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Abstract. Global water vapour column amounts have beenwhere it significantly contributes to atmospheric chemistry,
derived for the first time from measurements of the SCanningveather, and climate. Its large spatial and temporal variabil-
Imaging Absorption spectroMeter for Atmospheric CHar- ity makes water vapour a tracer for tropospheric changes and
tographY (SCIAMACHY) on the European environmen- especially important for global models which aim to predict
tal satellite ENVISAT. For this purpose, two different ex- climate. The high relevance of water vapour has generated
isting retrieval algorithms have been adapted, namely théhe need for global water vapour data. The main sources
Air Mass Corrected Differential Absorption Spectroscopy for these data are currently in-situ radio sonde, ground based
(AMC-DOAS) which was originally designed for GOME or air borne measurements, space borne IR measurements,
and the Weighting Function Modified Differential Absorp- for example by the TIROS-N Operational Vertical Sounder
tion Spectroscopy (WFM-DOAS) which was mainly de- (TOVS), and microwave soundings, for example by the Spe-
signed for the retrieval of Cij CO, and CO from SCIA-  cial Sensor Microwave Imager (SSM/1), and (recently) also
MACHY near-infrared spectra. Here, both methods haveMODIS. Additionally, water vapour total columns have been
been applied to SCIAMACHY’s nadir measurements in the derived from Global Position System (GPS) observations
near-visible spectral region around 700 nm. (see e.g. Dai et al., 2002, and references therein). It has
Taking into account a systematic offset of 10%, the re-been shown by several studies (e.géNet al., 1999, 2002b;
sults of these two methods agree within a scatter of abouCasadio et al., 2000; Maurellis et al., 2000; Lang et al.,
+0.5 g/cnt with corresponding SSM/I and ECMWF water 2003; Wagner et al., 2003; Buchwitz et al., 2003) that mea-
vapour data. This deviation includes contributions from thesurements in the (near-)visible spectral region by the Global
temporal and spatial variability of water vapour. In fact, the Ozone Monitoring Experiment (GOME) (see e.g. Burrows
mean deviation between the SCIAMACHY and the correla-et al., 1999) provide an additional data source for global wa-
tive data sets is much smaller: the SCIAMACHY total water ter vapour concentrations. An extended version of GOME,
vapour columns are typically about 0.15 gfclower thanthe  the SCanning Imaging Absorption spectroMeter for Atmo-
SSM/l values and less than 0.1 g&lower than correspond- — spheric CHartographY (SCIAMACHY), has been success-
ing ECMWF data. The SCIAMACHY water vapour results fully launched as part of the atmospheric chemistry payload
agree well with correlative data not only over ocean but alsoof ENVISAT in March 2002.
over land, thus showing the capability of SCIAMACHY to  In the current paper first SCIAMACHY water vapour re-
derive water vapour concentrations on the global scale. sults derived using two different retrieval algorithms are pre-
sented. These SCIAMACHY results are then compared with
corresponding SSM/I and ECMWF (European Centre for
Medium-Range Weather Forecasts) water vapour data.

1 Introduction

Water vapour is one of the most abundant atmospheric con-
stituents and in fact the most important greenhouse gasz.

More than 99% of water vapour is located in the troposphere . . )
The SCIAMACHY instrument is a national (Ger-
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(stefan.noel@iup.physik.uni-bremen.de) environmental satellite ENVISAT, which has been launched

SCIAMACHY measurements
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112 S. Né&l et al.: SCIAMACHY water vapour retrieval

successfully in March 2002. SCIAMACHY determines the contributions (resulting e.g. from Rayleigh and Mie scatter-
amount and distributions of a large number of atmospheridng or surface albedo) are approximated by a polynonfial (
constituents by measuring Earthshine radiance and solar The termzo, denotes the @optical depth.Cy is the ver-
irradiance spectra simultaneously from the UV to the NIR tical column amount of water vapous, and ¢ are spectral
(214-2380 nm) in nadir, limb and occultation geometry quantities describing the saturation effect and the absorption.
(see e.g. Bovensmann et al., 1999;é@Net al., 2002a, for = Especiallyc contains the effective reference absorption cross
details on the SCIAMACHY mission). After extensive tests section and the air mass factor. The tewn is derived using
to assure the correct functioning and performance of theadiative transfer calculations with and without.Orhe pa-
instrument, SCIAMACHY entered nominal measurementsrameters andc are determined from radiative transfer cal-
mode in August 2002 (Bovensmann et al., 2002, 2003).culations assuming different water vapour colunihis (see
Since then, mainly alternating nadir and limb measurementdNoél et al., 1999, for further details). The scalar parame-
have been performed. BothoB profiles and vertical tera is the above mentioned air mass correction factor. The
column amounts are foreseen as operational SCIAMACHYquantitieszo,, b, andc are determined from radiative transfer
data products, but due to problems in the operational dat&alculations performed for different atmospheric conditions
processing SCIAMACHY data could not be released to theand solar zenith anglesCy anda are then derived from a
public until now (September 2003). However, a limited non-linear fit.
amount of spectral data is already available to selected The AMC-DOAS method is applied to the spectral region
users. These data typically suffer from a non-optimal between 682 nm and 700 nm because botha@®d water
radiometric calibration, but as the results of the presentvapour absorb in this region. They are the main absorbers
paper show, this is not critical for the algorithms used herein this spectral range, having slant optical depths of similar
which rely on differential structures in the spectral region strength.
around 700 nm. Nevertheless, it shall be noted that the water The AMC-DOAS method has been further developed to
vapour results presented here are not based on the officia.g. also allow for a retrieval over cloudy scenesgNat al.,
SCIAMACHY Level 2 data products but have been derived 2000, 2002b). It could be shown that the introduced cloud
from preliminary data. correction works well, but that it significantly increases the
scatter in the data because the correction requires additional
. information on atmospheric and cloud properties which is
3 Retrieval methods typically not available at sufficiently high quality.
31 Air mass corrected DOAS Therefor.e, it has to be accepted that the ability tq derive
concentrations of water vapour or other tropospheric gases
First quantitative amounts of atmospheric water vapour verti-"0M Measurements in the the UV/Vis/NIR is generally lim-
cal columns have been derived from cloud-free GOME mealt€d bY the opagueness of clouds, although the method of air
surements by Nl et al. (1999). The algorithm used is based mass correction provides the possibility to retrieve meaning-
on the well-known Differential Optical Absorption Spec- ful H20 total cqu_mns "’_IISO for partly cl-oudy SCenes.
troscopy (DOAS) approach (Perner and Platt, 1979; Burrows In fact, t'he d_enyed ar mass cqrrect!on faoimrowdesg
et al., 1999) which has been modified to handle effects arisQOOd quality crlterlum for the retrlleval' if no cloud correphon
ing from the strong differential absorption structures of water'S Performed. In the ideal case, i.e. if the atmospheric con-
vapour. ditions used in the model calculations match the real condi-

The general features of this modified DOAS method aretions, the air mass correction factor should be 1. In the pres-
that (1) saturation effects arising from highly structured dif- €Nce of clouds, only the atmosphere above the clouds can be

ferential spectral features which are not resolved by the meaprObed by the instrument, so the effective amount of bath O
suring instrument are accounted for, and (2) @&sorption and HO seen by GOME or SCIAMACHY is smaller than

features are fitted in combination with,8 to determine an "€ @mount used in the model calculations. The air mass
air mass correction factor which compensates to some degrd@ctor correction would then try to compensate for this. In
for insufficient knowledge of the background atmospheric (IS caséz would be smaller than 1. A too large deviation
and topographic characteristics, like surface elevation and)f the ar mass correction from 1 is thus an |r_1d|cat|on that
clouds. the conditions of the reference atmosphere differ too much
The main equation of this method, which we call Air Mass fr_om reality. In this case the retrie\_/edg_e columns are con-
Corrected (AMC-)DOAS, is given by: sidered t_o be un.real_lst|c. In pract|c.e, it could be shown that
data retrieved with air mass correction factors larger than 0.8
I b are reliable, even if the retrieval is only performed using one
In (—) =P—a (TOzJFC Cv) (1) (tropical) background atmosphere @t al., 2000). The
choice of the model surface albedo is — like for most DOAS-
I and Ip are the measured earthshine radiance and solar itype methods — rather uncritical, although some additional
radiance, respectively. As in standard DOAS, all broadbanderrors my arise from this (see the error analysis below).

Io
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SCIAMACHY and GOME AMC-DOAS H,O Columns 27 Jan 2003
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Fig. 1. SCIAMACHY and GOME water vapour total vertical columns for 27 January 2003 over Europe derived with the AMC-DOAS
method (data from forward scans only). GOME measurements comprise three ground pixels for one forward scan (across track). The smallel
SCIAMACHY ground pixels are marked by boxes.

Therefore, for the present study, all calculations have beemause the SCIAMACHY slit function is close to undersam-
performed using a cloud free tropical reference atmosphergling at these wavelengths, the chosen value for the FWHM
assuming an albedo of 5%, and results with an air mass comay need revision based on further analysis of in-flight spec-
rection factor smaller than 0.8 have been omitted. In ad-ra.
dition, measurements performed at high solar zenith angles
(larger than 88) and backscan pixels have been excluded, the3.2 WFM-DOAS
latter because of their lower spatial resolution. As GOME, ) )
the SCIAMACHY instrument can not see through clouds. WFM-DOAS (Buchwitz et al., 2000a; Buchwitz and Bur-
However, because the ground pixel size of SCIAMACHY rows, 200_3) is pased on I|_near least-squares fitting the loga-
is typically much smaller than for GOME (30 ka0 km rithm ofgllnear|sed rad.|at|ve transfer_model plusalow—ordgr
compared to 40 km320 km), the probability for cloud-free polynom|al to the Ioggrlthm of the ratio of a measured nadir
scenes is much higher for SCIAMACHY, so less data haveradiancel ar_1d solar |rrad_|ance spectrufg.  The WFM-
to be rejected. The improved spatial resolution of SCIA- POAS equation can be written as follows:

MACHY can be seen in Fig. 1.

For the present study, the GOME retrieval model has been (' o n( L mod
adapted to handle SCIAMACHY data. The radiative trans- Io - Io

fer code SCIATRAN (Buchwitz et al., 2000b; Rozanov et al., 7 In(I ) Igyod

2002) has been used instead of its predecessor GOMETRAN  + ML\ VNS x(\7j_\7j)+ P )
(Rozanov et al., 1997), including the latest update of the HI- j=1 aV;j -

TRAN data base (Rothman et al., 2003; Coheur et al., 2003). !

Recent field tests have shown that especially thewvater Here, In(1/Io)°" is the logarithm of the sun-normalised

vapour band around 720 nm used in the present study isadiance as observed by SCIAMACHY. Terms with super-
well described by HITRAN (Sierk et al., 2003). Further- script mod are the WFM-DOAS reference spectra which
more, the grid of solar zenith angles for radiative transfercomprise the computed sun-normalised radiance and its
calculations has been extended t6.88 Gaussian slit func-  derivatives (also called weighting functions). They corre-
tion of full width at half maximum (FWHM) of 0.45 nm has spond to an assumed model atmosphere, surface reflectivity,
been assumed to fold the highly resolved radiative transfeand viewing geometry, etc. The assumed columns £0 H
spectra down to the SCIAMACHY spectral resolution. Be- and G are denoted_/j and the corresponding fit parameters
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114 S. Né&l et al.: SCIAMACHY water vapour retrieval

Table 1. Deviation of water vapour columns retrieved by the AMC-DOAS algorithm from atmospheric spectra computed with SCIATRAN
for different background atmospheres. The solar zenith angle®igt5® surface albedo 0.05 in all cases.

Background HO Reference RetrievedJ® Retrieved AMF Relative Deviation Abs. Deviation
Atmosphere Column [g/cA)  Column [g/cn?] Correction Factor  (Retr.-Ref.)/Ref. [%] (Retr.-Ref.) [g/&m
Tropical (TRO) 4.18 4.18 1.00 0.0 0.00
Mid-latitude summer (MLS) 2.96 3.05 1.01 3.0 0.09
Mid-latitude winter (MLW) 0.89 0.85 1.06 —-4.7 —0.04
Sub-arctic summer (SAS) 211 2.17 1.03 3.1 0.06
Sub-arctic winter (SAW) 0.42 0.38 1.08 —8.6 —0.04
US-Standard (USS) 1.43 1.47 1.04 3.0 0.04

Table 2. Deviation of water vapour columns retrieved by the AMC-DOAS algorithm from atmospheric spectra computed with SCIATRAN
for different surface albedos and a tropical background atmosphere. The solar zenith angle is 50

Surface  HO Reference Retrieved4® Retrieved AMF Relative Deviation Abs. Deviation
Albedo  Column[g/crf] Column [g/cnf]  Correction Factor  (Retr.-Ref.)/Ref. [%] (Retr.-Ref.) [g&m

0.05 4.18 4.18 1.00 0.0 0.00
0.10 4.18 4.45 1.07 6.5 0.27
0.30 4.18 4.67 1.13 11.7 0.49
0.90 4.18 4.77 1.16 14.2 0.59

Vj. The derivatives refers to the change of the radiance dugartial cloud cover), the retrieved,@ columns are multi-
to changes (scaling) of pre-selected vertical profiles #®H plied by Ro,. This means that each,® column is actu-
and Q. ally divided by the simultaneously retrieve@ Golumn (and

In order to avoid time consuming on-line radiative transfer Multiplied by scaling facto¥’’o,, which only depends on the
simulations, the reference spectra have been pre-calculatedYerage surface elevation of the ground pixel). Systematic er-
(look-up table approach). A single model atmosphere had©'s which are common to the retrieved®and G columns
been defined (US Standard Atmosphere plus tropospheril{“’_'” cancel when the_ ratio is cc_)mputed (see error _analy5|s
maritime and stratospheric background aerosol) and a singl@iven below). As a kind of quality measure and to limit the
surface albedo (0.1). The tabulated reference spectra depefeftent of the air mass factor correction, only retrievals with
on solar zenith angle (890" in steps of 5), surface eleva- Ro, larger than 0.7 and Iess' than 1.3 are (;onS|dered success-
tion (0, 1, 2, 3 km) and water vapour column (scaling factors: ful @nd are presented and discussed in this paper.
0.5,1.0, 1.5, 2.0, 4.0), in total 400 combinations. To account
for the temperature dependence of the molecular absorptioQ Error Analvsi
cross sections, the derivative of the radiance with respect to ysis
a temperatpre profile shift 'is included in the fit (omitteq in 4.1 AMC-DOAS error analysis
Eq. (2) to simplify the notation). WFM-DOAS has been im-
plemented as an iterative scheme, mainly to account for nonthe AMC-DOAS method uses a single set of radiative trans-
linearities mtrngped by the h|g.h variability of atmospheric fgr parameters, ¢ andto,. These parameters have been
water vapour (initial guess: scaling factor 1.0, i.e. unchanged:omputed for different solar zenith angles, but a fixed value
US Standard Atmosphere water vapour profile). of 0.05 for the surface albedo has been taken, and a tropical

For similar reasons as described in the previous sectionbackground atmosphere has been used. In this section, the
0O has been included in the fit. The procedure as describeéhfluence of these two assumptions on the retrieval quality
above yields retrieved columr\?$120 and \702 (and their cor-  shall be assessed.
responding errors, see Buchwitz and Burrows, 2003). After For this purpose, various radiance spectra for different at-
the fit, the ratioRo,:=V"0,/ Vo, is computed, wher&’o, is ~ mospheric conditions and surface albedos have been mod-
the @ model column computed in a similar way ﬁ@z but elled with SCIATRAN. The AMC-DOAS method has then
for the actual average surface elevation of the SCIAMACHY been applied to these spectra, and the difference between
ground pixel. To correct for air mass factor differences be-the retrieved vertical water vapour column and the vertical
tween the model and the real atmosphere (resulting from, e.gvater vapour column of the reference atmosphere has been
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Table 3. Retrieval errors determined by applying WFM-DOAS to simulated spectra generated using various model atmospheres. For detailed

description of the last three columns see Sect. 4.2.1.

Atmosphere Error of uncorrected Error of  Error ofyCorrected)

H20 columnViy,o O3 columnV, H,0 column

(Retr.-Ref.)/Ref. [%] (Retr.-Ref.)/Ref. [%)] (Retr.-Ref.)/Ref. [%]

Tropical (TRO) —-3.57 —0.07 -3.50
Mid-latitude summer (MLS) -0.43 -0.26 -0.17
Mid-latitude winter (MLW) 0.33 0.59 —0.26
Sub-arctic summer (SAS) 0.02 —-0.34 0.36
Sub-arctic winter (SAW) —-4.17 0.69 —4.83
US-Standard (USS) 0.00 -0.01 0.01

Table 4. Vertical column retrieval errors resulting from aerosol variability and undetected subvisual cirrus clouds at 12 km (OD means
scattering optical depth). For detailed description of the last three columns see Sect. 4.2.1.

Aerosol/cloud scenario Error of uncorrected Error of  Error of @rrected)

H20 columnViy,o Oz columnVo, H,0 column
(Retr.-Ref.)/Ref. [%] (Retr.-Ref.)/Ref. [%)] (Retr.-Ref.)/Ref. [%]

Aerosol:

OPAC average continental —-2.07 -1.78 —0.30

Enhanced aerosol in BL —5.76 0.22 —5.97

No aerosol in atmosphere —0.90 -1.61 0.72

Clouds:

Subvisual cirrus (OD 0.01) —0.54 —-0.47 -0.07

Subvisual cirrus (OD 0.02) -1.11 —0.98 -0.13

Subvisual cirrus (OD 0.03) -1.71 —1.53 -0.18

computed. All results in this section are valid for a solar 0.05 (which is about valid for ocean areas), namely 0.1
zenith angle of 50and cloud-free conditions. (which is the one assumed by the WFM-DOAS method),
Table 1 shows the sensitivity of the AMC-DOAS method 0.3 (typical for land surface), and 0.9 (corresponding to ice).
to different atmospheric conditions including different verti- Except for the standard 0.05 albedo which shows (as men-
cal profile shapes, namely for a tropical (TRO), sub-arctictioned before) self-consistency, the retrieved column for the
summer/winter (SAS/SAW), mid-latitude summer/winter other albedos is always too large, and the error increases with
(MLS/MLW), and the US standard atmosphere (USS). Thethe albedo. The maximum relative deviation is about 14%,

surface albedo has always been set 0.05 for these calculgorresponding to an absolute deviation of about 0.6 g/cm
tions. However, this deviation occurs for a surface albedo of 0.9

For the tropical background atmosphere the exact wate!VNich may not be too realistic for a (cloud-free) tropical at-
vapour column is derived showing the self-consistency of the0SPhere. Nevertheless, the expected deviation over land

AMC-DOAS method. Note that even the retrieved AME cor- (@lbedo 0.3) is only slightly smaller (about 12%, 0.5 g#gm
rection factor is 1 in this case. as it should be. The max-!t iS Planned to reduce this albedo dependence in future ver-

imum relative deviation between the retrieved and the ref-Sions of the AMC-DOAS algorithm by using different pa-

erence water vapour column is about 9%, occurring for thef@meter sets for different surface conditions.

SAW reference atmosphere. This is not surprising as the An additional — maybe even the largest — error source for
SAW atmosphere has the lowesp® contents and is thus  the retrieval are clouds. In general, the atmosphere below
the furthest away from the tropical reference atmosphere aste clouds can not be seen by SCIAMACHY, resulting in a
sumed by AMC-DOAS. In fact, the absolute deviation is in decreased absorption depth for all tropospheric constituents
all cases smaller than 0.1 g/épshowing that the sensitivity compared to the cloud-free case. The AMC-DOAS method
of the AMC-DOAS method to different atmospheric back- principally accounts for this effect by the derived air mass
ground conditions is considerably low. correction factor, which is usually smaller than 1 for the
The sensitivity to the surface albedo is somewhat highercloudy case. Clouds may therefore partly compensate the ef-
as can be seen from Table 2 which lists the results of thdect of higher albedos, for which the air mass correction fac-
AMC-DOAS retrieval for albedos higher than the assumedtors are usually larger than 1 as can be seen from Table 2. A
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Table 5. Vertical column retrieval errors as a function of surface albedo. For an albedo of 0.1 the errors are (nearly) zero because the
reference spectra are calculated for albedo 0.1 (note that the small errOr@#% for oxygen results from wavelength interpolation of the
reference spectra). For detailed description of the last three columns see Sect. 4.2.1.

Albedo  Error of uncorrected Error of  Error of g@orrected)

H20 columnVi,o O3 columnVo, H»O column
(Retr.-Ref.)/Ref. [%] (Retr.-Ref.)/Ref. [%] (Retr.-Ref.)/Ref. [%]

0.03 —23.40 —18.76 —-5.71

0.05 —13.10 —10.57 —2.83

0.10 0.00 -0.01 0.01
0.20 10.45 8.45 1.84
0.30 15.37 12.37 2.67

quantitative estimation of the influence of clouds using sim-of the retrieved HO and Q column, i.e., with the error of
ulated data is difficult because of the various types of cIoudsVHzo/Voz. This error given in the last column has been com-
and the usually inhomogeneous spatial distribution (both horputed from the errors given in the two previous columns by:
izontally and vertically) within the instrument field of view. ¢:=((14+a/100)/(1+b/100—1)x 100, wherez denotes the
At present, a statistical analysis of a comparison with correl-percentage error df’Hzo andb denotes the percentage error
ative measurements (as described in Sect. 5.4) seems to bQ)a(/oZ (note thatc~a—b). For the US-Standard atmosphere

more appropriate approach. the errors are (nearly) zero because this is the WFM-DOAS
_ reference atmosphere (note that the small error@f01%
4.2 WFM-DOAS error analysis for oxygen results from wavelength interpolation of the ref-

erence spectra). This demonstrates the self-consistency of
The fast look-up table approach described in Sect. 3.2 inthe WFM-DOAS method. The retrieval errors mainly reflect
troduces errors. In addition, there are errors resulting fromine difference in temperature and water vapour profiles of
parameters that influence the radiative transfer but are nofhe various atmospheres compared to the US Standard (USS)
retrieved by WFM-DOAS, such as aerosols and clouds. Inreference atmosphere (temperatures at sea level in K: USS
the following, an initial error analysis of the currently im- 2881 SAW 257.2, TRO 299.7;4@ columns: see Table 1).
plemented version of WFM-DOAS is presented. For this To deal with temperature variability the derivative with re-
purpose, simulated nadir spectra have been generated wWilkhect to a temperature profile shift is included in the fit. To
a radiative transfer model for various conditions, such as dif-geal with water vapour variability the reference spectra have
ferent model atmospheres and surface albedos. If not stategeen computed for several water vapour profiles (columns).
Othel’\Nise, the results shown in this section are valid for aAS can be seen, the error on the retrieved water vapour col-

solar zenith angle of 5Cand albedo 0.1. umn is below 5%. For retrievals without allowing for a tem-
o ) ] perature shift this error could exceed 10%.
4.2.1  Sensitivity to vertical profiles Note that for this study the errors given in the last column

. of the tables presented in this section are the most relevant.
The currently implemented look-up table has been generated

assuming vertical profiles of pressure, temperature and tracg 2 2 Sensitivity to aerosols and subvisual cirrus clouds
gas and oxygen volume mixing ratios corresponding to the
US Standard Atmosphere. In order to estimate the verticaperosols and clouds mainly scatter but also absorb solar ra-
column retrieval error resulting from applying WFM-DOAS  diation. A large fraction of the water vapour molecules is
to different atmospheres, simulated spectra for several modedjtuated in the lowest kilometres of the atmosphere, i.e., in
atmospheres have been generated. The results are showndnegion where clouds and aerosols are present in extremely
Table 3. variable type and concentration. The WFM-DOAS reference
The second column of Table 3 shows the relative differ- spectra look-up table used in this study has been generated
ence between the uncorrecteg®icolumn,Vi,o (see Eq. 2),  using a single aerosol scenario only. Itis based on the aerosol
and the known O column of the model atmosphere. The parameterisation also implemented in the radiative transfer
third column shows the error do,. The last column shows model MODTRAN (Kneizys et al., 1996) and is based on
the error of the WFM-DOAS retrieved 20 columns dis-  Shettle and Fenn (1979). This (default) scenario can be char-
cussed in this paper (i.e., aftep ©orrection factorRo, has  acterised as follows: Maritime aerosol in the boundary layer
been applied t07H20, see Sect. 3.2). For a given surface ele- (BL), tropospheric visibility and relative humidity 23 km and
vation Ro, is a constant divided by the retrieved €lumn.  80%, respectively, and background stratospheric and normal
Therefore this error is identical with the error of the ratio mesospheric conditions. Aerosol scattering and absorption
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vertical optical depth are listed in Table 3 of Buchwitz and To a first approximation albedo affects the overall (i.e., spec-
Burrows (2003). To a first approximation aerosols increasetrally broadband) level of solar radiation scattered back to
or decrease the overall (i.e., spectrally broadband) level opace. This effect is taken into account by the polynomial
solar radiation scattered back to space. This effect is takeimcluded in Eq. (2). However, as aerosols, the albedo also
into account by the polynomial included in Eq. (2). How- influences the relative depth of absorption lines.
ever, aerosols also determine the relative depth of absorption .
lines by influencing the (average) photon path. As shown in Table05 the errors of the, @orrected HO

The retrieval error due to aerosol has been estimated b)(/:Olumns are below 6% for albedos between 0.03 and 0.3.
defining several aerosol scenarios (including two rather ex-
treme ones: (i) extreme aerosol loading of the boundary layer
and (ii) no aerosols in atmosphere). The “OPAC average*-2-4 Other error sources
continental” aerosol scenario (Hess et al., 1998) and radia-
tive transfer simulations differ from the default scenario used . . . . .
for the reference spectra in various aspects (Mie phase funé-n this section three additional errors are quantified which
tion instead of Henyey-Greenstein approximation, scatterin re related o the (rather sparse) grid selected for the WFM-
and extinction profiles). “OPAC average continental” aerosol, OAS reference spectra Iook—up table: solar zenith angle
consists of a mixture of “water soluble aerosol” (small par- interpolation, scan angle correction, and surface eIeva.tlon
ticles mainly originating from gas-to-particle conversion), (pressure). Note that these errors can be reduced relatively

soot, and “insoluble aerosol” (dust). The “Enhanced aerosoFaS'ltY’ e.g.k,) bgtl egt?ndln? :he IOO::'Up table and/or by imple-
in boundary layer (BL)” scenario contains urban aerosol jinmenting a better interpolation scheme.

the BL with a visibility as low as 2 km and a high relative hu- The WFM-DOAS |ook-up table used in this Study has been
mldlty of 99%. For the “No aerosol in atmosphere" scenario generated for a range of solar zenith ang|e3 from O foi®0
the aerosols have been entirely “switched off” in the radiativesteps of 5. These Spectra are (|inear|y) interp0|ated to the
transfer simulation. Table 4 shows that the error of the watersolar zenith angle of the measurement. The resulting retrieval
to oxygen column ratio (last column) is typically below 1%, error is rather small (e.g. less than 0.02% for a solar zenith
except for the scenario with extremely enhanced aerosol imngle of 52.4).
the planetary boundary layer where the error can be as large
as 6%. The main reason why the systematic errors on the The look-up table has been generated for exact nadir ob-
uncorrected water vapour column (second column) and théervation only, neglecting th¢30° scan around the nadir
oxygen column (third column) are not identical (and, there-direction. The columns as determined by the fit are cor-
fore, do not perfectly cancel when the error on the columnrécted using a simple geometrical approximation Buchwitz
ratio is computed) is that the profile shapes are rather differ£t al. (2000a) to account for the enhancement of the depth of
ent. absorption lines due to the slant path viewing geometry. The
Realistic errors introduced by clouds are difficult to esti- Currently implemented correction scheme may result in er-
mate using simulated spectra (because strictly speaking thirs of the water vapour to oxygen column ratio of less than
full three dimensional structure of clouds covering only a 1% For the uncorrected water column the error might be
part of the ground pixel has to be considered). For this study?S 1arge as 6.5% for the most eastward and westward ground
we have limited ourselves to estimate the vertical column rePiXels. For oxygen the error is nearly the same and, therefore,
trieval error resulting from subvisual cirrus clouds. These the error of the water to oxygen ratio is close to zero.
clouds have_ been modelled in this study as a scattering layer ¢ look-up table has been generated for a limited num-
of 1 km vertical extent centered at 12 km. The assumed scafyer of surface elevations (or surface pressures), covering the
tering vertical optical depths were 0.01, 0.02, and 0.03 ('n'range 0-3 km in steps of 1 km. A simple next neighbour ap-
dependent of wavelength). Table 4 shows that such a scalsrgach is currently implemented in order to select the refer-
tering layer near the tropopause is expected to lead t0 aRpce spectra for a given ground pixel. This results in retrieval

underestimation of the retrieved uncorrected water vapougrors of 2—3% for the water vapour to oxygen column ratio.
columns (shielding of the troposphere lying underneath) by

up to nearly 2%. The oxygen column errors are nearly identi- There are many other potential sources of retrieval er-
cal with the uncorrected water vapour column errors. Thereors which are not covered in this study (e.g., calibration er-
fore, the error of the column ratio is significantly smaller (be- rors). A potentially important error source which is difficult

low 0.2%) than the error of the uncorrected column. to quantify are the spectroscopic data (HITRAN 2000 has
been used for this study including all updates available until
4.2.3 Sensitivity to surface albedo March 2003 and taking into account the pressure shift of line

transitions not considered in earlier versions of the look-up
The WFM-DOAS look-up table used in this study has beentable). Retrieval errors on the order of a few percent can be
generated assuming a constant (Lambertian) albedo of 0.kxpected due to, e.g. line intensity uncertainties.
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SCIAMACHY AMC-DOAS H,0 Fit Results (27 Jan 2003 10:22) SCIAMACHY WFM-DOAS H,0 Fit (27 Jan 2003 10:22)
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Fig. 2. Example for a fit using the AMC-DOAS method (nadir
readout 2568 of orbit 4757 on 27 January 2003 10:22). Top: Sun-
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normalised SCIAMACHY data and fitted spectrum. Bottom: Cor- 685 690 695 700 705 710
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Because of the currently limited amount of available data the
present study concentrates on the analysis of SCIAMACHY
measurements taken on 27 January 2003 as this is one of the
first days for which almost all measured spectra are avail-
able in consolidated product files. However, other days have 685 690 S\;’fvelength [ﬁ(r)r?] 705 710
been analysed, too, yielding similar results. Since the so-

lar reference spectra contained in the operational productlgig 3. Typical example of a WFM-DOAS fit. Top panel:

are Cyrrently of limited quality, the analysis uses an ele\/a_Sun-normalised radiance as measured by SCIAMACHY (red) and
tion diffuser sun reference spectrum measured on 23 Januagye\-poOAS model after the fit (black). Following three panels:

2003, which has been derived using an improved calibrationj) H,0 fit: fitted (i.e. scaled) HO weighting function (black)

procedure (J. Frerick, ESA, personal communication). and KO fit residuum (red). The pD fit residuum is defined
Note that it was not necessary to include a “shift andas the sum of the scaled,B weighting function plus the fit

sgueeze” correction for the spectral calibration in the fitting residuum (i.e. the difference between measurement and model, see

process, as it could be verified that such a correction has ngottom pineD- Retrieved column: 1:50.07 glcn?. (i) O fit:

significant influence on the retrieval results. Therefore, it has>-00% 10° mo'ec_“'eS/,Cr_%il-B%' (iii) Temperature fit: retrieved

been omitted for processing speed reasons. temperature |ct>rofllccaJI slhlsz.Mzgz_lgélzgtom panel: relative difference
First retrieval results using the AMC-DOAS algorithm measurement-model ( 0-96%).

with SCIAMACHY data revealed systematically about 10%

lower water vapour columns derived from SCIAMACHY 1 gystematic errors arising from the currently insuffi-

data in comparison with corresponding SSM/I data over  ¢jant radiometric calibration of SCIAMACHY. This can

ocean. This is consistent with t_he results o_f the WFM-DOAS be assessed as soon as re-processed data are available

method. To compensate for this systematic effect, all AMC_t- (probably mid of 2004).

DOAS and WFM-DOAS water vapour columns presented in

this paper have been multiplied by 1.1. The reason for this 2. An error due to insufficient knowledge of the instrument

systematic under-estimation by SCIAMACHY is currently slit function. This needs further investigation using in-

unclear. Since different algorithms (both AMC-DOAS and flight monitoring measurements.

WFM-DOAS) derive approximately the same offset, errors

in the algorithms or their implementation seem to be unlikely. 3. Potential errors in the spectral data base (absolute cross

The following possible systematic error sources are currently ~ sections). This error is considered to be small, because

under discussion: the water vapour band used seems to be well described

Residual [%]
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Fig. 4. Gridded SCIAMACHY water vapour total vertical columns for 27 January 2003 derived with the AMC-DOAS method.

Gridded SCIAMACHY WFM-DOAS H,0 Total Columns 27 Jan 2003
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Fig. 5. Gridded SCIAMACHY water vapour total vertical columns for 27 January 2003 derived with the WFM-DOAS method.

by HITRAN. Nevertheless, transferring the algorithmto  Figure 2 shows a typical fit result of the AMC-DOAS

other spectral regions where water vapour absorbs (furmethod for one individual nadir measurement. The solar

ther in the infrared) may give more information on this zenith angle for this measurement is about,4Be retrieved

contribution. column 1.850.25 g/cnd. The measured data are repro-

. duced quite well, with an average residual of about 2%. The

4. Systematic effects of surface albedo and clouds (seyrpm-pOAS method essentially yields the same results for

also error analysis in Sect. 4). Especially this point re- e resjdual (see Fig. 3), although the retrieved column is ac-

quires further studies. tually lower (1.54+0.07 g/cnd).
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Gridded H,0 Columns 27 Jan 2003 ent quality check of both retrieval algorithms. In fact, both

algorithms reject data in the same areas, mainly within the
tropical regions where usually extended cloud coverage is
expected. In addition, the AMC-DOAS quality check rejects
data over high surface altitude regions, like the Himalaya,
because in this case air mass correction can not compensate
for the largely different atmospheric conditions. The WFM-
DOAS methods considers different surface elevations (using
an appropriate data base) and thus has less problems here.

The direct correlation between the two methods (see
Fig. 6) shows an almost perfect agreement (linear Pearson’s
correlation coefficient=0.97), although the scatter of the
data is high. As can be seen from the comparison of ungrid-
ded swath data in Fig. 7 most of this scatter is caused by grid-
ding. For the ungridded data the correlation is perfect (1.0),
although there seem to be systematic deviations depending
Fig. 6. Correlation between gridded SCIAMACHY/AMC- onthe Watervap_our column_. Most likely, these deviations are
DOAS and SCIAMACHY/WFM-DOAS water vapour total vertical caused by the different errlevaI methods: The AMC-DOAS
columns for 27 January 2003. Red line: 1:1 correlation. Green line:M€thod only uses a tropical reference atmosphere, whereas
Linear fit. The resulting linear Pearson’s correlation coefficieist ~ the WFM-DOAS method relies on a large input data base
also specified. for surface elevation, etc., and retrieves not only the water
vapour column in an iterative way, but other atmospheric
parameters as well Ocolumn, temperature profile shift).
Therefore, the observed differences are not surprising.

AMC-DOAS Column, g/cm2

2 4 6
WFM-DOAS Column, g/cm2

H,O Columns 27 Jan 2003 (Swath Data)
e

8 ‘ ;‘y =X
N a- ool el 5.2 Comparison with SSM/I data
g 6 r=1.00 + |
E’B v In contrast to SCIAMACHY, the SSM/I instrument is ca-
€ + pable to measure under all illumination conditions, but
8 4l N 1 only over water surface. For the comparison with SCIA-
2 . ff MACHY data measurements of the SSM/I instrument on-
Q + board DMSP-14 during the descending part of the orbit have
g’ ol 18 | been selected, because in this case the difference in local time
< p between SCIAMACHY and SSM/I are smallest (ENVISAT

has an equatorial crossing time of of 10:00 LT whereas
Y A DMSP-14 crosses the equator at about 08:00 LT).
0 2 4 6 8 Figure 8 shows the gridded total precipitable water

WFM-DOAS Column, g/em2 columns derived from SSM/I measurements on 27 January

. ) 2003. Clearly, the same water vapour structures as in the
Fig. 7. Correlation between SCIAMACHY/AMC-DOAS and  gc|AMACHY data can be seen. The correlation between
SCIAMACHY/WFM-DOAS water vapour total vertical columns SSM/I and SCIAMACHY water vapour is for both meth-
for 27 January 2003 (swath data). Red line: 1:1 correlation. Green ] . ) .
line: Linear fit. The resulting linear Pearson’s correlation coeffi- od§ (AM%DSAS’ lsee Flg'dg’ anfd :]NFI\IA DOASI\’AZG; Flg.;O)
cientr is also specified. quite good. t_t e lower edge o the p(_)ts, SS ata show

some extraordinarily high columns which are probably due
to water regions in the northern area covered with ice which

The complete data sets derived for 27 January 2003 by'@ve not been masked out.

the AMC-DOAS and WFM-DOAS methods are displayed

in Figs. 4 and 5. The data have been gridded t60%5 5.3 Comparison with ECMWF data

to facilitate a comparison with SSM/I and ECMWF data

(see below). Note that the regular gaps between blocks 08SM/I data are only available over open water. To assess the
nadir measurements along the orbits are caused by SCIlAguality of the derived SCIAMACHY water vapour columns
MACHY'’s standard measurement mode involving alternat-also over land a comparison with assimilated global water
ing limb and nadir measurements. Taking this into accountyvapour data provided by the European Centre for Medium-
it can be seen that not many data are rejected by the inhelRange Weather Forecasts (ECMWF) has been performed.
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Gridded SSM/I H,O Total Columns 27 Jan 2003 (desc.)
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Fig. 8. DMSP-F14 SSM/I water vapour total vertical columns for 27 January 2003 (descending orbit part only).
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Fig. 9. Correlation between SSM/I and SCIAMACHY/AMC- Fig. 10. Correlation between_SSM/I and SCIAMACHY/WFM-
DOAS water vapour total vertical columns for 27 January 2003. DOAS water vapour total vertical columns for 27 January 2003.

Only the descending part of the SSM/I data has been used. Refnly the descending part of the SSM/I data has been used. Red
line: 1:1 correlation. Green line: Linear fit. The resulting linear lin€: 1:1 correlation. Green line: Linear fit. The resulting linear

Pearson’s correlation coefficients also specified. Pearson’s correlation coefficients also specified.

Note that the ECMWF data at least partly rely on SSM/I data,has been computed for each grid point by numerical integra-
such that no large differences are expected over ocean areason. For each day a daily average column field has been cal-
The data set of analysed meteorological fields provided byculated from the original six-hourly fields (0:00, 6:00, 12:00,
ECMWEF that has been used for this study comprises geopo18:00, and 24:00 UTC). These data have then been remapped
tential height, temperature, pressure, and specific humidityon a 0.5x 0.5 latitude/longitude grid by assigning to each
on a 1.3x1.% latitude/longitude grid on 60 model altitude grid point the corresponding value of its lower resolution grid

levels. From these data the water vapour column in §/cm box, thereby avoiding any interpolation.
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Gridded ECMWF H,O Total Columns 27 Jan 2003
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Fig. 11. ECMWF water vapour total vertical columns for 27 January 2003.
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Fig. 12. Correlation between ECMWF and SCIAMACHY/AMC-  Fig. 13. Correlation between ECMWF and SCIAMACHY/WFM-
DOAS water vapour total vertical columns for 27 January 2003. DOAS water vapour total vertical columns for 27 January 2003.
Red line: 1:1 correlation. Green line: Linear fit. The resulting Red line: 1:1 correlation. Green line: Linear fit. The resulting
linear Pearson’s correlation coefficienis also specified. linear Pearson’s correlation coefficienis also specified.

Figure 11 shows a global map of the ECMWF water The correlation between the ECMWF data and the SCIA-
vapour data, which in fact agrees well with both SSM/I and MACHY total water vapour column amounts are show in
SCIAMACHY results. As mentioned before, the resolution Fig. 12 for AMC-DOAS data and Fig. 13 for WFM-DOAS
of the ECMWF data used is £.51.5° which is slightly  data. The agreement in both cases is very good. The Pear-
coarser than for SSM/I and SCIAMACHY. However, for the son’sr correlation is better than 0.94; there is almost no bias,
statistical analysis described here it is sufficient to matchand the slope of the fitted linear curve is 0.94 for AMC-
each ECMWEF grid point to (up to) nine SSM/I or SCIA- DOAS and 0.95 for WFM-DOAS. The scatter of the data
MACHY data points. is high but not much higher than for ocean scenes. Most of
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Table 6. Deviation of retrieved water vapour columns from reference data for different column intervals. The last line gives the average
deviations for the complete columnar range from O to 7 ﬁlcm

Column AMC-DOAS — SSM/I AMC-DOAS — ECMWF WFM-DOAS — SSM/I WFM-DOAS — ECMWF
Range Mean Dev. Std. Dev. Mean Dev. Std. Dev. Mean Dev. Std. Dev. Mean Dev. Std. Dev.
(g/cn?) (g/cn?) (g/cn?) (glcn?) (g/cn?) (glcn?) (glcn?) (glcn?) (g/cn?)

0.00-1.00 -0.35 0.51 —0.07 0.26 —0.30 0.58 —0.08 0.24
1.00-2.00 -0.17 0.44 —0.09 0.47 -0.21 0.43 -0.18 0.46
2.00-3.00 —0.06 0.70 0.08 0.67 —0.07 0.54 —0.04 0.56
3.004.00 -0.08 0.75 0.12 0.88 —0.03 0.54 0.07 0.64
4.00-5.00 —-0.00 0.74 0.12 0.83 —0.03 0.55 0.02 0.66
5.00-6.00 0.53 0.61 0.59 0.68 0.30 0.63 0.40 0.67
6.00-7.00 0.63 0.40 0.90 0.47 0.73 0.47 0.91 0.57
0.00-7.00 -0.14 0.62 —0.03 0.45 —0.16 0.54 —0.08 0.39

the scatter can be attributed to the large temporal and spatidligh SSM/I values probably obtained over ice which have

variability of water vapour. been mentioned before.
o _ The standard deviation of the data sets is typically about
5.4 Statistical analysis 0.5 g/cnt and varies between about 0.4 and 0.8 dlcithe

scatter is quite independent from the water vapour column

For each of the comparisons described above a statisticamouynt, although of course it becomes smaller for very small
analysis has been performed. For this purpose, all SClA¢q|ymns. This is in line with the assumption that most of the

MACHY data shown in Figs. 9 to 13 have been binned into gcatter is produced by the spatial and temporal variability of
water vapour vertical column intervals from 0-1 gfcopto  \yater vapour.

6—7 glcnt. For each of these intervals and for each compar- Both the AMC-DOAS and the WFM-DOAS results agree
ison the following quantities have been determined: on average better with ECMWF data than with SSM/I data.

1. The mean deviation between the SCIAMACHY col- This indicates that both methods are not only applicable over
' umn and the reference column (either from SSM/I or ocean scenes but also over land, and that they benefit from

ECMWF); this is a measure for systematic offsets be_the enhanced signal over land caused by the higher albedo.
tween the data sets.

2. The standard deviation of the difference between theb Conclusions
SCIAMACHY column and the reference column; this

is a measure for the deviation between correlative datdor the first time, global total water vapour column amounts
points. The results of this analysis are shown in Table 6.have been retrieved from SCIAMACHY data in the spectral

region around 700 nm using two different methods, AMC-

The results for AMC-DOAS and WFM-DOAS are quite DOAS and WFM-DOAS. These methods have been success-
similar, although WFM-DOAS seems to perform slightly fully applied on GOME data in previous studies and have
better especially for smaller columns, probably because théeen adapted for the analysis of SCIAMACHY data. Both
real atmospheric conditions are better adapted by the iterativalgorithms include inherent methods to assess the quality of
approach. AMC-DOAS only uses one (tropical) referencethe retrieved columns. Comparisons of the derived SCIA-
atmosphere for the whole Earth, nevertheless the columnMACHY water vapour columns with corresponding SSM/I
retrieved by this method agree remarkably good with bothand ECMWF data have shown an excellent correlation for
SSM/l and ECMWF data. both methods. This is the case not only for ocean scenes but

Smaller columns are typically underestimated, largeralso over land, which is an advantage with respect to SSM/I.
columns overestimated by SCIAMACHY. The agreement However, both methods compensate for a currently unex-
between the SCIAMACHY results and both SSM/I and plained systematic deviation of 10% which needs further in-
ECMWF data is best in the columnar range from 2 to vestigation. Looking at the slope of a fitted straight line,
5 g/lcn? where the mean deviations vary betwee®.08 and  the average agreement between the different data sources
0.12 g/cnt. The maximum average deviation is 0.91 gfcm is better than 5%, irregardless of ground scene, although
at very high columns. Largest relative discrepancies octhere is a significant scatter (in the order of 0.5 ¢fiim
cur for very small columns, especially when compared tothe data which can be mainly attributed to the high spatial
SSM/I. The latter is partly caused by those extraordinarilyand temporal variability of water vapour. The water vapour
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columns derived from SCIAMACHY measurements are typ-  spheric CH, CO, CQ, H,0, and NO total column amounts
ically slightly smaller than those of the correlative data sets; from SCIAMACHY / ENVISAT-1 nadir radiances, J. Geophys.
the mean deviation between SCIAMACHY and SSM/I data  Res., 105, 15231-15 246, 2000a.

is about 0.15 g/cr) the mean deviation from ECMWF data Buchwitz, M., Rozanov, V. V., and Burrows, J. P.: A correlated-k
is less than 0.1 g/cfn distribution scheme for overlapping gases suitable for retrieval

Due to the currently reduced availability of consolidated of atmospheric constituents from moderate resolution radiance

- measurements in the visible/near-infrared spectral region, J. Geo-
SCIAMACHY data, the algorithms have up to now only been phys. Res., 105, 15 24715 262, 2000b.

applied to a small amount of data. In this sense the promising ,chwitz M. Nl S. Bramstedt. K. Rozanov. V. V.. Bovens-
results presented here are only valid for a rather limited time  mann, H., Tsvetkova, S., and Burrows, J. P.. Retrieval of

interval. However, first investigations using SCIAMACHY  trace gas vertical columns from SCIAMACHY/ENVISAT near-
data for other days show similar results, and it is planned to infrared nadir spectra: First preliminary results, Adv. Space Res.,
extend the analysis range in further studies. in press, 2003.

Therefore it can be concluded that both the AMC-DOAS Burrows, J. P., Weber, M., Buchwitz, M., Rozanov, V., Ladtsr-
and the WFM-DOAS method are able to retrieve reason- Weienmayer, A., Richter, A., de Beek, R., Hoogen, R., Bram-
able total water vapour columns from SCIAMACHY data  Stédt K., Eichmann, K.-U., Eisinger, M., and Perner, D.: The
not only over ocean but also over land. The algorithms are C0Pal Ozone Monitoring Experiment (GOME): Mission Con-

. . . cept and First Scientific Results, J. Atmos. Sci., 56, 151-175,
reliable and in principle fast enough to allow for an opera- 1999

tional processing and are thus good candidates for a futurg. ... 4o s Zehner. C. Pisacane. G.. and Putz. E.: Empirical re-
“visible water vapour” data product of SCIAMACHY which  yrieval of the atmospheric air mass factor (ERA) for the mea-

is currently under discussion. surement of water vapour vertical contenet using GOME data,
Geophys. Res. Lett., 27, 1483-1486, 2000.
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