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ABSTRACT

The Measurement of Pollution in the Troposphere (MOPITT) instrument is an eight-channel gas coraeliatiogter to be
launched on the Earth Observing System (EOS) Tepaaecraft inl999. Its mainmeasurement objectives are tropospheric
carbon monoxide (CO) profiles and total column. This paper gives a detailed description of MOPITT CO adtyaeitbm,

which derives total CO column and tropospheric CO mixing ratios at a number of atmospheric pressure levels from MOPITT
radiance observations. Retrieval performance evaluation using simulated MOPITT data are discussed.
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1. INTRODUCTION

There have been increasingridwide concernsand avareness ofpossible human impact on the environmant climate
change. To address these concamgain a better undeending ofthe connectiorbetweenincreasechuman activities and
global climate change, sophisticated satellite-borne remote sensors areléweiloged taneasurehe global distribution of
trace gases that are important in the study of global air pollution and global tropospheric chemistry. Some of the important
tracegases to beneasured bysatellite instruments in the negecade or sanclude HO, Q,, CO, CH, etc. A better
understanding of the global distributions, trends, variability, sowaodsinks of these gases waldvanceour knowledge of
the relationships between human activities and the natural environment.

CO is one of the importaritacegases in tropospheric chemistry. d¢encentration in the troposphetiectly affects
the concentration of tropospheric hydroxyl (OH), which regulatedifétanes of many tropospheritacegases. CO can
also beused as a tracer tstudy the transport of globaind regional pollutants from industrial activitieend large-scale
biomass burning. Many research groapsundthe worldhave been conducting surfaaedtropospheric CO measurements
using ground-based and airborne instruments. There is a global surface CO monitoring network, the Climate Monitoring and
Diagnostic Laboratory of the Nation@lceanicand Atmospheric Administration (NOAA/CMDL) Cooperative Air Salimg
Network (http://www.cmdl.noaa.gov/ccg/flask/sites.html). iitcludes 4 NOAA/CMDL baseline observatories, 40
cooperative sites, 4 commercial vessels, and 2 sites located on towers. Gasrsgmstiesd are CQOCH,, CO, NO, Sk,
and the carbon and oxygen isotopes 0f.CTo our knowledge, there are only two sitesundthe world wherdaropospheric
CO profiles are measured on a routine basis using airborne sampling techniques. One site i€alb@dw,inthe United
States. It is operated by the carbon cycle group of NOAA/CMDL in Boulder, Colorado. Tropospheric CO profilesehave
measured at this site on a biweekly basis using an automated airborne sampling unit since NoverfiEne 8&#r site is
located atCape Grim in Australia. It i®perated bythe Commonwealth Scientifiand Industrial Research Organisation
(CSIRO) of Australia. Tropospheric CO profiles have bemasured on eoutine basis usingirbornesamplingtechniques
since May 1992° Additionally, there were two shuttle missions totaling about feeeks in1994, during which COtotal
column were measured by a spaceborne instrument called Measurement of Air Pollution from Space (MAPS).

Surface and boundary layer CO measurements at the NOAA/CMDL Cooperative Air Sampling Neggulgs, airborne
CO sampling at Carr and Cape Grim, satellite observationdARS, and COmeasurements by shadtiration campaigns
all indicatethat CO is highlyvariable both temporallyand spatially. There arestrong needsfor systematic global
observations by sensitive spaceborne sensors. The MeasurerRetiutbn In TheTroposphere (MOPITTinstrument is
one of the experiments selected to meet these needs.schiéduledor launch on the Earth Observilgystem (EOS)erra
spacecraft in 1999. MOPITT will measure the global distribution of CO angvittida nominal horizontatesolution of22
km by 22 km. In this paper, we will first givekaief discussion of MOPITInstrumentcharacteristicshat will facilitate
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the understanding othe MOPITT COretrieval algorithm in section 2. Details of the algorithm for ttetrieval of
tropospheric CO profileand total CO column from MOPITT observations atescribed insection 3. Results using
simulated MOPITT data are discussed in section 4.

2. MOPITT INSTRUMENT CHARACTERISTICS

MOPITT is an eight-channel gas correlation radiometer selected for the Earth Observing System (EOS) Terra spacecraft to
be launched in 1999.Its primary objectives are the measurement of tropospheric carbon monoxide (CO)apbfilethane
(CH,) column. MOPITT measures upwelling thermal emission from the atmosphere and surface in the thermal channels, and
reflected solar radiation inthe solar channels that hapassedthrough the atmospherbgenreflected atthe surface, and
transmitted back up through the atmosphere.
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Figure 1. Schematic diagram of a gas correlation radiometer. The gas cell containing the gas of interest provides
the high resolution capability.

A schematiadiagram of agas correlatiomadiometer isshown in figure 1. MOPITT makes use of two methods to
modulate the transmittance in the gas cell. The first is by varying thpresfiurehrough the use gbressuremodulated
cells which was described in detail by Taylor (1983T.he second is by varying the amount of gas in the cell through length
modulatedcells™ Two pressure modulated radiomet¢®BMRs) with different mean pressureand four length modulated
radiometers (LMRs) are used in MOPITT. Separating the 2.3 um and 4.7 um channels with dichroic beam splitters results in
8 separate spectral channels. The LMR channels contain cells with higher pressutimite instrument sensitivity to the
lower and middle troposphere, and the PMR channels contain cells with dogsure taptimize instrument sensitivity to
the upper troposphereEach channeproduces an averagggnal (S), which is theaverage ofthe instrument signals
corresponding to the two states of the modulating cell, adiffesencesignal ($), which is thedifference ofthe instrument
signals corresponding to the two states of the modulating cell. Botwénagesignals, &, andthe differencesignals, §,
are generated e instrument signal processing unit (SPU) usirdgmodulation techniqueFor the LMC channels, the
two states are defined by the two alternative cell path lengths of 2 mm and 10 mm. For the PMC channels, the two states are
defined bythe alternativehigh andlow cell pressure.Radiative transfecalculationsindicatethat thedifferencesignals are
more sensitive to atmospheric Gid CH changesandthe averagesignals are more sensitive to Eadinrfaceand cloud
characteristics. Some characteristics of the MOPITT instrument are summarized in Table 1.
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Table 1. Characteristics of MOPITT CO and @Hannels. There are four CO thermal channels,
two CO solar channels and two Csblar channels. The nominal PMC and LMC cell

pressure, temperature and length are also listed.
) Cell Cell Cell Center
Ch# |Primary | Modulator pressyre | Temperature | Length |Wavenumber (1)
Purpose Type (mb) (K) (mm) (cm-1)
1 co LMC1 200 300 2-10 2166 (52)
2 co LMC1 200 300 2-10 4285 (40)
3 Cco PMC1 50 -100 300 10 2166 (52)
4 CHy LMC2 800 300 2-10 4430 (140)
5 coO LMC3 800 300 2-10 2166 (52)
6 co LMC3 800 300 2-10 4285 (40)
7 co PMC2 25-50 300 10 2166 (52)
8 CHy LMC4 800 300 2-10 4430 (140)

(2) Numbers in parenthesis are band filters full width at half maximum (FWHM).

3. MOPITT CO RETRIEVAL ALGORITHM

As discussed irsection 2, MOPITT has 6 CO sounding channels. The 6 CO chayer®rmte 1Xignals, 6average
signalsand 6 differencesignals. Thesearethe signals to besed in aprocesscalled retrieval, in which tropospheric CO
profiles and total CO columnare derived. Problems ofderiving geophysicaparametersrbm radiance or transmittance
measurements are oftegferred to ashe inverse problem.  Adescribed innumerous paperand books$?*3 the inverse
problem in remote sounding is typically ill-conditioned’here is no uniqueolution to the problem withouddditional
information or constraints. Many different techniques have been developed to solve the inverse problem. Qvidetf the
used techniques ithe maximum likelihood methdd.This technique allowsghe combination ofcurrent observations with
prior knowledge to arrive ahe most likely solution to thaverse problem in a statistical sense. Observation noises and
prior knowledge uncertainties are used as weights in the fooovafiancematrices. The MOPITT CQetrieval algorithm
is based on the maximum likelihood method. Details of the algorithm are discussed in the following sections.

MOPITT CO thermal channel signals (channel 1, 3, 5, and 7) are calculated by equadimh ()) MOPITT CO solar
channel signals (channel 2 and 6) are calculated by equation (3) and (4).
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WhereS, "™ stands for CO thermal chanraleragesignal, andS,™™ stands for CO thermal chanrdifferential signal. S,
stands for CO solar channaleragesignal, and S stands for CO solar chanrdifferencesignal. (V) is the top of the
atmosphere radiance. \B((z)) is the PlancKunction. 1(v,z,») is the atmospheric transmittance from altitude z to TOA.
T; (v) is the MOPITT instrument transfer functiom, (p) is the CO cell transmission function at low qaléssure of p T,
(py) is the CO cell transmission function at low galéssure of p R(v) is thesurfacereflectivity in MOPITT COsolar
channels. d (v) is the solar irridiance at TOAK(z) is the CO absorptioroefficient in COsolar channels.p,, (z) is CO
number density at altitude 8,,, is the MOPITT observation zenith angle,, is the solar zenith angle. In the MOPITT
operational retrieval, these signals are calculated by a special purpose MOPITT fast radiative transfealfedd&QPFAS.
Details of MOPFAS can be found at Edwaedsl. (1999)*

The signal equations (1) to (éan be generalized #lse following equation (equatio5)), which relates thenstrument
signals to profiles of the target gas (CO), other interference gases profilessiEtateparametersand MOPITT instrument
functions.

Y = F(X,b) + Ni&t (5)

Where Y is the measurement vector consisting of 8 MOPITT CO thermal channel sigaaésa@esignalsand 4 difference
signals)and 2 difference to averaggnal ratios of MOPITT CO solar channels. The solar chaawesbge andlifference
signals change almost linearly with surface reflectivity, which varies greatly and is poorly known. Thediffeeente and
average signals ratios greatly reduce the sensitivity to surface reflectivity in the solar region. X is the statensstimg
of CO mixing ratios at a number sklectedpressurelevels, surfaceemissivity €,,,at CO thermal channelsnd surface
temperature I b is the vector of known parameters such as ancillary data and instrument parameters.

The direct solution ofequation (5) isnot possiblebecause it igypically ill-conditioned. Inpracticethe problem of
finding solution X in equation (5) isoften treated as anptimization problem. X iound by minimizing the difference
betweenobservation Yand calculation F(X,b) by theforward model. In the maximum likelihood method, priori
information about the state vectoratsoincluded inthe optimization process. Mathematically, solution Xfasnd by
minimizing a cost function J(X) given by

I(X) = (Y =F(X, b)) SHY —F(X,b)) +(X =Xg)' S{H(X =Xy). (6)

Where Y is the measurement vector, and F(X, b) is the calculated gegtal by theforward model. X is the state vector,
and X, is thea priori about the state vector. In other wordg,i¥X what we know about Xeforethe current measurements.
S is the measurement noise and forward model error covariance matisxtt& expected variancand covariance of X with
regard to X

There aremany standardminimization techniques tasolve equation (6). If F(X,b) isot too nonlinear or a good first
guess can be found that will make F(X,b) fairly linear in a local region about a first géissiXwe can expand F(X,b) as a
Taylor series about a guess state vect@ivén by

Y =%+ 2 | (X =X0) =Y +K (g (X %) o
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Figure 2. Schematic flow diagram of the operational MOPITT CO retrieval algorithm.

Wherehigh ordertermshave beemeglected based ahe assumption that Xs not far from the true solution. Yis the
calculated signal vector at the first guegggken by F(X%,b). 0F/0X = K(x) is the Frecheterivative, which is ofteralled
the Jacobian. Replacing Y in equation (6) by equation (7) and s@l(dyjoX=0, we will get

X = X +ScKio (Kiiy ScKiy +S)7[Y =Y ~Kixp (e =X0)): ®

Where T stands for matrix transpose. Generally, one iteration is not enough to arrive at the optimum solutotessiddle
Newton iteration of equation (8) can be used as follows,

Xne1 = Xa + ScKi (K ScKiy +$) 7Y =Y, —Ky, (% =X0): ©

The iteration is stopped if a pre-eehined convergenagriterion is met, such as X%;-X, is small enough. As gquality
assurance check,,%-Y , should be smaller or comparable to instrument noise,.JfY, is much bigger than the instrument
noise, then solution X is not the optimum solutioeven thougtthe iteration convergeandshould bediscarded. One
useful characteristics othe maximum likelihoodnethod ashown in (9) is that it also yieldsrror estimates. The error
covariance matrix of the solution is given by

S= (St +KES Ky )™ (10)

The operational MOPITT CO retrieval algorithm is illustrated in figure 2. The MOPFAS module calculatxpdtied
MOPITT signals for a particular MOPITT pixel. Inputs to the MOPFASdule include ancillargata andirst guessstate
vector X%. Ancillary data includes atmospheric temperature and moisture profiles at standardNé&Assimilation Office
(DAO) levels, surface pressure, temperatmdemissivity, andsatelliteand solar zenith angles. The maximuikelihood
inversion module (equation (9)) generates an updated estimate of the state vectioputs to theretrieval module include:
(1) the calculated signals® (2) the MOPITT measured signals in the form of the measurement véGt@) Yhea priori in
the form of state vector covariance matrixe®d first guess X Theupdatedstate vector Xis againfed into the MOPFAS
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module to generate ampdatedMOPITT signals calculation Y Theupdatedcalculation Y,, the MOPITTmeasuredignal
Y™, andthe a priori are fedagain into the maximum likelihood inversiomodule to generate mew estimate of the state
vector X. The process continues until convergence is achieved. The standard M@®idvial outputsinclude COmixing
ratios atsurface,850 mb, 700 mb, 500 mb, 350 mb, 250 mb, 150 mb, CO total colsunface temperature,Tsurface
thermal channel emissivity, anderror estimates (variances) of eachttodse variables. The futlovariance matrix of the
retrieved CO profiles are also available as part of the MOPITT CO retrieval.

4. MOPITT CO RETRIEVAL SIMULATION

The MOPITT COretrieval algorithm hasbeen testedising simulated MOPITTdata before launch. A fairly large
ensemble of CO profiles, total of 525 profilasjer diverse geophysical conditions wadevelopedfor MOPITT retrieval
simulation. Itincludes CO profile measurements from regular measureptegtams, such as NOAA/CMDtrace gas
monitoring program at CariColoradoand CSIRO trace gas monitoring program at Cape Grim of Austrakad field
campaigns, such as the NASA Global Troposphere Experiment (GTE) campaigns. Many of these CO profiles end at about 8-
12 km range. We have used model calculations by the NCAR MOZART thtmlektendthe profiles to 0.1 mb, which is
the highest level used in MOPFAS calculation. Ancillary temperature and moisture profiles are from NCEP fanahgsis
locations and time of the CO profiles.

The 525 profiles are divided into a training set containing 263 prafildsatest set containing 262 profileszach set
contains approximately the same number of CO profiles from each of the field campaigns. CO profiles in the training set and
data sources are plotted in figure 3. It is clear from figure 3 that these profiles lspge nge immixing ratio, from less
than 100 ppbv to more than 500 ppbVhere aresharp peaks in many CO profilassociatedvith biomass burning and
pollution. For example, CO profiles from the NASA GTE TRACEeRer Africa and South America campaigns show
strong CO levels in the lower and middle troposphere. TROPOZ and STRATOZ were conducted primarily in qualbiséd
city regions, resulting in high CO values in theundary layeandlower troposphere. The training set weed ashe a
priori to calculate the CO covariance matrixahd a mean CO profile X

The test set was used to generate the simulated MOSATET Instrument noisesvere added tothe simulated MOPITT
data. The simulated MOPITTata werghenused asnputs in the MOPITT COretrieval simiation. The retrieved CO
profiles were comparedvith the test profilesand the root-mean-squaréRMS) deviation ateach ofthe standardretrieval
output pressurdevels were calculated. ifure 4 shows the RM®rror derived from262 retrievalsusing the test set CO
profiles. Examples of individual retrievals are plotted in figure 5. The large RMS error in the boundafpdayeen1000
and 900 mb) could be attributed to bias inah@iori data set(the trainingdata se, which contains darge number of CO
profiles with high CO levels in the boundary layer and lower troposphere from polluted coastal aadibiasnass burning
regions in Africa and South America.
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Figure 3. Plots of the training CO profile set used asiori in CO retrieval simulation.
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Figure 4. RMS errors of first gueasd retrieved CQprofiles using simulated MOPITdata. Triangles represent the
RMS errors between the first guess and true CO profiles. Diamonds represent the RMS errors betetseneith«CO
profiles and true CO profiles, which are used to generate the simulated MOPITT data.
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