological satellites carried the TIROS Opera-
tional Vertical Sounder (TOVS) on board; later satellites in the program carried an
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Advanced TOVS or ATOVS with more spectral channels. The TOVS is a set of three
instruments—the High Resolution Infrared Sounder (HIRS/2), the Stratospheric
Sounding Unit (SSU), and the Microwave Sounding Unit (MSU)—providing 27
spectral channels which are all, except one, in the infrared and microwave region
of the spectrum with one panchromatic channel. The three instruments are used
together to provide the vertical profiles of pressure, temperature, and humidity in
the atmosphere. On later spacecraft in the NOAA series of polar orbiters there was
the improved ATOVS (Advanced TOVS) with improved versions of the HIRS
(HIRS/4) and the MSU (the AMSU, Advanced MSU) (Kramer, 2002).

HIRS has 19 infrared channels (3.8-15 um) and 1 visible channel. The swath
width is 2,160 km with 10 km resolution at nadir. The HIRS/4 instrument provides
multispectral data from one visible channel (0.69 um), 7 shortwave channels (3.7 to
4.6 um) and 12 longwave channels (6.7 to 15 um) using a single telescope and a
rotating filter wheel containing 20 individual spectral filters. A rotating scan
mirror provides cross-track scanning of 56 steps in increments of 1.8 degrees. The
mirror steps rapidly (<35ms), then holds at each position while optical radiation,
passing through the 20 spectral filters, is sampled. This action takes place every 0.1s.
The instantaneous field of view for each channel is approximately 0.7° which, from a
spacecraft altitude of 837 km, encompasses a circular area of 10 km at nadir on the
Earth. Three detectors are used to sense optical radiation. A silicon photodiode, at
nominal instrument temperature (15°C), detects the visible radiation. An Indium
Antimonide detector and Mercury Cadmium Telluride detector (mounted on a
passive radiator and operating at 95 K) sense the shortwave and longwave IR radi-
ation, respectively. The shortwave and visible optical paths have a common field
stop, while the longwave path has an identical but separate field stop. The size and
registration of the optical fields of view in all channels is determined by these stops.
IR calibration of the HIRS/4 is provided by programmed views of two radiometric
targets: the warm target mounted on the instrument baseplate and a view of deep
space. Data from these views provides sensitivity calibrations for each channel at
256 s intervals if commanded. It uses CO, absorption bands for temperature sound-
ing (CO, is uniformly mixed in the atmosphere). In addition, it measures water
vapor, ozone, N,O, and cloud and surface temperatures.

Channel 9 of the HIRS, at a wavelength of 9.7 um, is particularly well suited for
monitoring stratospheric ozone concentration; this is a (general) window channel,
except for absorption by ozone. Thus, the radiation received by the HIRS instrument
was emitted from the Earth’s surface and not from various levels in the Earth’s
atmosphere, but it is attenuated by the ozone in the atmosphere. The less ozone,
the greater the amount of radiation reaching the satellite. A 3DU drop in lower-
stratospheric ozone produces a measurable (circa 0.2°C) increase in the brightness
temperature in this channel. It appears that, strictly speaking, what is measured is
lower-stratospheric ozone and a correction has to be applied to obtain total column
ozone (TOC). Images are now regularly produced from TOVS data giving hemi-
spherical daily values of total ozone. This means that there is now a long time series
of such data available. TOVS data have been used to determine atmospheric ozone
concentration from 1978 to the present (Neuendorffer, 1996; Kondratyev, 1997,
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1998b) and the standard deviation is approximately 7%. Nowadays, TOVS data are
also used when the more reliable TOMS data are not available (http.://www.the
ozonehole.com/20100ct.htm). Since TOVS ozone data are only sensitive to variations
in the lower stratosphere, long-term TOVS total ozone trends are, at best, only
indicative of lower-stratospheric ozone trends. An advantage of TOVS over other
systems that use solar UV radiation is that TOVS data are available at nighttime
and in the polar regions in winter. The drawbacks are that when the Earth’s surface
is too cold (e.g., in the high Antarctic Plateau), too hot (e.g., the Sahara desert), or
too obscured (e.g., by heavy tropical cirrus clouds) the accuracy of this method
declines.

Li et al. (2001) discussed the potential for using Geostationary Operational
Environmental Satellite (GOES) Sounder radiance measurements to monitor total
atmospheric ozone with a statistical regression using GOES Sounder spectral band
1-15 radiances. The advantage is the high temporal frequency of the availability of
the data. Hourly GOES ozone products have been generated since May 1998. GOES
ozone estimates were compared with TOMS TOC data and ozone measurements
from ground-based Dobson spectrometer ozone observations. The results showed
that the percentage root-mean-square (rms) difference between instantaneous TOMS
and GOES ozone estimates ranged from 4% to 7%. Also, daily comparisons for
1998 between GOES ozone values and ground-based observations at Bismarck
(North Dakota), Wallops Island (Virginia), and Nashville (Tennessee) show that
the rms difference is approximately 21 DU.

2.2.2 Laser Heterodyne Spectrometer (LHS)/Tunable Diode LHS (TDLHS)

This spectrometer measures TOC by performing observations of the ozone profiles
in the 0.9 pm region in the infrared. A laser is used as a local oscillator to direct a
narrow bandwidth beam onto a detector or photomixer. Usually a CO, laser is used
as the local oscillator, but occasionally a tunable diode laser is employed. The Sun or
the Moon acts as the source of radiation beyond the atmosphere. Radiation is
selectively absorbed by ozone or other molecular species in the atmosphere and is
detected by the spectrometer. A TDLHS system was used as a ground-based station
instrument at the University of Denver to determine TOC (McElroy et al., 1991). A
CO, and TDLHS can also be used to measure the OVP. Such measurements can be
made with a vertical resolution of 4 km, which is limited by the rate of change in the
spectral weighting functions with altitude or with lower resolution, if an insufficient
number of channels are used. The accuracy of the measurements is approximately
5-10% for column content and 10-30% for profile measurements. The precision is
approximately 2%. The advantages of the LHS over other techniques are its ultra-
high spectral resolution, high spatial resolution, high quantum detection efficiency,
and very good signal-to-noise ratio. The high resolution makes the system very
selective as interference problems due to overlapping lines or bands are minimized
(Fogal et al., 1989).
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Table 2.1. Instruments on board the PRIRODA module of the Mir Space Station.

Instrument Spectral Channels/ Swath Spatial Remarks
range Bandwidth resolution

MSU-SK 0.5-12.5um | 5/100 nm 350km | 120 x 300 m Conical scanner

MSU-E 0.5-09 um | 3/100 nm 45km 25m Pushbroom scanner

MOS-A 757-767nm | 4/1.4nm 80 km 2.7km Imaging spectrometer

MOS-B 408-1,010nm | 13/10 nm 80 km 650 m Imaging spectrometer

ALISA 532nm — 3/ 150 m LIDAR Pulse Power
(vertical) (40mlJ)

TV camera 400-750 nm — 15° 300m Color

MOMS-2P 400-750nm [4+3/80nm| 44/88km 5/16m Stereo/MS

OZON-MIR | 0.26-1 um 4 2" x 25’ — Occultation

2.2.3 OZON-MIR

The PRIRODA module of the Mir Space Station was launched in mid-1996.
This module has two instruments on board, known as OZON-MIR and ISTOK-1.
These instruments use the occultation technique to measure the concentrations of a
number of trace gases and aerosols. ISTOK-1 also has a limb emission mode,
although retrieval studies suggest that the errors in this mode are considerably
larger than in the occultation mode (WMO, 1999). The instruments and their spe-
cifications are given in Table 2.1.

2.3 INDIRECT ABSORPTION MEASURING INSTRUMENTS

For a decade or two the principal instruments for studying TOC from satellites were
the TOMS (Total Ozone Monitoring Spectrometer) and the SBUV (Solar Back-
scatter UV radiometer), although the SBUV was also capable of profiling (i.e.,
studying the OVP). TOMS is a scanning instrument that enables total ozone,
TOC, to be determined. The SBUV is a nadir-pointing profiling instrument which
enables both TOC and the vertical profile, OVP, to be determined. We consider the
TOMS first.

2.3.1 Total Ozone Mapping Spectrometer (TOMS)

At about the same time that the first TOVS was flown, the Nimbus-7 satellite was
launched and this carried, among other instruments, the first Total Ozone Mapping
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Spectrometer (TOMS). A schematic diagram of the Nimbus-7 TOMS is shown in
Figure 2.2.

The TOMS uses a similar principle to that of the Dobson spectrophotometer: it
utilizes the wavelength dependence of the Earth’s ultraviolet albedo in the Huggins
band of the ozone absorption spectrum. The TOMS uses a single monochromator
and scans across the sub-orbital track, sampling radiation backscattered from the
underlying surface and atmosphere. It uses an infrared cloud cover photometer to
avoid problems from clouds. It has six UV wavelength bands from 312.5 to 380 nm
(see Table 2.2), and TOC is inferred by utilizing the wavelength dependence of the
Earth’s ultraviolet albedo in the Huggins band of the ozone absorption spectrum.
The first four wavelength regions are used in pairs to provide three estimates of
ozone concentration by the differential absorption method, while the other two
(free of ozone absorption) are used to determine the effective background albedo.
The Temperature Humidity Infrared Radiometer (THIR) on board the satellite is
used to determine cloud locations and heights. Precision is quoted as 2% or better
(with a small drift in diffuser plate reflectance of 0.4% per year). The TOMS instru-
ment flown on the Nimbus-7 satellite and its successors have been used to measure
the global distribution of ozone. This instrument was followed by the TOMS flown
on the Meteor-3 satellite. The time that had elapsed since the Nimbus-7 TOMS was
designed and built enabled some improvements to be incorporated in the Meteor-3
TOMS.

The basic differences between the Meteor-3 TOMS (engineering model) and the
Nimbus-7 TOMS instrument were the following:

— An Interface Adapter Model (IAM) was added to make the TOMS instrument
compatible with Meteor-3, which was launched on August 15, 1991 in an orbit
with an 82.5° inclination. The orbit precessed relative to the Earth—Sun line with
a period of 212 days, unlike Nimbus-7 which had a Sun-synchronous orbit. For
two periods within this cycle the instrument was close to the terminator and this
made ozone retrieval difficult.

— Replacement of the single diffuser with a three-diffuser carousel allowed
calibration by comparison of diffusers with different rates of exposure.

— The higher altitude of Meteor-3/TOMS (1,200 km compared to 996 km for
Nimbus-7/TOMS) meant greater overlap between successive orbits for the
Meteor-3/TOMS than for Nimbus-7/TOMS.

— The Meteor-3 instrument was further improved when the diffraction grating was
replaced, the mirrors resurfaced, flight-qualified electronics added, and a solid-
state data recorder replaced the tape recorder, which had been used for Nimbus-7
and so almost no data were lost during the 3-year mission.

To obtain daily high-resolution global maps of atmospheric ozone, Meteor-3/
TOMS measured solar irradiance and the radiance backscattered by the Earth’s
atmosphere in six (1 nm) selected wavelength bands in the ultraviolet. The experi-
ment used a single monochromator and scanning mirror to sample backscattered
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Figure 2.2. (a) TOMS optical diagram and (b) the Nimbus-7 spacecraft which carried the first
TOMS instrument, before its launch in 1978 (NASA).
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Table 2.2. TOMS main characteristics (McPeters and Labow, 1996).

Spectral bands 6

Wavelengths 312.3, 317.4, 331.1, 339.7, 360, 380 nm
Bandwidth 1.0nm

Total ozone accuracy <2%

Ozone trend accuracy (goal) | 1% per decade

Sulphur dioxide accuracy +25%

Scan time 6.3s

Data rate approx. 700 bps
Mass <33kg

Power <20W

SUVR at 35 sample points at 3° intervals. It scanned the Earth in 3° steps to 51° on
each side of the sub-satellite point in a direction perpendicular to the orbital plane.

In normal operation, the scanner measured 35 scenes, one for each scanner view
angle stepping from right to left. It then quickly returned to the first position, not
performing measurements on the retrace. Eight seconds after the start of the pre-
vious scan, another scan would begin. Observations used for ozone retrieval were
made during the sunlit portions of the orbit.

The measurements made using the TOMS on board the Meteor-3 satellite began
on August 22, 1991 and ended on December 28, 1994. This system provided daily
global coverage of the Earth’s TOC by measuring backscattered Earth radiance.
These data were archived at the Goddard Space Flight Center (GSFC), Distributed
Active Archive Center (DAAC) and have been processed independently by the
Central Aerological Observatory (CAO) of the Russian State Committee on Hydro-
meteorology. There was a one-and-a-half-year overlap between Nimbus-7 and
Meteor-3 permitted an intercalibration that allows the data from the two satellites
to be used to form a continuous 16-year dataset, which can be used to study ozone
trends from November 1978 to December 1994.

A detailed description of the adaptations to TOMS for Meteor-3 is provided by
Herman et al. (1996) and pre-launch and post-launch calibrations are described by
Jaross et al. (1995). As a result of post-launch calibration it was found that there was
severe degradation of an aluminum diffuser plate deployed to reflect sunlight into the
instrument. On board Nimbus-7 severe degradation of the diffuser plate was also
observed as time passed (Wellemeyer et al., 1996). The three-diffuser system aboard
Meteor-3 reduced the exposure and degradation of the diffuser and allowed calibra-
tion by comparing signals reflected by diffusers with different rates of exposure. As
mentioned above, diffusers were arranged along the sides of an equilateral triangle
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and mounted on a carousel, so that a given diffuser could be placed into view on
demand. For Meteor-3 TOMS TOC the absolute error is £3% and the drift for 40
months is less than +1%. Meteor-3 TOMS agrees with both Nimbus-7 TOMS and
ground-based measurements to better than 1% (McPeters et al., 1996).

Of the five TOMS instruments that were built, four entered successful orbit.
Nimbus-7 and Meteor-3 provided global measurements of total column ozone on
a daily basis and together provided a complete dataset of daily ozone from
November 1978-December 1994. After an 18-month period when the program
had no on-orbit capability, ADEOS TOMS (see Section 2.3.3) was launched on
August 17, 1996 and provided data until the satellite which housed it lost power
on June 29, 1997. Earth Probe TOMS was launched on July 2, 1996 to provide
supplemental measurements, but was boosted to a higher orbit to replace the
failed ADEOS. The transmitter for the Earth Probe TOMS failed on December 2,
2006. Since January 1, 2006 data from the Ozone Monitoring Instrument (OMI, see
Section 2.3.2) has replaced Earth Probe TOMS.

Their historical and current daily and monthly data are widely available at the
NASA website http://toms.gsfc.nasa.gov Spatially, a good global coverage in TOMS
(OMI) data is combined with a high resolution of 1° by latitude and 1.25° by
longitude (McPeters et al., 1998).

In addition to ozone, the TOMS instrument measures sulfur dioxide released in
volcanic eruptions. These observations are of great importance in the detection of
volcanic ash clouds that are hazardous to commercial aviation.

2.3.2 Ozone Monitoring Instrument (OMI)

The OMI instrument mentioned above is a nadir-viewing near-UV/visible CCD
spectrometer aboard NASA’s Earth Observing System’s (EOS) Aura satellite.
Aura flies in formation about 15 minutes behind Aqua, both of which orbit the
Earth in a polar Sun-synchronous pattern. Aura was launched on July 15, 2004
and the OMI has collected data since August 9, 2004. The other instruments
flown on Aura include HIRDLS (see Section 2.5.3.8), MLS (see Section 2.5.3.4),
and TES (see Section 2.5.3.5).

OMI measurements cover a spectral region of 264-504nm with a spectral
resolution between 0.42nm and 0.63nm and a nominal ground footprint of
13km x 24km at nadir (see Table 2.3). Essentially complete global coverage is
achieved in one day. The significantly improved spatial resolution of OMI measure-
ments as well as the vastly increased number of wavelengths observed—as compared
to TOMS, GOME (Global Ozone Monitoring Experiment), and SCIAMACHY
(SCanning Imaging Absorption Spectrometer for Atmospheric Chartography)—
sets a new standard for trace gas and air quality monitoring from space. OMI
observations provide the following capabilities and features:

e mapping of ozone columns at 13km x 24km and profiles at 13km x 48 km
(a continuation of TOMS and GOME ozone column data records and the
ozone profile records of SBUV and GOME);
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Parameter

Value

Wavelength range:

UV-1: 264-311 nm
UV-2: 307-383 nm
VIS: 349-504 nm

Spectral resolution (FWHM)

UV-1: 0.63nm
UV-2: 0.42nm
VIS: 0.63 nm

Spectral sampling (FWHM)

UV-1: 1.9px
UV-2: 3.0 px
VIS: 3.0 px

Telescope FOV

115° (2,600 km on ground)

IFOV 12km x 6 km (flight direction X cross-flight direction)
Detector CCD: 780 x 576 (spectral x spatial) pixels
Mass 65kg
Duty cycle 60 minutes on daylight side
10-30 minutes on eclipse side (calibration)
Power 66 W
Data rate 0.8 Mbps (average)

measurement of key air quality components: NO,, SO,, BrO, HCHO, and
aerosol (a continuation of GOME measurements);

ability to distinguish between aerosol types, such as smoke, dust, and sulfates;
the ability to measure aerosol absorption capacity in terms of aerosol absorption
optical depth or single-scattering albedo;

measurement of cloud pressure and coverage;

mapping of the global distribution and trends in UV-B radiation;

combining processing algorithms including TOMS Version 8, DOAS
(Differential Optical Absorption Spectroscopy, see Section 1.5), hyperspectral
BUV retrievals, and forward modeling to extract the various OMI data
products;

near real-time measurements of ozone and other trace gases.

OMT’s scientific mission objectives (discussed in detail by Levelt et al., 2006) were
directly related to the Aura mission objectives. The OMI mission seeks answers to
the following questions:
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e s the ozone layer recovering as expected?

e What are the sources of acrosols and trace gases that affect global air quality and
how are they transported?

e What are the roles of tropospheric ozone and aerosols in climate change?

e What are the causes of surface UV-B change?

The OMI employs hyperspectral imaging to observe solar backscatter radiation
in the visible and ultraviolet improving the accuracy and precision of the TOC
amounts and also allow for accurate radiometric and wavelength self-calibration
over the long term. The instrument observes Earth’s backscattered radiation with
a wide-field telescope feeding two imaging grating spectrometers. It is a contribution
of the NIVR (Netherlands Institute for Air and Space Development) of Delft, in
collaboration with the Finnish Meteorological Institute (FMI), to NASA’s Aura
mission. The Dutch industrial efforts focused on the optical bench design and
assembly, thermal design, and project management. The detector modules and the
readout and control electronics were provided by Finnish industrial partners. An
extensive discussion of the OMI can be found in the OMI User’s Guide (OMI, 2009).
It can distinguish between aerosol types, such as smoke, dust, and sulfates, and
measures cloud pressure and coverage, which provide the data necessary to derive
tropospheric ozone. OMI continues the TOMS record for total ozone and other
atmospheric parameters related to ozone chemistry and climate (http://www.itc.nl/
research/products/sensordb|AllSensors. aspx).

Ozone profiles have been derived from the BUV/SBUYV series of instruments
since the 1970s. However, vertical ozone information is limited to above about 25 km
because of the selection of the 12 wavelengths used by these instruments. Using
hyperspectral OMI measurements (270-330nm), ozone vertical profiles from the
surface to about 60km are derived at high spatial resolution (13km x 48km at
nadir) and with daily global coverage. The retrieved ozone profiles agree very well
with Microwave Limb Sounder (MLS) (see Section 2.5.3.4) measurements; the
global mean biases are within 2.5% above 100 hPa and 5-10% below 100 hPa (for
further details see Liu ez al., 2010).

Veefkind et al. (2006) described an algorithm for deriving total column ozone
from spectral radiances and irradiances measured by the Aura OMI; this algorithm
is based on the differential optical absorption spectroscopy (DOAS, see Section 1.5)
technique. The main characteristics of the algorithm and an error analysis are
described. The algorithm was successfully applied to the first available OMI data
and comparisons with data from ground-based instruments were very encouraging
and clearly showed the potential of the method.

The Aura satellite that carries the OMI has the capability to directly broadcast
measurements to ground stations at the same time as measurements are being stored
in the spacecraft’s memory for later transmission to Earth. The Finnish Meteoro-
logical Institute’s very fast delivery (VFD) processing system utilizes this direct
broadcast to produce maps of total ozone and ultraviolet radiation over Europe
within 15 minutes of the satellite overpass of the Sodankyld ground station in north-
ern Finland. VFD products include maps of total ozone, ultraviolet index, and
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ultraviolet daily dose. The aim of this service is to provide up-to-date information on
the ozone and ultraviolet situation for the general public and snapshots of the
current situation for scientists. The accuracy of VFD products compares well with
standard off-line OMI ozone products and ground-based Brewer measurements
(Hassinen et al., 2008; Ialongo et al., 2008).

2.3.3 Advanced Earth Observing Satellite (ADEOS 1, II)

The Japanese ADEOS carried the fourth TOMS into orbit on August 17, 1996. It
remained in range between 10:45AM to 11:45 AM throughout the ozone data record
from September 11, 1996 to June 29, 1997. Its orbital inclination was 98.6° and the
nominal orbit altitude was 800 km with a period of 100.9 min.

The approach taken to calibrate the three diffuser plates (by examining the
differences in degradation of diffuser reflectivity resulting from the different rates
of exposure) was first used with Meteor-3 TOMS and proved to be successful. In
addition the Japanese ADEOS/TOMS is equipped with UV lamps for monitoring
the reflectivity of the solar diffusers.

For ADEOS/TOMS TOC, the absolute error was +3%, the random error is
+2%, and the drift over the 9-month data record was less than £0.5%.

The ADEOS/TOMS observations of TOC are approximately 1.5% higher than
a 45-station network of ground-based measurements (Herman et al., 1997; Krotkov
et al., 1998; McPeters and Labow, 1996; Seftor et al., 1997; Torres and Bhartia, 1999;
Torres et al., 1995).

The complementary instrumentation of ADEOS includes the Improved Limb
Atmospheric Spectrometer (ILAS), the Interferometric Monitor for Greenhouse
Gases (IMGQG), and the Retro-reflector In Space (RIS) instrument. ILAS is described
in Section 2.5.3.10. IMG is a nadir-observing Michelson-type FTS (see Sections 1.5.4
and 2.3.10) designed to measure the density profiles of CO, and H,O, total ozone
column, and mixing ratios of CHy, N,0, and CO in the troposphere. The RIS, which
is used together with laser ground stations, supports vertical profile and/or column
measurements of a small number of gases.

ADEOS-II (a Sun-synchronous orbit satellite) launched by NASDA, NASA,
and CNES in December 2002 was developed to include sensors like the Advanced
Microwave Scanning Radiometer (AMSR), an advanced microwave radiometer
developed by the National Space Development Agency of Japan (NASDA). It
was equipped with the Improved Limb Atmospheric Spectrometer-II (ILAS-II),
an improved spectrometer for measuring infrared radiation at the edge of the atmo-
sphere, which was developed by the Environmental Agency of Japan (Kondratyev et
al., 1998). The mission ended in October 2003 after the satellite’s solar panels failed
(http://www.jaxa.jp/projects/sat/adeos2|/index_e.html).

2.3.4 Solar Backscattered Ultraviolet Radiometer (SBUV)

We now move on to consideration of the SBUV instruments. The SBUV instruments
are nadir-viewing instruments that determine total column ozone and the ozone
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vertical profile by measuring sunlight scattered from the atmosphere in the ultra-
violet spectrum. As we did much earlier on in the case of temperature sounding, we
assume that the atmosphere is infinitely deep so that the ground can be neglected.

The Nimbus series of satellites, starting with Nimbus-4 in 1970, was used to
measure global distributions of ozone for seven years, using the backscattered ultra-
violet (BUV) technique, which is briefly described here. Incident solar radiation at
317.5 and 360nm passes through the ozone within the upper atmosphere and is
backscattered largely within the troposphere at altitudes below the peak in ozone
concentration. This backscattered radiation passes once again through the ozone to
the satellite. The radiation at 317.5nm is attenuated by ozone during both passages
through the atmosphere. However, measurements at the 317.5nm BUYV alone cannot
be used to determine TOC without knowledge of the varying reflectivity of the
backscattering region. In order to determine this reflectivity, the 360nm BUV
(which is not attenuated by ozone), is measured with the BUV technique. The first
synoptic global images of TOC were obtained in the sunlit hemisphere, using
the imaging instrumentation on board the Dynamics Explorer-1 (DE-1) spacecraft.
The first instrument in this series was the Backscatter Ultraviolet (BUV) instrument
which was flown on NASA’s Nimbus-4 satellite, which was launched in 1970. It was
in operation until 1977, but not continuously due to spacecraft power problems. An
improved version, the Solar Backscatter Ultraviolet radiometer (SBUV) was flown
on Nimbus-7 which was launched in 1978. This was followed by the SBUV/2 on the
NOAA-9, -11, -14, -16, and -17 satellites (see Table 2.4).

The BUV instrument is a downward-viewing double monochromator with a
Inm bandpass, which is stepped through 12 wavelength increments every 32s
through the 255-340nm spectral region. In addition, there is a separate filter
photometer with a 5nm bandpass centered at 380 nm, which is used to measure
backscattered radiance. This instrument was designed to determine the vertical
ozone profile, while measuring backscattered solar UV radiation directed vertically
upwards from the ground. Two wavelength pairs are used for measuring total ozone,
and eight short wavelengths are used to profile the ozone. The precision of this
instrument is better than 2% for zenith angles less than about 60° and clear
conditions. The accuracy is limited to approximately 6%.

The SBUV instruments—starting with the SBUV on Nimbus-7—are all of
similar design: nadir-viewing double-grating monochromators of the Ebert—Fastie
type. The instruments use 12 narrow bands in the wavelength range 0.25-0.34 um,
using sunlight or moonlight, while viewing the Earth in the fixed nadir direction
with an instantaneous field of view (IFOV) on the ground of approximately
180 km x 180 km. The spectral resolutions for the SBUV(/2) monochromators are
all approximately 1.1 nm. The wavelength channels used for Nimbus-7 SBUV were
very similar to those of the SBUV/2 (see Table 2.5), except that on Nimbus-7 channel
1 had been at 256 nm. This was moved to 252.0 nm on the SBUV/2 in order to avoid
emission in the nitric oxide gamma band that contaminated the SBUV channel 1
measurement.

The total ozone algorithm uses the four longest wavelength bands (312.57,
317.56, 331.26, and 339.89 nm), whereas the profiling algorithm uses the shorter
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Table 2.4. Satellite instrumentation for BUV ozone observa-
tions (Hilsenrath et al., 1997).

Instrumentation | Satellite Observation period
BUV Nimbus-4 1970-1975

SBUV Nimbus-7 1979-1990
SBUV/2 NOAA-9 1985-1998
SBUV/2 NOAA-11 1989-2003
SBUV/2 NOAA-14 1995—present
SBUV/2 NOAA-16 2000—present
SBUV/2 NOAA-17 2002—present
SSBUV Shuttle 8 flights, 1989-1996
TOMS Nimbus-7 1978-1993

TOMS Meteor-3M 1991-1994

TOMS Earth Probe 1996-2005

TOMS ADEOS 1996-1997
GOME ERS-2 1995—present
Aura OMI TO3 2004—present

1ASI MetOp 2006—present
GOME 2 MetOp 2006—present

wavelengths. Ozone profiles and total column amounts are derived from the ratio of
observed backscattered spectral radiance to incoming solar spectral irradiance. This
ratio is referred to as the ““backscattered albedo”. The only difference in the optical
components between radiance and irradiance observations is the instrument diffuser
used to make the solar irradiance measurement; the remaining optical components
are identical. Therefore, a change in diffuser reflectivity will result in an apparent
trend in ozone.

The Shuttle Solar Backscatter Ultraviolet Spectral Radiometer (SSBUV) was
designed and developed at Goddard Space Flight Center to calibrate the Nimbus
and NOAA instruments. It carries out measurements of ozone concentrations by
comparing solar ultraviolet radiation with that scattered back from the atmosphere.
In late 1989, the Space Shuttle Atlantis carried the instrument for the first time, in an
appropriate orbital flightpath to assess performance by directly comparing data from
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identical instruments (SBUV) on board the ~ Table 2.5. SBUV/2 wavelengths (NOAA,
NOAA spacecraft and the Nimbus-7. The ~ 2009).

Shuttle SBUV (SSBUV) was flown on
eight missions between October 1989 and
January 1996 and provided regular checks
on individual satellite instrument calibra- 1 252.00
tions. Multiple intercomparisons with

Channel Wavelength
(nm)

ground-based instruments have improved 2 273.61
data retrieval algorithms and, therefore, 3 283.10
satellite  ozone measurements have
become compatible with those of the 4 287.70
network of ground-based measurements.

.. 5 292.29
The principal purpose was to compare ob-
servations from several ozone-measuring 6 297.59
instruments on board NOAA-9, NOAA-
11, Nimbus-7, and UARS; this was 7 301.97
because of the degradation of SBUV and 3 305.87

SBUV/2 instruments in space. The quality
of in-orbit calibration depends on the 9 312.57
flight-to-flight calibration repeatability in

SSBUYV. Given accurate measurements of 10 317.56
backscattered radiance, it is necessary to 11 331.26
account for differences in solar zenith

angle and effective surface reflectivity 12 339. 89

(Heath et al., 1993) (see Section 3.2 for a
further discussion of the intercomparison
of different instruments).

A UV spectrometer was also flown aboard the EXOS-C/Ohzora satellite
(launched in February 1984) to measure backscattered UV in the wavelength
region 250-320 nm with a spectral resolution of 1 nm for the period March 1984—
September 1987 (Ogawa et al., 1989). Complete global coverage of total ozone
was obtained. However, an anomaly in the Earth’s magnetic field in the South
Atlantic affects the distribution of Van Allen radiation belts and, therefore,
these radiation levels send too much noise to the detectors. This was overcome in
the Solar Backscattered UV instrument (SBUV) by adding a 50Hz optical
chopper.

2.3.5 Global Ozone Monitoring Experiment (GOME)

GOME was launched in 1995 aboard the ESA’s Earth Resources Satellite (ERS-2) in
a polar Sun-synchronous orbit. It is a nadir-viewing multichannel spectrometer
measuring solar irradiance and upwelling radiance (backscattered from the atmo-
sphere and earthshine radiance) in the wavelength range 240-790 nm at moderate
spectral resolution (0.2—-0.4 nm). The four main channels provide continuous spectral
coverage of the wavelengths between 240 and 790 nm (channel 1: 237-314 nm,
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Figure 2.3. Schematics of GOME Optics. The GOME instrument is a four-channel
spectrometer. Adjacent to the spectrometer is a calibration unit housing a Pt/Cr/Ne hollow
cathode discharge lamp and the fore optics for solar viewing (Weber ef al., 1998).

channel 2: 311-405 nm, channel 3: 410-600 nm, channel 4: 610-790 nm) (see Figure
2.3). The instrument exploits the fact that near 260 nm the penetration depth of solar
radiation into the atmosphere strongly increases with increasing wavelength, because
at this specific wavelength the ozone absorption cross-sections have their maximum.
When radiation has a wavelength greater than about 310 nm, it penetrates the
tropopause reaching the surface. Therefore, the measurement of backscattered radi-
ation in the UV-visible region provides information about the vertical ozone
concentration profile. In general, GOME measures the TOC, ozone vertical
profile, and total column of several trace constituents, including BrO, NO,, and
ClO, and also obtains information on clouds, aerosols, and surface spectral reflec-
tance. It can measure TOC at a higher horizontal resolution than TOMS and, thus,
complements TOMS observations. Retrieval of OVP from backscattered UV—visible
spectra is based on the ‘“‘eigenvector method”, which uses a priori information
(climatological mean profile with the corresponding covariance matrix) as the origi-
nal optimal estimation approach.

Alternatively, the Full Retrieval Method (FURM), which was developed at the
Institute of Remote Sensing of the University of Bremen, can be used. This is mainly
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based on the optimal estimation approach and contains the radiative transfer code
GOMETRAN as an essential tool (Rozanov et al., 1997, 1998). An explicit treat-
ment of clouds in the retrieval algorithm based on a new GOMETRAN cloud
parameterization has been developed by Kurosu et al. (1997). An advanced radiative
transfer model, SCIATRAN, has been developed by Rozanov et al. (2002) mainly
for the retrieval of atmospheric constituents from global nadir radiance measure-
ments of the SCIAMACHY satellite spectrometer. This is a further development of
the successful GOMETRAN. SCIATRAN solves the radiative transfer equation
using the Finite Difference Method for a plane-parallel vertically inhomogeneous
atmosphere taking into account multiple scattering.

A second GOME-2 instrument was flown on MetOp-1, ESA’s first polar-
orbiting meteorological satellite which was launched on October 16, 2006.
GOME-2 on the satellites ERS-2 and MetOp 1 operates in four bands—band 1:
240 to 295 nm, band 2: 290 to 405 nm, band 3: 400 to 605 nm, band 4: 590 to 790 nm;
these are slightly different from the bands on GOME-1 (launched on April 20, 1995)
(http.//rammb.cira.colostate.edu/dev/hillger|ozone-monitoring.htm). Some early work
on comparison of its TOC data with reliable ground-based measurements recorded
by five Brewer spectroradiometers in the Iberian Peninsula was described by Anton
et al. (2009). A similar comparison for the predecessor instrument GOME/ERS-2 is
also described. The period of study was a whole year from May 2007 to April 2008.
The results show that GOME-2/MetOp ozone data are already of very good quality.
TOC values were found to be on average 3.05% lower than Brewer measurements.
This underestimation is higher than that obtained for GOME/ERS-2 (1.46%).
However, the relative differences between GOME-2/MetOp and Brewer measure-
ments show significantly lower variability than the differences between GOME/
ERS-2 and Brewer data. The dependences of these relative differences on satellite
solar zenith angle (SZA), satellite scan angle, satellite cloud cover fraction (CF), and
ground-based total ozone measurements were analyzed. For both GOME
instruments, the differences show no significant dependence on solar zenith angle.
However, GOME-2/MetOp data show a significant dependence on satellite scan
angle (+1.5%). In addition, GOME/ERS-2 differences present a clear dependence
on CF and ground-based total ozone; such differences are minimized for GOME-2/
MetOp. The comparison between the daily total ozone values provided by both
GOME instruments shows that GOME-2/MetOp ozone data are on average
1.46% lower than GOME/ERS-2 data without any seasonal dependence. Finally,
deviations of the a priori climatological ozone profile used by the satellite retrieval
algorithm from the true ozone profile are analyzed. Although excellent agreement
between a priori climatological and measured partial ozone values is found for the
middle and high stratosphere, relative differences greater than 15% are common for
the troposphere and lower stratosphere.

2.3.6 ESA ENVISAT, GOMOS

Among the many instruments on ENVISAT launched by the European Space
Agency (ESA) the Global Ozone Monitoring by Occultation of Stars (GOMOS)
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instrument is relevant to stratospheric ozone measurements (Megie et al., 1989). It is
a stellar occultation instrument onboard the ENVISAT satellite (see Bertaux et al.,
1991, 2000a,b, 2004, 2010; ESA, 2003, http://envisat.esa. int/handbooks/gomos/;
Kyrold et al., 2004) (see Section 1.7.4.1). GOMOS measurements start at an altitude
of 130 km and the first few measurements are used to determine a star’s undisturbed
spectrum (the reference spectrum). Horizontal transmission spectra are calculated
from the star spectra measured through the atmosphere and the reference spectrum.
The integration time is 0.5s, which gives an altitude-sampling resolution of 0.5-
1.6 km depending on the tangent altitude and the azimuth angle of the measurement.
GOMOS measures both during the day and night (Kyroéla ez al. 20006).

The spectral ranges of GOMOS detectors are 248-690 nm, 755-774 nm, and
926-954 nm, which make it possible to retrieve the vertical profiles of O3, NO,,
NO;3, H,0, O,, and aerosols. For Oj they are retrieved from the UV-visible spectral
range 248-690 nm. Retrieved ozone profiles have 2km vertical resolution below
30km and 3km above 40 km. Retrieval algorithm details and data quality are
discussed by Kyrold er al. (2010b) and Tamminen et al. (2010), http://envisat.
esa.int/dataproducts/gomos. Retrieved ozone distributions for 2002-2008 are
described by Kyrold et al. (2006, 2010a).

2.3.7 The Ozone Mapping and Profiler Suite (OMPS) and the NPOESS

The Ozone Mapping and Profiler Suite (OMPS) is one of the five instruments to be
included in the U.S. National Polar-orbiting Operational Environmental Satellite
System (NPOESS). For many years two parallel and rather similar, but not identical,
polar-orbiting meteorological satellite programs were run by the National Oceanic
and Atmospheric Administration (NOAA) and the DoD (Department of Defense).
NASA had also been involved, in various ways, in a variety of polar-orbiting
environmental remote-sensing programs.

NPOESS was planned as a tri-agency program with the Department of
Commerce (specifically NOAA), the Department of Defense (DoD, specifically the
Air Force), and NASA. It was designed to merge the civil and defense weather
satellite programs of the NOAA Polar Operational Environmental Satellites
(POES) series and the U.S. Department of Defense’s Defense Meteorological Satel-
lite Program (DMSP), respectively, in order to reduce costs and to provide global
weather and climate coverage with improved capabilities over the earlier systems.
NPOESS was to be the United States’ next-generation satellite system that would
monitor the Earth’s weather, atmosphere, oceans, land, and near-space environment.
NPOESS satellites were to host proven technologies and operational versions of
sensors that were under operational prototyping by NASA.

The NPOESS Preparatory Project (NPP) program aimed to bridge the gap
between the old and the new systems by flying new instruments on a satellite origin-
ally to be launched in 2005. However, the program encountered technical, financial,
and political problems leading to a delay of the launch of NPP until 2011 (NPP was
successfully launched on October 28, 2011) and of the launch of the first NPOESS
platform (C-1) until late 2014. These would each constitute delays of about five years
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from the original plan. This led to a review of the NPOESS, and as a result of this
review the White House announced on February 1, 2010 that the NPOESS satellite
partnership was to be dissolved. Two separate lines of polar-orbiting satellites to
serve military and civilian users would be pursued instead:

e The NOAA/NASA portion is called the “Joint Polar Satellite System” (JPSS).
The JPSS-1 spacecraft will be constructed by Ball Aerospace & Technologies
Corp. under a fixed price contract of $248 million with a performance period to
February 1, 2015.

e The Defense Department’s portion is called the “Defense Weather Satellite
System” (DWSS).

The existing partnership with Europe through the European Organization for the
Exploitation of Meteorological Satellites (EUMETSAT), which operates the MetOp
polar-orbiting weather satellite program, would continue.

The five-instrument suite for NPOESS includes the Visible/Infrared Imager
Radiometer Suite (VIIRS), the Cross-track Infrared Sounder (CrIS), the Clouds
and the Earth Radiant Energy System (CERES), the Advanced Technology Micro-
wave Sounder (ATMS), and the Ozone Mapping and Profiler Suite (OMPS). OMPS
was designed to monitor ozone from space. It is comprised of two sensors, a nadir
sensor and a limb sensor. Measurements from the nadir sensor are used to generate
total column ozone measurements, while measurements from the limb sensor
generate the ozone profiles of along-track limb-scattered solar radiance. OMPS
will make measurements used to generate estimates of total column and vertical
profile ozone data. These will continue the daily global data produced by the
current ozone-monitoring systems, the Solar Backscatter Ultraviolet radiometer
(SBUYV)/2, and the Total Ozone Mapping Spectrometer (TOMS), but with higher
fidelity. Collection of these data contributes to fulfilling the U.S. treaty obligation to
monitor ozone depletion for the Montreal Protocol to ensure there are no gaps in
ozone coverage.

OMPS consists of two telescopes, a nadir one and a limb one, feeding three
detectors. The instruments use a configuration of working and reference solar
diffusers to maintain calibration. The nadir sensor uses a wide-field-of-view push-
broom telescope to feed two separate spectrometers. The nadir total column
spectrometer measures scene radiance from 300 to 380nm with a resolution of
Inm sampled at 0.42nm. Measurements from this spectrometer will be used to
generate TOC with daily coverage of the sunlit Earth to continue heritage records
from the Total Ozone Mapping Spectrometer (TOMS). The performance specifica-
tions for total column ozone Environmental Data Records (EDRs) from OMPS
Nadir Mapper measurements are identified in table 2 of Flynn er al. (2009). The
NPOESS algorithm is an extension of the TOMS Version 7 total ozone algorithm
(McPeters and Labow, 1996). It uses multiple triplets of measurements: one chosen
for ozone sensitivity, a second chosen to give an estimate of cloud and surface
reflectivity, and a third to estimate the variation of reflectivity with wavelength.
The triplets used in the final ozone estimates are selected so that the ozone-sensitive
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channels maintain sensitivity to the column as the solar zenith angle and column
amount vary.

The OMPS nadir telescope also feeds a nadir profile grating spectrometer. It will
measure from 250 to 310nm with a 1.1 nm FWHM bandpass and 0.4 nm sampling
and a 250 by 250 km? nadir-only FOV. These measurements will be used to continue
the SBUV/2 ozone profile record. Ozone profile estimates will be obtained from the
Version 8 SBUV/2 ozone profile retrieval algorithm with adaptations to use the
increased number of wavelengths present in OMPS Nadir Profiler measurements.
The OMPS limb sensor measures along-track limb-scattered solar radiance with
I km vertical sampling in the spectral range from 290 to 1,000 nm. Three vertical
slits sample the limb spaced at 250 km cross-track intervals to provide for weekly
global coverage. The limb instrument will be flown as an experimental component on
the NPP mission but is not currently manifested for future NPOESS satellites. The
capabilities and complexities of retrieving ozone profiles from limb measurements
are analyzed by Loughman et al. (2005).

2.3.8 Ozone Dynamics Ultraviolet Spectrometer (ODUS)

This is a Japanese ultraviolet instrument measuring ozone and several other species
(e.g., O3, SO,, and NO, in urban polluted air, BrO, and OCIO, aerosols) in the
troposphere and stratosphere. ODUS uses techniques similar to those used by
TOMS and GOME (see Sections 2.3.1 and 2.3.5) launched on the GCOM-AI
platform (2007-2012).

2.3.9 Ozone Layer Monitoring Experiment (OLME)

This instrument consists of UV cameras using both charge-coupled devices and UV
photodiode detectors. It was flown aboard Chile’s FaSAT Bravo satellite in 1997 and
measured ozone in the Antarctic and sub-Antarctic regions of Chile. Another
instrument, the OM-2 (developed in Israel), uses filters for the measurement of
total ozone and the ozone vertical profile aboard the Isracli Techsat-1 satellite
(Parnes, 1992).

2.3.10 Interferometric Monitor for Greenhouse Gases (IMG)

This is a Michelson-type interferometer which was launched on August 17, 1996 on
the Japanese ADEOS platform. This instrument monitors IR spectra (3.3—14 um)
from the Earth’s surface and the atmosphere, observing with a nadir view. For data
inversion the atmospheric temperature profile is needed in order to retrieve the total
amounts of O3, CO, and CHy, and a few points of the vertical profile. For these data
an inversion algorithm based on neural network techniques is currently used (Hadji-
Lazaro et al., 1998).
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2.3.11 Infrared Atmospheric Sounding Interferometer

This instrument is a Michelson-type interferometer providing spectra between 3.4
and 15.5 um, with an apodized resolution of 0.5cm™! (Hadji-Lazaro et al., 1998).
The total amount of ozone under cloud-free conditions is measured with a horizontal
resolution of 25 km and an accuracy of 5%. It was launched on October 19, 2006 on
the satellite MetOp-1.

Let us briefly discuss some results illustrating TOC observations (some more
results will be considered in Chapter 3).

2.4 OBSERVED VARIABILITY IN TOTAL OZONE COLUMN

The TOC is characterized by significant spatiotemporal variability. As far as
temporal variability is concerned, it consists of large periodic and aperiodic com-
ponents. Periodic variations have timescales ranging from day-to-day changes,
through seasonal and annual variations, to an 11-year solar cycle. Aperiodic varia-
tions include the irregular Quasi-Biennial Oscillation (QBO) with a period of roughly
26-30 months, the irregular El Nifio Southern Oscillation (ENSO) with a period of
4-7 years, and other interannual signals. Ozone trends are important phenomena
that will be considered in Chapters 4 and 6.

As far as spatial variability is concerned, it is characterized by latitudinal and
longitudinal dependence. Satellite systems for studying atmospheric ozone have the
advantage that they provide frequent (near) gobal coverage, whereas traditional
ground-based and ozonesonde measurements only provide data at a small number
of locations. As we shall see in Chapter 3, the algorithms that are used in processing
satellite data need to be validated and refined by comparison with the results of more
conventional measurements. In the meantime we discuss the spatial variations in
TOC that are revealed by satellite data.

2.4.1 Latitudinal variation of TOC

A very important feature of global TOC distribution is the strong latitudinal
gradient with lower values over the equator and tropics and higher values over
mid and high latitudes. This gradient is characterized by a well-pronounced
annual cycle, reaching a maximum in spring and a minimum in autumn. The
amplitude of this annual cycle is a function of latitude, with a maximum at about
60° north and south latitude (Varotsos et al., 2000). In the tropics seasonal variations
are small, with ozone maxima in summer. Such a latitudinal distribution results from
the relatively long lifetime (months to years) of ozone in the lower stratosphere and
the Brewer—Dobson circulation that transports stratospheric ozone from the tropics
toward the poles and downwards at high latitudes.

Bojkov and Fioletov (1995), based on re-evaluated TOC observations from over
100 Dobson and filter radiometer stations from pole to pole, presented the following
TOC trend results:
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— Up to 1995 TOC continued its decline (which started in the 1970s), with
statistically significant year-round and seasonal trends except over the equatorial
belt.

— The cumulative year-round TOC reduction over the 35°—60° belts of both
hemispheres since the early 1970s is close to 8%. In the southern mid-latitudes,
it is difficult to distinguish the seasonal dependence of TOC trends, while the
cumulative decline in the northern mid-latitudes in winter and spring is about 9%
and 4-6% for summer and autumn.

— Observations from 12 Dobson polar stations have demonstrated that the
northern polar region shows the same ozone decline as northern mid-latitudes
or even a slightly stronger one (the cumulative decline is about 7% year-round
and 9% for winter and spring). In the southern polar region the December—
March trend is also nearly the same as the mid-latitude trend reaching about
10%, while during September—November the decline reaches 40%.

— The eruption of Mount Pinatubo in 1991 did not significantly influence overall
declining TOC trends.

— TOC trends are likely to continue until the peak levels of chlorine are reached in
the stratosphere.

It appears that more recent volcanic eruptions than Mount Pinatubo have no long-
term effects on TOC (Clarisse et al., 2008; Flentje et al., 2010).

The TOC trends for various geographic regions for January 1979 to March 1995
are shown in Table 2.6 (Bojkov and Fioletov, 1998).

The afore-mentioned results provide the observed TOC variability which
marked the beginning of the TOC depletion phenomenon. Nowadays, according

Table 2.6. TOC trends for January 1979 to March 1995 for five regions of northern mid-
latitudes, the Arctic, and Antarctica (Bojkov and Fioletov, 1998).

Trend
(%/decade)

Year Dec—Mar. | May—Aug. | Sep.—Nov.

North America (36°-60°N) —42+1.4|—-45+22|-454+19| -2.6+14
Europe (40°-60°N) —48+1.6| —74+32 | —-43+£19| -1.7£2.0
European Russia (45°—60°N) —44+16 | —-63£30|-28+19| -2.1+1.38
Western Siberia (50°-60°N) —58+1.7|-82£3.1|-3.6£19 | -3.6+2.1

Eastern Siberia and Far East (43°-62°N)| —6.4+1.7 | = 7.8 £23 | —=524+24 | —=5.74+22

Arctic (60°—80°N) —53+£1.7| -77£32| -38£19| -2.5+2.2

Antarctica (65°-90°S) —54+3.0 —22+4+8
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to the recent scientific ozone assessment (WMO, 2010a), the average total ozone
values in 2006-2009 remain at roughly 3.5% and 2.5% below the 1964-1980
averages, respectively, for 90°S-90°N and 60°S-60°N. Mid-latitude (35°-60°)
annual mean TOC amounts in the Southern Hemisphere (Northern Hemisphere)
over the period 2006-2009 have remained at the same level as observed during 1996—
2005: at ~6% (~3.5%) below the 1964-1980 average. The TOC decline in Arctic
winter and spring between 2007 and 2010 has been variable, but has remained in a
range comparable to the values prevailing since the early 1990s. In addition, spring-
time Antarctic TOC losses continue to occur every year. Although ozone losses
exhibit year-to-year variations that are primarily driven by year-to-year changes in
meteorology, the October mean TOC within the vortex has been about 40% below
1980 values for the past 15 years. In other words, the springtime Antarctic TOC does
not yet show a statistically significant increasing trend.

As far as the future projection is concerned, the global annually averaged TOC
is expected to return to 1980 levels before the middle of the century and before
stratospheric halogen loading returns to 1980 levels. Global (90°S-90°N) annually
averaged TOC will likely return to 1980 levels between 2025 and 2040, well before
the return of stratospheric halogens to 1980 levels between 2045 and 2060. Simulated
changes in tropical TOC from 1960 to 2100 are generally small.

Chandra et al. (1996) and Varotsos et al. (1997a, b), using measurements of TOC
by Nimbus-7 TOMS version 7, suggested that trends over the latitudes centered at
40°N in the Northern Hemisphere vary from —3 to —9% per decade during winter
and within —2 to —3% per decade during summer.

To account for the effects of dynamical perturbations on TOC Chandra et al.
(1996) used tropospheric or stratospheric temperature as an index of dynamical
variability. Figure 2.4 depicts the relative changes in regional and local trends,
with respect to zonal mean trends. The regional and zonal trends chosen correspond
to the Mediterranean region (35-45°N, 0-30°E) and Athens, Greece (38°N, 24°E).
This figure also shows the ranges (shaded area) in seasonal trends over the longitude
circle at 40°N derived from TOMS data. Figure 2.4a is based on the linear regression
model which includes the QBO signal (based on the 30 hPa Singapore zonal wind)
and the solar cycle signal (based on F10.7 radio emission flux at the wavelength
10.7 cm). Figure 2.4(b) shows the results of using the lower stratosphere (50-150 hPa)
temperature from channel 4 of the Microwave Sounding Unit (MSU) on the NOAA
series of polar-orbiting meteorological satellites (Randel and Cobb, 1994). Figure
2.4(c) shows the results of using 500 hPa data from the National Meteorological
Center (NMC) analyses.

From Figure 2.4 it can be seen that, for most of the data, the Athens and
Mediterranean values are very close to one another (see also Section 3.2). They
also generally follow the 40°N zonal mean derived from TOMS data. Thus, taking
the effects of dynamical perturbations on TOC trends into account, it seems plaus-
ible to use tropospheric or stratospheric temperature as an index of dynamical
variability. The use of temperature has an additional advantage, since the effects
of the QBO and to some extent the F10.7 (or UV radiation) are implicitly included in
temperature changes (Chandra et al., 1996).
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Figure 2.4. Monthly trends in total ozone in the Mediterranean region and at Athens compared
with the trends derived from zonally averaged data. Also shown in this figure is the range of
variability in seasonal trends over the latitude circle centered at 40°N (shaded). The regression
models in the three panels contain (a) QBO and solar cycle terms, (b) lower-stratospheric
temperature (MSU) term, and (c) the NMC 500 hPa temperature (Chandra et al., 1996).

Inspection of Figure 2.4 suggests a significant difference in both zonal and re-
gional trends according to season even though relative differences between the
Mediterranean and the zonal mean trend do not vary significantly. In general,
TOC trends are reduced by 1 to 3%, as a result of using the MSU temperature as
a proxy for dynamical variability. This is mainly due to negative trends in lower-
stratospheric temperature, which vary from —1.5 to —2 K per decade during winter
(Chandra and Stolarski, 1991; Randel and Cobb, 1994). Similar analysis using the
National Meteorological Center (NMC) temperature results in a smaller change in
TOC trends of 1% or less. This is probably due to the positive trend of about 0.4 to
0.8 K during the same period in the 500 hPa temperature time series.

The afore-mentioned phase change in the trend of temperature from the
troposphere to the stratosphere is consistent with the changes in stationary wave
patterns suggested by Hood and Zhou (1998).
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Figure 2.5. A cross-section of monthly trends in column ozone over the latitude belt 35°N—
45°N derived from the 13 years of Nimbus-7 TOMS measurements (version 7). The trend values
are given in % per decade. Negative and positive longitudes correspond to west and east
longitudes, respectively (Varotsos et al., 1997a).

2.4.2 Longitudinal variation of TOC

Re-examination of the influence of interannual variability on satellite-derived trends
in total ozone during winter and spring confirms that dynamical perturbations in the
atmosphere cause large longitudinal spread in total ozone trends at mid-latitudes
(Varotsos and Kondratyev, 1998a).

Figure 2.5 is a cross-section of TOC trends (% per decade) as a function of the
month of the year and longitude from 180°W to 180°E in the region covering the
latitude band from 35°N to 45°N (centered at 40°N). This figure shows negative
trends in all seasons over the entire latitude belt centered at 40°N and is generally
consistent with the pattern discussed by Chandra et al. (1996). The trends vary from
—1to —2% per decade during summer to —2 to —6% per decade during winter. The
20 uncertainties associated with these trends are in the range of 2 to 3% in summer
and 3 to 6% in winter. Chandra et al. (1996), using the same analysis but with
version 6 TOMS data, found that the trends vary from —2 to —3% per decade
during summer to —3 to —9% per decade during winter.

2.5 SATELLITE INSTRUMENTATION FOR OVP OBSERVATIONS

Satellite-based techniques and instruments for OVP observations are presented in
this section. Note that the satellite-based solar occultation technique and satellite-
based nadir measurements have important advantages over ground-based measure-
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ments, because they provide near-global distributions, as opposed to point measure-
ments from ground-based in situ techniques. It is self-calibrating because
unattenuated sunlight is measured during each event allowing data to be normalized
to extra-atmospheric values. The longer absorption path in the limb geometry
provides higher sensitivity than that from nadir-looking geometry. Moreover,
higher vertical resolution is inherent in this technique because most of the absorption
occurs at the tangent altitude. Finally, this technique simplifies data interpretation
because the Sun is used as a constant background source.

Note that the first instrument used to measure ozone in the 55-85 km region was
a UV spectrometer and polarimeter onboard the Solar Maximum Mission spacecraft
launched in February 1980. This used the technique of solar occultation in the UV
region by the Earth’s limb. The first attempts at satellite occultation sounding were
conducted from Soviet manned spacecraft (Kondratyev, 1972, 1998b; Kondratyev et
al., 1996). The Russian Ozone and Aerosol Fine Structure (OZAFS) experiment
obtained a few ozone profiles from satellite occulation sounding aboard the Soviet
Salyut-7 orbiting station in 1965.

2.5.1 Direct-absorption measuring instruments

A few instruments use the Beer—Lambert—-Bouguer law to determine ozone
concentration by directly measuring the absorption features of ozone either within
a path defined by the instrument or by using an extraterrestrial source (i.e., the Sun).
The main advantage of direct absorption measuring instruments is that in the data-
processing algorithm only a few assumptions have to be made regarding quantities
that are not directly measurable. However, their main disadvantage is the uncer-
tainty of the absorption cross-section and also the limited signal-to-noise ratio at the
extreme measurement range.

In general, direct absorption measuring instruments are divided into two groups
according to the source of the radiation they use. Those instruments that rely on an
external radiation source (i.e., the Sun or the Moon) are called “passive’ instruments
(i.e., optical ozonesondes, IR spectrometers, and the laser heterodyne spectrometer).
Passive instruments usually measure an average molecular density along the
atmospheric path (observing at sunrise or sunset from above the atmosphere or
descending through the atmosphere).

Instruments with their own radiation sources are called “‘active” instruments
and include the source, the atmospheric path length, the collector, the aperture,
the spectral analyzer, the detector, the signal chain, the data storage unit, and the
instrument controller (i.e., DIAL, UV photometer).

2.5.1.1 Stratospheric Aerosol and Gas Experiment (SAGE)

The SAGE instruments are satelliteborne multichannel radiometers that measure
gas extinction profiles using solar occultation. SAGE I was launched aboard the
dedicated Applications Explorer Mission-2 (AEM-2) in February 1979 and operated
for 34 months until November 1981, when the spacecraft’s electrical system failed.
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SAGE II was launched on the Earth Radiation Budget Satellite (ERBS) in October
1984 and globally monitored the vertical distribution of stratospheric aerosols,
ozone, water vapor, and nitrogen dioxide, by measuring the extinction of solar
radiation through the atmosphere during ERBS solar occultations (Mauldin ez al.,
1985, 1986). Both SAGE I and SAGE II are in approximately 600 km circular orbits
with inclination angles of 56 and 57°, respectively. They measure the absorption of
sunlight by ozone with four channels (SAGE 1), at 0.385, 0.45, 0.6 and 1.0 um
wavelengths at spacecraft sunrise and sunset (solar occultation geometry). The
0.6 um channel is used to measure stratospheric ozone by using the Chappuis
band. The 0.45 pm channel is used to measure the concentration of stratospheric
NO,, and the other two channels are used to determine aerosol optical depth.
Vertical resolution is approximately 1 km for altitudes above 10 km. SAGE II is a
seven-channel instrument and—in addition to ozone, NO,, and aerosols—it meas-
ures water vapor concentrations. It makes measurements up to 65km as against
55km for SAGE 1. The extra channels enable better corrections for aerosols to be
made. SAGE III is an improved version with higher spectral resolution, greater
spectral wavelength coverage, and a lunar occultation capability, which allows for
a broader range of latitudes (than that of solar occultation) and for the measure-
ments of NO; and ClO,. It relies upon the flight-proven designs used in the
Stratospheric Aerosol Measurement (SAM I) and the first and second SAGE instru-
ments. In SAGE III (for the Earth Observing System Program) the filters are
replaced by a spectrometer, a diode array is used for detecting radiation in the
various wavelength regions, and the spectral range is extended to 1.55 pm for ob-
servation of aerosols with larger particles and aerosols near the Earth’s surface. This
configuration enables SAGE III to make multiple measurements of absorption feat-
ures of target gaseous species and multiwavelength measurements of broadband
extinction by aerosols from the middle troposphere through the stratosphere. By
making these measurements in the correct color region, SAGE III produced accurate
profiles of ozone or water vapor (NASA). One SAGE-III instrument was launched
on board the Russian spacecraft METEOR 3M in 1998 (polar Sun-synchronous
orbit), and another was launched from Baikonur, Russia, on December 10, 2001
for installation on the International Space Station (51.5° inclination orbit).
Regarding precision and accuracy, the major uncertainty in the ozone
concentrations measured by either SAGE I or SAGE II is Chappuis band ozone
absorption cross-sections and their temperature dependences, which are estimated
to give a 6% uncertainty. The measurement precision of SAGE II is 4-7% in the
15-52 km altitude range, becoming 20% at 60 km and 50% at 10 km. When statis-
tical and systematic uncertainties are combined, accuracy is better than 10% for
heights between 15 and 52km. Figure 2.6 shows the differences between ozone
measurements made by various different systems and by SAGE-II (WMO, 1999)..

2.5.1.2 Atmospheric Trace Molecule Spectroscopy (ATMOS)

The first chemically comprehensive set of space-based measurements was made by
the ATMOS instrument, an infrared occultation interferometer. This instrument
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Figure 2.6. Trends of differences (i.e., drifts) between ozone measurements made by various
ozone-profiling instruments and SAGE-II, in % per year [(Sounding — SAGE-II)/SAGE II].
The trends of ozonesondes, lidar, and Umkehr differences are presented as averages for eight
northern mid-latitude sounding stations. The trends of satellite differences are presented as
global means. Average differences are indicated by dots, and bars represent the 99% confidence
interval of drift estimation. The entries for SBUV are for SBUV/SAGE II comparison; the
entries for SBUV* are for SBUV/combined SAGE I and SAGE II comparison (WMO, 1999).

uses a Fast Fourier Transform (FFT) interferometer, which operates in the near and
mid-infrared region of the spectrum to detect many molecular constituents in the
upper atmosphere and to measure their vertical and horizontal distributions. It was
first flown aboard the Shuttle Challenger (as a part of Spacelab 3) in April-May 1985
and measured solar radiation at sunsets and sunrises (as seen from the orbiter).
Twenty occultations were recorded from this experiment and these produced simul-
taneous concentration profiles for a large number of minor upper-atmosphere
species, several of which had not previously been observed. Simultaneity of observa-
tions is a very important aspect in the study of the highly interactive nature of
photochemical processes. Subsequent flights of the ATMOS instrument (March
1992, April 1993, November 1994) extended ATMOS coverage to the tropics and



110 Satellite systems for studies of atmospheric ozone [Ch. 2

high latitudes and were used for trend determination by comparison of the mid-1985
and late-1994 observations (Grant, 1989).

2.5.1.3 Polar Ozone and Aerosol Monitor (POAM)

The POAM II instrument is a satelliteborne multichannel radiometer similar to
SAGE II. It was carried onboard the Systéme Pour 1’Observation de la Terre
(SPOT-3) satellite in an orbit similar to that of the SAM-II sensor on the
Nimbus-7 satellite (i.e., a Sun-synchronous 98° inclination, 833km orbit with a
10:30LT equatorial crossing time). In normal operation, it provided for Southern
Hemisphere observations much closer to the South Pole, extending to 88°S at the
vernal equinox from October 15, 1993 until November 14, 1996. It is a solar occulta-
tion instrument with nine narrowband channels between 352 and 1,060 nm that
retrieve stratospheric ozone, aerosol extinction, NO,, and water vapor (Glaccum
et al., 1996). Its ozone profiles were used to study the breakup of the 1993 Antarctic
polar vortex (Bevilacqua et al., 1995), polar vortex dynamics during the 1994 and
1995 northern winters (Randall ez al., 1995), and polar mesospheric clouds in the
Southern Hemisphere (Debrestian et al., 1997; Fromm et al., 1997).

One POAM instrument called the “Orbiting Ozone and Aerosol Monitor”
(OOAM) flew on a 45° inclination orbit in the summer of 1997. Another POAM
IIT instrument flew in early 1998 on the French SPOT-4 satellite in a polar Sun-
synchronous orbit observing ozone at the wavelength of 0.603 um.

2.5.14 Halogen Occultation Experiment (HALOE)

This instrument (Figure 2.7) was flown on the Upper Atmosphere Research Satellite
(UARS) covering two longitude sweeps each day (15 profiles each): one at the
latitude of sunsets and one at the latitude of sunrises. Each sunrise or sunset
observation is separated by 1.6 hr and 24° longitude. It has eight infrared channels(-
from 2.45 to 10.01 pm): four are broadband (60~120 cm ™) filter radiometer channels
for CO,, H,0, O3, and NO, and four are gas filter correlation radiometer channels
for HF, HCI, CH,, and NO.

The HALOE instrument uses the principle of the satellite solar occultation
technique, and the measurement principle is based on both gas filter correlation
radiometry and broadband filter radiometry (Figure 2.7). In the first technique
incoming radiation is split into different channels for each species and passed
through a narrowband filter; it is then further split into two paths for each
species. One path includes a cell containing the gas to be measured.

As the atmosphere passes in front of the Sun, the path containing the cell will
see little change in absorption, because the appropriate portion of the Sun’s spec-
trum is already absorbed by the gas in the cell. The conventional broadband
technique is described in other sections describing other instruments (e.g., LIMS
in Section 2.5.3.1). The vertical resolution for the retrievals of aerosol, NO,, H,O,
and O; is 2km. The accuracy for ozone-mixing ratios is estimated to be 10-15% in
the mid-stratosphere, with a decrease in accuracy above and below this region
(Grant, 1989).
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Figure 2.7. HALOE instrument (NASA, 1986).

Data obtained from the Halogen Occultation Experiment (HALOE) on board
the Upper Atmospheric Research Satellite (UARS) during the period 1992-2004 have
been analyzed by Fadnavis and Beig (2010) to study the effect of the 11-year solar
cycle using a multifunctional regression model. The effects on ozone were analyzed
over the 0-30°N and 0-30°S belts. The solar effect on ozone was found to be
significant in most of the stratosphere: 2+ 1.1 to 4+ 1.6%/100 sfu (solar flux unit).
It is negligible in the lower mesosphere whereas it is of the order of 5%/100 sfu in the
upper mesosphere. These observed results were in reasonable agreement with model
simulations.

Stellar occultations obtained by the Solar—Stellar Irradiance Comparison
Experiment (SOLSTICE) on board UARS are also used to study the ozone
concentration in the mesosphere between 55 and 85km (de Toma ef al., 1998).

2.5.1.5 SunPhotometer Earth Atmosphere Measurement (SPEAM)

This Canadian instrument was flown on the U.S. Space Shuttle Challenger in
October 1984 and provided observations at 315 and 324 nm at 63.34°S, 81.96°E,
from which OVPs are inferred. Observations started several minutes before the
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occultation time. The instrument was manually pointed at the Sun through the
quartz window, and this was maintained until the occultation was over. The small
size of the instrument, and the fact that it can be returned to the laboratory for
calibration between flights, make this technique very useful. It was also flown on the
Space Shuttle in 1992 making measurements of O3, NOs, and NO,. It was actually a
dual-wavelength interference filter sunphotometer, similar to the commercial single-
channel device, formerly used in the Canadian solar radiation network. The flight
version of it (STS 41-G) differs from its conventional ground-based version in that it
can observe simultancously at two different wavelengths (McElroy et al., 1991).
SPEAM made measurements as a part of a Canadian payload aboard two Space
Shuttle flights: STS-41G in October 1984 and STS-52 in October 1992.

2.5.1.6 The Atmospheric Chemistry Experiment (ACE)

One of the newest satellites for solar occultation studies is the Atmospheric
Chemistry Experiment (ACE) developed for remote sensing of the Earth’s atmo-
sphere. This Canadian-led satellite mission, also known as SCISAT-1, was launched
on August 12, 2003. There are two instruments on board the spacecraft that provide
vertical profiles of ozone and a range of trace gas constituents, as well as temperature
and atmospheric extinction due to aerosols. The ACE Fourier Transform Spectrom-
eter (ACE-FTS) measures in the infrared (IR) region of the spectrum and the
Measurement of Aerosol Extinction in the Stratosphere and Troposphere Retrieved
by Occultation (ACE-MAESTRO) operates in the UV /visible/near-IR.

The main objective of the ACE mission was to understand the global-scale
chemical and dynamical processes that govern the abundance of ozone from the
upper troposphere to the lower mesosphere, with an emphasis on chemistry and
dynamics in the Arctic. SCISAT, the platform carrying the ACE-FTS and ACE-
MAESTRO, is in a circular low-Earth orbit, with a 74° inclination and an altitude of
650 km. From this orbit, the instruments measure up to 15 sunrise (hereinafter SR)
and 15 sunset (hereinafter SS) occultations each day. Global coverage of the tropical,
mid-latitude, and polar regions (with the highest sampling in the Arctic and
Antarctica) is achieved over the course of one year and the ACE measurement
latitude pattern repeats each year.

The primary instrument for the ACE mission, the ACE-FTS (Figure 2.8), is a
successor to the Atmospheric Trace MOlecule Spectroscopy (ATMOS) experiment,
an infrared FTS that operated during four flights on the Space Shuttle (in 1985,
1992, 1993, and 1994). ACE-FTS measures high-resolution (0.02cm ') atmospheric
spectra between 750 and 4,400 cm ™! (2.2-13 pm). This sensor uses the solar occulta-
tion technique to determine the profiles of atmospheric trace gases, temperature
pressure, and aerosols. A feedback-controlled pointing mirror is used to target the
center of the Sun and track it during the measurements. Typical signal-to-noise
ratios are more than 300 from 900 to 3,700cm™'. From the 650 km ACE orbit,
the instrument’s field of view (1.25mrad) corresponds to a maximum vertical
resolution of 3-4km. The vertical spacing between consecutive second ACE-FTS
measurements depends on the satellite’s orbital geometry during occultation and can
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Figure 2.8. The ACE-FTS instrument (interferometer side) (http://www.ace.uwaterloo.ca/
instruments_acefts.html).

vary from 1.5 to 6 km. The altitude coverage of the 20 measurements extends from
the cloud tops to 100—150 km.

The Measurement of Aerosol Extinction in the Stratosphere and Troposphere
Retrieved by Occultation (ACE-MAESTRO) is a dual-grating diode array spectro-
photometer that extends the wavelength range of ACE measurements into the
near-IR to UV spectral region (Figure 2.9). It records over a nominal range of
400-1,010 nm with a spectral resolution of 1.5-2nm for its solar occultation meas-
urements. The forerunner of the ACE-MAESTRO is the Sun Photo Spectrometer
instrument which was used extensively by Environment Canada as part of the NASA
ER-2 stratospheric chemistry research program. ACE-MAESTRO uses the same
Sun-tracking mirror as the ACE-FTS, receiving 7% of the beam collected by the
mirror. The ACE-MAESTRO instrument’s vertical field of view is 1 km at the limb
(Figure 2.9). Observation tangent altitudes range from the surface to 100 km with a
vertical resolution estimated at better than 1.7 km.

The processing of ACE-MAESTRO version 1.2 occultation data is done in two
stages and is described by McElroy et al. (2007). In summary, the raw data are
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Figure 2.9. Photograph of the MAESTRO instrument, showing occultation (solar) and
backscatter viewing ports (McElroy et al., 2007).

converted to wavelength-calibrated spectra, corrected for stray light, dark current,
and other instrument parameters in the first step. The corrected spectra are then
analyzed by a non-linear least squares spectral-fitting code to calculate slant path
column densities for each spectrum, from which the vertical profiles of O; and NO,
volume-mixing ratios are subsequently derived. The retrieval algorithm does not
require any a priori information or other constraints. The inversion routine uses
the pressure and temperature profiles and tangent heights from the ACE-FTS
data analysis to fix the tangent heights for ACE-MAESTRO. Vertical profiles for
the trace gases are determined by adjusting an initial guess (high vertical resolution
model simulation) using a non-linear Chahine relaxation inversion algorithm. The
final profiles are provided both on the tangent grid and interpolated onto a 0.5km
spacing vertical grid (Dupuy et al., 2009).

2.5.1.7 Upcoming ESA Mission

PREMIER (PRocess Exploration through Measurements of Infrared and millimeter
wave Emitted Radiation) is one of the three candidate Earth Explorer mission
concepts to progress to the next phase of consolidation. Following a further
down-selection, this will lead to ESA’s seventh Earth Explorer mission envisaged
to be launched around 2016.

The PREMIER candidate mission aims to quantify the processes that control
the composition of the mid to upper troposphere and lower stratosphere—which
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equates to 5-25 km above the surface of the Earth. This region of the atmosphere is
particularly important for climate studies because it is where the atmosphere cools to
space and where it is most sensitive to changes in the distribution of radiative gases
and clouds. Through the transport of water vapor, ozone, methane, clouds, and
aerosols, this region is host to numerous important interactions between the
composition of the atmosphere and climate.

PREMIER will address these issues by measuring temperature, water vapor, and
a large number of trace gases such as ozone and methane at high spatial resolution.
The proposed mission concept employs two innovative instruments: an infrared-
imaging spectrometer and the first millimeter wave sounder optimized for the
upper troposphere. These instruments are based on proven heritage used on
earlier missions such as the millimeter wave radiometer on the Swedish Odin
satellite, which is now an ESA Third Party mission, and the MIPAS (Michelson
Interferometer for Passive Atmospheric Sounding) instrument on ENVISAT.

The payload complement of PREMIER consists of two instruments observing
the limb of the Earth: (a) the Millimeter Wave Limb Sounder (MWLS) and (b) the
Infra-Red Limb Sounder/Cloud Imager (IRLS/IRCI).

The Millimeter Wave Limb Sounder (MWLS) concept description is based on
the STREAMR instrument concept being developed by the Swedish Space
Corporation within the framework of the dedicated Swedish National Program.

The STREAMR instrument is designed to provide spatially well-resolved
(1-2km vertically and 50km horizontally) information on the distribution of
Upper Troposphere/Lower Stratosphere (UT/LS) key constituents such as water
vapor, ozone, and carbon monoxide on a global scale using bands in the
310-360 GHz spectral region. The STREAMR measurement concept is based on
tomographic multibeam limb sounding in the orbital plane using Schottky diode
heterodyne detectors. The instrument observes the limb at 14 tangent altitudes
simultaneously with a staring view concept.

An offset antenna system receives thermal radiation from the atmospheric limb.
Additional optical elements fold the path and refocus the beams on the focal plane.
Calibration devices can be viewed by rotating a switch mirror close to the secondary
aperture stop. A second rotating mirror selects the calibration source from one of
two cold-sky views: a temperature-controlled warm load or a sideband filter to
calibrate the sideband ratios.

Individual mirror—horn combinations couple the signals to the waveguides of the
14 sub-harmonically pumped Schottky mixers integrated with low-noise amplifiers.
The down-converted signals in the 9 to 21 GHz spectral region are distributed after
amplification to a set of autocorrelation spectrometers and divided into six separate
units to simplify thermal control.

The Infra-Red Limb Sounder and Cloud Imager (IRLS/IRCI) instrument is a
Fourier transform spectrometer combining the functions of spectrometry and
imagery. The IRLS provides two mutually exclusive measurement modes: the atmo-
spheric Chemistry Mode, featuring the highest spectral resolution to observe minor
trace gases, and the atmospheric Dynamics Mode, providing a higher spatial
resolution in order to resolve finer atmospheric structures. The IRCI must work
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continuously, acquiring images at a high spatial resolution in the same spectral
ranges as the IRLS but with a reduced spectral resolution (10-20cm ).

The spectral range of the IRLS covers two bands: band A (770-980cm™' or
10.2-13 ym) and band B (1070-1650 cm ™" or 6.0-9.4 pm). The spectral resolution is
0.2cm~ ! and 1.25cm ™! in the chemistry and dynamic modes, respectively.

The IRLS measures limb radiance at vertical spatial-sampling intervals of 2 km
and 0.5km in the chemistry and dynamic modes, respectively. Radiance from the
limb enters the instrument via a pointing mirror, which is also used to view cold
space, and a flat or cavity blackbody for calibration. After beam size adaption in the
afocal telescope, a Michelson interferometer produces interferograms, which are
acquired by two detector arrays after band splitting by a dichroic filter. A laser
metrology system, using a diode laser or a Nd:YAG laser, monitors the path
difference between the two arms. The detectors are cooled to 55K with Stirling
cycle or pulsed tube coolers, with the possibility of operating the band B detectors
at a slightly higher temperature (ESA, 2008).

2.5.2 Scattering-measuring instruments
2.5.2.1 Shuttle Ozone Limb Sounding Experiment (SOLSE)

The SOLSE is an ozone-measuring payload which was flown on board the Space
Shuttle in the autumn of 1997 and included two UV instruments (Section 2.5.2.2).
One was the Shuttle Ozone Limb Sounding Experiment (SOLSE). This is a
spectrometer that uses UV wavelengths consisting of a two-dimensional detector
(altitude wavelength). It measures ozone concentration in the stratosphere and
upper troposphere (Hilsenrath et al., 1991).

2.5.2.2 Limb Ozone Retrieval Experiment (LORE)

LORE and SOLSE were the two UV instruments of the ozone-measuring payload
flown aboard the Space Shuttle in the autumn of 1997. LORE is a multiwavelength
version of the Rayleigh Scattering Attitude Sensor (RSAS), a single-channel
(355nm) instrument that flew with SSBUV on STS-72 in January 1996. It uses
optical filters and covers the UV, visible, and infrared channels. It obtains ozone
profiles as low as the 10—15km altitude range (Hilsenrath ez al., 1991).

2.5.2.3 Solar Mesospheric Explorer-Ultraviolet Spectrometer (SME-UVS)

The ultraviolet spectrometer (UVS) on the Solar Mesosphere Explorer (SME)
satellite is designed to measure the ozone density of the mesosphere in the
1.0-0.1 hPa (48-70km) region at sunlit latitudes. To achieve this, the instrument
measures altitude profiles of Rayleigh-scattered solar photons in the 200-340 nm
spectral region.

This instrument has an off-axis parabolic telescope, an Ebert—Fastie grating
spectrometer, and a pair of photomultiplier tubes. The spectrometer is used at a
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pair of fixed wavelengths separated by approximately 30 nm (265.0 and 296.4 nm)
and operates with a spectral resolution of 1.5nm. The spacecraft rotates at Srpm
and observes the Earth’s limb, leading and trailing the SME ground track. It
measures the altitude profiles of Rayleigh-scattered UV. Random errors vary from
3.4% at a height of 48 km to 10.2% at 68 km. Temperature and pressure errors vary
from 4.5% at 48 km to 10.1% at 68 km. The SME-UVS provided a number of ozone
density datasets in the measured ozone concentration, which help to explain ozone
photochemistry (Grant, 1989). The Solar Maximum Mission (SMM) spacecraft
carried a high-resolution ultraviolet spectrometer polarimeter (UVSP), employed
since 1980 to measure the ozone profile by the technique of solar occultation
(Aikin, 1989).

2.5.2.4 Solar Mesosphere Explorer (SME)-Near-IR Spectrometer

This instrument uses an off-axis parabolic mirror and an Ebert-Fastie spectrometer.
There are two channels with a resolution of 12nm and a separation of 0.6 pm. The
1.27 pm channel is used for emission measurements and the 1.87 pm channel is used
for reference purposes (i.e., to correct data for radiances that are due to oxygen
emission). Random error sources for ozone density include temperature (3% at
50km, 1% at 90km); systematic errors include calibration errors (10% in the
laboratory before launch and 20% after launch).

The SME Near-Infrared Spectrometer has generated a number of datasets on
spatiotemporal variations in ozone concentration since its launch in October 1981.
A similar instrument was developed in Japan, the Infrared Air-glow (IRA), and flew
on board the EXOS-C satellite (Ogawa et al., 1989).

2.5.2.5 SCanning Imaging Absorption Spectrometer for Atmospheric Chartography
(SCIAMACHY)

This is a multichannel spectrometer measuring radiation in the spectral range
240-1,750 nm at relatively high resolution (0.2 nm—0.5nm) on board the European
satellite ENVISAT-1, launched in 1999. This instrument was designed to measure
the column and profile distribution of a number of gases, including high horizontal
resolution measurements of ozone. It is a combination of two spectrometers
also operating in the UV/visible/near-infrared part of the spectrum to observe
transmitted, reflected, and scattered light. It provides measurements from nadir
(scattered and reflected solar photons), limb (scattered and reflected solar
photons), occultation (transmitted solar or lunar photons), and solar reference
(extraterrestrial solar photons), achieving global coverage within three days.

From the limb measurements, the stratospheric profiles of pressure,
temperature, and several trace gases (O3, O,, O4, NO, NO,, NO3, N,O, CO, CO,,
CHy4, H,O, BrO, ClO, OCIO, HCHO, SO,, and aerosol) can be retrieved (Kramer,
2002; Rozanov et al., 1997).
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2.5.2.6 FY-3 Total Ozone Unit (TOU)

FY-3 satellites are Chinese second-generation polar orbit meteorological satellites.
The Total Ozone Unit (TOU) is one of the main payloads on FY-3 satellites and the
first instrument for daily global coverage of total ozone monitoring in China. The
main purpose of TOU is to measure the Earth’s backscatter ultraviolet radiation for
retrieving a daily global map of atmospheric ozone. TOU will provide the important
parameters for environmental monitoring, climate forecasting, and global climate
change research.

TOU 1is an instrument used to measure incident solar radiation and
backscattered ultraviolet radiance such that total ozone can be retrieved. Consider-
ing the characteristics of the atmospheric ozone profile, the measuring wavelength
should be selected so that its effective scattering layer is situated in the troposphere in
order to ensure the accuracy of measuring total ozone from the satellite.

The effective scattering layer for 302.5nm is situated above the height of the
ozone maximum and that for the 307.5nm has two effective scattering layers.
Therefore, the shortest wavelength for measuring total ozone should be longer
than 308 nm.

Using the single-wavelength method makes it difficult to obtain total ozone
precisely. Therefore, a wavelength pair method is used to eliminate the effects of
atmospheric molecular scattering and aerosol scattering. In this method, a non-
ozone-absorbing wavelength is used to obtain the reflectivity of underlying surfaces
and the heights of cloud tops (Wang et al., 2009).

2.5.3 Emission-measuring instruments

A few instruments measure ozone in emissions, observing features from the near-IR
to millimeter wavelengths. These instruments observe the Earth’s limb from a space-
borne platform, and some are used in nadir-viewing directions (Grant, 1989;
Kramer, 2002). The signals in emissions are generally weaker than those in absorp-
tion and, therefore, the instruments are generally cooled, except the millimeter wave
ones (they can observe in very narrow spectral regions using heterodyne detection
techniques).

2.5.3.1 Limb Infrared Monitor of the Stratosphere (LIMS)

The first space-based measurements of stratospheric trace constituents (besides
ozone) were made from the Limb Infrared Monitor of the Stratosphere (LIMS)
and the Stratosphere and Mesosphere Sounder (SAMS) on board Nimbus-7.

LIMS is a cryogenically cooled limb-scanning infrared filter radiometer,
launched on Nimbus-7 in 1978 with a lifetime of 7 months. It was developed from
the earlier Limb Radiance Inversion Radiometer (LRIR) with a limited number of
channels. It has six channels (centered between 6.2 and 15.0 um) that permit
observation of emissions by CO,, HNOj3, O3, H,O, and NO,.

Two channels near 15 pm can be used to retrieve vertical temperature profiles.
The other channels are used for molecular species measurements. Ozone, for
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example, is observed in the 926-1,141 cem™! spectral region, with a vertical field of
view of 1.8km and a horizontal field of view of 18 km from 15 to 64 km altitude.
Because of its geometry, this technique has an inherently high vertical resolution and
can sound at high altitudes. The instrument scans from above the atmosphere to
below the Earth’s horizon and back every 24s. The precision of this instrument was
found to vary from 2-4% at 30 hPa to 1% at 0.4 hPa. Absolute accuracy was about
10%. Many experiments provided data about the distribution and variability of
temperature and several minor constituents (O;, H,O, HNO;, and NO,) over the
latitude range from 84°N to 64°S. Some data on ozone and aerosol profiles in the
stratosphere were also obtained by the Aerosol Limb Absorption (ALA) instrument
which flew on board the Japanese Ohzora satellite, launched in February 1984. ALA
was a two-channel sunphotometer (6,500, 1,000 nm) that used the solar occultation
technique. Another occultation instrument, the Limb Atmospheric Infrared
Spectrometer (LAS) also flew aboard Ohzora (Ogawa et al., 1989).

2.5.3.2 Solar Mesosphere Explorer Near-Infrared Spectrometer (IRS|SME)

The near-infrared spectrometer (NIRS) on board the SME satellite was designed to
carry out ozone measurements between 50 and 90 km over most latitudes at 3:00 pm
local time. The instrument measures emission from O, ('Ag) at 1.27 um that is
primarily due to the photodissociation of ozone. Vertical resolution is better than
3.5km. Note that at the time of the EI Chichon eruption in 1982, there was no SAGE
instrument operating and data about the eruption were obtained from SME (Grant,
1989).

2.5.3.3 Michelson Interferometer (IRIS, MIPAS)

This instrument (IRIS-D) was designed to record the infrared emission spectrum of
the Earth and its atmosphere between 400cm ™' and 1,600 cm ™" in order to provide
the vertical profiles of temperature, humidity, and ozone concentration. IRIS-D
launched on board Nimbus-4 is an advanced version of the IRIS-B launched on
board Nimbus-3 a year earlier (on April 14, 1969). The subsequent improvement
resulted in an increase in spectral resolution from 5cm ™' to 2.8cm .

The MIPAS (Michelson Interferometer for Passive Atmospheric Sounding) is a
middle-infrared Fourier transform spectrometer operating on board the ENVISAT
platform and acquiring high-resolution spectra of atmospheric limb emission in five
spectral bands within the frequency range from 685 to 2,410 cm ' (14.6 to 4.15 pm)
(Fischer et al., 2007) during both daytime and nighttime with global coverage. It
measures temperature, ozone, and other chemical species (especially nitrogen and
chlorine-containing species) (Carlotti et al., 1995; Guld et al., 1994). It also measures
aerosols and PSCs. In its standard observation mode, the instrument scanned 17
tangent altitudes for each limb sequence, viewing in the rearward direction along the
orbit with a sampling rate of approximately 500 km along track and with a horizon-
tal resolution across track of about 30 km. The vertical scanning grid ranges between
6km and 68 km, with steps of 3km from 6 to 42km, 5Skm from 42 to 52km, and
8km from 52 to 68 km. On a daily basis, MIPAS covered the Earth with 5° latitude
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by 12.5° longitude spacing. Complete global coverage was obtained approximately
every three days by 73 scans per orbit and 14.3 orbits per day scanning the latitudinal
range from 87°S to 89°N. MIPAS operation was temporarily halted at the end of
March 2004 because of excessive anomalies observed in the interferometric drive unit
and resumed in January 2005 in a new operational mode at a reduced spectral
resolution (0.0625cm™') and on a finer vertical grid. In addition to being flown on
ENVISAT, a MIPAS instrument has also been used on a Transall C-160 aircraft
(Guld et al., 1994).

2.5.3.4 Microwave Limb Sounder (MLS)

The MLS was originally an airborne millimeter wavelength (1.0—1.5 mm) radiometer.
The present version operates in the 200-300 GHz range. Using local oscillators and
filter banks (35 filters per local oscillator), brightness temperatures (day and night) at
various frequencies, along emission lines from various molecular species, are meas-
ured with a vertical resolution of about 5km. The MLS was found to have a
precision of 4% and an accuracy of the order of 9%. MLS was used on board the
Upper Atmospheric Research Satellite (UARS) and proposed for the Earth Observ-
ing System (EOS). It was also used in the Balloon Intercomparison Campaign (BIC).
MLS has been acquiring millimeter wavelength emission measurements of the strato-
sphere in both hemispheres since late September 1991. Measurements are made as
the instrument’s field of view is vertically scanned through the atmosphere limb in a
plane perpendicular to the UARS trajectory. MLS pointing geometry together with
the inclination of the UARS orbit leads to measurement latitudinal coverage that
extends from 80° on one side of the equator to 34° on the other (Froidevaux ef al.,
1996).

A new MLS instrument, which was a significantly enhanced version of the
UARS MLS, was flown on NASA’s Aura satellite (originally known as EOS-
CHEM-1) which was launched on July 15, 2004 to measure temperature, ozone,
and other chemical species in the lower stratosphere and the upper troposphere.
Note that, given the length of the MLS dataset, its use in studies of long-term
trends and shorter term phenomena such as the Quasi-Biennial Oscillation (QBO)
is becoming possible (de Toma et al., 1998).

The upcoming Global Atmosphere Composition Mission (GACM) (planned
launch in 2016-2020) will include a Microwave Limb Sounder along with IR and
UV spectrometers. The objectives of the GACM mission are to measure ozone and
related gases for intercontinental air quality (NO,, SO,, HCHO, CO, and aerosols)
and stratospheric ozone. A second-phase mission featuring an active differential
absorption lidar (DIAL) system will be launched in 2022 or shortly thereafter.
It will measure Oz with a vertical resolution better than 2km and aerosols and
atmospheric structure at resolutions better than 150 m.

2.5.3.5 Tropospheric Emission Spectrometer (TES)

The Tropospheric Emission Spectrometer (TES) was the first satellite instrument to
provide simultaneous concentrations of carbon monoxide, ozone, water vapor, and
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methane throughout Earth’s lower atmosphere. TES is an imaging infrared Fourier
Transform Spectrometer designed especially to measure the state and composition of
the troposphere (i.e., the layer of the atmosphere that extends from the Earth’s
surface to about 16 km in altitude). However, in principle, TES is capable of observ-
ing trace gases at any altitude and in practice its use extends from the ground up to
an altitude of about 32km so that it includes the important regions of the upper
troposphere and the lower stratosphere. While the instrument can detect and
measure many components of the troposphere, one of its main purposes is to
study ozone. TES is flown on the Aura satellite which, as we have mentioned
before, was launched on July 15, 2004. TES has both nadir and limb-viewing
capability and covers the spectral range 650-2,250cm " (4.5-15.4 pm) at either
0.08cm ™" or 0.02cm ™! spectral resolution.

TES has four co-aligned focal plane detector arrays of 1 x 16 elements (pixels),
with each array optimized for a different spectral region. Each pixel’s instantaneous
field of view (IFOV) is 0.075 mrad high by 0.75 mrad wide. At the limb, this corre-
sponds to about 2.3 km altitude by 23 km parallel to the horizon. TES observes both
in nadir view and in limb view. Limb viewing provides a much longer path through
the atmosphere, and looking through a larger mass of air improves the chances of
observing sparsely distributed substances that might be missed in the nadir view.
Limb viewing’s sideways angle also makes it easier to determine the altitudes of
observed substances. But limb viewing is very susceptible to interference (only
rarely does the line of sight reach the surface). Nadir viewing is less affected by
clouds, but looking straight down makes it more difficult to determine altitudes.
A complete description of TES is given by Beer et al. (2001) (see also Beer, 2006
and Schoeberl et al., 2006).

Felker et al. (2011) described the use of TES data in combination with other
information to generate a Multi-sensor Upper Tropospheric Ozone Product
(MUTOP). Determination of ozone concentration in the upper troposphere (UT)
layer is especially difficult without direct in situ measurement. However, it is well
understood that UT ozone is correlated with dynamical tracers like low specific
humidity and high potential vorticity. Thus the approach of Felker e al. (2011)
was to create map view products of upper-troposphere (UT) ozone concentrations
through the integration of TES ozone measurements with the two synoptic
dynamical tracers of stratospheric influence: specific humidity (derived from the
GOES geostationary satellite) and potential vorticity (obtained from an operational
forecast model). This approach results in the spatiotemporal coverage of a geo-
stationary platform, which is a major improvement over the much less frequent
individual polar overpasses, while retaining the ability of TES to determine UT
ozone concentration.

Felker et al. (2011) note that there are several advantages in this multisensor-
derived product approach: (1) it is calculated from two operational fields (GOES
specific humidity and Global Forecast System (GFS) potential vorticity (PV)), so
layer average ozone can be created and used in near-real time; (2) the product
provides the spatial resolution and coverage of a geostationary platform as it
depicts the distribution of dynamically driven ozone in the UT; and (3) the 6-hour
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temporal resolution of the imagery allows for the visualization of rapid movement of
this dynamically driven ozone in the UT (see the paper by Felker et al., 2011 for
details on this method).

2.5.3.6 Cryogenic Limb Array Etalon Spectrometer (CLAES)

This instrument measures the concentrations of members of the nitrogen and
chlorine families—as well as ozone, water vapor, methane, and carbon dioxide—
by observing infrared thermal emissions at wavelengths from 3.5 to 12.7 ym. In
normal operation it utilizes a telescope, a spectrometer, and a linear array of 20
detectors to perform simultaneous observations for 20 altitudes ranging from 10 to
60 km. To avoid interference from the thermal emissions of the detectors and optics
the CLAES cryogenic system is used, although it limits the lifetime of the instrument.
This system consists of two subsystems: a block of solid neon at —260°C (cooling the
detectors) and a surrounding block of solid carbon dioxide at —150°C (reducing
emissions from the optical system). It has been used on board the UARS research
satellite (Grant, 1989).

2.5.3.7 Improved Stratospheric and Mesospheric Sounder (ISAMS)

This is a filter radiometer that observes, with eight detectors, infrared molecular
emissions by means of a movable off-axis reflecting telescope from 4.6 to 16.6 pm.
It utilizes a Stirling cycle refrigerator to cool its detectors to —195°C and carries
samples of some of the gases to be measured in cells within the instrument. Installing
these cells in front of the detectors, the atmospheric radiation collected by the
telescope passes through them, allowing the spectra of the gases in the cells to be
matched with the spectra observed in the atmosphere. As some gases cannot be
confined in cells (because of their chemical activity) ISAMS employs broadband
filters to isolate portions of the spectrum and, thereby, permits measurements of
the gases. The instrument flown on board UARS is an improved version of that
aboard Nimbus-7 and measures the concentrations of nitrogen chemical species, as
well as ozone, water vapor, methane, and carbon monoxide. CLAES and ISAMS
data, through their excellent spatial and comprehensive chemical information
content, have provided significant information on both chemical and transport
processes in the stratosphere, including issues such as the tropical mid-latitude
transport of tracers (Koutoulaki et al., 1998).

2.5.3.8 High Resolution Dynamics Limb Scanner (HIRDLS)

This is a multichannel limb-scanning infrared radiometer developed jointly by the
U.S. and the U.K. It is carried by the EOS-CHEM platform (Figure 2.10). HIRDLS
has measured temperature, ozone, and a number of trace gases with a vertical
resolution of 1km from the tropopause to the mesopause since January 23, 2005.
It provides information on small-scale variability in the atmosphere for use in
transport studies (Dials et al., 1998).
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Figure 2.10. HIRDLS components
(http:||www.ucar.edu/communications/staffnotes/0511/hirdls.html).

The general objectives of HIRDLS are twofold: to provide information to assess
the role of the stratosphere, especially the lower stratosphere and the upper tropo-
sphere (UT/LS) in climate processes; and to observe the processes that affect the
stratospheric ozone layer at a time when the concentrations of active chlorine have
reached a maximum and are beginning to decrease.

2.5.3.9 Cryogenic Infrared Spectrometers and Telescopes for the Atmosphere
(CRISTA)

This is an infrared limb sounder designed to measure the densities of mid-
atmospheric trace gases with high spatiotemporal resolution. It contains four
limb-scanning liquid helium-cooled spectrometers and three telescopes that are
simultaneously operated to acquire global maps of temperature and atmospheric
trace gases. The telescopes (used to sense three atmospheric volumes 600 km
apart) are each followed by infrared grating spectrometers; the center telescope is
additionally equipped with a spectrometer for the far-infrared spectrum. A complete
spectrum is measured in about 1.2 s, while a complete altitude scan is achieved in less
than 1 min, providing trace gas profiles on a grid lower than 500 km x 600 km and
with vertical resolution of about 2-3 km.

CRISTA was successfully used aboard the CRISTA-SPAS (Shuttle Pallet
Satellite) free flyer together with ATLAS-3 (Kaye and Miller, 1996) during a
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Space Shuttle mission (STS-66) in November 1994. A second flight of CRISTA and
the Middle Atmosphere High Resolution Spectrographic Investigation (MAHRSI)
for NO and OH observations took place in August 1997, as part of the STS-85 Space
Shuttle mission. The U.S. Cryogenic Infrared Radiance Instrument for Shuttle
(CIRRIS), which was designed mainly for airglow studies, was flown on board the
Space Shuttle in April-May 1991 (STS-39) and relayed information on OVP and
other traces.

2.5.3.10 Improved Limb Atmospheric Spectrometer (ILAS)

ILAS is an occultation instrument, getting vertical profile measurements at high
northern and southern latitudes. It consists of two spectrometers, one using the
infrared for trace constituent measurements and the other visible wavelengths to
derive temperature and pressure profiles.

This spectrometer was developed by the Environmental Agency of Japan and
installed on board the ADEOS spacecraft, which was launched on August 17, 1996.
ILAS measures the vertical profiles of O3, NO,, HNO;, N,O, CH4, H,O, CFC-11,
CFC-12, N,05, and aerosols in the altitude range of 10-60km with an altitude
resolution of 1-2km. It performs 14 measurements per day on an Arctic and
Antarctic latitude circle (58-73°N, 65-90°S). ILAS O; profiles are in good agreement
with ozonesonde profiles between 20 and 24 km. Higher ILAS ozone below 20 km
may be attributed to the presence of aerosols, while lower ILAS O; at 24-32 km look
like being due to a systematic difference between ILAS and ozonesondes, probably
owing to the ILAS operational algorithm (Yushkov et al., 1998). A modified version
of the ILAS-II is scheduled to fly on board the Japanese ADEOS-2 satellite (see
Section 2.3.3).

2.5.3.11 Millimeter wave Atmospheric Sounder (MAS)

This is a Shuttleborne limb-scanning radiometer that measures the molecular
emission spectra of O3, H,O, CIO, and O, in the Earth’s atmosphere, in order to
provide their geographical and vertical distributions. MAS belongs to the Atmo-
spheric Laboratory for Applications and Science (ATLAS) Shuttle payload package.
It measured OVP at altitudes between 20 and 80 km over more than 90% of the
Earth’s surface during the three ATLAS missions (in 1992, 1993, 1994).

The MAS instrument uses a single 1 m diameter off-axis parabolic antenna
(pointed toward the Earth’s limb) and observes radiation along paths through the
Earth’s atmosphere at tangent heights from 10 to 140 km. The O3 spectrum is meas-
ured with 50 RF filters, arranged in three banks (wide, intermediate, and narrow
having widths of 40, 2, and 0.2 MHz, respectively).

The precision of mixing ratio results is estimated at 2-4% at altitudes of
29-62 km, increasing at both higher and lower altitudes to about 8%. Taking
measurement errors into account the total uncertainty is estimated to be about
5% near the O3 peak (Daehler et al., 1998).
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2.5.3.12 Advanced Millimeter wave Atmospheric Sounder (AMAS)

This instrument was designed as a limb-viewing, heterodyne spectrometer with two
sub-millimeter receivers to measure CIO and BrO at 500 GHz and HCI at 625 GHz
and receivers to measure O3, N,O, and O, in the 300 GHz region, H,O near 325 GHz
and CO and HNOj; close to 345 GHz. AMAS is designated for launch alongside
NASA’s TOMS on the Russian Meteor-3M/2 and will monitor global distributions
of important constituents in the stratosphere and upper troposphere (Reburn et al.,
1998). The European Space Agency is investigating several scenarios for future
satelliteborne limb sounders in the millimeter and sub-millimeter spectral range.
For instance, MASTER is planned to be an instrument in the millimeter range
focusing on the upper troposphere and on exchange processes between the tropo-
sphere and the stratosphere tracking CO, H,0, O,, SO,, N,O, and HNOj; in the
200-350 GHz band (STAR, 2001). SOPRANO was planned to focus on strato-
spheric chemistry with a sub-millimeter receiver observing O;, C1O, HCI, O,, BrO,
HOCI, CH;Cl, H,O, N,O, HNOj in the 500-950 GHz band. PIRAMHYD is
planned to measure OH at even smaller wavelengths (2.5 and 3.5THz) than
SOPRANO (Biihler et al., 1996). These instruments are planned to operate in the
millimeter and sub-millimeter spectral range, allowing the retrieval of atmospheric
mixing ratio profiles of several molecular species (STAR, 2001).

2.5.3.13 Infrared Atmospheric Sounding Interferometer (IASI)

The Infrared Atmospheric Sounding Interferometer (IASI) is probably the most
advanced instrument carried on the MetOp satellite. The sophisticated IASI instru-
ment is a Fourier Transform Spectrometer based on a Michelson Interferometer
coupled to an integrated imaging system that observes and measures infrared
radiation emitted from the Earth (Figure 2.11).

The optical interferometry process offers fine spectral samplings of the
atmosphere in the infrared band between the wavelengths of 3.4 and 15.5 pm. This
enables the instrument to establish temperature and water vapor profiles in the
troposphere and the lower stratosphere, as well as measure quantities of Oz, CO,
CHy, SO,, and other compounds (Clarisse et al., 2008). The IASI system aims at
observing and measuring the infrared spectrum emitted by the Earth. One of its
missions is to provide information on the total amount of ozone with an accuracy
of 5% and a horizontal sampling of typically 25 km. It may also provide information
on ozone vertical distribution with an accuracy of 10% and a vertical resolution that
provides two or three pieces of independent information.

The Infrared Atmospheric Sounding Interferometer (IASI) scanning mirror
directs emitted infrared radiation from one swath into the uncovered interferometer
(Figure 2.12). One swath covers 30 scan positions towards the Earth and two
calibration views. One calibration view is into deep space and the other is via an
internal blackbody. Each scan starts on the left with respect to the flight direction of
the satellite.

The sequence concludes with the interferometer (housed in the MetOp satellite)
showing incident radiation being directed through the long split opening to make
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Figure 2.11. The MetOp satellite carrying the IASI instrument (European Space Agency).

observations through the atmosphere, the calibration process then quickly
takes place. The first flight model of IASI was launched on October 15, 2006 on
board the first European meteorological polar-orbiting satellites, MetOp-1. TASI
delivers temperature, moisture, and ozone profile information for the upper
atmosphere.

2.5.3.14 Stratospheric Wind Interferometer for Transport Studies (SWIFT)

The Stratospheric Wind Interferometer for Transport Studies (SWIFT) is an
instrument carried on the Japanese GCOM-A1 satellite designed to measure wind
profiles in the stratosphere and simultaneously provide profiles of ozone density.
Ozone concentration and distribution is not only based on chemical reactions but is
also greatly affected by the movement of air in the stratosphere. Good knowledge of
the dynamics in the stratosphere and troposphere is indispensable for the correct
scientific interpretation of observed ozone distributions.

SWIFT is aimed at providing much needed information about global wind
distributions in the stratosphere by measuring the thermal emission of ozone mol-
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Figure 2.12. The scanning mirror of IASI directing emitted infrared radiation from one swath
into the uncovered interferometer. One swath covers 30 scan positions towards the Earth and
two calibration views. One calibration view is into deep space and the other is via an internal
blackbody. Each scan starts on the left with respect to the flight direction of the satellite (source:
European Space Agency).

ecules in the infrared at a wavelength of 9 um. Because ozone molecules are moving
in the atmosphere by the wind, the wavelength of their emission line appears to be
shifted by the Doppler effect. SWIFT is able to measure this tiny wavelength shift
and, consequently, stratospheric wind can be calculated to an accuracy of 5m sh.
Although this concept has already been successfully employed for wind measure-
ments in the mesosphere with the Canadian WIND II instrument (WIND Imaging
Interferometer) on the UARS satellite, this is the first time that this technique will
have been used to take direct stratospheric wind measurements from space. WIND
IT measures winds in the upper mesosphere and lower thermosphere using Doppler
shifts in visible airglow features.

Since SWIFT will observe an ozone emission line, it will also be able to measure
ozone concentration simultaneously with the wind and, as such, will offer further
possibilities for ozone transport studies.
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2.5.3.15 Sounding of the Atmosphere using Broadband Emission Radiometry
(SABER)

The Sounding of the Atmosphere using Broadband Emission Radiometry (SABER)
instrument is one of four instruments mounted on the Thermosphere Ionosphere
Mesosphere Energetics and Dynamics (TIMED) satellite. SABER sounds the MLTI
(the mesosphere and lower thermosphere/ionosphere, 60—180 km altitude) region of
the Earth’s atmosphere by measuring infrared limb emission. The instrument meas-
ures accurate ground-processed values of atmospheric limb radiance to retrieve
temperature, ozone, water vapor, carbon dioxide, and key parameters describing
the energetic procedures of the high atmosphere. SABER results are being used to
study the chemistry and dynamics of the mesosphere and the effects on the atmo-
sphere due to major solar storm events (Cooper, 2004).

SABER (launched in 2001 and expected to be out of service by 2020) is an
infrared radiometer which observes emission from the Earth’s limb in 10 relatively
narrow spectral intervals. It has a 2 km instantaneous field of view which scans the
Earth limb from the Earth’s surface to 400 km tangent altitude. Profiles of emitted
radiance are recorded simultaneously through one telescope in all 10 spectral
channels. These profiles are being analyzed using a variety of models in order to
derive the profiles of kinetic temperature, minor species concentration, energy loss
rates, solar heating rates, chemical heating rates, and radiative cooling rates. The
SABER radiometer will be accurately calibrated to better than 5% (3% is the goal)
in all spectral channels.

Daytime ozone is being determined by SABER by means of two different
techniques. Emission by the fundamental asymmetric stretch bands of ozone in
the vicinity of 9.6 um will be observed in order to derive the ozone concentration
using emission directly from the ozone molecule itself. The SABER spectral band-
pass for this channel is 1,010-1,140 cm~! and has been chosen to minimize the
contribution from the hot bands of ozone and also from the laser bands of carbon
dioxide which provided a considerable signal to the Limb Infrared Monitor of the
Stratosphere (LIMS) experiment. Daytime ozone will also be inferred from measure-
ments of the emissions from molecular oxygen dayglow at 1.27 um. This technique
was applied in the SME experiment and will provide a second measure of daytime
ozone on the SABER experiment.

Nighttime ozone concentrations will be provided by measurements at 9.6 um.
The SABER instrument has sufficient sensitivity to record ozone emissions up to
100 km altitude (day and night). The choice of the spectral interval and the specifics
of the non-LTE problem make the retrieval of nighttime ozone under non-LTE
conditions relatively straightforward (Mlynczak, 1997).

2.5.3.16 Superconducting Submillimeter-Wave Limb-Emission Sounder, SMILES

The Superconducting Submillimeter-Wave Limb-Emission Sounder (SMILES) was
successfully launched and attached to the Japanese Experiment Module (JEM) on
the International Space Station (ISS) on September 25, 2009 (Kikuchi et al., 2010). It
has been making atmospheric observations since October 12, 2009 with the aid of a
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4 K mechanical cooler and superconducting mixers for sub-millimeter limb emission
sounding in the frequency bands of 624.32—626.32 GHz and 649.12-650.32 GHz. On
the basis of the observed spectra, data processing has been retrieving vertical profiles
for atmospheric minor constituents in the middle atmosphere, such as O; (with
isotopes), HCI, CIO, HO,, BrO, and HNO;. Results from SMILES have demon-
strated its high potential to observe atmospheric minor constituents in the middle
atmosphere. Unfortunately, SMILES observations have been suspended since April
21, 2010 owing to the failure of a critical component (Kikuchi et al., 2010). Previous
versions of the instrument (BSMILES) were flown on balloons in 2003, 2004, and
2006.

2.5.3.17 Odin satellite

Odin is a small Swedish satellite built jointly by Canada, France, and Finland; it was
launched on February 20, 2001 to a Sun-synchronous 600km orbit. It has two
instruments, a sub-millimeter radiometer using microwave wavelengths to measure
ozone, chlorine monoxide, water vapor, and other constituents, and an optical
spectrograph and infrared-imaging system (OSIRIS) using UV-visible and near-
infrared wavelengths for studying O3, NO,, aerosols, and other constituents. The
SMR is a limb-sounding instrument that employs four tunable heterodyne receivers
in the range 486-581 GHz and a 1 mm wave receiver at 119 GHz, to observe atmo-
spheric thermal emission spectra for determination of the vertical distribution of
trace species relevant to stratospheric and mesospheric chemistry and dynamics
(Frisk et al., 2003; Murtagh et al., 2002).

Odin was the first satellite to employ sub-millimeter (480-580 GHz) radiometry
of atmospheric thermal emission in a limb-sounding mode to measure the global
distributions of several species important for ozone chemistry in the stratosphere
(O3, CIO, N,O, and HNOj). These observations were performed simultaneously,
while another mode is focused on odd hydrogen chemistry, giving H,O, O3, HO,,
and CO. The retrieval method is the Optimal Estimation Method (von Scheele,
1997).

2.5.3.18 Neural Network Ozone Profile Retrieval (NNORSY)

A variety of national and international-funded projects enabled the Center for Solar
Energy and Hydrogen Research (ZSW) in Stuttgart, Germany (http://nnorsy.zsw-
bw.de/ NNORSY-Intro.htm) to develop the Neural Network Ozone Profile Retrieval
(NNORSY) to provide very fast total ozone and ozone profile retrieval from differ-
ent satellite instruments. NNORSY uses neural networks that are trained on GOME
UV/VIS spectra by using collocated ozone profiles. These measured data include
data from ozonesondes (e.g., SHADOZ, WOUDC) and from satellites (e.g., SAGE,
HALOE, POAM, NOAA). The full database is divided into the training dataset and
a smaller test dataset that is not used as input information for the neural nets. The
whole training process was carried out in a huge number of training steps called
“epochs”, and training progress could be monitored by comparing neural network
outputs with the independent test dataset. Once trained, NNORSY was ready for
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operational use. Since NNORSY is able to deal with instrument degradation, it can
be used for near-real time applications even when the training database is slightly
outdated.

2.5.4 Summary of ozone-monitoring satellites

Table 2.7 explains the acronyms used for ozone-monitoring instruments found on
ozone-monitoring satellites and Table 2.8 gives a chronological summary of ozone-
monitoring satellites (or Space Shuttle missions).

2.6 OBSERVED VARIABILITY IN VERTICAL OZONE DISTRIBUTION

In the troposphere, the ozone concentration falls (on average) with increasing
altitude until the tropopause is reached. In the stratosphere, ozone concentration
increases rapidly with altitude to a maximum near 5hPa, with an often appearing
secondary maximum in the lower stratosphere near 100 hPa. A long-term decrease in
stratospheric ozone has occurred at mid-latitudes in both hemispheres. In the North-
ern Hemisphere the decrease is larger in winter and spring (11% since 1979) than in
summer or autumn (4% since 1979). The most dramatic changes have been seen at
high latitudes in wintertime vortices over the Arctic and Antarctic. Analyses of
measurements of ozone in the 1994/1995, 1995/1996, and 1996/1997 winters have
shown chemical losses of up to 50% at some altitudes in each winter. Current ozone
datasets came from various ozone-measuring platforms using different techniques
with different spatiotemporal coverage. WMO (1999) provided the most reliable
datasets with time records longer than 5 to 10 years (Table 2.9).

The Arctic vortex has been colder than usual in recent winters with record low
temperatures observed during the three winters leading up to the 1997/1998 winter.
It should be noted that no major mid-winter warming of the stratosphere has
occurred since 1990/1991. Prior to that time, they had occurred every couple of
years, and the longest gap in the 40-year record had been 4 years. Under cold
conditions (temperatures below approximately 195K or —78°C), polar stratospheric
clouds (PSCs) can form.

Chemical reactions on PSC particles convert chlorine compounds into forms
that can rapidly destroy ozone in the presence of sunlight.

It is worth noting that nacreous (mother of pearl) clouds are a rare form of
stratospheric cloud which occur high up in the stratosphere. These kinds of clouds
appeared, for instance, on November 30, 1999 and were widely seen across Scotland
and the far north of England (Figure 2.13). They require unusually cold conditions
of about —80°C in the stratosphere to form and are usually associated with a strong
northwesterly airflow over the U.K. The spectacular colors are caused by diffraction
effects in particles which are very uniform and have sizes comparable with the wave-
length of light. As mentioned above these clouds also provide a platform for the
chemical reactions that deplete ozone, and the ozone layer crippled shortly after the
November display before recovering to normal levels again. There was briefly an
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Table 2.9. Inventory of the most “reliable’” datasets with time records longer than 5 years of
OVP (Ozone Vertical Profile) (WMO, 1999).

Platform Middle/Upper Low stratosphere Troposphere
stratosphere
Satellites (Z > 25 km) (Z < 25km)
SAGE 1 Feb. 1979—Nov. 1981 | Feb. 1979-Nov. 1981
SAGE II Oct. 1984—present Oct. 1984-—present
SBUV +SBUV/2 1978—present
HALOE Oct. 1991-present Oct. 1991—present
MLS Oct. 1991-present Oct. 1991—present
Ground-based microwave 1989—present 1989—present
Umkehr/Dobson 1957—present
Lidar 1990—present 1985—present 1990—present
Balloonborne sondes 1965—present 1965—present

Figure 2.13. Cloud detail view from an image taken in Aberdeen (Scotland) with a digital
camera (© George Soja and Brian Ward, Aberdeen).

ozone hole over Europe arising from the accelerated