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Abstract. A new retrieval method has been developed toincreasing altitude. However, the amount of stratospheric
derive water vapour number density profiles from solar oc-water vapour plays an important role in the generation of
cultation measurements of the SCanning Imaging Absorp-Polar Stratospheric Clouds (PSCs), which in turn influence
tion spectroMeter for Atmospheric CHartographY (SCIA- strongly the amount of ozone in polar regions.

MACHY). This method is intentionally kept simple and  trends in stratospheric water vapour are determined by
based on a combination of an onion peeling approach withyethane oxidation, transport through the tropopause and by
a modified DOAS (Differential Optical Absorption Spec- the Brewer-Dobson circulation (s&omse et a) 2008 and
troscopy) fit in the wavelength region around 940 nm. Rea-references therein). To separate the various effects there is a
sonable resulting water vapour profiles are currently obtaineqear need for global long term measurements of lower strato-

in the altitude range 15-45km. Comparisons of the SCIA-gpheric water vapour, as it can be provided by satellite mea-
MACHY profiles with water vapour data provided by the At- g,rements.

mospheric Chemistry Explorer Fourier Transform Spectrom- In th . i tratospheri i dat
eter (ACE-FTS) show an average agreement within about 5% n e past, fong-lerm stratospheric water vapour data
between 20 and 45km. SCIAMACHY water vapour data sets have been provided by the Stratospheric Aerosol and

tend to be systematically higher than ACE-FTS. These re-Gas Experiment (SAGE) Il and lilThomason et al2004

sults are in principal confirmed by comparisons with Waterzoo-/)’ the Halogen Occultation Experiment (HALORus-

vapour profiles derived from model data of the EuropeanseII et al, 1993 and the Polar Ozone and Aerosol Measure-

Centre for Medium Range Weather Forecasts (ECMWF), aI-ment (POAM 1Il; Nedoluha et &].2003. Unfortunately,

though ECMWF concentrations are systematicly lower thana" these instruments discontinued operations in 2005/2006.

both corresponding SCIAMACHY and ACE-FTS data at all Curr_ently, water vapour profiles are fc-)r. example p_rowded
altitudes. by limb measurements of the Sub-Millimeter Radiometer

(SMR) on the Odin satelliteMurtagh et al. 2002 Urban
et al, 2007, the Microwave Limb Sounder (MLS) on Aura
(see e.gBarnes et a).2008 and the Michelson Interfer-
1 Introduction ometer for Passive Atmospheric Sounding (MIPAScher

et al, 2008 Milz et al,, 2009 on ENVISAT. Profile in-
Water vapour is the most important greenhouse gas and playlormation about water vapour can also be derived from
a key role in atmospheric chemistry and transport. Most ofnadir measurements, like those of the Atmospheric Infrared
the water vapour is located in the troposphere where it sigSounder (AIRS) and the Advanced Microwave Sounding
nificantly contributes to weather and climate. Because théJnit (AMSU) on Aura, see e.gAumann et al(2003; Ha-
tropopause acts as a cold trap, the water vapour density in thgan et al(2004. Furthermore, the GOMOS (Global Ozone
stratosphere is significantly lower and decreases rapidly withtMonitoring by Occultation of Stars) instrumenKyrola
et al, 2004, also on ENVISAT, and the Atmospheric Chem-
istry Experiment (ACE) on SCISAT-1Brnath et a].20095,

Correspondence tdS. Ncel measuring in solar occultation geometry, also provide water
BY (stefan.noel@iup.physik.uni-bremen.de) vapour profiles.
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(FOV) of the instrument and intensities are large. The con-
tribution of light scattered from outside the FOV into the in-
strument can be neglected. The accuracy of multiple scat-

Instrument Viewing at

Layer] = 1) O tering is therefore not as critical for retrievals from occul-

e >
| l, tation measurements as for those from limb scattered radi-
ation. However, radiative transfer calculations remain one

Atosphere e limiting factor for the speed of the retrieval, especially in the

case of so called line absorbers like water vapour, which re-
_ S quire high spectral resolution. Taking these considerations
Fig. 1. The solar occultation viewing geometry. into account, the water vapour profile retrieval method de-
scribed in this paper is based on an onion peeling approach
(Russell and Draysqri972 to derive water vapour densi-
The SCanning Imaging Absorption spectroMeter for ties starting from the upper atmospheric layers downwards.
Atmospheric CHartographY (SCIAMACHYBovensmann | each layer a method based on modified DOAS (Differ-
etal, 1999 is —as MIPAS and GOMOS —part of the payload ential Optical Absorption Spectroscopyddrner and Platt
of the European Environmental Satellite ENVISAT which 1979 Burrows et al, 1999 Nogl et al, 2004 is used to de-
was launched in 2002. SCIAMACHY performs spectral rjve the corresponding water vapour density along the line of
measurements in nadir, limb and lunar/solar occultation gesjght using a pre-calculated radiative transfer data base. In
ometry, covering almost continuously the wavelength range;qgition as DOAS strictly is applicable only in the optically
between about 220 and 2400 nBoflensmann et al1999.  thin case, a correction accounting for the non-linearity of the
From these measurements column densities and profiles Qfater vapour absorption (arising from non-resolved spectral
various atmospheric constituents are derived (seeP#€S  |ines) is applied.
et al, 2009, among these also water vapour columns from  The retrieval method is explained in more detail in the fol-
nadir measurements (see eNgel et al, 2004 2003. How-  |oying section. In Sect3 the application of the method to
ever, up to now no water vapour profile data product fromgciAMACHY data is described. The results and a first vali-
SCIAMACHY exists, although there are first successful at- gation by comparison with independent data are then given in
tempts to derive such profiles from SCIAMACHY limb data. ggcts4 ands, followed by a discussion of errors in Seét.
In this paper a new method to derive water vapour pro-
files from SCIAMACHY solar occultation data is presented.
Retrievals of atmospheric trace gas profiles from limb or oc-2 Retrieval method
cultation measurements are often based on the optimal esti-
mation (OE) method (see e.Bodgers1990. This method 2.1 General approach
has proven to be appropriate for this purpose, as it in gen-
eral produces reliable results which compare well with in- The profile retrieval method is based on an onion peeling
dependent data, see eRpzanov et al(2005 2007, Palm approach in which the atmosphere is divided into a number
et al.(2005, Meyer et al.(2005 or Amekudzi et al.(2005 NiayerOf horizontal layers. The retrieval starts at the top layer
for examples of (especially SCIAMACHY) retrievals using and proceeds downwards, taking into account at each altitude
the OE method in different viewing geometries. The OE ap-the results of the upper layers. In solar occultation geometry
proach usually involves an iterative process where radiativdhe instrument is looking directly to the sun through the at-
transfer calculations are required in each step. This makeg10sphere (see Fid). The viewing geometry is therefore
OE methods re|ative|y time Consuming' which may becomewe" defined. Because of the Iarge intensities of the direCtIy
critical if large data sets — like those provided by satellitestransmitted beam no multiple scattering processes need to be
— need to be analysed. In many cases — like for limb appli-considered.
cations in the UV/Vis/NIR, where multiple scattering plays ~ The basic premise is that — assuming a horizontally homo-
a large role — such an iterative radiative transfer scheme cageneous atmosphere — the absorption of light along a light
not be avoided. Alternatively some retrieval methods (seePath transecting the whole atmosphere may be written as the
e.g.Kihl et al, 2008 use a two-step approach which sepa- Sum of the absorption of the individual altitude layers:
rates the derivation of slant column densities of the respec-

tive absorber from the inversion. Another method used inlnﬁ _p, _1\%2” )
the analysis of limb data is the Global Fit approaCau(otti, Io 7 &

1988 in which a nonlinear least-squares fit is applied simul- =/

taneously to the spectra for all tangent heights. where all quantities are functions of wavelength,. is the

In solar occultation geometry, the measured quantity is nounattenuated solar intensity, usually derived from measure-
the scattered earthshine but the direct transmission of solaments at high tangent altitudes (larger than 100 km), where
light. In this situation, the sun is directly in the field of view the influence of the atmosphere is negligible; denotes
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0
the optical depth of an absorber (i.e. water vapour) resulting In%
from absorption in a layarfor an instrument looking at tan- c?"”":z —13 (6)
gent altitudej. I; is the corresponding measured spectrum (In)

reaching the instrument under these viewing conditions, and !

1;/Io is the corresponding transmission. Note that becausgvhich leads to the following modified version of Ed)(
only the directly transmitted light is taken into account, the which is also fulfilled for convoluted spectra:
signal; is not affected by layers below the tangent height

j. Pj describes a low (in our case 2nd) order polynomial by (I;) Niayer .
which all broadband spectral features (arising e.g. from Mie'" ;v = Pj— Z T (7)
or Rayleigh scattering) are taken into account. This resem- =J

bles the well-known Differential Optical Absorption Spec- Note that Egs.X) and (7) are equivalent in the case that the
troscopy (DOAS) approachiPerner and Platl979 whichis  aimospheric spectral structures are much broader than the in-
quite commonly used in the retrieval of nadir measurementsyment slit function. However, since the SCIAMACHY in-
(see e.gBurrows et al. 1999. Therefore we call our method - gryment does not resolve the individual water vapour lines

“Onion Peeling DOAS™. _ _ _ this correction needs to be considered.
The spectral range used in the retrieval is 928 nm to

968nm. This wavelength range has been chosen, because3 Density retrieval

there the water vapour absorption is on the one hand large

enough for stratospheric retrievals and on the other handn the optically thin case, the optical depth would be pro-
saturation effects are not too strong. Between 928 nm angbortional to the number densiy, i.e. the concentration of
968 nm mainly water vapour absorbs, but there is also a smalhe absorber in layer, the absorption cross section and the
absorption by ozone, which is also considered in the retrievalength of the corresponding light path.

(see below). The relation between a modelled optical deg@ﬁ and a

real (measured) ong; is therefore given by:

2.2 Convolution effects
n; _ "-'ij

Let I/Q be the spectrum measured by an instrument Iookmga’ nlref Tifjef ®
at tangent heighf in the case that the atmosphere does not
contain the absorber for which the partial optical depths ~ This leads to:
0

are given. In this case, %: P;, and Eq. {) may be re- I/M Niayer -
written as: Inl? =Pj— Z T i 9)

IQ Niayer =

j - .
lnT - Z tij (2) Whereti’]’.af has to include the convolution correction factor

i=j

c®Vand ¥ and 1} are the measured spectra at instrument
This equation only holds in the case that the spectral strucspectral reésolution.
tures are completely resolved by the measuring instrument. Unfortunately, for water vapour in the spectral range con-
In general, the measured quantity is the atmospheric specsidered here the optically thin case can not be assumed. Fur-
trum convoluted by the instrument spectral response functhermore, saturated and non-saturated water vapour absorp-
tion, also called the instrument slit function. If we denote tjon lines are not resolved by the SCIAMACHY. As a conse-
with () this convolution, the left side of Eq2) becomes  guence, the relation between optical depth and number den-

when using measured spectra: sity becomes non-linear. This so-called saturation effect is
( IQ> taken into account by an additional correction faectarhich
In—_ (3) is a function of (only) density and altitude:; is currently
{15) considered as a scalar value. Taking into account the depen-

dence of the other quantities from the wavelengteads to

which is not identical to the convolution of E®)( X ; k
the following equation, assuming that only water vapour ab-

19 1° Niayer Niayer sorbs in the spectral region under consideration:
In—L-2(nL)y=(> " 5j)=>" (r)) 4)

<Ij> I i=j i=j ]M(k) Niayer .

J —P.() — re n:) a:

To compensate for this, we define a “corrected” partial op-In Moy~ Pi() Z Tij (M) ci(mi) ai (10)
tical depthz, as: =/
£€ i (1) (O 5) Although water vapour absorption is dominant in the wave-
g length range used here (928-968 nm), ozong {©absorb-
with ing in the same spectral region. To improve the water vapour
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fit residuals, we also consider ozone as an absorber. Thereections are taken from the HITRAN 2008 data bazetl-

fore, an additional sum of reference ozone optical depthsnan et al. 2009. The assumed reference atmosphere con-
r,.Q3’ref, also derived from radiative transfer calculations andtains pressure, temperature and water vapour concentrations
then scaled by a factdr, has to be taken into account. Note taken from model data provided by the European Centre for
that no additional correction factors are required for ozoneMedium Range Weather Forecasts (ECMWF) for a latitude
because convolution and non-linearity effects do not play aof 67.5 N and a longitude of 30W on 10 November 2005,

role here and we are not interested in the absolute 0zon&8:00 UT. This time and place corresponds to one of the col-

amounts. This results in the following relation: locations between SCIAMACHY and ACE-FTS (see below),
N N but this is actually an arbitrary choice.
M) ayer layer Because the retrieval uses a fixed set of reference optical
J Py ref N Og, ref . A . -
In I(l)w (k)—P, ™) Z Tij (Mei(ni)ai Z Gy (Wb (11) depths and saturation correction factors, the retrieval results
1=j 1=j

are somewhat sensitive to the choice of the reference atmo-
For a given non-linearity correction the coefficients of ~ sphere. This is mainly because the water vapour absorption
the polynomialP; and the scaling factorg andb; (which cross section is a function of temperature and (to a lesser
do not depend on wavelength) can be determined via a leastegree) pressure. Depending on the actual atmospheric con-
squares fit using Eql(@). Note thatc; is a function ofn; ditions which usually differ from the model assumptions this
and therefore alse;. Consequently;; needs to be adapted may cause systematic deviations in the retrieved profiles. Re-
in each iteration step of the fit. The retrieval starts at thetrieval studies with different model atmospheres have shown
top tangent heightj(= Niayer), Which results in the quanti- that this systematic effect is largest at lower altitudes where
ties Py,,,,, and the scaling factorgy,,,, andby,,. Inthe  the deviations between the retrieved profiles may reach about
retrieval for the next lowest tangent altitudg=£ Njayer— 1) 20% in extreme cases (e.g. when using a tropical atmosphere
the determined values fary,, . andby,,, are then used, for a retrieval at higher latitudes). At altitudes above about
and so on, such that for each tangent heiglonly «; and ~ 35km there is almost no dependency on the reference atmo-
b;j (and the coefficients of;) need to be fitted. The water sphere. The ECMWF model atmosphere used in this study

vapour density at a certain altitugds then given by: is considered to be appropriate for the latitudinal range of
of the measurements (about 50=R) see below), therefore no
nj=aj;n; (12) major systematic error contributions are expected from using

. . . . a fixed background atmosphere.
Obviously, one disadvantage of this method is that any The altitude grid for the radiative transfer calculations con-

errors of the higher tangent altitudes propagate downward. .

However, in the case of water vapour the coupling betweens'StS of 1 km intervals from O to to 50 km which is the max-

the different layers is largely reduced by the exponential denimum altitude _for the retrieval. The reference atmosphere,

sity increase with decreasing altitude. however, _contlnues further upward_s, _therefore the topmost
model altitude level has no upper limit but contains every-

2.4 Determination of partial optical depths thing above. Currently, the retrieval is limited to altitudes
above 15km because below this height (and especially in

The partial optical depths' and t2*™" can be derived the troposphere) densities and related non-linear effects in
13 L . .

from radiative transfer calculations. For this purpose, twothe optical depths become too large and also refraction be-

transmission spectra need to be determined for an instrume°Mes more important such that the model assumptions are

looking at altitude;: no longer valid. .
Figure 2 shows some examples for modelled partial op-

1. A spectrum/;; assuming an atmosphere where only tical depthsr[;af of water vapour for different combinations
layeri contains the absorber. of water vapour layer altitude indexand viewing altitude
0 , index j. In the case where the viewing altitude equals the
2. A spectrum/; assuming an atmosphere where the ab-jayer which contains water vapour (F&g) the optical depth
sorber is not present at all. increases with decreasing altitude, as can be expected from
the increasing water vapour concentration. For a fixed layer
altitude (in Fig.2b 50 km) the optical depths decrease with
10 decreasing viewing altitude because the absorber concentra-
7j=In I—J (13)  tion along the light path decreases.
Y The partial optical depth shown in Figa and b contain a
For the computation of the convolution correction accordingcorrection for the convolution effect described above. In the
to Eq. @) additionally the end-to-end spectfaandlp are  case of water vapour, this correction factor becomes signifi-
required. All spectra have been derived using the radiativecantly large especially for lower tangent altitudes, as can be
transfer model SCIATRANRozanov et a).2002, Version  seen from Fig2c.
2.2 in transmission mode. The involved water vapour cross

The partial optical depth is then given by:
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2.5 Determination of saturation correction a) Layer Alttude/Viewing Alitude
0.016
The saturation (or non-linearity) correction factg(n;) is 0.014
also determined from radiative transfer calculations using the 0,012
relation {\ 1 [\
_é 0.01
<1;?) Niayer o 8 ooos ’ I\n ” Lt
=D Ty ai OB O S TR e O I
o Ul |
. . . 0.004 N Nf-p e
which can be derived from Eq1Q) when taking modelled [V/\/\j | ! \ \/\[\ T
1 TN 0.002 A=A A\ v
spectra instead of measured ones. Defining Uﬂvﬂ \/\/\\N&M M /MAVAVV,W
(10> 0 930 935 9;0 } 945 ’ ’950 ’ 955 o 96(; 9657
PR J Wavelength, nm
Tj T In (I> (15) 50 km/50 km —— 30 km/30 k?n 15 km/15 km ——
J 40 km/40 km 20 km/20 km
. i . . b) Layer Altitude/Viewing Altitude
and denoting witfx the spectral average over the fitting win- 0.0012

dow for quantityx, the following relation for the saturation
correction can be derived:

0.001

— N 0.0008
= Z,’:aj)'l_e:,.rlfl’"]ef ai ¢
Cj = — (16)

aj _L,ref

0.0006

Ji

Optical Depth

0.0004

Using Eq. (6), starting from the top altitudeNjayer) and
then propagating downwards each saturation correction fac- .,
tor for a certain tangent altitude can be derived. Note that

7; is also a function of density, or the related scaling factors 0

930 935 940 945 950 955 960 965

for stratospheric water vapour this effect is considered to be
small because of the exponential decrease of density with al-

0.6 \/\/‘
0.5

/
—
—
e
=

a;. The density dependenceois derived by performing ra- Wavelength, nm

diative transfer calculations for water vapour profiles which 20 KmoKm ——  FokmisOkm —— SOkmiASkm ——

are scaled by a height independent factor. The resulting den- ¢) **

sity dependence af is in fact an approximation, because — 1 AN P

as can be seen from EdLG) — thec; depend not only on 09 /\\V\ V f\\, "\ WN\“

the density in layey (i.e.a;) but also on all densities (af) § o8 KAM A /(\/ \[v \}m /\/\/ N {\W[\V

above. Therefore, different shapes of profiles will result in & \ 1\ [\ } \ \VN \/ M . /\] \I\ [\rv \

a different density dependence af However, specifically g o \ \A /\\ I\/ /M’ﬂ UH \’ UV Y
s U

titude which limits the impact of altitudes which are much oa I /\\ / / \
higher than the tangent altitude. \ /\ UI\ TRTAT
This way, a data base of saturation correction factars) o2 v A
is calculated for a set of scalmg factors t_)etween 10% and 2 T T o os o0 wss 90 9ee
300%. In the retrieval, the required saturation correction fac- Wavelength, nm

50 km —— 40 km 30 km

20 km —— 15km ——

tors are then derived by interpolation.

Figure3a shows the derived saturation correction factor
as function of the used water vapour profile scaling factor forrig 2 Modelled partial optical depths (including convolution cor-
different tangent altitudes. In general, a smaller scaling facrection). The “layer altitude” is the only altitude containing water
tor (i.e. lower water vapour densities thaf) results in a  vapour. The “viewing altitude” corresponds to the observed tan-
largerc and vice versa. This is becauséas multiplied tothe  gent altitude.(a) Layer altitude equals viewing altitud¢b) Same
density scale factor in the retrieval formula (). For the  layer altitude (50 km) but different viewing altitude&) Convolu-
reference atmosphere, the scaling factor and thus; alfe tion correction factor as function of wavelength for different tangent
equal to 1, yielding that also ad} are equal 1 (as it should altitudes.
be). For a tangent altitude of 50 km the saturation correc-

tion factor is close. to 1 and does not depgnd much on theI'his can be explained by an increased influence of pressure
water vapour density. For lower tangent altitudes the Saturabroadening of the absorption lines at lower altitudes which
tion effect and also the density dependence becomes Iargelreduces saturation effects

although there is not much difference between the saturation
correction factors for the lowest altitudes (15 km and 20 km).
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a) 18 factor instead of a spectrally resolved one. Because of this,
o the accuracy of the retrieval method described here is cur-
16 rently limited by the saturation correction to about 10%.

Especially above about 30 km small oscillations in the re-
14 X trieved ratios occur. This kind of oscillations is well known
%\& from limb or occultation profile retrievals (see ew.Clar-
mann et al. 1991, Sofieva et al.2004). One possibility to
overcome this problem is to add constraints on the smooth-
ness of the profile to the retrieval as a priori information. The
- retrieval method used in the present paper does not contain
such smoothness constraints. Instead, the profiles resulting
056 ‘ from SCIAMACHY measurements are smoothed after the
0 50 100 150 200 250 300 . . . . . .

Water Vapour Profile Scaling Factor, % retrieval considering the vertical resolution of the instrument.

15km —— 20km 30km —— 40km —5— 50km —e— This is described in the next section.

b) s0 -
P}
45 N

il L 3 Application to SCIAMACHY

40 : ™

/./ ; kﬁ o The SCIAMACHY instrument performs solar occultation

* S X . measurements usually once per orbit during suhrisiith
30

12

Saturation Correction Factor

0.8

2_HA

Altitude, km

i . an orbital period of about 100 min this results in 14 to 15 oc-
: K& cultation measurements per day. SCIAMACHY comprises

L

;- N

\\ } ;f eight channels of 1024 pixels each, covering almost continu-
N /

25

20 ously the spectral range between about 220 nm and 2400 nm.
5 X jf A In the spectral range of the water vapour retrieval (928 to
09 092 094 0-9;’8”;:;2&“0 ;etrie;%fm:-o“ 106 108 11 968 nm) the spectral resolution is about 0.52 nm. The SCIA-
0% 0% e 110% 130% e MACHY instantaneous field of view (IFOV) in solar occulta-
80% 100% —=— 120% tion mode is about 0.7 0.045; this corresponds to a ver-

tical resolution at the tangent point of about 2.6 km. The hor-
Fig. 3. Results for simulated datéa) Saturation correction factors izontal r.es.olutlon (acrqss track) at the tangent point is about
as function of the water vapour scaling factor for different tangent30 km, limited by the size of the sun (abOUto's
altitudes. (b) Results of a retrieval on simulated data using scaled A Solar occultation measurement is performed by SCIA-

water vapour profiles. The different curves correspond to differentMACHY in the following way: Before sunrise there are for
scaling factors. 30s vertical scans 0£0.33 around an altitude of about

17km. As soon as the centre of the sun reaches this alti-

tude, the rising sun is followed upwards while continuing
2.6 Consistency check the upward/downward scans. Above 100 km there are dif-

ferent modes of solar occultation measurements performed;

A consistency check of the retrieval method is performed by©F the water vapour profile retrieval we use only those mea-

application of Eq. 11) to simulated data, equivalent to those surements where the vertical scan over the sun is continued
data from which the saturation correction factors are com-UP t0 almost 300 km. _
puted. The input water vapour profiles have been scaled by For the spectral range considered here there are 16 read-

factors between 70% and 130%, thus covering at least th@UtS per vertical scan (either downward or upward). For the
expected variability of stratospheric water vapour which is retrieval a subset of these measurements is used; namely only

in the order of 20%. No additional noise has been added tdn0Se data when the sun is already rising but below 60 km.

the simulated data. The resulting ratios of the retrieved watef Urthermore, only data from the central part of the upward

vapour density profiles to the true one are plotted in Big. S¢ans are use_d. This results in about 20 spectra at differ-
as function of altitude. ent tangent altitudes between 0 and 60 km. However, as ex-

For a self-consistent retrieval the density ratio should beplained in the previous section, retrieval results below 15 km

. . are currently not used. This is illustrated in Figfor a typ-
equal to 1 for all altitudes. As can be seen from g this ical SCIAMACHY solar occultation measurement. In addi-

i ly th for the ref ity (100% ling). For. . .
IS on y the case prt e reference density ( 00. o sca ing) 0{|on, corresponding measurements at about 200 km altitude
scaling factors different from 1 there are deviations of up to

+10%, increasing with the scale factor and with a maximum  Inote that although the SCIAMACHY instrument sees a rising
between 20 and 25km. The main reason for these differsun, the local time at the tangent point is in the evening, i.e. corre-
ences is that the retrieval uses a scalar saturation correctiogponds to sunset.
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are used as reference spectruig) py which the lower alti- SCIAMACHY Solar Occultation Scan/Readouts (State 49)
tude spectra are divided; care is taken that only spectra of the 300 ' ' ' ' ' T
same relative position on the sun (i.e. matching readouts in 250 L — e ANV
the vertical scan) are combined. This is necessary because of ‘ ‘ ‘ ~V
the different filling of the IFOV. £ 200} ]
Itis a prerequisite of the retrieval method used here thatthe g 150} <
modelled optical depths and the measured spectra are on the = 100k Reference |
same altitude grid. To avoid a re-calculation of optical depths <
for each individual measurement the (logarithms of the) mea- 50 |- ]
sured SCIAMACHY spectra are linearly interpolated to the o MY o L
retrieval altitude grid before the retrieval. After the retrieval,
the derived profiles are smoothed by application of a box- -50 : : : ' '
. . o . ) 0 20/ 40 80 100 120 140
car filter of width 2.6 km, which is the vertical size of the Time since start oTseasurement, s
SCIAMACHY instantaneous field of view. This smoothing
is done to avoid retrieval artefacts resulting from (1) insta-
bilities/oscillations in the retrieved profiles due to a lack of 80
information, (2) the interpolation of the measured transmis- 70 | Setected - i :
sions to the (finer) retrieval altitude grid, and (3) the coarser | | Sy s
vertical resolution of the SCIAMACHY measurements com- 60 ¢ o
pared to the retrieval grid spacing of 1 km. 5 50 ¢ e .:'
g 40 U R S A W
4 Results 20ff R ¥
Figure 5 shows an example for retrieval results for a 10 0 ¥
SCIAMACHY measurement in orbit 19333 on 10 Novem- Op~
ber 2005. Panel a depicts the measured signdl/ () at ‘1030 " 20 e .
50 km together with the fitted spectrum and the resulting rel- Time since start of measurement, s

ative residual. The signal at this altitude is low and noisy, and

the residual is quite large, but nevertheless the fit is success- ) ) )
ful. Panel b shows the same for a tangent altitude of 20 kmFig. 4. Tangent altitudes of channel 5 readouts during a typical
Here, the densities are much higher and also the absorptioﬁCIAMACHY solar occultation measurement. Only those altitudes

marked by red points are used in the retrieval. Reference spectra
structures are much better pronounced. Consequently, th

. . . 80) are taken from the upward scan around 100 s after the start of
relative fit residuals are much smaller. However, a close

. . ) "the measurement in about 200 km altitude.
look at the residuals reveals larger differences between fit and

measurements at spectral regions where absorption is higher
(e.g. around 935 nm). This is an indication that saturation isThe latitudinal distribution of the data is shown in the top of
not completely corrected, most likely because the currentlythe figure. As can be seen from this, SCIAMACHY occul-
implemented saturation correction does not depend on wavetation measurements are restricted to northern mid-latitudes
length. Here, there is room for improvement of the retrieval between about 50and 70. Because of the sun-fixed EN-
method. VISAT orbit the latitudinal variation is the same for each
Figure5c shows the retrieved profile of water vapour. The year. The black curve in the lower part of the figure shows
un-smoothed data are depicted by the blue line, the smoothetthe average tropopause height (defined as temperature min-
data by the red line. Below about 30 km there is almostimum), which has been derived from collocated ECMWF
no difference between the smoothed and un-smoothed prdemperature profiles provided every 6 h on &@%5.5 lati-
file. The green circles indicate the original measurementtude/longitude grid.
tangent heights. The error bars give the estimated retrieval As can be seen from Figga, the water vapour num-
error derived from the fit, which (in the logarithmic plot) ber densities vary very smoothly with altitude; as expected,
increases with height and is considerably high (about 50%Yhere is continuous decrease upwards. The seasonal variation
above 45 km. roughly follows the variation of tropopause heights and/or
Up to now, all SCIAMACHY data from August 2002 until tangent latitudes; this can not clearly be separated because
October 2009 have been processed using the Onion Peelirfgpth are coupled. In (northern) summer, tropopause heights
DOAS method. The resulting profiles are shown in fag.  are higher (and latitudes are lower), and the water vapour
For this plot all data of one day (up to 13 profiles at different profiles are shifted upwards.
longitudes but almost the same latitude) have been averaged.
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) & coutaton il SCIAMACHY measurements is indicated on top of the figures. The
?& scl Aag'c*m/*g;“rfe(tfi@y;tgﬁg; — black curve shows the average tropopause height, derived from col-
45 SCIAMACHY (on meas. grid) = located ECMWF data. Periods of reduced SCIAMACHY data qual-
ity (due to instrument switch-offs or decontamination periods) have
40 been masked out (vertical grey barqp) Same plot for volume
g 5 mixing ratio (VMR) profiles.
é 30
< 5&’;\
25
X In Fig. 6b the same data set as in panel a is shown, but in
0 B form of volume mixing ratios (VMRs). The VMRs have been
15 i»— derived from the original SCIAMACHY number density pro-
le+10 le+ll le+12 le+13 le+ld files using collocated ECMWF pressure and temperature data

H,O Density, molecules/cm®

(again on a 1.5x 1.5 latitude/longitude grid). Because pres-
sure and temperature are taken from a different data set, the
Fig. 5. Example fit results for a SCIAMACHY occultation mea- VMR profiles are somewhat noisier than the number density
surement on 10 November 200&) Measured signal and fit (top) Profiles. However, the seasonal variation and the relation
and corresponding residual (bottom) for 50 km tangent altitude.to tropopause height/tangent latitude is very similar. Min-
(b) Same for 20 km tangent altitudelc) Resulting water vapour imum VMRs occur below about 25 km (lowest in summer),
profile from SCIAMACHY data (smoothed, un-smoothed, and in- whereas maximum values are reached between 40 and 45 km.
terpolated to measurement altitude grid). In this altitude region the measured VMRs are about 8 ppmv,
which is in general agreement with other measurements and
models (see e.g.hornton et al.2009.
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5 Validation SCIAMACHY Occultation 20051110 Orbit 19333
50

ACE ——
ECMWF
45 SCIAMACHY (smoothed) —— -]

For a first validation, the derived SCIAMACHY water

vapour profiles have been compared with collocated wa-
ter vapour profiles from the European Centre for Medium 40
Range Weather Forecasts (ECMWF) and from the Atmo-

km

spheric Chemistry Experiment Fourier Transform Spectrom- §
eter (ACE-FTS). 2 %

The ECMWF water vapour density profile has been de- . \
rived from analysed meteorological profiles of pressure, tem- \

perature and specific humidity, which are provided every6h 20

on a 1.5x1.5 latitude/longitude grid. The ECMWF profile

closest in time and space has been selected. le+10 le+ll let12 , leris le+ld
The ACE-FTS instrument is the primary payload of the a0 Densiy, molectiesfom

Canadian SCISAT-1 satellite which was launched in Au-

gust 2003 Bernath et al.2003. ACE-FTS performs So- g 7. SCIAMACHY water vapour profile on 10 Novem-
lar occultation measurements in the infrared spectral rang@er 2005. Comparison of SCIAMACHY water vapour profile from
(2.2 to 13.3um) and provides altitude profiles for tempera-10 November 2005 with matching ACE and ECMWF profiles.
ture, pressure and the volume mixing ratios (VMRS) of sev-
eral atmospheric molecules — including water vapour — be-
tween typically 10 and 100 km. The second instrument onFTS and SCIAMACHY data agree quite well over almost
SCISAT-1, ACE-MAESTRO (Measurement of Aerosol Ex- the whole altitude range, the mean ECMWF water vapour
tinction in the Stratosphere and Troposphere Retrieved byoncentrations are systematically lower than both ACE-FTS
Occultation) is a UV-Vis spectrometer which also provides and SCIAMACHY results at all altitudes. The error bars
— among other products — water vapour profiles. Howeverjn Fig. 8a comprise the standard deviation of the profiles at
in the present paper we only compare with ACE-FTS pro-each altitude and do not consider errors of the retrieved wa-
files (Version 2.2). The ACE water vapour profiles have ter vapour data. The errors bars therefore are an indicator for
been validated by comparisons with results from severakhe variability in water vapour seen by the instruments and
space-borne, balloon-borne and ground-based serSars ( the model. For all data sets the variability is lowest between
leer et al, 2008, resulting in an agreement within about 20 and 25km and increases at higher altitudes and towards
5-10% in the stratosphere (15 to 70km). For the comparithe troposphere.
son with SCIAMACHY data the VMRs have been converted In panel b of Fig.8 the correlation between the data sets
to number densities using temperature and pressure profilgSCIAMACHY vs. ACE-FTS, SCIAMACHY vs. ECMWF
also provided by ACE-FTS. The criteria for collocated ACE- and ACE-FTS vs. ECMWF) is shown as a function of alti-
FTS and SCIAMACHY data sets are that the data have to beude. The correlation describes how well variations in water
obtained on the same day within a maximum tangent pointvapour profiles by ACE-FTS or ECMWF are reproduced by
distance of 500 km. For the comparison all data have beetthe SCIAMACHY data, which is an important information to
interpolated to the SCIAMACHY retrieval altitude grid. e.g. assess the potential to derive stratospheric water vapour
Figure 7 shows the (smoothed) SCIAMACHY water trends. The observed correlation is very similar for all three
vapour profile from Fig5c in comparison with ECMWF and combinations and considerably high at altitudes above 30 km
ACE-FTS data. In this case, the selected ACE-FTS profile i(Pearson’s r varies around 0.7-0.9 there), but significantly
obtained at the same day as the SCIAMACHY data at almostrops down for lower altitudes. Above about 20 km these low
the same location (distance only about 16 km). The showrcorrelations are possibly related to the smaller water vapour
ECMWEF profile is in fact the one which was used in the ra- variations at these altitudes, as can be seen from the stan-
diative transfer calculations to derive partial optical depthsdard deviations in panel a. Below 20 km variations become
and saturation correction factors (see Sgt. higher; there, atmospheric effects like refraction (which is
Whereas the ECMWF water vapour densities are systemnot considered in the SCIAMACHY retrieval) may play a
atically lower than both satellite data, there is a quite goodrole. This has to be investigated further.
agreement between the ACE-FTS and SCIAMACHY results. Panel ¢ of Fig.8 shows the mean relative difference be-
This is confirmed by a more extended analysis involving 408tween the SCIAMACHY and ACE-FTS results (related to
collocations between SCIAMACHY and ACE-FTS and the the mean of both data sets, i.e. (SCIA+ACE)/2) as func-
corresponding ECMWF data in the years 2004 to 2007. Thetion of height and the corresponding standard deviations of
results of the inter-comparisons are shown in Big. the differences. Figur&d is a similar plot for the com-
Figure 8a shows the average water vapour profiles ofparison with ECMWEF; reference is here also the mean,
SCIAMACHY, ACE-FTS and ECMWEF. Whereas the ACE- i.e. (SCIA+ECMWF)/2.
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Fig. 8. Results of comparison between 408 collocated SCIAMACHY, ACE-FTS and ECMWF water vapour piafilelean profiles; the
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As can be seen from Fig8c, the SCIAMACHY wa- 6 Discussion of errors
ter vapour concentrations are systematically higher than the
ACE-FTS values by about 5% between 20 and 45 km. BelowT0 judge upon the quality of the SCIAMACHY water vapour
and above this altitude range deviations are somewhat largeflensity data various error sources of the retrieval (most of
As noted before, the results above 45 km are associated witfiem mentioned before) are summarised and discussed in this
a significant retrieval error and therefore less reliable. Be-section.
low about 18 km the SCIAMACHY water vapour densities ~ The precision of the derived water vapour densities esti-
decrease significantly as can also be seen in subpanel a. Thigated from the residuals of the retrieval (when applied to
is considered to be related to tropospheric effects which limitreal measurement data) is typically in the order of 10-20%
the applicability of the SCIAMACHY retrieval at lower al- below 45 km (see Figb for an example) and usually below
titudes. The standard deviation of the differences is onlyl5% between 20 and 40 km. This includes random error

about 5% except for the lowest and highest altitudes where ifomponents resulting from instrumental noise.
reaches about 10-15% As described in SecR.6 the retrieval has shown to be

The comparison with ECWMF data (Fi§d) confirms  Self-consistent on a sub-percent level, i.e. if a retrieval is per-
a systematic positive offset between SCIAMACHY and formed onthe same simulated data which were used to derive
ECMWF water vapour profiles of about 15 to 35%, largest the radiative transfer data base the correct profile is retrieved.
between 20 and 25 km. The standard deviation is except foArtificial oscillations in the retrieved profiles caused by the

the highest altitudes again small (5—-10%). retrieval are expected to be largely reduced by the applied
vertical smoothing and thus of minor importance.
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However, systematic offsets are expected due to insuffiwithin the estimated systematic errors of the SCIAMACHY
ciencies of the (scalar) saturation correction (see3jigrhe retrieval which are in the order of 10-15%, mainly limited
actual error which results from this depends on how large theby the handling of saturation effects. For comparison, ACE
‘true’ atmospheric conditions differ from the ones assumedvalidation results Carleer et al.2008 show an agreement
in the radiative transfer calculations. Taking into accountof ACE-FTS water vapour profiles with other data sets in
typical variabilities of water vapour as shown in F&the the stratosphere (15 to 70 km) of about 5-10%, which is in
maximum error due to limited saturation correction is esti- line with the SCIAMACHY data. Especially at higher alti-
mated to be about 10% at around 25 km. This error is curtudes there is a good correlation between the ACE-FTS and
rently considered to be the major source of uncertainties folSCIAMACHY profiles, indicating that both instruments are
the water vapour product. Because the chosen atmospheriapable to identify similar changes in water vapour concen-
conditions in the radiative transfer are based on ECMWFtrations. Taking into account the simplicity of the SCIA-
data, they are considered to be quite representative such thstACHY retrieval method, which (intentionally) only uses
the specific choice of the reference profiles should (on avera very limited radiative transfer data base, these results are
age) have only a minor impact on the retrieval results. very promising.

Another potential systematic error, not mentioned before, In principle, the Onion Peeling DOAS method is not re-
arises from the SCIAMACHY pointing knowledge, i.e. the stricted to the application to water vapour. It may also be
accuracy of the tangent heights. Currently, SCIAMACHY used for the retrieval of other trace gases (like ozone) where
tangent heights are expected to be accurate within someaturation is less critical. This will be investigated in the fu-
100 m (with some seasonal effects), which translates into aiture.
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