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Abstract. We use a recently proposed spectral samplinget al., 1999), and the more recently proposed Optical Ab-
technique for measurements of atmospheric transmissionsorption Coefficient Spectroscopy technique (OACS) (Mau-
called the Spectral Structure Parameterization (SSP) in orderellis et al., 2000a; Lang et al., 2002) can be used to solve
to retrieve total water vapor columns (WVC) from reflectiv- this problem. In practice, both of the latter two methods use
ity spectra measured by the Global Ozone Monitoring Exper-opacity sampling probability functions to represent the effec-
iment (GOME). SSP provides a good compromise betweertive absorption within a specific spectral sampling interval.
efficiency and speed when performing retrievals on highlyThese probabilities are then used either directly (OACS), or
structured spectra of narrow-band absorbers like water vaindirectly, via a transformation from wavelength into cross-
por. We show that SSP can be implemented in a radiativesection space (k-distribution), as weighting functions of a set
transfer scheme which treats both direct-path absorption andf opacity basis functions, whose summation replaces a com-
absorption by singly-scattered light directly. For the retrieval putationally expensive spectral sampling integral. Both of
we exploit a ro-vibrational overtone band of water vapor lo- these methods have demonstrated their ability to solve the
cated in the visible around 590 nm. We compare our resultproblem of spectral sampling in an accurate and efficient
to independent values given by the data assimilation model ofvay for atmospheric water vapor absorption. In the case of
ECMWEF. In addition, results are compared to those obtainedDACS by utilizing GOME measurements in the absorption
from the more accurate, but more computationally expensiveregion around 590 nm (Lang et al., 2002) and, in the case of
Optical Absorption Coefficient Spectroscopy (OACS). the k-distribution method, on synthetic spectra in the IR re-
gions of the SCanning Imaging Absorption spectroMeter for
Atmospheric CHartorgraphY (SCIAMACHY) instrument on
ESA's ENVISAT (Buchwitz et al., 2000).

In contrast, in the Spectral Structure Parameterization
The retrieval of concentrations of narrow-band line ab- (SSP) recently proposed by Maurellis et al. (2000b), and ap-
sorbers, such as water vapor (WV), from space-borne sped:_)lied here for the first time to retrievals from reflectivity mea-
tral instruments is often complicated by the relatively low Surements, the number of opacity functions and their weights
resolution of the detector with respect to the width of an in- &€ reduced to only one basis function with one weighting
dividual absorption line. For example, GOME spectral sam-Parameter, called the spectral structure paramefarhich
pling in the visible region (channel 3) is 0.2 nm which covers characterizes the spectral structure of the absorber within a
up to 12 individual absorption lines of WV in the spectral specific wavelength range and at a specific altitude. SSP
region around 580 nm (ESA, 1995). To allow accurate mod-lends itself therefore more to the basic concept of band mod-
eling of such absorption spectra requires a large number O?Is, Whe_re the average absorption overa specific wavelength
spectral realization points in order to resolve the narrowesint€rval is represented by averaged line parameter values.
lines, especially at high altitudes where pressure broadeniniynlike band models, SSP is well suited for relatively small
is absent. In principle, band models, exponential sum fittingsamp“nQ regions containing only a smgll numbe'r of distinct
methods or other opacity sampling techniques, like the wel/@bsorption lines, such as those found in the regions covered

known k-distribution method (Lacis and Oinas, 1991 Kato PY the detector pixels of both GOME and SCIAMACHY. In
addition, the implementation of SSP in a radiative transfer
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146 R. Lang et al.: Retrieval of water vapor columns

tribution of single-scattering to the measured reflectivities, is
relatively simple and requires only a small amount of com-
putational effort. Consequently, SSP retrieval of WVC is fast
and may be performed on a global scale in a reasonable time E WA
as demonstrated in this paper . 1

Retrieval of WVC from GOME has also been demon-
strated by Nél et al. (1999) (at 700 nm) and Casadio et al.

S' — P —

-section
1

(2000) (at 740 nm). We focus on a ro-vibrational overtone £ N
band of WV in the visible between 580 and 605 nm covered®
by the GOME instrument. This band was first exploited for © 0

the retrieval of WVC by Maurellis et al. (2000a) and later 4 “«—3) —>
by Lang et al. (2002), using the OACS sampling technique.
SSP is a retrieval method, which is easy to implement, fast
self-contained and based on first principles. The only inputs
needed for the retrieval of WVC by SSP are a pressure ana
temperature profile, to_getherWIth some Info_rmatlon on baCk'Fig. 1. Schematic of the construction of an effective pixel cover-
ground absorbers, which are, for global retrievals, taken fromage parameten and effective mean value for the absorption cross-
climatology models or GOME level 2 data. SSP retrievessections (right hand panel) from a typical absorption spectrum
subcolumn profiles over 18 atmospheric levels from which awhich has been sampled over a wavelength rasigéleft hand
total column is calculated. The only constraints applied topanel).

the fits are three fixed upper profile constraints for tropical,

mid-latitude and high-latitude cases.

In the following section we briefly summarize the basic Whereo (1) is the absorption cross-sectiav,is the total col-
concept of SSP for homogeneous atmospheres. Then wdmn density andx is the sampling width. The transmittance
show how SSP can be applied to satellite-based, nadir view¢T )s» may also be expressed as:
ing reflectivity measurements probing nonhomogeneous at-
mospheres, and including light paths where photons are relT)sn = 14+ wexp(—SN) —w. @)
flected at the earth surface or scattered once (single scatter-
ing) in the atmosphere. Thereafter, we present results of_l
SSP forward-modeled reflectivity spectra, which we com-
pare to both line-by-line (Ibl) forward-modeled spectra, as
well as GOME measurements. SSP retrieval results from Ib . .
forward-modeled spectra are used to assess the method rdion 62 (see Fig. 1) with
lated bias and to introduce a retrieval bias correction term eszo (M) = wS ?)
pecially for high WVC values. The impact of multiple scat- ’

tering and aerosol loading on the retrieval values will alsognq the pixel-averaged optical thickne&ss, = wSN.
be discussed in some detail. We then expand our retrieval§, and s are now defined by the simultaneous solution of
to a single GOME track and a global coverage (i.e. threegqs, (2) and (3) with the result that they are implicitly de-
days of continuous GOME measurements). We use a Sinpendent onV. A Taylor expansion to second order of the
gular Value Decomposition (SVD) scheme of the Jacobianexnonents in Egs. (1) and (2) reveals that
matrix to asses the retrieval error of an individual fit. The
WYV total column results are compared and discussed with <g)§x (06252
respect to co-located WVC given by the European Center of¥ ~ (02)s) ands§ ~ e
Medium Range Weather Forecast (ECMWF) data assimila-
tion model, after which we present our conclusions. The latter is a good approximation af and S in cases
of a wavelength-averaged optical thickness of lower than 0.1
(Maurellis et al., 2000b).

+— H) —

Here, S has units of cross-section and determines the
eight of a box with fractional widtly (0 < w < 1), which
covers the area of absorption equivalent to the area covered
Py the individual lines of the absorber within the spectral re-

(4)

2 Sampling of homogeneous absorption

For homogeneous absorption over a direct path in the ab3 Application to nadir measurements in nonhomoge-
sence of any scattering events, the spectrally sampled trans- N€ous atmospheres

mittance may be defined as B . . ]
For the specific scenario of modeling the WV absorption

dx from a nadir viewing geometry, we subdivide the atmosphere
(T)sn. = /“ exXp—o (WN) = (1) into 18 homogeneous levels containing WV subcolumn
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R. Lang et al.: Retrieval of water vapor columns 147

densitiesV,. For the retrieval, pressure and temperature pro-reflected path. Because, in the case of WV absorption, we ex-
files, as well as oxygen and nitrogen profiles for the calcula-pect the maximum optical thickness at the surface layer we
tion of Rayleigh scattering albedo, are taken from the Neutraimay setfsys = 1. Using the same reasoning for the single-
Atmosphere Empirical Model MSISE90 (Hedin et al., 1991) scattering contribution we can then write, by again utilizing
for a given date, time, and geolocation at fixed altitude lev-Eq. (2),

els above the surface. We use 18 homogeneous atmospheric p(@) [

layers¢ to cover altitudes from the ground up to 9 km, which (Rss)j = 4—/ (B(E(2))sca j

contain more than 99% of the atmospheric water vapor. The o Jo
WYV density drops generally by more than 2 orders of magni- _ .
tude over the first 10 km (c.f. Lang et al., 2002). In general, < } 11T w(ts9;jexp| — Z [£S(6)j N (&)

the w width parameter changes with pressure and tempera- t=t@

ture over altitude due to the pressure and temperature depen- —w(ZSS).,} dz (8)

dent width of the lines. The same holds for the detector pixel

averaged line strength. For the treatment of nonhomoge- wherelss = £(2), becausé(z) is the lowest altitude point for

neousg aths travers:qed. by photons underdoina higher (g)rdereaCh single-scattering path and, therefore, in the case of WV,
pa yp going hig "Re point with most impact on the absorption. In addition, we

of scattering we now assume that the absorption over the dif-

. : . assume that Rayleigh scattering is the dominant form of sin-
ferent light paths throughout the atmosphere is dominated b . L . i
the level with the maximum absorption, as is the shape of; le scattering andf (£(z))sca IS the mean Rayleigh scatter

L . . ing coefficient withinda ; at altitudez, with a corresponding
the measured absorption line. The choice of a dominant ab- . J
b hase function op(©) = %(1+ co(0®)), where® denotes

sorbing layer is dependent on the shape of the profile of thed

absorber of interest. Note, that due to the strong exponentiatlhe SZA. . . oo
The multiple-scattering contributiofRms); to the re-

decrease of the WV profile with respect to altitude, we may lected light is represented by a first-order polynomial with

assume that the maximum impact on the absorption over d hich for the broadband
specific light path will occur at the lowest point of the path. ree paramett_er@ andD, which accounts for the broadban
We write the unitless normalized reflectivif/as effect of multlple scattering. In the previous study by I__ang
et al. (2002) it was shown that the error on the retrieved
wl WVC using this kind of treatment in OACS for the multiple-
k= H ©) scattering contribution is lower than 20% in cloud-free sit-
) ] ) ] uations for conditions representative of two worst-case sce-
where [ |s.the earth rad|ance(,70 the solar irradiance .and narios: with high WVC (1.4« 10% molec/cn?), low surface
1o the cosine of the solar zenith angle (SZA). A solution of ghedq (0.03 (maritime), 0.1 (rural)) and high aerosol loading
the transport equatl_on of scalar radiative transfer in its planetSee also Sect. 7 for the impact of aerosol loading and multi-
parallel approximation (Lang et al., 2002) reveals that thep|e scattering on the SSP retrieval). Similarly, the unknown
measured reflectivity of a nadir viewing instrument may be g rface albedo is represented by a first order polynomial with
separated into three distinctive parts, viz., free parametera and B. The parametera to D have to be
adjusted to the real measurement when comparing SSP for-

Liop

R: = (R ; Rse) Rms) i, 6 .

j = (Rsurf)j + (Rss)j + {Rms), ©) ward model results to the measurements, as well as during
wherej is a specific spectral interval with wid#tk, Rsyr; the retrieva}l and fitting of WVQ values. o
is the reflectivity of the direct light path reflected at the earth  For details concerning the different contributions to the to-
surface,Rss;j is the reflectivity of singly scattered arins; tal reflectivity, as well as a detailed discussion about the im-
of multiply scattered light. Using the assumption above onpact of multiple scattering within this wavelength region, the
the dominantw-parameter, we defin@max = w(N(¥)), reader is referred to the aforementioned study by Lang et al.

where N (£) is the maximum subcolumn density for a spe- (2002) and, for the specific case of SSP, to Sect. 7 of this
cific path at levell. Now, we may write the reflected light Wwork.
coming from the surface, utilizing Eq. (2), as

4 Construction of look-up-tables forw and §

(Rsurl)j = A § 1+ w(lsur)j exp| — > AS(0);N(£) _ - _
7 In this study we utilize Eq. (4) in order to construct a look-

—w (gsurf)j} ’ @) up-table for each of the parametessand S. For a range of
22 temperaturesl|) and 31 pressure valueg)( covering all
wherejfi is the geometric path-length factor for a nadir view- p andT values thought relevant for our altitude region of in-
ing instrument, withii = (MJT)’ u is the cosine of the terest for all possible geolocations, we then calculate realiza-
angle between the zenith and the instrumanis the surface  tions of the cross-sectian utilizing line-parameters from the
albedo of a Lambertian surface am@g_surf)j isthe dominant HITRAN '96 database (Rothman et al., 1998) and Voigt ab-
w-parametekvmay for the specific case of the direct, surface sorption line shapes (Humlicek, 1982). For those realizations
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g
w
a
o

08 the extra dimension for the summation over cross-section

0.7

probability, or cross-section bin space, necessary in the latter
two methods, is not required for SSP. Therefore, the interpo-
lation on the look-up-tables can be performed very rapidly
even for smalb, and thus, for high wavelength resolution.

o

Temperature [K]
N
o
(=]
w parameter

01 02 03 04 05 06 07 08 09 1

5 Forward modeling and retrieval
(b) 350 -236

-23.8

The spectral region between 585 and 600 nm is covered by 69
detector pixels of the GOME instrument. Within this region
absorptions of the additional absorbers)£) O3, NO, and
Sodium have to be taken into account, together with the loss
of light scattered out of the light path by means of Rayleigh

N
o
=]

Temperature [K]
N
o
o
S parameter Iogm[cmz]

150
0.

P02 0 0 e Tt scattering. Apart from sodium and NOwhich contribute

very little to the total absorption in this spectral region, all of
Fig. 2. Contour plot of thew- (a) and theS-paramete(b) look-up- the remaining absorbers contribute to a smooth background
table for one spectral sampling bjrin dependence of temperature apsorption. The contribution of the Fraunhofer line absorp-
and pressure. A standard pressure and temperature grid is used fgpn to the so-called effect and the contribution of the Ring
the construction of the look up tables, covering all possible Pressurésgtact. from rotational Raman-scattering, to the total reflec-

and temperature ranges within the altitude region of interest. tivity is also assumed to be small within this spectral region

(for a detailed discussion the reader is referred to Lang et al.,

2002).
we use 50 000 numerical grid points over the whole spectral GOME measures the earth radiaride nadir viewing ge-
region between 585 and 600 nm, in order to resolve the naremetry for a footprint of 40 by 320 km. The solar irradiance
rowest lines with at least 5 points. We use a sampling widthF, is measured once for every day (for a detailed descrip-
51, that is three times smaller than the sampling width of ation of the instrument see ESA, 1995; Burrows et al., 1999).
GOME detector pixel and more than 4 times smaller thanThe instrumental functiof{(x, A’; X) of channel 3 is repre-
the full-width-half-maximum (FWHM) of the instrumental sented here by a Gaussian function with a FWHEM The
response function, which satisfies the Nyquist criterion (seeeflectivity measured by theth detector pixel is then defined
also following section) and results in a total of 207 spectralas
bins. By doing so we create for each parametendsS, a 22 oo
by 31 by 207 look-up-table matrix which we can interpolate pGOME _ / / nl(k)?—[()\, A’;E)d)\’d_)‘, (9)

Ay

o . k
over p andT for a specific measurement scenario at each al- —00  Mol'o Ak

titude levele. Fig. 2 showsw and S for one wavelength bin
j as a function of thep andT reference profiles. From this
we see thatv and S vary smoothly with respect tp andT,
meaning that interpolation on intermediateT -tuples leads
to reasonable results. As the pressure decreases e

whereAl; is the wavelength coverage of a GOME detector
pixel of about 0.21 nm in case of channel 3. Here, it is as-
sumed that the solar irradiandg is constant withinAA.
The modeled reflectivityR, can be approximated by

rameter also decreases (upper panel Fig. 2), i.e. the spectrum K M Sh
becomes more structured due to the pressure-related narrowgMode! — Z Z RiH(hj, Ais £)8% —L, (10)
ing of the lines. The line width is only weakly dependent o Ak

on the temperature (Rothman et al., 1998) which can also be ] ] )
seen from thew contour plot. Thes parameter (lower panel whereM is the number of sampling biriover the total spec-

Fig. 2) changes significantly only for the lowest pressures.fra! region of interestx is the number of sampling bins
For low pressures, when the parameter decreases, te  Within the spectral region covered by one GOME detector
parameter increases, because the area of absorption or tR€l and|é4; j| = K™Akx. R; is the sampled reflectivity
averaged line intensity within a certain wavelength bin hasom EQ. (6) with
to be conserved. Due to the temperature dependence of th
line-intensity value of individual absorption lines (Rothman Rj = (Rour(Ne. A, B))j + (RsoN0) ; + (Chj + D). (11)
etal., 1998), the variation in temperature for thparameter Here, it must be noted that Eq. (10) is only a good repre-
is stronger than that for the parameter. sentation of Eq. (9) whesh. < ¥, satisfying the Nyquist cri-

In general, thav,S-tables are smaller than the usual tablesterion. In our caséx (around 0.07 nm) is a third of the spec-
used for the k-distribution method, and significantly smaller tral width covered by a single GOME detector pix&l & 3),
than the look-up-tables used for the OACS method, becauswhilst ¥ is about 0.29 nm.
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(a) 0.07

timization problem

min Z[R,?OME—R,ﬁ"ode'(Ne,(A,...,D))]z. (12)

>
Z0.065] Ne.(A,... D) T

§

2 Each SSP fit is initialized with a flat WV subcolumn pro-

file Noo = 10, where theN, are given in units of sub-
column density. Each fit is constrained by an upper limit
585 590 595 600 N < Ngmaxin the form of a step functionNy, max consists

‘ ‘ of three steps over the total number of levels with decreasing
sub-column values from low to high altitude. The lower pro-
file constraint is set t&V jower = 0. The constraints prevent
the fit from giving too much weight to the higher altitude

585 590 595 600 levels, which otherwise would increase the relative contribu-
(©) 057 Wavelength [nm] tion of the singly scattered photons to unrealistic values by
T — GOME setting the surface albedo to zero and, in doing so, decrease

the total mean free path length (for a detailed discussion see
Sect. 8). We scale the upper profile constraint differently
without changing their altitude-dependent shape for geoloca-
tions between 30N and 30 S latitude (expected total WVC

< 4x10% molec/cn?), between 30 and 60 latitude (ex-
pected total WVC< 2x 107 molec/cn?) and latitudes above

or below 60 (expected total WVG< 2x 10?2 molec/cn?).

6 Method accuracy and bias adjustment

585 590 595 500 Two important assumptions were made in the derivation of
Wavelength [nm] Egs. (7) and (8): (i) that the approximation of theand S
parameter (Eqg. 4) is an equality, which is only true for op-
Fig. 3. The upper paneléa) show a GOME measurement (solid tical thicknesses lower than 0.1, where the non-linear nature
line) at 34 N latitude and 119W longitude over the pacific witha  of the absorption of individual lines per layer becomes weak-
SZA of 23 together with the result of a SSP forward model (dashed ened; and (") the assumption on the dominant Spectra| struc-
line) and their residual (GOME-SSP)/GOME). The albedo was ad-{;re parametengmay) for the individual light paths of singly-
justed using a first order polynomial, resulting in a value of 0.04 scattered photons (Sect. 3). We call the bias introduced due

at 590 nm. The WV density profile was taken from ECMWF with . ) -
a high WVC of 134 x 10?3 [molec/cnf]. The lower panelgb) o Ithesg a§sluml[3)tlonz the me:]hodh.reklated bI?ShOf S?de |
show the same but for a rural GOME measurement &i\6ti- n principle, by reducing the thickness of the individua

tude and 10DW longitude with a high SZA of 73and a low WVC layers (i.e. utilizing more altitude layers) the optical thi(_:k-_
of 8.9 x 102L. For this pixel the albedo was adjusted resulting in a N€ss per layer may be always reduced below the 0.1 limit.
value of 0.32 at 590 nm. However, increasing the number of altitude layers increases

the number of fit parameters and makes the optimization
procedure computationally more expensive without gaining
much additional information about the profile. Fig. 4 shows
that, by using 18 homogeneous altitude layers, the spectrally
In Fig. 3 we present a direct comparison between sam-averaged optical thickness per layer is significantly below
ple GOME measurements and forward calculations using).1 even for measurement cases with high total WV content
Eqg. (10) for two representative measurement geometries anffor the measurement modelled in Fig. 4 the total WVC is
geolocations with both high and low WVC. Realistic WV 1.83x 10?3 molec/cn?). Therefore, for our case, the deriva-
profiles used for the forward calculations are taken from thetion of w and S is based on good assumptions, which do
ECMWF database, with the resulting residuals being smallenot contribute to the method-related bias. However, our as-
than 1%, except for the region near the solar sodium Fraunsumption of the dominant spectral structure parametgs,
hofer lines which are not explicitly modeled here. which is equal to thev value for the layer with the highest
optical thickness in the path, creates a bias. The fixggkis
For the SSP retrievals we fit Eq. (10) to GOME reflectiv- higher (except for the lowest layer) than the regdarameter
ity spectra with the aid of a robust, non-linear, large-scaleper layer would be. Subsequently (from Eq. 2) an underesti-
trust-region method (Byrd et al., 1988), which solves the op-mation follows for high WVC.

www.atmos-chem-phys.org/acp/3/145/ Atmos. Chem. Phys., 3, 145-160, 2003
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0.04 SSP retrieved WVC from Ibl forward—modeled spectra
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Fig. 4. Spectral averaged optical thickness for the bottom and top

atmospheric layer used in the retrieval with subcolumn densities ofrig. 5. Relative(a) and absolutéb) differences between the re-

1.8x10?2 and 1.3<10?! molec/cn?, respectively. In this case all of  trieved WVC by SSP and the WVC used in the Ibl forward model

the 18 subcolumn densities would sum up to a high total WVC of (stars). The solid line in the lower panel (b) shows a second order

1.83x 1073 molec/cnt. polynomial fit through the absolute difference values together with
the errorbars derived from the distribution matrix (for details see
text and Sect. 8.1). The polynomial values are used to adjust for the

In order to quantify this bias and to correct for it, we per- systematic method related bias of the SSP retrieval.

form SSP retrievals of 241 Ibl forward-modeled reflectivity

spectra on the basis of Eq. (9) from a range of WV pro- relative differences, is-5.1%.

files, with the total WVC ranging between 8 10?1 and For h|gh WVC (>8X 1022 mo|ec/crﬁ) the systemaﬁc re-
1.8 x 10°3molec/cnt. These profiles were taken from the trieval bias increases up to a maximum-e20%, which is
ECMWEF database and chosen to be representative of a widgferred to as the underestimation of the WVC by the dom-
range of geolocations. The contributions from the additionalinant layer assumption. An empirical correction term was
background absorbers at these different geolocations wergetermined by fitting a second-order polynomial (solid line

also accounted for. Surface albedos and multiple-scatteringh Fig. 5b) to the absolute differences, which results in

contributions (parameters A-D) used in the forward-Ibl mod-

eling results are evaluated from GOME measurements takeM/V Ceor =

at corresponding geolocations. In order to do so the Ibl- —[0.018+ 4 x 10~ '] + (WVC — [0.096+ 0.007])

model results are fitted to the GOME measurements by keep-+[0.164+ 1.9 x 10~4] * (WVC — [0.096+ 0.007])

ing the ECMWEF water vapor profile fixed. This procedure —[0.283+ 0.190, (13)

provides realistic parameters A to D to be used for the Ibl-

modelled spectra. where the WVC is in units of 78 molec/cn?. The error bars
The results are summarized in Fig. 5, which shows the rel-'© calculated from evaluating the distribution matrix of the

ative and absolute differences between WVCs retrieved us_second—order polynomial fit togethgr with the mstnt_)u.non

ing SSP and that used for the forward-lbl modeling. For low- around the mean values. For details on such an fitting-error

and mid-range columns<@x 1022 molec/cn?) the maxi- ~ 2"alySis see Sect. 8.

mum differences between the retrieved and the true values

is about 10%. For instances of very low WV@:(X 1072 7 Aerosol loading and multiple scattering

molec/cn?) that occur predominantly at high latitudes, the

differences are larger not only because of the low WVC val-Due to the large footprint of GOME (40 by 320 km), most

ues, but also due to the high SZA, which are usually assoground pixels are contaminated by cloud cover to some de-

ciated with such GOME measurements. Note that togethegree. For instances where the cloud cowel0% significant

with the forward-Ibl calculations for the lowest WVC (i.e. errors in the retrieved WVC may still result due to the pres-

8x 10?1 molec/cn?), a SZA of 67T is associated, which ence of background aerosol. Such aerosol may affect the net

is representative of solar zenith angles in GOME measureabsorption, as well as the path length of the scattered light

ments taken at latitudes70°. The accuracy for low and mid and, therefore, make the assumptions made with respect to

columns up to & 10?2 molec/cn?, calculated from the mean scattering and surface albedo invalid.
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| + SSP
(8) 20 —— OACS
e ECMWEF
(&]
515 .
(@]
£
N
o
—
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E
0
(b)100
S

0
-80 -60 -40 -20 0 20 40 60 80
Latitude 1

Fig. 6. SSP WVC fit results over latitud€g), stars) for a GOME pass on 23 October 1998, covering longitudes fré/ai 73 N latitude

to 150° W at 8C° S latitude. 1.5% of the results are neglected because the errors were biggex 688 mholec/cn?. In 19% of the cases

the calculated error was rejected and is not shown because an optimal regularization value using the L-curve regularization scheme coulc
not be found (for details see text). SSP results are corrected for model bias (cf. Fig. 5). For validation, the WVC values from OACS using
GOME measurements (red curve) and from ECMWEF given at 18:00 UTC are shown (green curve). The cloud coverage in percentage per
GOME observation is taken from GOME GDP level-2 data and is indicated by the solid curve in the loweibpanel

The effect of multiple scattering and aerosols on the re-singly and multiply scattered photons as a percentage of the
trieved WVC has been estimated by solving the full scalartotal reflectivity using the DAM-model for the four different
radiative transfer equation, including the multiple-scatteringaerosol loading cases described above, and with a medium
source term, by employing a doubling-adding model (DAM) WVC of 7.72x10?2 molec/cn?, for which the systematic
(de Haan et al., 1987), which has been reduced to the scalanethod related bias is negligible. Without aerosols, the max-
representation of the radiation field. The reflectaR¢g) is imum contribution of multiply scattered photons is about 8%
calculated in a line-by-line mode for a spectral resolution ofat 590 nm. Single scattering is the dominant source of re-
0.01 cnrl. flectivity for the maritime aerosol scenario (47%) because

We investigate four atmospheric scenarios: a maritimeOf low surface albedo, with the ground'rEfleCted Component
case and a rural boundary layer case both with and withPeing comparable to, or lower than, the contribution due to
out aerosol loading (clear-sky scenario). The clear-sky scemultiple Scattering. This may be contrasted with the rural
nario quantifies the contribution of multiple Rayleigh scat- aerosol scenario, in which multiple scattering is the domi-
tering and its impact on the retrieved WVC. All scenarios Nant source of scattered light (51%) due to the high aerosol
include the effects of Rayleigh scattering, ozone absorptiorPptical density. Aerosols reduce the ground-reflected com-
and Lambertian surface reflection. In the case of the marPonent to 13%.
itime scene we use a surface albedo of 0.03, whereas for the The first-order polynomial used in this retrieval to imple-
rural scene a surface albedo of 0.1 is used. For maritimenent multiple scattering (Eq. 6) does not account for a differ-
aerosol loading a constant particle density of 4000 particlesntial contribution reflecting the absorption by water vapor,
per cnt is assumed. For the middle and upper tropospherebut only for the broadband effect. The retrieval of parameters
we assume a tropospheric background aerosol, for which th€ and D may, therefore, influence the retrieval of the surface
particle density decreases with the third power in pressurealbedo (parameters A and B) and the WVC.
aerosol optical properties are taken directly from Shettle and Taple 1 also includes the SSP retrieved WVC and surface-
Fenn (1979). For the rural case we have chosen a constardjpedo values from the DAM forward-modeled reflectivity
but much higher, particle density of 15000 particles pef.cm spectra for the four scenarios. The results show that SSP re-

Table 1 lists the relative contribution of ground-reflected, trieves accurate values for both of the clear-sky situations. It
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Table 1. Relative contribution of ground-reflected, singly-scattered and multiply-scattered photons to the total reflectivity calculated by the
DAM model assuming a SZA of £0and a WVC of 7.7 10?2 [molec/cnf] for each case

Model Input Model Output SSP Retrieval Results
AOD A | GR  Ssg MS? | wvce AWVCI[%] A AA [%]
Maritime Clear Sky 0 0.03 422 49.6 8.2 7.68 -0.33 0.036 +20.0
Maritime Aerosol 0.30 0.03 179 469 352 6.76 -12.3 0.052 +73.3
Rural Clear Sky 0 0.10 67.8 239 83| 7.69 -0.26 0.110 +10.0
Rural Aerosol 0.63 0.10 13.0 251 619 9.14 +18.6 0.121 +21.0

¢ Aerosol Optical Depth

b percentage of ground reflected light at 592 nm
¢ Percentage of single scattering at 592 nm

4 percentage of multiple scattering at 592 nm

¢ 1072 molec/cn?

Table 2. Same as Table 1 but for a high WVC of 148023 molec/cn?. The relative differencé WVC is calculated between the model

value and the bias-corrected retrieved WVC

Model Input Model Output SSP Retrieval Results
AODA A| GR  sg MS?! | WVC com WVC  AWVC [%] A AA [%]
Maritime Clear Sky 0 0.03 43.8 48.2 8.0 125 13.5 -52 0.039 +30.0
Maritime Aerosol 0.21 0.03 20.0 532 26.8/ 14.0 15.5 +8.5 0.038 +26.6
Rural Clear Sky 0 0.10 69.1 2238 8.1 13.3 145 +1.6 0.102 +2.0
Rural Aerosol 051 0.1Q 179 30.9 51.2| 146 16.3 +14.1 0.112 +12.0

¢ Aerosol Optical Depth

b percentage of ground reflected light at 592 nm
¢ Percentage of single scattering at 592 nm

4 percentage of multiple scattering at 592 nm

¢ 10722 molec/cn?

underestimates the WVC by 12%, in the case of maritime8 Results for individual GOME passes
aerosol loading, and overestimates it by 18% in case of rural

aerosol loading. The error in the retrieved albedo is generaIIM:igure 6a shows bias-corrected (Eq. 13) WVC results (stars)
of the order of 20%, except for the maritime case, where thggrieved using SSP for the GOME pass on 23 October
aerosol layer above the surface alters the retrieved surfac%ggs, which started from 83, 9¢ W and finished at SON,
albedo value significantly, resulting in a decrease in the re- 5 W, passing over the North American continent. In total,
476 nadir-view ground-pixel measurements are used (cen-
ter pixels only). For comparison, we show WVC values re-
trieved using the OACS method (using the same WV absorp-
tion band) for identical GOME ground pixels (solid red line),
together with co-located ECMWF values (solid green line).

For high WVC, the retrieval using SSP is affected by the The cloud-cover fraction for each individual ground pixel
method-related bias (see previous section). After applicationis shown in Fig. 6b and was taken as reported by the GOME
of the empirical correction (Table 2), the error due to multi- Data Processor (GDP) level-2 data (Balzer and Loyola, 1996;
ple scattering for clear sky cases is less than 6% (maritimepPLR, 1999). This fraction is derived by the initial cloud-
and 2% (rural). The impact due to aerosol loading on the refitting algorithm (ICFA) (Kutz et al., 1994) with the cloud-
trieved column is less than 9% (maritime) and 14% (rural),top pressure being taken from the International Satellite
Cloud Climatology project (ISCCP) (Rossow et al., 1991). In

trieved WVC (see also Sect. 8).

after correction for the method-related bias.
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general, the SSP values compare well with the correspondingient noise andy is the contribution-function (or distribu-
ECMWEF values, except in situations where the cloud covertion) matrix with
> 10% of the GOME ground pixel. This may be partly due IN

. . 1
to an enhanced photon path length which occurs in the cloudy = R
layer as a consequence of the increased amount of multiple y
scattering events. The extent of multiple scattering depend¥he different error contributions of Eq. (15) are called
on the optical depth of the cloud, which is not provided in smoothing error, model-parameter error, forward-model er-
the ICFA cloud product, meaning that a rigorous descriptionror and retrieval noise. For the purpose of evaluating the
of the scattering events is difficult to implement. For this smoothing-error contribution the true profilé is needed.
reason, and in the interests of computational speed, the SSFhis contribution is therefore difficult to evaluate for all the
method uses a first-order polynomial to account for the con+etrievals. Here, we therefore neglect this contribution in the
tribution to the total reflectivity by multiple scattering (c.f. calculations of the individual total retrieval errors, and refer
Eg. 11). In addition, depending on the optical depth, the presinstead to the validation of the results by other, independent
ence of cloud also reduces the transmission of light throughmeasurements. The mean error in the paraméters b;)
to the lower layers of the atmosphere, where most of the waused in the model, i.e. errors in the temperature and pressure
ter vapor is located. These two effects may actually canprofiles, and also the density values of additional absorbers
cel each other in some instances, as for the first, the SSkke O3z and (Q),, is estimated to be a total of 5% (domi-
model underestimates the absorption resulting in an overesaated by the expected error in the ozone density of the same
timation of the WVC by the fitting procedure, whilst for the order Burrows et al., 1999). The error in the forward model
second, SSP overestimates the absorption resulting in an umxr (N, b) is calculated from differences between SSP and
derestimation of the WVC. However, due to the complexity DAM (see Fig. 3) for WVC of 772 x 10?2 molec/cn? and
of cloud modeling, the fact that important cloud parameters1.43 x 10?3 molec/cnt and for a surface albedo of 0.03 and
are unknown for most of the retrieval situations affected by0.1 (see Tables 1 and 2). Differeni (N, b) can be used in
clouds, a quantitative analysis of this effect can not be giverthe retrieval calculations assuming a clear-sky situation or an
or would be way beyond the scope of the paper. We thereforaerosol-loaded situation as shown in Tables 1 and 2. The er-
restrict further analysis of the results predominantly to mea-ror of the bias adjustment (Eg. 13) is added to this results.
surements of cloud-free situations (cloud fractiori0%) as  The retrieval noise stems from the instruments shot-noise

(16)

is reported by the GDP level-2 cloud-fraction value. contribution, which is provided for each individual measure-
ment by the GOME GDP data product. This contributéon
8.1 Retrieval error analysis is usually significantly smaller than 1% of the transmittance

. o value (DLR, 1999).
For each SSP-retrieved WVC we evaluate a total fitting er- The distribution matrix of the individual retrieval is evalu-

ror, including the instrument shot-noise contribution, as well ated in the following way. First a singular value decomposi-
as the systematic model and input-error contributions in thetjon (SVD) of the JacobiaK,

following way. After theith iteration step the optimization

method (Sect. 5 and Eq. 12) finds a solution very close toK = UZV, 17)

the measurement. In this regime the response of the retriev% performed. Here the orthonormal columnslbfand V
problem_is as_sumed to be close to linearity and we may deform a basis of the measurement and solution space. The
fine the linearized measuremenas diagonal matrixx contains the singular values; (f =

1, ..., k), which weight the individual basis vector contribu-
tions withk being the total number of independent variables.
whereK is the Jacobian matrix after th¢h iteration step.  |tiS now possible to construct a parametric plof|d¥,; || over

The total retrieval errors = N; — N, may be divided into  |IKNi—yl| parameterized by a paramefe(L-curve), which

different contributions (Eriksson, 2000; Rodgers, 2000) exhibits a corner where bothV;|| and||K N; — y|| are mini-
mal for a specifig/. (Hansen & O’Leary, 1994). This corner

y= RGOME . RSSP(N,‘) + KNj, (14)

§=(A—1)(N—N;) value y, can be evaluated analytically. From this optimal
+ DyKp (b — b;) corner value a filter matri® can be constructed by
y i
+ DyAr(N, b) 0,%
® = diag| —— |, (18)
+ Dye, (15) UJ% +y2

where the rows ofA contain the averaging kernelsjs the  which, when applied to the solution matik filters out the
identity matrix,b contains the model parameterg)NV, b) is basis vectors for whick; < y. and leaves the rest intact.
the difference between the used model and a full Ibl solu-In other words, it filters out those contributions of the solu-
tion of the equation of radiative transfer,is the measure- tion space, which effect the norm of the retrieval problem
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Fig. 7. Relative retrieval errors for the retrieved surface alb@jo  Fig. 8. Same as Fig. 7 but for scenarios with various aerosol load-

and the retrieved WVQb) from the GOME measurements used ings, for which the contribution of this systematic error is evaluated

in Fig. 10 and 11. The errors are calculated using the Jacobiarfirom SSP fits to the DAM model results (open circles; cf. Table 1

of the last iteration step of the optimization method (Eg. 15). In and 2).

order to evaluate the distribution matrix of the problem a SVD of

the Jacobian together with a parametric L-curve scheme are used

(for details see text). Errors include contributions of the shot noise

of the instrument, the error introduced by the bias correction of thel7:52 to 18:32 UTC between 9W and 150 W longitude.

SSP values (see Fig. 5) and the impact of multiple scattering in cleal he errors on the retrieved WVC decrease from more than

sky situations as evaluated from SSP fits to the DAM model results100% (for WVC below 1x 10%? molec/cn?) to errors be-

(open circles; cf. Table 1 and 2). low 10% (for medium WVC around ¥ 10?2 molec/cn?),
with only a very few exceptions. Similarly, the error on the

retrieved surface albedo decreases below 10% for medium

IKN; — || less than the error between the model and thew\/c (Fig. 7a and b). For higher WVC columns errors in-
measurement. The averaging kernel matrix can then be writragse slightly for the retrieved WVC, which we relate to

tenas the contribution of the error on the bias-correction (Fig. 5).
A—=VoV. (19) Most of the errors on the retrieved surface albedo get even
smaller for high WVC (Fig. 7a), with some exceptions lead-
From the averaging kernel matrix, the distribution matrix ing to an increasing spread in the values for high WVC. This
can be calculated bpy, = AK ~1. The individual retrieval  effect is also seen in the retrieved differences between the
errors on the WVC can now be calculated using Eg. (15).surface albedo used for the DAM spectra and the SSP re-
Also the error on the retrieved surface albedo can be calcutrieved values from these spectra (Table 1 and 2, and open
lated following the same procedure. circles in Fig. 7a). For the retrieved WVC these expected
Figure 6a shows the error on the retrieved SSP WVC forerrors (open circles in Fig. 7b) are close to the individual re-
most of the retrieved values of the GOME pass. Differenttrieval errors. The impact of an aerosol-loaded atmospheric
values of Ar(N, b) are used for each error depending on scenario is (in the case of the individual error on the retrieved
the value of the retrieved WVC and surface albedo. Further\WVC) small compared to the error-value dependence on the
more, and in all cases shown in Fig. 6a, an aerosol-loadedetrieved mean value. Aerosol loading (Fig. 8) leads to an
atmosphere is assumed either for an ocean or for an rurabverall shift of the WVC retrieval error to higher values of,
scenario, depending on if the retrieved surface albedo is been average, 35% of the clear-sky error value (Fig. 8b). In
low or above 0.1. In 1.5% of the cases the retrieved valuesontrast, the error on the retrieved surface albedo stays at
are rejected because the errors were bigger than10?3 around 10% for an aerosol-loaded atmosphere going towards
molec/cn?. In 19% of the cases the calculated error washigher WVC (Fig. 8b). We relate this to an increased er-
rejected and is not shown because an optimal corner valueor in the modeling of the multiple-scattering contribution in
using the parametric L-curve could not be found. the case of aerosol-loaded scenarios, which also effects the
Figures 7 and 8 show the calculated total retrieval errorsalbedo retrieval. Fig. 7 and 8 show a general correlation be-
using Eq. 15 for both the retrieved surface albedo and the retween the accuracy of the retrieved WVC and the accuracy
trieved WVC and for the single GOME pass shown in Fig. 6, of the retrieved surface albedo. For increasing WVC there
plus an additional GOME pass on 23 October 1998 fromis an overall tendency for decreasing errors on both retrieved
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Fig. 9. Relative differences between SSP and OACS for retrievedFig. 10. Scatter plot between ECMWF total WVC and SSP WVC

values of WVC ([OACS-SSP]/OACS; solid line) and surface albedo retrieval results for GOME measurements with a GDP level-2 data

A ([SSP-OACS]/OACS; dotted line). An underestimation of the reported cloud fraction lower than 10%. The GOME measurements

surface albedo leads to an overestimation in the retrieved WVC. There performed between 78 and 70 N in latitude: on 30 Septem-

relative differences result form the same GOME track as shown inber 1999 from 0:09 to 1:05 UTC between 220 and 180 E lon-

Fig. 6 including all ground pixel. gitude and on 23 October 1998 from 17:52 to 18:32 UTC between
90° W and 150 W longitude. Co-located ECMWF data is given for
00:00 UTC and 18:00 UTC, respectively. Errorbars are calculated

values. This correlation breaks down only in cases of a sigfrom retrieval Jacobians as for Fig. 6 using a SVD scheme (for de-

nificant impact of multiple scattering or by an increased con-tails see text). Pearsoriscorrelation number is calculated to be

tribution of the bias-correction error. 0.95+ 0.015.

The correlation of the retrieved surface albedo with the

retrieved WVC may be explained as follows: A critical pa- | . o ] )
rameter which governs the accurate retrieval of WVC is thell Nigher sensitivity and better agreement with the indepen-
shape of the resulting subcolumn profile retrieved by sspdent data-set from ECMWF. However, a big benefit of SSP

Due to the effect of the altitude dependence of botand is that it is about 4 to 5 times faster than the OACS method

T on the spectral structure of WV, the effective absorption€Ven though it uses a higher sampling resolution then the one
is governed by the specific atmospheric paths through whictfhosen for OACS in Lang et al. (2002).

the photons travel. The retrieval of an unrealistic shape of the

retrieved subcolumn profile may, therefore, unrealistically al-8.2 Comparison with ECMWF and OACS

ter the weights of various atmospheric paths, i.e. the relative

contribution between ground-reflected, singly- and multiply- Figure 10 shows a scatter plot between SSP retrieved WVC
scattered light. This yields an error in the retrieved surfacefrom GOME and co-located WVC data reported by ECMWF
albedo, which weights the direct, ground-reflected, light-pathfor both GOME passes discussed in this section. The GOME
contribution (Eqg. 6) or an error in the retrieved broadbandmeasurements coincide with ECMWF data within a 1 hour
multiple-scattering contribution. This error propagates intotime window. We compare 420 GOME measurements in to-
the final retrieved column (Fig. 7 and 8). From Fig. 9 we tal with a GDP level-2 data reported cloud fraction of less
can see that the differences between the WVC values rethan 10%. Pearson’s correlation number is evaluated to
trieved by OACS and SSP, and the differences between th8.95 + 0.015. The error on Pearson'sis calculated us-
surface albedo values retrieved by both methods, are vering a transformation to Fishers-distribution, for which the
well anti-correlated meaning that, in comparison to OACS, confidence interval can be calculated on a 99% confidence
a larger retrieved surface albedo corresponds to a lower relevel asZ can be assumed to be normally distributed. From
trieved WVC (note the difference in sign for the calculation the back-transformation the error ens obtained. Fig. 11

of the difference values; caption of Fig. 9). Introducing up- shows the same SSP results but now in comparison to OACS
per fit constraints assists both methods in finding the accurateetrieval results using the same GOME measurements. As
profile shapes, but the OACS method is, due to its more accuexpected, using exactly the same measurements and a simi-
rate treatment of the representation of the spectral structurtar radiative-transfer scheme (see Sect. 3), the correlation is
at each altitude level, superior to the SSP method, resultindpetter with a Pearsonisnumber of 0.98t 0.01.
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2 absorption band, lead to small overall differences between
the WVC retrieved by both methods. In addition, the fit-
ting error analysis also shows that both variables are some-
what correlated. The difficulties in the retrieval of the cor-
rect surface albedo is a general problem for nadir remote-
sensing techniques, especially for cases of high aerosol op-
tical density. This is due to the uncertainty in the contribu-

. tion to the backscattered light introduced by aerosol layers,
with the aerosol profile (i.e. the distribution with respect to
height) being a critical parameter. Moreover, surface albedo
is also dependent on wavelength, geolocations and season.
r=0.98 + 0.01 In our wavelength region of interest, the first-order polyno-
mial used here is a good approach for the wavelength depen-
dence of the albedo for most cases (c.f. Koelemeijer et al.
(1997)). We find that the accuracy of the retrieved surface-
albedo values and their gradient is linked to both an accu-
rately retrieved WV profile shape and the contribution of

Fig. 11. Same SSP WVC retrieval results as shown in Fig. 10 but in multiply scattered photons, which for SSP is approximated

correlation with OACS WVC results. Here, Pearson’s r correlation by a flr'st-order polynomlgl. For this rgason’ we mtroduced
number is calculated to be 0.980.01. three different step functions, depending on geolocation, as

upper constraints for the retrieved profile, in order to prevent
the optimization method from finding a local fit minimum by
9 Global retrieval results setting the ground albedo to zero and unrealistically increas-
ing the scattering components.
Finally we present the results of a global WVC retrieval uti- An additional concern for any WV-retrieval approach is
lizing 47 000 ground pixels (using east, center and west pix-the accuracy and completeness of the cross-section database
els) from GOME between P& and 70N latitude on 22—  used for the construction of the—S look-up table. From
24 October 1998 using the SSP method. The globally biasrecent measurement studies of water vapor absorption bands
corrected results (Eg. 13) are shown in the global plot inother than the one used in this study, Learner et al. (2000)
Fig. 12a. For comparison we show the global WVC, as givenrecently showed discrepancies ranging from about 100% for
by ECMWF, on 23 October 1998, 18:00 UTC (Fig. 12b). small lines to about 20% for strong lines for the main wa-
Fig. 12c shows the global WVC as retrieved by SSP forter vapor absorption bands in the region between 685 and
cloud-free pixels, i.e. where the GDP reported cloud-fraction1110 nm. They also found systematic differences in vari-
is lower than 10%. ous bands ranging from 6% to 33%. Even though measure-
The general latitudinal dependence of WV concentration,ments by Learner et al. (2000) in the wavelength range be-
with high WVC in the equatorial regions and low WVC to- tween 585 and 600 nm have not been studied, large differ-
wards the poles, is well represented by the SSP retrievagnces in some of the water absorption bands between 685
results. Individual features common to both the ECMWF and 1110 nm suggest the presence of potentially large un-
model results and the SSP results may also be identified aggertainties in the reference cross-sections of the HITRAN'96
for example, the low WVC above north-west China and thedatabase used in this study. In addition, the presence of
Gobi desert as well as in the United States at this time abovénany weak absorption lines, not accounted for in the HI-
western North Carolina. A similar transition from low to TRAN'96 database, may contribute to an additional back-
high WVC can be observed from the southern part of theground absorption, which may affect the retrieval of both sur-
United States to Mexico and the Caribbean Sea. Howeverace albedo and broadband multiple-scattering contribution
GOME-SSP WVC results show significantly lower values and, therefore, also the retrieval of WVC. The water-vapor
compared to ECMWF above the Sahara, Saudi Arabia andine-parameter data for our band region given in the new HI-
the Andes around 4G latitude. SSP retrieves high WVC TRAN database (HITRAN-2000) is very similar to that in
above the Philippine Sea north of New Guinea where theHITRAN'96. No additional lines are added but line inten-
ECMWF model reports only medium WV concentrations.  sities differ slightly due to corrections described by Giver et
al. (2000). The most recent update (HITRAN-2001) does not
differ from HITRAN-2000 concerning the water-vapor ab-
10 Discussion sorption within our band. A recent study by Veihelmann et al.
(2002) has shown that the differences between HITRAN'96
Differences in the surface albedo retrieved by the OACS samand HITRAN-2000 are negligible when compared to high-
pling technique and SSP, with both exploiting the same WVresolution fourier-transform sun-spectrometer measurements
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(a) GOME S5P water vapor column retrieval (b) ECMWF water vapor column

Water Vapour column Io!:;1 o[moie{:\-’r;mz]
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Fig. 12. Global total water vapor column plots for all retrieved GOME ground pixel using(@pHhe measurements were performed from
22-24 October 1998. The right par(b) shows global WVC as given by ECMWF at 23 October, 1998, 18:00 UTC. The lower @nel

shows SSP columns for GOME observations where the cloud fraction reported by GOME level-2 data is lower than 10%. Data gaps for
GOME retrievals shown irfa) are due to calibration periods or data processing failures. At 24 October from 14:00 UTC GOME was in
Narrow Swath Mode until 11:00 UTC the next day. For these tracks the data was extrapolated to the standard swath width. Déta gaps in
are predominantly due to the removal of cloudy ground pixel.

within our absorption band. medium and high WVC. They are similar to, or smaller than,
— : the errors expected from SSP WVC retrieval from DAM for-
Th tribut f I d clouds to th th ) X
© CONTrIbUtion OF aeroso’s and clolids 1o the error in eward model (Tables 1 and 2 and Fig. 7 and 8). The contribu-

retrieved column, as given in Sect. 7, can only be estimate " f the shot noi fthe inst t10 the total fitti
In the case of aerosols, this is due to their high variability 'on ot Ine shotnoise ofthe instrument o the totaltting error

in optical density, concentration profile and scattering prob—(Eq'tﬁJ5 ) tl's VeB’ s_maII Wg\e/rg)corgpfred to thisystetmatlclerr:)r
abilities, all of which depend on geolocation and season. Inﬁ?n é'. ;“l?nt S'”gta%” ) than ¢ ~curve sc emed ° e:/a uate
the case of clouds, the uncertainties arise from the high vari- € aistribution matrix 1S, theretore, hecessary due to error
ability with respect to cloud-top height, form and density cqntrlbutlons which cannot be expected to be normally dis-
of clouds. Furthermore, the scatter between SSP—retrieveI:f'bUte‘j (Eriksson, 2000).

WVC values and those given by ECMWEF, as visible in the
scatter plot (Fig. 10), may also be affected by systematic er- .
rors in the cloud-fraction value. We call a ground pixel cloud 11 Conclusion

- i i 0, -
free when the reported cloud-fraction valuedsl0%. How In this study the Spectral Structure Parameterization Tech-

ever, differences in the reported cloud-fraction by GDP Ievel—nique (SSP) has been implemented and tested for retrieval of

2 data with respect to the co-located Along Track SCanningtotal WVC from GOME measurements utilizing a radiative-

i _ - 0 -
E?iltogetggé)(ATSR 2) can be as much as 18% (Koeleme'transfer scheme, which includes molecular clear-sky direct-

path absorption as well as molecular clear-sky single scat-
The individual fitting errors as analyzed in Sect. 8.1 aretering, together with a broadband approximation of higher
varying between more than 100% for low and 10% for orders of scattering. The radiative-transfer scheme was pre-
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viously used for retrieval of total WVC using the Optical (Fig. 11) show even higher correlation (Pearsor¥$.98).
Absorption Coefficient Spectroscopy. SSP is less accuratdhis is due to the fact that both retrieval methods use ex-
and less sensitive than the OACS retrieval method but sigactly the same measurements and similar radiative-transfer
nificantly faster and easier to implement. Retrieval of WVC schemes.

using SSP for one ground pixel takes less than 30 seconds on The error on the individual fits is estimated using an SVD
a Pentium 111, 800 MHz, using an uncompiled MATLAB re- of the Jacobian matrix and by applying an L-curve scheme
trieval code, and requires less than 128 MB internal memoryto evaluate the averaging kernel matrix and the distribution

Whereas OACS utilizes a spectral-sampling techniquematrix. The impact of most systematic errors and the shot-
based on cross-section probability-density distribution func-noise contribution are considered. The retrieval errors de-
tions, SSP utilizes average line parameters within the samerease from more than 100% for very low WVC to less than
pling region, and is, therefore, conceptually closer to band10% for mid and high columns for an aerosol-loaded atmo-
models. From retrieval studies of synthetic spectra we consphere. The error of both the retrieved surface-albedo value
clude that the sensitivity of SSP is better than 10% and the acand the retrieved WVC show some correlation. We refer
curacy is about 5% for WVC lower than-810°2 molec/cnf.  this correlation to the assumptions made for the modeling
For WVC above this limit, a systematic model bias of up to of multiple scattering and the uncertainties in the retrieved
20% due to the assumption of a dominant absorbing layeWWV-profile shape. The estimated retrieval errors are similar
applied to the modeling of nonhomogeneous paths (Sect. 3r smaller than the errors expected from SSP retrievals from
and Eq. 8). The model bias has been corrected for in the curbAM modeled spectra. Only retrievals with a GDP reported
rent study by applying an empirical second-order polynomialcloud fraction of less than 10% are considered during the er-
(Sect. 6). ror analysis.

We studied the impact of aerosols and the differential con- A global comparison between SSP-retrieved WVC and
tribution of multiple scattering for four different scenarios data from ECMWF shows good general agreement in the
utilizing synthetic spectra from a doubling-adding radiative- |atitudinal dependence of the WV concentration. However,
transfer method. For medium WVC, for which the bias- significant regional differences, for example, over the Sahara
correction is small, the multiple-scattering impact on the SSPand the Philippine Sea are found. The larger spatial cover-
retrieved WVC is below 1%. Neglecting aerosol results in aage of the GOME measurements over sea and land with re-
retrieval error of less than 13% (maritime) and 19% (rural). spect to ECMWF, where the density of ground measurements
For bias-corrected high WVC (Table 2) under clear-sky con-is low, is clearly an advantage of this kind of SSP retrieval
ditions, the error due to multiple scattering is less than 6%from GOME. However, ECMWF data is provided for a spe-
(maritime) and 2% (rural). Here, the impact due to aerosolscific time and day, whereas global GOME retrieval results, as
on the retrieved column is less thar®% (maritime) and  shown in Fig. 12, are collected over three days. Wide parts
+14% (rural), after correction for the method-related bias.  of the differences in the global data set may, therefore, also

The scatter plot comparison between SSP and ECMWHe related to changes in the global WV distribution over the
(Fig. 10), as well as the single GOME pass comparisonanalysis period.

(Fig. 6), are correlated in time and geolocation. The scat-

ter plot shows good correlation between the two data-sets of

correlated cloud-free ocean pixel with a Pearsonisum- 12 Outlook

ber of 0.95. However, in some cases, the scatter can be as

high as 50%, which points to local differences between theln general, SSP is well suited for fast clear-sky retrieval of
two data products. ECMWF WV profiles are provided with- narrow-band absorbers from nadir viewing satellite instru-
out any error estimate. ECMWEF is known to underestimatements like GOME. The accuracy in the retrieval of the sur-
WVC values given by another independent remote sensindace albedo and the impact of aerosols and multiple scatter-
instrument, the Special Sounder Microwave Imager (SSM/1),ing limits the accuracy of the retrieved WVC to some extent.
by 30-50% in the tropics and to overestimate WVC in the The latter may be improved by introducing surface albedo
sub-tropics by as much as 60% depending on season and giem global databases once available and tested, although the
olocation (Vesperini et al., 1998). ECMWF values over the typical footprint of a satellite is so large that a scaled value
ocean are predominantly based on data from the TIROS No account for different surface types within a typical ground
operational vertical sounder (TOVS). The standard deviatiorpixel is possibly the way forward. The current implementa-
between TOVS WVC and radiosonde data in the 1000-85Qion of SSP in a direct path and single-scattering radiative-
hPa layer is known to be on the order of 20% and less thariransfer scheme provides the possibility for implementation
40% in the layer between 500 and 300 hPa (Chaboureau etdf specific aerosol optical properties. The treatment of clouds
al., 1998). We therefore conclude that the maximum scatfor such nadir-viewing measurements in the visible is, as
ter of 50% we find by comparing ECMWF with SSP WVC yet, an unsolved problem. SSP provides WVC (and po-
is within the range of differences of ECMWEF data to other tentially profile) retrieval from instruments like GOME and
datasets. Scatter plot comparisons between SSP and OACSCIAMACHY, which were not originally intended for WV
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retrieval. SSP retrieved WV values may be used to refineESA: The Global Ozone Monitoring Experiment Users Manual,
other retrievals from such satellite data because WV “con- (Ed) Bednarz, F., ESA Publication SP-1182, ESA Publication
taminates” the entire spectrum. In addition, SSP is also suit- Division, ESTEC, Noordwijk, The Netherlands, 1995.

able for the retrieval of spectrally-overlapping narrowband Giver. L.P., Chackerian, C. and Varanasi, P Visible and near-
absorptions from different species. This situation occurs in nfrared (H°0) line intensity corrections for HITRAN-96, J.
the IR regions around 2m covered by the SCIAMACHY Quant. Spect. & Rad. Transfer, 66, 101-105, 2000.

. . ! . . de Haan, J., Bosma, P., and Hovenier, J.: The adding method for
mstrument. MUItI_.SfpeCIeS retrieval ’.“ay be performed _by In- multiple scattering calculations of polarized light, Astron. Astro-
troducing an additional, averaged line parameter, which ac- phys., 181, 371391, 1987.

counts for the degree of overlap between the different abyansen, p. ., and O'Leary, D. P.: The use of the L-curve in the reg-

sorbers within a specific spectral sampling width. ularization of discrete ill-posed problems, SIAM J. Sci. Comput.,
14(6), 1487-1503, 1993.
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