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Abstra
tA new method for the retrieval of global atmospheri
 verti
al 
olumn amounts of water vaporfrom measurements of the Global Ozone Monitoring Experiment (GOME) is presented. Themethod is based on a modi�ed Di�erential Opti
al Absorption Spe
tros
opy (DOAS) approa
h,taking into a

ount the e�e
ts arising from strong wavelength dependent absorptions. In thispaper the feasibility of this approa
h is demonstrated and �rst estimates on the retrievalpre
ision and the a

ura
y of the H2O data produ
t are given by 
omparison with sele
tedSpe
ial Sensor Mi
rowave Imager (SSM/I) data.



21. Introdu
tionThe a

urate assessment of the impa
t of presentand future anthropogeni
 pollution and natural phe-nomena on the atmosphere and the 
limate-
hemistry
oupling requires a detailed global knowledge of thetemporal and spatial behavior of atmospheri
 
on-stituents. Water vapor (H2O) is one of the most abun-dant atmospheri
 gases. More than 99% of water va-por is lo
ated in the troposphere where it signi�
antly
ontributes to atmospheri
 
hemistry and of 
ourse tothe weather and 
limate [IPCC, 1996℄.Currently, global water vapor 
on
entrations areestimated from satellite based measurements in theinfrared { for example with the TIROS-N Opera-tional Verti
al Sounder (TOVS) { and in the mi-
rowave spe
tral region { for example with the Spe-
ial Sensor Mi
rowave Imager (SSM/I) { in 
om-bination with in situ radio sonde measurements[Chaboureau et al., 1998, and referen
es therein℄.In this study it is demonstrated that potentiallyimportant additional global information on water va-por 
an be derived from measurements of the GlobalOzone Monitoring Experiment (GOME). The latterhas been operating su

essfully on the ERS-2 satellitesin
e its laun
h in April 1995. The GOME instrumentis a grating spe
trometer measuring solar irradian
eand earthshine radian
e between 240 and 800 nm at aspe
tral resolution between 0.15 and 0.35 nm. Mea-surements are performed in nadir viewing geometrywith a typi
al spatial resolution being 320�40 km2.As its name implies, GOME was designed primarilyfor the determination of global distributions of O3and NO2, but 
olumn amounts of several other atmo-spheri
 
onstituents, for example BrO, OClO, SO2,HCHO [Burrows et al., 1999, and referen
es therein℄,have been derived from the data.In this study an algorithm to retrieve H2O verti
al
olumn amounts from GOME measurements in thewavelength region around 700 nm is des
ribed and avalidation for 
loud free maritime data is presented.2. Retrieval Method2.1. Modi�ed DOAS Approa
hThe retrieval of verti
al H2O 
olumn amounts isbased on the Di�erential Opti
al Absorption Spe
-tros
opy (DOAS) approa
h whi
h was originally de-veloped for ground based long path observations,but has proven to be suitable for ground-basedzenith and spa
e-based nadir measurements as well

[Burrows et al., 1999, and referen
es therein℄.One important and de�ning assumption of theDOAS te
hnique is that the relative depth of an ab-sorption feature is linearly proportional to the amountof the absorbing spe
ies integrated along the lightpath. This is true for weak absorptions. However, theH2O absorption in the spe
tral region around 700 nmhas individual features whi
h are mu
h narrower thanthe GOME spe
tral resolution and may be saturatedin the Earth's atmosphere. Thus the measured di�er-ential absorption features are nonlinearly dependenton the H2O amount and verti
al distribution.To make optimal use of the better signal-to-noiseratio of spe
tral regions with strong absorption, it isne
essary to a

ount for this saturation e�e
t in theretrieval. In this sense an approa
h for the H2O re-trieval, similar to the one applied to ground-basedo

ultation measurements by sun photometers oper-ating in the 940 nm band [Halthore et al., 1997℄,has been sele
ted. The following nonlinear relation-ship between the slant opti
al depth �H2O due to H2Oabsorption and the verti
al 
olumn amount CV is as-sumed: �H2O(�) = 
(�)Cb(�)V : (1)The parameters 
 and b depend on wavelength �, ob-servational geometry (predominantly solar zenith an-gle), spe
tral resolution, and atmospheri
 properties.This approa
h assumes impli
itly that 
 and b do notdepend on the total verti
al 
olumn density. The pa-rameter 
 
omprises the air mass fa
tor and the di�er-ential absorption 
ross se
tions for the respe
tive at-mospheri
 temperatures and pressures averaged alongthe light path, whereas b is a parameterization of thesaturation, where b � 1. The parameters b and 
 areobtained from radiative transfer 
al
ulations. The at-mospheri
 
onditions during the measurement usuallydi�er from those used for the radiative transfer 
al
u-lations, for example in pressure, temperature, aerosolloading, 
loud 
overage, and albedo. This potentialerror sour
e for the air mass fa
tors 
an be a

ountedfor by using the atmospheri
 oxygen (O2) absorption,whi
h is measured in the same GOME 
hannel.Extending the DOAS te
hnique to take into a
-
ount the above results in the following equation:ln� I(�)I0(�)� = P (�)�A��O2(�) + 
(�)Cb(�)V � (2)I and I0 are the earthshine radian
e and the solar ir-radian
e, respe
tively, both measured by GOME. P isa polynomial taking into a

ount all broadband spe
-tral features. �O2 is the O2 slant opti
al depth. A



3is a wavelength-independent 
orre
tion fa
tor, whi
h
ompensates for in
orre
t air mass fa
tors. As a �rstorder approximation, it is assumed that the air mass
orre
tion fa
tor for both O2 and H2O is identi
al inspe
tral regions, where these absorbers have similarabsorption strength and the wavelength distan
e be-tween their absorption features is small. As 
an beseen from the slant opti
al depth shown in Figure 1,this is ful�lled for the spe
tral window between 685and 710 nm, whi
h has been sele
ted in this study forthis reason.For a given set of parameters b, 
, and �O2 , theH2O verti
al 
olumn is retrieved from (2) by a non-linear �tting pro
edure. The �t parameters are thepolynomial 
oeÆ
ients, A, and CV . To 
orre
t forsmall di�eren
es in the wavelength s
ale of referen
espe
tra and measurements, two additional parame-ters des
ribing the relative spe
tral shift and squeezeare taken into a

ount.2.2. Determination of Parameters b, 
, and�O2The �rst step in the determination of b and 
 isthe derivation of the slant opti
al depth �H2O . Fora given s
enario, two radiative transfer 
al
ulationsare performed: one for an atmosphere whi
h 
ontainsH2O and one without H2O. Then �H2O is given by:�H2O(�) = ln�Iwithout(�)Iwith(�) � (3)By taking the logarithm of (1) a linear relationbetween the logarithms of the verti
al 
olumn densityand the slant opti
al depth is obtained:ln �H2O(�) = ln 
(�) + b(�) lnCV (4)Varying the verti
al 
olumn density and 
omputingthe 
orresponding slant opti
al depths yields a set ofCV and �H2O values from whi
h b and 
 are deter-mined for ea
h wavelength by using a linear regres-sion. To retrieve parameters, whi
h are spe
i�
 for agiven model atmosphere, the shape of the water va-por pro�le is kept 
onstant in this pro
ess. This isa
hieved by s
aling the assumed H2O pro�le of themodel atmosphere by fa
tors from 0.2 to 1 without
hanging the other atmospheri
 parameters.The parameter �O2 is 
omputed from�O2 := � ln�Iwithout(�)I0(�) � (5)

using Iwithout for the appropriate s
enario. Note thatthis quantity di�ers from the O2 slant opti
al depthby a broadband 
ontribution whi
h is taken into a
-
ount by the polynomial P in (2).In this study, all radiative transfer 
al
ulationsare performed with GOMETRAN [Rozanov et al.,1997; Bu
hwitz et al., 1998℄ in the wavelength rangebetween 685 and 710 nm. The simulated spe
tra are
omputed at a spe
tral resolution of 0.05 nm and then
onvoluted to the GOME spe
tral resolution (about0.35 nm in this spe
tral range). Parameter sets of �O2 ,b and 
 are 
omputed for solar zenith angles between0Æ and 80Æ and the six LOWTRAN [Anderson et al.,1995℄ referen
e atmospheres (tropi
al, mid-latitudesummer/winter, sub-ar
ti
 summer/winter, and 1976US standard atmosphere). GOMETRAN 
al
ula-tions are performed in multiple s
attering mode, as-suming no 
louds/pre
ipitation and no aerosols. Thesurfa
e albedo is set to 0.05, whi
h is representativeof o
ean s
enes.3. Results3.1. Algorithm Veri�
ationThe water vapor retrieval algorithm has been su
-
essfully veri�ed by the use of syntheti
 radian
e data.In all 
ases, the input verti
al water vapor 
olumns
ould be reprodu
ed within 0.6% provided the appro-priate referen
e atmosphere was sele
ted. This sup-ports the parameterization (1). However, 
hoosinga wrong referen
e atmosphere may produ
e signi�-
ant deviations between the retrieved and the refer-en
e H2O verti
al 
olumn. The largest dis
repan
ieso

ur when a parameter set based on a referen
e at-mosphere with a small H2O 
olumn is applied to aspe
trum whi
h 
orresponds to a large H2O amount.In this 
ase an underestimation of the 
olumn densityof up to 50% may o

ur. This is most likely due tothe fa
t that an extrapolation of H2O amounts mayprodu
e unphysi
al results su
h as relative humidi-ties larger than 100%. Using a parameter set for ahigh referen
e H2O 
olumn is less 
riti
al; in this 
asedeviations are typi
ally <10%.For the use of the retrieval algorithmwith real mea-surements, the sele
tion of an appropriate model at-mosphere is thus of 
ru
ial importan
e. The followingpro
edure is used. For ea
h of the six referen
e atmo-spheres, a retrieval is performed. The result whi
hhas the smallest residual, that is, the one whi
h re-produ
es the measurements best, and for whi
h theretrieved 
olumn does not ex
eed the 
olumn of the



4referen
e atmosphere is sele
ted. Performing the re-trieval for ea
h referen
e atmosphere is not the mosteÆ
ient method from a 
omputation time point ofview, but it is adequate for the present study, as itsu

eeds in sele
ting the proper referen
e atmospherefor ea
h of the simulated spe
tra. Other, more so-phisti
ated algorithms will be subje
t to future inves-tigations.The largest H2O 
olumn of the six referen
e atmo-spheres used is 4.1 g/
m2 (in the tropi
al 
ase). This
urrently limits the appli
ability of the algorithm tothe retrieval of 
olumns, whi
h are smaller than thisvalue. An extension of the atmospheri
 data base isrequired to 
over regions having higher H2O 
olumnamounts, but this is not a general 
onstrain of thismethod.3.2. Comparison with SSM/I ResultsAs a result of the limited availability of appropriatein situ measurements, a 
omparison with other satel-lite remote sensing data is most appropriate to assessthe quality of the GOME water vapor retrieval al-gorithm. The spatial and temporal 
overage of su
hdata is generally more optimal for 
omparison thansonde measurements. Therefore GOME total watervapor 
olumns are 
ompared with daily gridded In-tegrated Water Vapor (IWV) data produ
ed by theGlobal Hydrology Resour
e Center (GHRC), whi
hhave a spatial resolution of 0:5Æ � 0:5Æ. These IWVdata are based on measurements of the Spe
ial Sen-sor Mi
rowave Imager (SSM/I) from the Defense Me-teorologi
al Satellite Program (DMSP) F-14 satellite.Data are available on a global s
ale but { as a result oflimitations of this retrieval method { only above theo
ean. For further information the reader is referredto the GHRC web site (http://ghr
.msf
.nasa.gov).For the 
omparison a SSM/I water vapor data setobtained during the des
ending orbits on 14 June1998 was arbitrarily sele
ted. For ea
h GOME groundpixel the average of all SSM/I data 
overing the samearea was 
omputed. The data set was further re-du
ed by only 
onsidering GOME pixels with a 
loudfra
tion less than 0.1. Furthermore, no data with aH2O 
olumn amount larger than 4.1 g/
m2 were used.This leaves approximately 800 GOME measurementsfor whi
h the total water vapor 
olumn has been re-trieved and 
ompared with the 
orresponding SSM/Idata.In Figure 2 a typi
al result of the water vapor re-trieval algorithm is given. The top part of the �g-ure shows the logarithm of the ratio of the GOME

measured earthshine radian
e and extraterrestrial ir-radian
e and the 
orresponding result of the �t. Theretrieved H2O verti
al 
olumn of 3.75 g/
m2 is onlyslightly smaller than the 
orresponding SSM/I resultof 3.79 g/
m2. The residual, i.e. the di�eren
e be-tween the two 
urves of the upper plot, is shown inthe bottom part of the �gure. This residual 
an beinterpreted as a slant opti
al depth and is in the orderof 0.02. This is at least one magnitude larger than theexpe
ted instrumental noise level. Comparing resultsof several retrievals reveals systemati
 stru
tures inthe residuals. This indi
ates that the �t may possiblybe improved by introdu
ing improved line parametersand additional model atmospheres.The results for the 
omplete data set are 
omparedin Figure 3. Good agreement between GOME andSSM/I total water vapor 
olumns is obtained. Fittinga straight line to the data reveals a negligible bias anda small underestimation of the SSM/I 
olumns <3%.The s
atter of the data is about 18%. This is largerthan the statisti
al error of approximately 4% arisingfrom averaging several SSM/I measurements over oneGOME ground pixel. However, taking into a

ountthat SSM/I measurements show a s
atter of up to 20%when 
ompared with radio sonde data [Chaboureauet al., 1998℄, the SSM/I and GOME results agreewithin the a

ura
y of SSM/I. Therefore most of thes
atter is attributed to atmospheri
 variations overthe GOME ground pixel.4. Summary and Con
lusionsFor the �rst time verti
al H2O 
olumn amountshave been determined from GOME measurements.These 
olumns are in good agreement with SSM/Iresults. Thus a new global water vapor data set 
anbe generated from GOME measurements, whi
h is ex-pe
ted to have a high pre
ision, be
ause it is deriveddire
tly from atmospheri
 absorption measurements.This is of great importan
e not only for users of otherGOME data produ
ts but also for numeri
al weatherpredi
tion and global atmospheri
 models, whi
h aimto predi
t the future 
limate.Several improvements of the retrieval algorithm arebeing developed. These in
lude the optimization ofthe �tting window and the extension of the atmo-spheri
 data base to large H2O 
olumn amounts. Theappli
ability and a

ura
y of the retrieval algorithmfor measurements over land and for partially 
loudys
enes will be investigated in a subsequent study. Inaddition, the sensitivity of the retrieval to di�erent



5H2O pro�le shapes has to be investigated further.This may be used to derive information about theverti
al distribution of water vapor.A
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Figure 1. Slant opti
al depths at GOME spe
tral resolution of H2O (solid line) and O2 (dashed line) for a tropi
alatmosphere and a solar zenith angle of 40Æ.
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