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Abstract. This study describes the retrieval of water va- 1 Introduction

por vertical distributions in the upper troposphere and lower

stratosphere (UTLS) altitude range from space-borne obA need for a good knowledge of stratospheric and upper tro-
servations of the scattered solar light made in limb view- pospheric water vapor contents is well justified due to its ma-
ing geometry.  First results using measurements fromjor role in determining the radiative and chemical properties
SCIAMACHY (Scanning Imaging Absorption spectroMeter of the Earth’s atmosphere. Water vapor is one of the major
for Atmospheric CHartographY) aboard ENVISAT (Envi- and natural greenhouse gases and an important part of the hy-
ronmental Satellite) are presented here. In previous publicadrological cycle. Model studies show that also stratospheric
tions, the retrieval of water vapor vertical distributions has water vapor plays an important role in the Earth’s radiative
been achieved exploiting either the emitted radiance leavbudget affecting the climatal¢ F. Forster and Shin&999

ing the atmosphere or the transmitted solar radiation. In thisSolomon et a|.2010. Furthermore, it contributes to strato-
study, the scattered solar radiation is used as a new source gpheric cooling and is responsible for ozone destruction by
information on the water vapor content in the UTLS region. providing odd hydrogen and participating in the formation
A recently developed retrieval algorithm utilizes the differen- of PSCs, see e.gtenke and Grew&005. Especially in

tial absorption structure of the water vapor in 1353—1410 nmthe upper troposphere and lower stratosphere (UTLS) region,
spectral range and yields the water vapor content in the 11water vapor can be used as a tracer to study atmospheric
25km altitude range. In this study, the retrieval algorithm dynamics and stratosphere-troposphere exchange processes
is successfully applied to SCIAMACHY limb measurements (Pan et al.2007). In the tropical lowermost stratosphere, ob-
and the resulting water vapor profiles are compared to in sittserved water vapor changes are indicators for changes in the
balloon-borne observations. The results from both satellitetropical upwelling, relevant for stratospheric entry of many
and balloon-borne instruments are found to agree typicallytrace species, and long-term changes in the stratospheric cir-
within 10 %. culation Randel et a].2006 Dhomse et a).2008.

Information on water vapor is commonly obtained by pas-
sive remote sensing in the infrared or microwave spectral
ranges or from in situ measurements. Passive remote sens-
ing technique finds the widest application in space-borne ob-
servations. A variety of satellite instruments used to detect

Correspondence toA. Rozanov water vapor and their measurement principles are briefly dis-
(alexei.rozanov@iup.physik.uni- cussed below. Besides the space-borne observations, passive
BY bremen.de) remote sensing is also used for water vapor measurements
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by balloon, aircraft, and ground-based instrumefisefl!- sors. The retrieval implementation and parameter settings
Vallon et al, 2004 Vasic et al, 2005 Deuber et al.2004 described in this study refer to the version 3.0 of the IUP
Nedoluha et a).1995. In situ observations are usually per- Bremen water vapor retrieval algorithm.
formed from balloon or aircraft using FISH §ger et al,
1999 or FLASH (Sitnikov et al, 2007) sensors or frost point
hygrometers\{{omel et al, 2007). Furthermore, water va- 2 SCIAMACHY limb observations
por can be measured by active remote sensing with lidars
(Argall et al, 2007 Kiemle et al, 2008. The Scanning Imaging Absorption spectroMeter for At-
Balloon and ground-based soundings are commonly usethospheric CHartographY (SCIAMACHY)Burrows et al,
to determine 1-D distributions of water vapor on a continuous1995 Bovensmann et al1999, is a national contribution to
time basis and thus are very interesting for local trend analthe payload on the European Environmental Satellite (EN-
yses. From aircraft a two-dimensional section of the waterVISAT) launched on 1 March 2002. It is a part of a new-
vapor distribution in the atmosphere along the flight track isgeneration of space-borne instruments making spectrally re-
obtained. Space-borne observations provide the only sourcgolved measurements in several different viewing modes: al-
of a long-term global information. ternate nadir and limb observations of the solar radiation
In the last decades several satellite instruments capable tecattered in the atmosphere or reflected by the Earth’s surface
measure vertical distributions of the water vapor have beers well as observations of the light transmitted through the
put in operation. Most of these instruments either measurétmosphere during the solar and when feasible lunar occul-
the direct solar light transmitted through the Earth’s atmo-tations. The SCIAMACHY instrument is a passive imaging
sphere in solar occultation mode or collect the radiance emitspectrometer comprising 8 spectral channels covering a wide
ted by the atmospheric species in limb or nadir viewing ge-spectral range from 214 to 2380 nm. Each spectral channel
ometry. Measurements of water vapor distributions in solarcomprises a grating spectrometer equipped with a 1024 ele-
occultation geometry are currently being performed by ACE-ment diode array as a detector. For the current study, only
FTS Boone et al.2005 and ACE-MAESTRO Sioris et al, measurements in the spectral channel 6 (1050-1700 nm) are
20100 instruments onboard SCISAT and SCIAMACHY on- used. The spectral resolution is about 1.5 nm and the spectral
board ENVISAT. Earlier this technique was exploited by sampling is about 0.75 nm.
HALOE (Harries et al. 1996, SAGE Il (Thomason et al. In the limb viewing geometry, the SCIAMACHY instru-
2004, SAGE lll (Thomason et al2010, POAM Ill (Boone  ment observes the atmosphere tangentially to the Earth’s sur-
et al, 2009, and ILAS Il (Nakajima et al. 2006 instru-  face starting at about 3 km below the horizon, i.e., when the
ments. Measurements of the radiance emitted by the Earth’Earth’s surface is still within the field of view of the instru-
atmosphere, are performed by Microwave Limb Sounder onment, and then scanning vertically up to the top of the at-
board the Aura satelliteRead et al.2007), SMR onboard mosphere (about 100 km tangent height). At each tangent
Odin (Urban et al. 2007, and MIPAS onboard ENVISAT height a horizontal scan lasting 1.5s is performed followed
(Milz et al., 2005 in the limb viewing geometry. Previ- by an elevation step of about 3.3km. No measurements are
ously this kind of measurements was done by Microwaveperformed during the vertical step. Thus, a limb observation
Limb Sounder onboard UARSHarwood et al. 1993 and  sequence is performed with a vertical sampling of 3.3km. In
JEM/SMILES on the International Space Statid€ikichi the altitude range relevant for this study, most typical tangent
et al, 2010. Nadir-viewing instruments observing the emit- heights of limb measurements are located around 12.0, 15.3,
ted radiation in the infrared spectral range are AIRS onboardl8.9, 21.9, and 25.2km. The vertical instantaneous field of
the Aqua satellite Hagan et al.2004 and IASI onboard view of the SCIAMACHY instrument is about 2.6 km at the
MetOp (Pougatchev et al2009. SCIAMACHY (Burrows  tangent point. Although the horizontal instantaneous field of
etal, 1995 is the first space-borne instrument providing ver- view of the instrument is about 110 km at the tangent point,
tical distributions of the water vapor from observations of the horizontal cross-track resolution is mainly determined by
the scattered solar light performed in limb viewing geome- the integration time during the horizontal scan reaching typ-
try. As discussed below, SCIAMACHY retrievals have max- ically about 240km. For a typical limb measurement, the
imum sensitivity in UTLS altitude range and provide, thus, observed signal integrated by the instrument is readout four
a new and complementary source of information on UTLStimes per horizontal scan that results in four independent
water vapor which has never been used before. limb radiance profiles obtained during a vertical scan. These
In this study, we provide a short description of key aspectsfour radiance profiles are often referred to as the azimuthal
of SCIAMACHY limb observations and describe in detail the measurements. The entire distance at the tangent point cov-
new retrieval approach. In addition, we analyze the sensitiv-ered by the horizontal scan is about 960 km. The horizontal
ity of retrievals and influence of key atmospheric parametersalong-track resolution is estimated to be about 400 km.
upon the retrieved water vapor profiles. Finally, we performa The signal to noise ratio of SCIAMACHY limb spectra
first verification of the retrieved vertical profiles by compar- decreases with increasing tangent height ranging from 400
ing with measurements made by balloon-borne in situ sento 700 near 1400 nm in the UTLS altitude region. Details
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about signal to noise characteristics of the SCIAMACHY in-
strument can be found iNoél et al.(1998.

Throughout this study, version 6.03 of SCIAMACHY
Level 1 data is used with the calibration steps from 0 to 5 -
applied in the extractor software, i.e., the wavelength cal- &
ibration is performed and the corrections for memory ef- £
fect, leakage current, pixel-to-pixel gain, etalon, and internal :
straylight are accounted for. The polarization correction as

well as the absolute radiometric calibration are skipped. 800 1000 1200 1400 1600
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Thus, an observed signal is affected by amounts of atmo- 800 1000 1200 1400 1600
spheric species not only in altitude layers intersected by the Wavelength, nm
Instrumt_ant line of sight but also_ln layers far b.elow the tan- Fig. 1. Upper panel: simulated limb radiance in spectral channels 4,
gent point. AS. a result of an increasing Optlca_l depth Of5, and 6 of SCIAMACHY at a tangent height of 12 km. The spectral
the observed air mass and frequency OT clouds in the IOWe[:hannels are separated by gaps. Lower panel: absolute differences
atmosphere, the light collected by the instrument at lowefiy the simulated radiance due to doubling of water vapor amounts
tangent heights (below about10km) typically originates  above (blue curve) and below (red curve) 10km. Positive differ-
from upper altitudes rather than from the tangent point areaences mean that changes in the water vapor abundance lead to a
Thus, atmospheric species in the lower atmosphere can natecrease in the limb radiance. Grey shaded areas mark the spectral
be retrieved in a usual way. Influence of lower atmosphericrange that is found to be optimal for the UTLS water vapor retrieval.
abundances upon measurements at upper tangent heights is
almost negligible when observing atmospheric species with
maximum number densities in the stratosphere and relatively
small amounts in the lower atmosphere, such as, for exampletratospheric and tropospheric water vapor abundances upon
03’ NOZ, and BroO. However, this issue becomes pr0b|em_the simulated limb radiance is illustrated. Absolute differ-
atic for species as water vapor exhibiting low abundances irences in the simulated radiance due to doubling of strato-
the stratosphere and very high number densities in the lowe$Pheric (above 10 km) and tropospheric (below 10 km) water
atmosphere. For these species, the signal from the lower tro/@Por amounts are depicted by blue and red curves, respec-
posphere can dominate even in stratospheric observations. tively. Positive differences mean a decrease in the simulated
In this study, contribution of the lower tropospheric water radiance with respect to t_he unperturbed simu_lation shown in
vapor in the limb signal observed at upper tangent heightdh€ upper panel of the figure. The spectral interval for the
is suppressed by selecting a spectral range within a stronfgtrieval is selected to ensure maximum response of the ob-
water vapor absorption band. As a result of a strong ab_s_erved radiance to water vapor variations in the upper layers
sorption, effective path lengths of photons in the lower tro- (i-8., above 10km) and minimum response to variations of
posphere become shorter and the number of photons béhellower tropospheric water vapor .(|.e., below 10 I'<m). .The
ing multiply scattered within the troposphere and then en-OPtimal spectral range marked in Figby grey shadings is
tering the instrument field of view is decreased comparedfound to be between 1353 and 1410 nm.
to weaker bands. This is illustrated in Fity. The upper
panel shows simulated limb radiance in spectral channels 43.2  Inversion technique
5, and 6 of SCIAMACHY at a tangent height of 12 km. The
spectral channels are separated by gaps. The simulations ale this study, vertical distributions of water vapor are re-
done with the SCIATRAN radiative transfer modBidzanov  trieved employing the so-called global fit approach. The
et al, 2005 Rozanoy2011) assuming a vertical distribution basic idea of this method is, first, to establish a linear re-
of the water vapor according to the US Standard 1976 modelationship between measured radiances and atmospheric pa-
atmosphereGommittee on Extension to the Standard Atmo- rameters to be retrieved, and then solve the obtained linear
sphere1976. The incident solar flux is assumed to be equal inverse problem employing a regularized least-square fit. A
7 Wm=2umL. In the lower panel of Figl the effect of  widely known implementation of the regularized least-square
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fit, commonly referred to as the optimal estimation methodQ, is represented by the inverse a priori covariance matrix,

with the maximum a posteriori information, is discussed in i.e., using the notations froRodgerg2000 Q = S;*.

detail byRodgerg2000. The solution of the linear inverse problem given by Ej. (
For atmospheric remote sensing observations a (nonis obtained as follows:

linear) relation between measured radiances and atmospheric -1

parameters is provided by the radiative transfer equatiort =Xa+ (KT P K+Q) KT P(y—F(xa))- (6)

which in the most general representation can be written a:

follows: s1’0 account for the non-linearity of the inverse problem, the

Gauss-Newton iterative approach is employed(iAt 1)-th
y=F(x; %), 1) iterative step this approach results in the following solution:

where the mappind represents the radiative transfe.r 0P~ xi\1=xat (K|T PK, +Q)_1x
erator, also referenced as the forward model operatds,
the measurement vectar,is the state vector containing the KlTp(y —F(x)+K;(x; —xa)). (7
atmospheric parameters to be retrieved, &ntbntains the
parameters which affect the simulated radiance but can nolhe iterative process is stopped if the maximum difference
be obtained from the measurements. A linearized radiativddetween the components of the solution vector at two subse-
transfer equation is obtained employing the Taylor series exquent iterative steps does not exceed 1 %. Typically 5-7 iter-
pansion around an initial guess atmospheric stefe(also  ations are required to achieve convergence.
referred to as the a priori state vector) which is the best be- , ) i )
forehand estimator of the true solution. Neglecting the higher3-3  Retrieval implementation and parameter settings
order ter.ms in the Taylor series expansion, the following I_|n— The retrieval algorithm used in this study to gain vertical dis-
ear relation between measured radiances and atmospheric pas .. )
. . Lo tributions of water vapor from SCIAMACHY limb measure-
rameters to be retrieved is obtained: . ) .
ments exploits the spectral information between 1353 and

dF (x) X D @ 1410nm. Summarizing the discussion in Sect. 3.1, us-
r—xa r—Xa)Te, age of this spectral interval maximizes sensitivity to the

stratospheric water vapor and reduces the influence of the
wheree contains the linearization error, measurement errorsjower troposphere. As pointed out in Segf. a typical
and error due to unknown atmospheric parameters which cagCIAMACHY limb observation comprises a series of spec-
not be retrieved. For simplicity reasons we assume here angtal measurements performed at tangent heights between
everywhere belowt = X, and skip the explicit notation of about—3 and 100km. However, spectra at upper tangent

y=F(xa)+

the dependence ok heights are too noisy whereas measurements at lower tan-
Neglecting all errors, the linearized inverse problem is gent heights are contaminated by clouds and saturations ef-
written as fects. Therefore, only measurements at tangent heights be-
tween about 11 and 25 km are considered in the retrieval pro-
y=F(xa+K(x—xa), (3)  cess. In addition to those from water vapor, absorption bands
where of methane are included in the fit procedure. Although the
methane absorption is much weaker than that of the water
_ 9F(x) (4  vapor, this improves the spectral fits, especially at lower tan-
R T N gent heights. A reliable retrieval of methane is, however, not

) ) ) o possible.

tion matrix. The linear inverse ill-posed problem representedinyerse problem in this study is formulated for logarithms
by Eq. @) is solved in the least squares sense employing thg)t measured radiances rather than radiances themselves. As

generalized Tikhonov regularization: shown in previous studie&(enk et al, 1982 Hoogen et al.
P 2 1999 Rozanov and Kokhanovsk2008, this approach in-
HF(xa)+K(x—xa)—yHP+H (x—xa)HQ—> min. (5)  creases the linearity of the inverse problem resulting in
smaller linearization errors. The solar Fraunhofer structure
Here,Q is a constraint matrix for the state vector @nfol- is accounted for by dividing limb spectra at each tangent

lowing notations fronRodgers200Q P=S; 1) istheinverse  height by the solar spectrum. The un-calibrated ASM dif-
error covariance matrix of the measurement vegtorThe  fuser solar spectrum is used for this purpose that is measured
matrix S; is often referred to as the noise covariance matrix.by SCIAMACHY once a day. This method is preferred to
In the framework of the widely known optimal estimation a widely used high tangent height reference because of a
method with the maximum a posteriori information, as de- poor signal to noise ratio in near-infrared limb spectra ob-
scribed byRodgerg2000, the state vector constraint matrix, served above 25km. To reduce the influence of instrument
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calibration effects as well as broadband spectral features duender certain conditions, its contribution to the measured sig-
to unknown atmospheric parameters such as surface albedwl can still remain non-negligible (see Settl for details).
and aerosols only the differential absorption structure is con-To account for this contribution, two additional components
sidered in the retrieval. This is done by subtracting a cubicare appended to the state vector, namely, the tropospheric
polynomial from all spectra used in the retrieval. contribution parameter, and the surface albeda,. De-
Following the discussion above, the measurement vectopending on the retrieval iteration, the former represents either
y is created by first taking the logarithms of the limb radi- the scaling factor for the tropospheric water vapor profile or
ances and solar spectrum, then subtracting from the resultinthe surface elevation. In addition, a possible influence of the

spectra a cubic polynomial (by a least squares fit): stratospheric aerosols (see Sdchfor details) is accounted
3 for including a scaling factog, for the vertical profile of the
I =In In() — Z“” A n=1 .. N, (8) stratospheric aerosol extinction coefficient.
= Summing up the discussion above, the state vector is writ-
3 ten as
Isol(A) =N Isoi(A) — Zasol,i A,
i—0 x=[In pw(z1), ..., In pw(zy),

whereN is the number of tangent heights in the selected alti- IN pm(z1), .o, N pm(z)), 1, A, e]”, (12)
tude region £11-25 km), and ratioing finally the detrended
limb radiances to the detrended solar spectrum: wherepy(z) andpm(z) are the number densities of the water

A . vapor and methane, respectivelyis the altitude grid of the
ya(A) = In(L) — Isoi(A). (9) forward model, and is the total number of the altitude lev-

] ) o els. In the altitude range relevant for the water vapor retrieval
The spectral signalg,(1) obtained in this way are oftenre- 5, equidistant height grid with 1 km spacing is used.
ferred to as the differential logarithmic spectra or differential 1o weighting function matriX describes variations of
optical depths. Thus, the measurement vegtan Eq. () the radiance logarithms at considered tangent heights and
contains differential logarithmic S|gnals at all spectral p0|_nts spectral points due to variations of the retrieved parameters
between 1353 and 1410 nm obtained at all tangent heightgyater vapor and methane number densities at different al-
between 11 and 25 km: titude levels, tropospheric contribution, surface albedo, and

T scaling factor for stratospheric aerosol extinction). Similarl
y=10n, o y100), oy Q) -y G (10) to thegmeasurement vec?tgvrand model VeCtOIF(x)i ), the g
WhereL iS the number of Spectra' points in the Consideredweighting fUnCtionS need to be transformed intO the diﬂeren'
spectral range (316 spectral points in 1353—1410 nm range)tial logarithmic representation. Taking into account E4). (
Similarly to the measurement vectgr the model vector  this is done as follows:

F (x;), which is the result of the radiative transfer operator _
applied to a known atmospheric state, contains differentiaIK ) = 1 3™ 23:“ i
logarithmic spectra of the simulated limb radiance at all con-~ "™/ = ne s
sidered tangent heights: =

ISM(L)  0x;
n=1..,N, j=1,...,2J+3, (13)

F(xi) = [ff'm(?nl), o B0, wherex; are the components of the state veatars defined
o o T by Eq. (L2). The row index of the matrix elements is running
IN"(A1), - Ils(/'m(?»L)] , (11)  with the spectral point number and with the tangent height
similar to the measurement vector, see BH).(The column
wherei,fim(x) is obtained from the simulated limb radiance, index is running with the retrieval parameter number (altitude
1,?""(/\), in exactly the same way as described by B f¢r layers for the water vapor and methane, tropospheric contri-
the measured limb radiance. As above, the simulations aréution, surface albedo, and scaling factor for stratospheric
done assuming the extraterrestrial solar flux to be equal t@erosol extinction) similar to the state vector, see Eg). (
aWm2pmL Synthetic limb radiance spectra as well as appropriate
To ensure that the resulting vertical profiles are alwaysweighting functions are calculated with the SCIATRAN ra-
non-negative, the inverse problem given by E).i¢ solved  diative transfer modeRozanov et a).2005 Rozanoy2011)
for logarithms of trace gas number densities instead of theaking into account refractive ray tracing. The limb radi-
number densities themselves, i.e., the state vactamtains  ance is simulated in the approximate spherical mode em-
logarithms of water vapor and methane number densities gploying the combined differential-integral approach. In the
all altitude levels considered in the forward model. framework of this method the single scattering contribution
Although the spectral interval used in this study is selecteds treated fully spherically. For the multiply scattered light,
to reduce the influence of the lower tropospheric water vapora pseudo-spherical model is used first to obtain the multiple
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938 A. Rozanov et al.: UTLS water vapor from SCIAMACHY limb measurements

scattering source function at each point along the instrument The shift coefficients obtained from this spectral fit are
line of sight. Doing this, the solar zenith angle and viewing used to correct spectral misalignments of the simulated and
direction are set in accordance with a spherical ray tracingsolar spectra as follows:
Finally, the multiple scattering contributions are integrated s
along the line of sight taking into account the sphericity of jsim , _ 7sim L™
) o . L) =1 (M) + csim———— (17)

the atmosphere. A detailed description of this approach is” " A
presented byRozanov et al(2001). Weighting functions  gpq
for trace gas number densities are calculated solving the lin- R
garlzgd radlqtlve transfer. equanIquanpv anq Rozanpv Faot0) = Fao(3) + cool 3Isol()»)' (18)

007 in the single scattering approximation. It is worth not- oA
ing here that the single scattering approximation means thafnese corrected spectra are used then to create the measure-
contributions of all atmospheric layers below the instrument,ant and model vectors as defined by E§s.ahd (L1), re-

field of view (i.e., contributions of the lower tropospheric spectively. The scaling factors are auxiliary parameters
water vapor) are neglected and the corresponding elementg o+ are not used further.

of the W_eighting function matrix are zero. Obv_iously, this |4 the course of the main retrieval procedure, the non-
method is unsuitable to account for tropospheric or surfacginear inverse problem defined by Eq) ¢s solved accord-
parameters. Therefore, the numerical perturbation method ig,4 ¢ Eq. () with weighting function matrix defined by
used to obtain weighting functions for the tropospheric CON-Eq. (13) and measurement, model, and state vectors defined
tribution and for the surface albedo. The weighting function by Egs. (0), (11), and (L2), respectively. The noise covari-

for the stratospheric aerosol extinction is also calculated by, e and solution constraint matric€sahdQ, respectively)
the numerical perturbation method. are set up as described below. ’

Before the main retrieval is performed, all spectra are cor- e diagonal elements of the noise covariance maix,
rected for a possible wavelengths misalignment that can b e set according to root mean squares of the fit residuals
cguseq by achangllng |IIum|nat|o.n qf the instrument entrancg,tained minimizing the quadratic form given by Edyat
slit during the vertical scan. This is done for each tangentgach tangent height. The off-diagonal elements of this matrix
height independently minimizing the following quadratic 4¢e et to zero assuming the measurement noise to be spec-

form with respect to parametefs csim, andesor trally uncorrelated. The solution constraint matix, con-
4 sist of two matrices, namely, the inverse a priori covariance
a0 = Fsot(h) — ]Ansm()\) . Zsi Wi (W) — matrix as commonly used in the optimal es.t|mat|or? approach

= (Rodgers2000 and a smoothness constraint matrix:
i R 2
dIS™( dlsol(A _ =S;'+RTR. 19
Csim na—)\'() — Csol Sa+() —> min. (14) Q a ( )
The usage of smoothness constraints is advantageous to sup-

Here, the weighting functions for water vapor and methanePr€Ss oscillations of the solution without overconstraining it

number densities are vertically integrated, e.g., for water va\vhen retrieving at a fine altitude grid. _ _
por For each atmospheric species included in the retrieval (wa-

ter vapor and methane), the elements of the a priori covari-

J ance matrix are set in accordance with the following rule:
Wa1(h) =Y Knj(W)Az;, (15)
j=1

{Sa}i,j =o0i0; exp (- e _Zj|>, (20)
wherek, (1) is defined according to Eq18), whereas the le

weighting functions for the tropospheric contribution, sur- whereo; ando; are a priori uncertainties at altitudesand

face albedo, and stratospheric aerosol extinction are kept ury;, respectively, ané is the correlation length (set to 1.5 km

changed, e.g., in this study). The full a priori covariance matrix is formed
_ then from the covariance matrices of both species as well as

Win3() = Kn.2751(1). (16) covariances of the tropospheric contributieff, of the sur-

The coefficients:sim and csol represent shift corrections for face albedog2, and of the stratospheric aerosol extinction,

the simulated and the solar spectrum with respect to the mearez:

sured spectrum, respectively. As the simulated spectrum

contains only atmospheric absorption features and the irra- S° 0 000
diance spectrum is dominated by solar Fraunhofer structure, 0 $™oo0o
the shift corrections are uncorrelated. Although the fit pa-Sa= 0 0 6?20 0| (21)
rameters are tangent height dependent, subscigpomitted 0O 0 O gg 0
here for simplicity. 0 0 0 0¢2
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Fig. 2. Example spectral fits for tangent heights of 12 km (left panels) and 21.9 km (right panels). The upper panels show measured (red) and
simulated (green) differential logarithmic spectra whereas the lower panels show fit residuals. The results are obtained for a SCIAMACHY
limb measurement performed on 27 January 2004, at 17:18:22 UTC (orbit 9986) over Boulder, CO, JSIALQ® W).

whereO represents a zero submatrix. Cross-correlations bewherec; represents the smoothness coefficient grmins
tween different species, tropospheric contribution, surfacethrough all altitude levels starting from the second one. For
albedo, and stratospheric aerosol extinction are not considwater vapor, the smoothness coefficient increases linearly
ered. A priori uncertainties are set to 300 % for water vapor,from 5 at 10 km to 10 at 30 km, while smoothness coefficient
30% for methane, 0.1 for the surface albedo, and 30 % forof 1 is used at all altitude layers for methane.

the stratospheric aerosol extinction. _ Unlike the number densities of water vapor and methane,
In the current implementation of the retrieval, the tropo- the a priori information for tropospheric contribution, sur-
spheric contribution is accounted for by fitting first the sur- face albedo, and stratospheric aerosol extinction is replaced
face elevation with a priori uncertainty of 3km until a con- at each iterative step by the results from the previous iter-
vergence within 500 m is obtained and then by scaling theation. This method on the one hand stabilizes the retrieval
tropospheric water vapor profile with a priori uncertainty of allowing the use of relatively small covariances, on the other
100%. The initial guess for the surface elevation is set tohand it allows arbitrary large deviations of the retrieved pa-
3km. This approach is favorable because both surface elevgameters from the initial guess.
tion and tropospheric scaling are_quite well uncorrelated with 1,4 spectral absorption features of the water vapor and
the surface albedo whereas fitting all three parameters t0z,athane are accounted for employing the correlated-k dis-
gether might cause retrieval instability. As mentioned above iy tion technique Buchwitz et al, 2000 with ESFT
trace gas weighting functions are calculated in a single scatigynonential-sum fitting of transmissions) coefficients cal-
tering approximation, thus they contain no contribution form . ;1 5teq using the HITRAN 2008 databas®othman et aJ.
the tropospheric part of the water vapor profile. This allowszoog_ This study uses 10 coefficients pre-calculated at
the retrieval algorithm to distinguish well between the profile 5 pressure and 9 temperature grid points for 0.2 nm spec-
and the tropospheric scaling. tral bins. Comparisons with line-by-line calculations show

Similarly to the a priori covariance matrix, matfkis also ¢ this setup ensures an average retrieval accuracy of bet-
block diagonal. It contains, however, zeros in place of the(o. then 2%. The forward model is initialized using the

altitude independent parameter; (tropospher'ic gontributiong|oba| pressure and temperature information provided by
surface albedo, and stratospheric aerosol extinction): the European Centre for Medium-Range Weather Forecasts

RH20 o 0 (ECMWEF) as well as trace gas vertical distributions accord-
R=| 0 RCHip|. (22) ing to the US Standard 1976 model atmosph&enimittee
0 0 0 on Extension to the Standard Atmosphdi@76. The strato-

. ) spheric aerosols are assumed to be non-absorbing. The verti-
Non-zero elements of the submatrices for each particulagy) profile of the aerosol extinction coefficient is estimated by
species are given by fitting radiance profiles averaged around 1090 and 1552 nm.
RY. . = G d IRl =i 23 The wavelengths for the aerosol retrieval are selected to en-
Rijj1= Zj—1—2j an {Rijj= Zjo1—2) (23) sure a weak absorption by atmospheric trace gases. The
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Fig. 3. Simulated limb radiance at a tangent height of 15km, a solarrig. 4. Same as Fig3 but for differential logarithmic intensities

zenith angle of 69, and a relative azimuth angle of about4@oth  (gifferential optical depths). The curves for all considered cases are
angles are defined at the tangent point). Magenta line: standard simzery similar and barely seen below the magenta line.
ulation considering multiple scattering, background aerosols, and

surface albedo of 0.5. Blue line: single scattering approximation
including background aerosols. Cyan line: multiple scattering with-
out stratospheric aerosols (above 10km) with surface albedo set_  0.008
to 0.5. Red line (barely seen below the cyan line): Rayleigh scat-
tering (including multiple scattering) with surface albedo set to 0.

0.010

0.006
0.004

0.002

phase function is set according to the LOWTRAN back-
ground aerosolKneizys et al. 1986. The vegetation and
land-use data base describedMgitthews(1983 is used to
select an initial value for the surface albedo. In the current
study, only limb scans with no clouds detected above 10 km
are considered (see Sett4 for details). 1360 1370 Wavﬁfggm N ;390 1400
Figure2 shows example spectral fits for a SCIAMACHY

limb observation performed on 27 January 2004, atrig.5. Absolute differences in the differential optical depths (DOD)
17:18:22 UTC (orbit 9986) over Boulder, CO, USA (49, shown in Fig.4 with respect to the standard scenario. The color
105 W). The spectral fits are shown for tangent heights of coding is the same as in Figsand4.
12 and 21.9km in the left and right plots, respectively. The
upper panels of each plot show the measured differential log-
arithmic spectra as defined by E§) py red curves and the heightatabout see level, and no highly reflecting thick clouds
corresponding simulated spectra by green curves whereas thelow the instrument field of view. Special cases where some
lower panels show fit residuals. of this requirements are not fulfilled are discussed in the sec-

ond part of this section as well as in SetB below.

Figure3 shows synthetic limb radiance simulated assum-

0.000

Absolute difference in DOD

-0.002

-0.004

4 Sensitivity studies ing different atmospheric compositions. The incident solar
flux is assumed to be equalWm—2um-1. The simula-
4.1 Origin of the observed signal tions are performed for a tangent height of 15km, a solar

zenith angle of 69 and a relative azimuth angle of about
This section is intended to answer the question where thel(® (both angles are defined at the tangent point). Results
scattered light detected by the SCIAMACHY instrument dur- of the standard run considering multiple scattering, back-
ing a limb observation originates from. Main topics to be in- ground aerosols, and a surface albedo of 0.5 are shown by
vestigated here are the role of stratospheric aerosols, contrthe magenta line. The same simulation in single scatter-
bution due to the multiple scattering, as well as the influenceng approximation is shown by the blue line. Both curves
of the lower atmospheric composition (below the instrumentlie close together indicating that the bulk of the observed
field of view) and surface properties. Atfirst, the most typical limb signal is due to single scattering. Coming back to
limb observations are discussed. These are considered to ltke multiply scattered radiation and turning off the strato-
performed over regions with not too dry troposphere, surfacespheric aerosols (above 10km) the results depicted by the
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Fig. 6. Weighting functions for the stratospheric water vapor (red), tropospheric water vapor (blue), and surface albedo (cyan) for a typical
SCIAMACHY limb observation (left panel) and for a surface elevation of 2 km (right panel).

cyan line are obtained. A strong decrease in the intensityposphere is abnormally weak. This can be the case, for ex-
reveals that aerosol scattering dominates in the consideredmple, for an extremely dry troposphere or highly reflecting
spectral range. Finally, the red line (barely seen below thesurfaces with high elevations above the sea level (mountains,
cyan line) shows the synthetic limb radiance simulated for anclouds). Under these circumstances, the portion of light in
aerosol-free atmosphere and non-reflecting surface (surfache observed limb signal that has traveled long paths through
albedo is set to zero). This scenario represents a simulatiothe lower troposphere increases. Consequently, a stronger
with a strongly reduced contribution of light scattered in the influence of the lower tropospheric composition and surface
lower atmosphere and/or reflected from the surface. As exproperties upon the retrieval is expected. This fact is illus-
pected, for a typical SCIAMACHY observation the influence trated in Fig.6 that shows the weighting function for the
of the lower atmospheric composition and surface propertiestratospheric water vapor column (red curves) in compari-
upon the simulated radiance is rather small. son with the weighting functions for the tropospheric water
Being crucial for absolute values of the limb radiance, thevapor column (blue curves) and for the surface albedo (cyan
exact knowledge of aerosol scattering characteristics playssurves). Here, the former weighting function is defined by
however, a rather minor role when simulating differential ab- Eq. (15) while the latter two are according to E4Q.6}. Sim-
sorption. This is illustrated in Figd where the same sim- ilar to previous plots, the weighting functions are calculated
ulated radiances as in Fig.are shown in the differential for a tangent height of 15 km and a solar zenith angle 6f 69
logarithmic representation as defined by E8). (One sees The left panel represents a typical SCIAMACHY limb obser-
that the spectral signals do not differ much any more. Ab-vation while the right panel depicts a case of an abnormally
solute differences in the differential logarithmic intensities weak absorption in the lower troposphere due to a reflect-
with respect to the standard scenario (shown with the maing surface elevated by 2kma.s.l. (above the sea level). As
genta line in Figs3 and4) are presented in Figp. Here, discussed above, weighting functions describe variations of
the same color coding as above is used. The plot reveals thadine observed signal due to variations in atmospheric or sur-
all considered parameters cause differences of similar magiace properties. Thus, a larger weighting function denotes
nitude which amounts to about 5-10 % of the observed signahigher influence of the corresponding parameter upon the
(as shown in Fig4). observed signal and, consequently, upon the retrieved pro-
The overall behavior observed in Figs5 remains nearly  files. For a typical SCIAMACHY limb observation, Fig.
the same for other observation geometries (not shown hereyeveals a minor role of both tropospheric water vapor column
e.g., for small solar zenith angles and scattering angles abo@nd surface albedo as their weighting functions are negligi-
90" typical for tropical observations or large solar zenith an- bly small in comparison with the weighting function of the
gles and backward scattering typical for high latitudes of thestratospheric water vapor column. In contrast, for a highly
Southern Hemisphere. The only significant difference is seerglevated reflecting surface, magnitudes of all weighting func-
in absolute values of the limb radiance simulated includingtions become comparable indicating a stronger influence of
stratospheric aerosols (blue and magenta curves irBFig.  the lower tropospheric composition and surface properties.
For a typical SCIAMACHY limb observation most of the The weighting function for the surface elevation behaves
solar light penetrating into the lower troposphere is absorbedsimilar to both tropospheric water vapor column and surface
Much more light can be scattered back into the instrumentlbedo weighting functions and is not shown here for the sake
field of view if the water vapor absorption in the lower tro- Of readability of the plots. To account for the influence of
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Fig. 7. Characterization of the water vapor retrieval for a typical observation in winter over Boulder, CO, (&)S4rtical distribution
of the water vapor number density measured by SCIAMACHY,averaging kernelgc) theoretical precision of the retrieval (red) and
measurement response function (light bld),spread of the averaging kernels.

the tropospheric composition and surface properties, the coraltitude. On the contrary, the averaging kernels for interme-
responding weighting functions are included in the retrievaldiate altitude levels are substantially broader with much less
procedure as discussed above in SB@&. More quantita-  distinct peaks indicating a vertical redistribution of the infor-
tively the impact of the lower tropospheric composition and mation (strong influence of the neighboring altitude levels).
surface properties upon the retrieved water vapor profiles ahe altitude region where the retrieval has the best sensitivity
well as remaining retrieval errors are discussed in Se8t. can be identified as 11 to 23 km. Here, the averaging kernels
are large and peak at their nominal altitudes. At higher al-
4.2 General characterization of the retrieval titudes the averaging kernels become broader which is asso-
ciated with the smoothing error increasing with the altitude.
A commonly used approach to characterize retrieval algo-1he peak altitudes remain around 22 km almost independent
rithms that employ an optimal estimation type inversion is to ©f the nominal altitude of the averaging kernels which indi-
analyze the averaging kernels. The latter are specific to th€tes that the water vapor signal observed at tangent heights
measurement setup, algorithm implementation, and retrieva®P0ve 23 km originates mostly from the lower layers. Bel-
parameter settings. For observations of the scattered sold@W 11km, the averaging kernels still have pronounced peaks
light performed by space-borne instruments in limb viewing Which, however, are clearly displaced upwards indicating
geometry, averaging kernels in the relevant altitude regic,,-;hat_information from upper altitudes dominates the retrieved
are distinctly peaked at altitudes where a bulk of informationProfile.
is originating from. The shape of averaging kernels provides More quantitative characterization of the inversion quality
an information on the vertical sensitivity and resolution of the can be done by looking at the theoretical precision of the re-
measurement-retrieval system as well as on the contributiofrieval and the measurement response function. The former is
of a priori information to retrieved profiles. given by the square root of the diagonal elements of the solu-
Figure7 shows parameters essential for the retrieval chartion covariance matrixRodgers 1976 1990 and describes
acterization for a limb observation performed in winter over the total retrieval error (i.e., sum of the noise and smooth-
Boulder, CO, USA (39.95N, 105.2 W) at a solar zenith  ing errors). The measurement response function is given by
angle of about 65 Panel (a) shows a water vapor num- the area of the averaging kernels and describes the relative
ber density profile typical for this location and season (mea-contribution of the measurements and a priori information
sured by SCIAMACHY). The corresponding averaging ker- to the retrieved profile. Values close to one indicate that
nels are shown in panel (b). The colored numbers in themost of the information comes from the measurement and
right-hand side of the averaging kernel plot denote the al-the corresponding retrieval can be considered to be unbiased
titudes for which the averaging kernels are calculated. Theby a priori information. Both the theoretical precision (red
averaging kernels for altitudes close to measurement tangerurve) and measurement response function (light blue curve)
heights show well pronounced peaks near the tangent poirdre shown in panel (c) of Fig. 7. The theoretical precision
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Fig. 8. Results of synthetic retrievals for different shapes of the true water vapor profile. Left panel: true (solid color lines), retrieved
(asterisks), and a priori (dashed black line) water vapor profiles for different runs. Right panel: relative differences between the retrieved and
true water vapor profilesétrieved/true— 1).

of the retrieval is between 10 and 20 % in the entire altitudetributions of the water vapor and then perform synthetic re-
range covered by the retrieval. The measurement respondeevals with the same a priori information as in real re-
is close to 1 at all altitudes below 21 km slightly decreasingtrievals. The results of these synthetic retrievals are shown
above. in Fig. 8. In the left panel of the plot the true water vapor

The vertical resolution of the retrieval is characterized by profiles used for simulations are depicted by colored solid
the width of the averaging kernels which, however, is ratherlines whereas the retrieved profiles are shown by the aster-
difficult to define quantitatively. Following other authors, isks of the corresponding colors. The dashed black line de-
e.g., Haley et al, 2004 Sofieva et al.2004 Krecl et al, picts the a priori profile. The true profiles shown by the blue
2006 we employ the Backus and Gilbert approaBa¢kus  and red lines are obtained from a climatological model for a
and Gilbert 1970 that suggests the so-called spread functionwinter season at latitudes of 3§ and 653 N, respectively,

to define the averaging kernel width: whereas the profiles shown by the magenta and light blue

N2 a2l , lines are obtained scaling the above described climatologi-

s(z)=12 J(@=)A%(zd) dz . (24) cal profiles. The scaling factors of 2 and 0.5, respectively,
[fIA(z,z/)I d Z/]Z are selected arbitrarily. The right panel of F&shows the

) ) ) relative differences between the retrieved and true profiles of
Panel (d) of Fig. 7 shows a typical spread function calCu-e yater vapor. Here and everywhere below the relative dif-
lated according to Eq2¢) for the averaging kernels plotted  ferences are defined amtrived/true— 1”. For smooth true
in panel (b). It follows that, in the high sensitivity altitude profiles (as shown by blue and magenta lines) the retrieval
range, the vertical resolution of the rgtrlevgl is about 2 t0grrors are mostly below 10 % within the sensitivity range. A
3km near the measurement tangent point altitudes and rangggte different behavior is observed for true profiles having
between 4 and 6km for intermediate layers. Above 23kMgharp vertical gradients in the tropopause region. Due to a
where the sensitivity of the measurements starts to decreasgge of the vertical resolution the break-points can not be cap-
astronger smoothing occurs leading to a rapid decrease of thgre( exactly which leads to large local differences around
vertical resolution. It is also worth noting that above 23km 6 ropopause altitude and cause follow-up discrepancies at
the averaging kernel peaks are displaced from their nominaher aititudes. A usual way to account for different verti-
altitudes. The peak displacement increases the spread cgly| resolutions of the compared profiles is to convolve highly

culated according to Eq24) significantly. This is why the  resolved profiles with the averaging kernels corresponding
apparent width of the averaging kernels is no longer relatedy, he |ow resolution retrieval. Convolving the true profiles
to their spread and it becomes questionable if the Backus anghown in Fig8 with the corresponding averaging kernels the
Gilbert approach can still be used to characterize the verticalegits shown in Fig0 are obtained. Now, true and retrieved

resolution of the retrieval. _ ~ profiles agree within 10 % in the entire altitude range demon-
Another way to investigate the retrieval performance is tostrating that the discrepancies seen in Bigre mostly due
simulate limb observations assuming different vertical dis-
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Fig. 10. Relative retrieval errors due to unknown atmospheric or surface parameters considering (right panel) and neglecting (left panel) the
underlying scene in the retrieval process. See text for details.

to the limited vertical resolution of SCIAMACHY limb ob-

servations.

4.3 Tropospheric impact and surface effects

As discussed in Sect.l, the impact of the lower tro-

Atmos. Meas. Tech., 4, 93954, 2011

below, reliable results in this case can only be obtained con-
sidering these parameters in the retrieval process.

The effect of the tropospheric water vapor amount and of
the surface parameters is investigated performing synthetic
retrievals as follows. First, a limb observation is simulated
assuming a water vapor profile according to the US Stan-
pospheric composition and surface properties upon the redard model atmosphere, surface albedo of 0.5, and surface
trieved water vapor profiles is negligible for a typical limb elevation of 2.2km. The latter corresponds to an observa-
observation. However, it may become significant if abnor-tion above the NOAA Earth System Research Laboratory in
mally much light that has traveled long paths through theBoulder, CO, USA. The simulations are performed for a so-
lower atmosphere reaches the detector. In this section war zenith angle of 64 This synthetic limb observation is
consider an example retrieval for a highly elevated surfaceused then to perform a series of retrievals using various as-
to quantify the retrieval errors due to the lower troposphericsumptions about the tropospheric water vapor amount and
water vapor amount and surface properties. As illustratedsurface properties. As shown in FitQ, synthetic retrievals
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Fig. 11. Relative retrieval errors due to clouds for a tropical (left panel) and a high-latitude measurement (right panel) for water and ice
clouds at different altitudes for different cloud optical thicknessgs (

are performed using surface albedos of 0 and 1 (red and mahe so-called color ratio index. For a tangent heighit is
genta solid lines, respectively), doubling and halving the tro-written as

pospheric water vapor amount at different surface glbedos 10, 1) T (A2, hiy1)

(green, blue, light blue solid lines and green dashed line) and (i) = T IO e’ (25)
raising the surface to 6 km (red dashed line). Results of the 2 b

complete retrieval including the weighting functions for the Where (i, k) is the measured limb radiance integrated
tropospheric contribution and surface albedo (as described jgfound wavelengths.; and 22. A cloud is detected if
Sect.3.3) are shown in the right panel. For a comparison,the color ratio index exceeds a threshold value. In this
the left panel of the figure illustrates the errors of the basicStudy three wavelength pairs are used to create color in-
retrieval where only stratospheric water vapor amounts arélexes, namely (750 nm, 1090 nm), (1090 nm, 1552 nm) and
fitted and contributions of the tropospheric water vapor and(1552nm, 1685 nm). A measurement is filtered out if one of
of the surface properties are neglected. The left panel of théhe indexes detects a high cloud.

plot reveals that changes in atmospheric or surface parame- In contrast to high clouds, clouds below the instrument
ters which decrease the amount of light traveled long pathgield of view do not affect the retrieval much and, thus, corre-
through the lower atmosphere (e.g., decrease in the surfacgPonding measurements are not excluded. The retrieval error
albedo, or doubling of tropospheric water vapor amount) af-due to the clouds below the instrument field of view is ana-
fect the retrieval only weakly. On the contrary, the scenarioslyzed using the synthetic retrievals as follows. First, the syn-
where more light from the lower troposphere reaches the dethetic limb radiance in a presence of a cloud is calculated.
tectors (e.g., increase in the surface albedo, higher surfachis synthetic radiance is used then as the input for the re-
elevation, or halved amount of the tropospheric water vaporjrieval algorithm which is run assuming a cloud free atmo-
cause dramatic changes in the retrieved profiles. HowevesPhere. Results for water and ice clouds at different altitudes
as shown in the right panel of Fig0, these effects are al- are presented in Fid 1 The left panel shows an observa-
most completely accounted for if the weighting functions for tion geometry typical for the tropics (solar zenith angle of
the tropospheric contribution and for the surface albedo aréPout 40, scattering angle close to 90 Here, water clouds

included in the retrieval. with higher optical thicknessc] and high ice clouds affect
the retrieval results somewhat stronger. The overall effect is
4.4 Treatment of clouds rather small and the relative differences remain typically be-

low 15%. Similar results but for an observation geometry
As mentioned in Sec8.3, limb scans for which a high cloud typical for high latitudes of the Northern Hemisphere (solar
(cloud top height above 10 km) is detected in the instrumentzenith angle of about 85scattering angle of about 20are
field of view are rejected from the further consideration. The shown in the right panel of Fidl1. Here, the effect is even
cloud detection is done using the SCODA algorithm in a smaller than for the tropics for all types of clouds. The re-
manner similar taKkokhanovsky et al(2005; von Savigny trieval error never exceeds 10 %. The variation of the relative
et al. (2005. The main idea of this method is to analyze retrieval error along the SCIAMACHY orbit (i.e. with the
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Fig. 12. Relative retrieval errors due to clouds for different observa-

Relative difference
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Fig. 13. Aerosol extinction profiles at 1352 nm for different LOW-

tion geometries (along SCIAMACHY orbit). The legend indicates TRaN scenarios.
the solar zenith angle (SZA) and relative azimuth angle (SAA) at a
tangent point for each observation. Simulations are done for an ice

cloud between 5 and 7 km with an optical thicknesses of 10. Sect.3.3 For a comparison, a similar investigation is per-

formed neglecting the aerosol correction. In this case, the

. . . retrieval is initialized with a background aerosol loading ac-
f lar cl h ; o ;
observation geometry) for one particular cloud type is s OWncordlng to the LOWTRAN parameterization and no scaling

in Fig. 12. Here, the simulations are performed for an ice of the aerosol extinction coefficient is performed
cloud between 5 and 7 km with an optical thicknesses of 10.”" P } T )
Figure 14 shows the results for a tropical scenario which

Although the retrieval errors still remain within 20 % for all | ) " ‘
observations, one sees a clear increase in relative deviatioris characterized by small solar zenith angles (typically about

when moving form small to large scattering angles (i.e. fr0m400) and scattering angles of about'9The left panel of the

the Northern to the Southern Hemisphere). plot illu§trates the impact of the s_tratospheric aerosol_ upon
the retrieved water vapor profiles if no aerosol correction is

applied. If the aerosol loading is not too high the relative
retrieval error remains below 30% down to 14-16 km de-

In this section, the influence of stratospheric aerosols uporPending on the scenario. Otherwise, larger retrieval errors
the retrieved vertical profiles of water vapor is considered.might occur. The right panel shows the retrieval results if the
This is done using synthetic retrievals in a similar manner asStratospheric aerosol correction is applied. Here, the errors
discussed above for clouds. The synthetic radiances are sin@'e substantially smaller remaining below 15 % in the entire
ulated assuming different stratospheric aerosol scenarios a@ltitude range for all aerosol scenarios except for high load-
cording to the LOWTRAN parameterizatioKreizys et al,  ing with fresh volcanic aerosol.

1986. Each scenario is defined by stratospheric aerosol Similar results for an observation geometry typical for
loading (background, moderate volcanic, and high volcanic)high-latitude winter season in the Northern Hemisphere are
and aerosol type (background, aged volcanic, fresh volcanic)presented in Figl5. This scenario is characterized by large
The aerosol extinction coefficients at 1352 nm for different solar zenith angles (80-8pand high contribution of the for-
scenarios are shown in Fi@3. It is worth noting here that ward scattering by aerosols into the measured signal (scatter-
aerosol extinction profiles observed after the Kasatochi vol-ing angle of about 49. While for most of the aerosol scenar-
canic eruption in September 2008 peak at about 17-18 knios the retrieval errors are nearly the same as for tropics (both
altitude with maximum values of about 0.003-0.004#m  corrected and non-corrected retrievals), substantially higher
e.g., Sioris et al, 20103, which is somewhere between the errors are observed for the aerosol corrected retrieval in the
solid cyan and dashed red curves in the plot. case of a high loading with fresh volcanic aerosol.

The retrieval algorithm is initialized with the aerosol ex-  In conclusion, the influence of the stratospheric aerosols
tinction coefficient profile obtained by fitting simulated radi- upon the retrieved water vapor profiles is estimated to be
ance profiles at 1090 and 1552 nm (“non-absorbing” wave-about 10-15 % for aerosol loading situations observed in the
lengths). The retrieval is performed then including the scal-years from 2002 to 2011. As a stratospheric pollution that
ing factor for the aerosol extinction profile as discussed inwould be strong enough to cause substantial retrieval errors

4.5 Stratospheric aerosols
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Fig. 14. Relative retrieval errors due to stratospheric aerosol for a tropical measurement with (right panel) and without (left panel) strato-
spheric aerosol correction.
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Fig. 15. Same as Figl4 but for an observation at high latitudes of the Northern Hemisphere.

has never been observed during the operational period d& Comparisons

SCIAMACHY there is no need to be concerned about the

quality of the existing dataset. However, in a case of a veryln previous sections we have analyzed the retrieval precision

strong volcanic eruption the affected measurements need tand investigated the influence of key atmospheric parameters

be filtered out. This can be done using the color ratio in-upon the retrieved water vapor profiles. However, there is

dex similar to the cloud detection procedure. Figbgalus- still not enough information to assess the total error budget

trates the detection of high aerosol loading using the 1090 taheoretically. Instead, in this section we estimate the total

1552 nm color index (see E@5). As above, the results are uncertainty of SCIAMACHY water vapor retrievals by com-

presented for a tropical (left panel) measurement and for aparisons with independent measurements.

observation at high-latitudes of the Northern Hemisphere in  Tg estimate the guality of single retrievals, example water

winter season (right panel). vapor profiles obtained from SCIAMACHY limb observa-
tions are compared to in situ measurements performed with
a balloon-borne frost point hygrometer (FPH) over Boulder,
CO, USA (data provided by NOAA Earth System Research
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that is currently used in the SCODA algorithm.
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Fig. 17. Comparison to in situ measurements performed with a balloon-borne frost point hygrometer (FPH) over Boulder, CO, USA for four
selected balloon launches. Original water vapor profiles obtained from the frost point hygrometer are shown with black dashed lines whereas
black solid lines show the same profiles but convolved with SCIAMACHY averaging kernels. Color solid lines depict water vapor profiles
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Fig. 18. Same as Figl7 but for relative differences.

Laboratory, Global Monitoring Division). The uncertainty of ~ The comparison demonstrates stability of single

balloon-borne FPH measurements is estimated to be abolCIAMACHY retrievals and shows good overall agreement

10%. Further details on the instrument are presented irbetween the SCIAMACHY and balloon profiles with relative

Vomel et al.(1995. Water vapor profiles are compared for differences being typically below 30 %.

four balloon flights performed on 2 July 2003, 8 July 2003, A more extensive verification of SCIAMACHY retrievals

20 November 2003, and 27 January 2004. Collocations args performed using in situ measurements with a balloon-

selected according to the best match principle requiring thésorne cryogenic frost point hygrometer (CFH) operated at

time difference between two measurements to be within 12 hdifferent locations. In this study the data obtained at the
Results of the comparison are presented in Figs(for following balloon launch sites are considered: Boulder, CO,

profiles) and18 (for relative differences with respect to in USA (40° N, 105 W); Heredia, Costa Rica (2N, 84° W),

situ measurements). Water vapor profiles obtained fromBeltsville, MD, USA (39 N, 77° W); Sodankya, Finland

the balloon-borne instrument are shown with dashed blacK67° N, 27 E); Kototabang, Indonesia (0.3, 100 E); Ha

lines for original profiles and with solid black lines for pro- Noi, Vietham (22 N, 106 E); Alajuela, Costa Rica (2NN,

files convolved with SCIAMACHY averaging kernels. The 84°W); Lindenberg, Germany (3N, 14 E). The in situ

SCIAMACHY retrievals are shown by solid lines with as- observations have been performed in the period between

terisks and corresponding a priori profiles are depicted byNovember 2004 and November 2008. The uncertainty of

dashed orange lines. As discussed in S2cturing each  balloon-borne CFH measurements is estimated to be about

limb measurement sequence the SCIAMACHY instrument10 %. Details on the instrument and measurement campaigns

performs a horizontal across-track scan. This provides typi-can be found in/6mel et al.(20078; Fujiwara et al(2010;

cally four independent observations per limb scan which areSelkirk et al.(2010. A map showing locations of the balloon

performed at slightly different azimuthal angles. The waterlaunch sites and tangent points of coinciding SCIAMACHY

vapor profiles obtained from these azimuthal measurementmeasurements is presented in Fi§. The SCIAMACHY

are shown with different colors. As measurements contamimeasurements are selected requiring a maximum distance

inated by high clouds are filtered out, for some limb obser-of 1000 km and maximum time mismatch of 5h (with re-

vations less than four profiles are retrieved (e.g., upper righspect to the balloon launch time). For each balloon flight

panel in Figs17and18). several coinciding SCIAMACHY measurements might exist.
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Fig. 20. Comparison to in situ balloon-borne observations. Left panel: solid lines show balloon-borne CFH (blue) and SCIAMACHY
(red) profiles averaged over all balloon launches at all locations as shown it%ighereas dashed lines depict corresponding standard

deviations. Right panel: mean relative difference between SCIAMACHY and balloon-borne CFH results (solid line) and corresponding
standard deviation (dashed lines).

In all comparisons below water vapor profiles obtained frompanel of the plot shows average balloon-borne CFH (blue)
balloon-borne instrument are convolved with SCIAMACHY and SCIAMACHY (red) profiles with solid lines and corre-
averaging kernels. sponding standard deviations with dashed lines. The right
) . _ panel shows the mean relative difference between both mea-
Flgure 20 presents a comparison of water vapor profiles 5,;ements (SCIAMACHY/CFH-1) and corresponding stan-
obtained from balloon-borne CFH and SCIAMACHY mea- 414 deviation. The plot reveals good overall agreement be-
surements. The results are averaged over all balloon launch§geen the two datasets. The results agree within 10 % above
at all sites as shown in Fid.9. In total 140 SCIAMACHY 13 m and differ somewhat more below.
observations and 48 balloon flights are considered. The left
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Fig. 21. Comparison to in situ balloon-borne observations for different latitudinal ranges: tropics (left), mid-latitudes of the Northern
Hemisphere (middle), and high latitudes of the Northern Hemisphere (right). Upper panels show average balloon-borne CFH (blue) and
SCIAMACHY (red) profiles with solid lines and corresponding standard deviations with dashed lines. Lower panels show mean relative
differences between SCIAMACHY and balloon-borne CFH results (solid line) and corresponding standard deviations (dashed lines).

A similar comparison but for water vapor profiles averagedIn the right panels a similar comparison for high latitudes of
within certain zonal bands is presented in Fid. Here, the  the Northern Hemisphere (above®80) is presented. Here,
same notations as in Fig0 are used. Upper panels show the 33 SCIAMACHY measurements and 15 balloon launches are
averaged profiles from both instruments and their standard¢onsidered. Down to 14 km both datasets agree within 5%
deviations, whereas lower panels show mean relative differand differ by 10-15 % below.
ences and corresponding standard deviations. The left panels
show a comparison for the tropics (33-30 N) where re-
sults from 43 SCIAMACHY me;asurgments and 13 balloon g =onclusions
launches are considered. In this region the results from both

. e 0 s
instruments agree within 10% down to 17km and within |, p4agt o space-borne observations of the emitted radi-

0, I I 1a-

2.0 % below. Belpw 17km an Increase |n.standard iy ance or transmitted solar light which have been widely ex-
tlon_s both for proflles and for reIa'uvelerrors IS o_bserved. Th(.eploited previously, measurements of scattered solar light per
main reason 15 mo.st probably that in thg trOpIFS these a.ltl'formed by SCIAMACHY in limb viewing geometry provide

tud_es are located in the troposphere V.V't.h an mher_ent h'gl}:\ completely new source of information on vertical distribu-
variability of Wa_ter vapor con_tent. A similar behavior has tion of water vapor in the lower stratosphere and upper tro-
beﬁ n observted d'r.]f:,h.e c?mtparllsggoo?f CF1I:|hand gl;“ra MLS re'posphere (UTLS) altitude region. In this study we suggest
sulls presented 1IVomel € a.l'( 3. € middie pan- 5 new method capable to retrieve UTLS water vapor con-
els of Fig.21 present comparison results for middle latitudes tents from this kind of measurements. The paper describes

of Itthef Nortgirg Cljz:\n/liigze\:e (301-60°N) (Eonsgezrlf% rﬁ' an optimal selection of the spectral range and analyses con-
Sults from measurements an alo0n yinutions of different processes (multiple scattering, surface

- o i
Itauln:Ees. I_—:Ere, Ell_” ;tg_reement \_N'th'? %O A)d!?f observid ldowglbedo, aerosols) into the measured spectral signal. The ap-
0 m with a shight increase in refative diiterence below. plied retrieval algorithm is described in detail and sensitivity
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of retrievals is investigated. The highest sensitivity is found Buchwitz, M., Rozanov, V. V., and Burrows, J. P.: A correlated-k
to be between 11 and 23km. By means of synthetic re- distribution scheme for overlapping gases suitable for retrieval
trievals, the performance of the algorithm and its weak sensi- ©of atmospheric constituents from moderate resolution radiance
tivity to major atmospheric and surface parameters other than Mmeasurements in the visible/near-infrared spectral region, J. Geo-
UTLS water vapor content is demonstrated. 5 phys. RJesF.), 18;5'| 1524751556116\2%0?_" v H. and Frick
The new method is successfully applied to SCIAMACHY °UTTOWs: . ., 141, £., 150ede, A. 1 H., VISSET, M., and Fricke,
. . . . . W.: SCIAMACHY — Scanning Imaging Absorption Spectrom-
limb observations. A verification of the retrieval results is

. o eter for Atmospheric Chartography, Acta Astronaut., 35, 445—
performed using data from in situ balloon-borne measure- 457 1995

ments with frost point or cryogenic frost point hygrometers. commitiee on Extension to the Standard Atmosphere: U.S. Stan-
The comparison reveals an overall good agreement between garg Atmosphere, 1976, Government Printing Office, Washing-
the SCIAMACHY and balloon instruments in the relevantal-  ton, D.C., 1976.
titude range. The datasets are found to agree typically withirde F. Forster, P. M. and Shine, K. P.. Stratospheric wa-
10%. An extensive validation of UTLS water vapor profiles  ter vapour changes as a possible contributor to observed
retrieved from SCIAMACHY limb measurements is ongo-  stratospheric cooling, Geophys. Res. Lett., 26, 3309-3312,
ing. doi:10.1029/1999GL0104871999.
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