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Abstract. SCIAMACHY (SCanning Imaging Absorption 1 Introduction

spectroMeter for Atmospheric CHartographY) lunar occulta-

tion measurements have been used to derive vertical profiles

of stratospheric water vapor for the Southern HemisphereSCIAMACHY (SCanning Imaging Absorption spectroMe-

in the near infrared (NIR) spectral range of 13501420 nm.ter for Atmospheric CHartographYB(rrows et al. 1995

The focus of this study is to present the retrieval method-iS @ moderate resolution 8-channel grating spectrometer
ology including the sensitivity studies and optimizations for 0n-board Envisat, launched in 2002. The instrument mea-
the implementation of the radiative transfer model on SCIA-Sures solar irradiances and the earthshine radiances from
MACHY lunar occultation measurements. The study also in-the UV to the NIR (near infrared) (240-2380nm) spec-
cludes the validation of the data product with the collocatedtral region in nadir, limb and solar/lunar occultation geome-
measurements from two satellite occultation instruments and'y- SCIAMACHY is dedicated to improving our knowledge
two instruments measuring in limb geometry. The SCIA- in atmospheric composition and global atmospheric change
MACHY lunar occultation water vapor measurement com- (Bovensmann et gl1999. Since the launch of its host satel-
parisons with the ACE-FTS (Atmospheric Chemistry Ex- lite, the instrument has provided total columns as well as
periment Fourier Transform Spectrometer) instrument havevertical profiles of atmospheric parameters relevant to ozone
shown an agreement of 5 % on the average that is well withirchemistry, air pollution and global climate change issues,
the reported biases of ACE in the stratosphere. The compaiffom the troposphere up to the mesosphésetfwald and
isons with HALOE (Halogen Occultation Experiment) have Bovensmann2011).

also shown good results where the agreement between the SCIAMACHY lunar occultation measurements have pro-
instruments is within 5%. The validations of the lunar oc- vided valuable datasets of atmospheric species, as ozone, ni-
cultation water vapor measurements with MLS (Microwave trate radical and nitrogen dioxidé\ihekudzi et al. 2003

Limb Sounder) instrument are exceptionally good, varying 2009, which have been used for physical and chemical in-
between 1.5 to around 4%. The validations with MIPAS terpretations and analysis.

(Michelson Interferometer for Passive Atmospheric Sound- Water vapor is the most abundant and highly variable
ing) are in the range of 10%. A validated dataset of waterdréen house gas in the Earth’s atmosphere. Depending on the
vapor vertical distributions from SCIAMACHY lunar occul- latitude and altitude, the distribution of water vapor directly
tation measurements is expected to facilitate the understandiffects the physics, chemistry, dynamics and the radiation in
ing of physical and chemical processes in the southern migthe atmosphereSplomon et al.2010. Owing to its longer

vortex. spheric dynamical processes, water vapor is used as an excel-

lent tracer of atmospheric circulations and waves, &an(
et al, 2007). The primary source of water vapor in the lower-
most stratosphere is the adiabatic injection across the tropical
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tropopause. However, this has to pass through the cold trapf about 65 km. Above 100 km, the measurements are per-
of the temperature minimum at the tropopause region; abovéormed for calibration purposes and to calculate transmis-
this region the oxidation of methane and other hydrocarbonsion. The moonrise is observed when the phase (s5 in
release hydrogen containing free radicals withOHbeing  the instrument’s FOV with solar zenith angle (SZAY4°.
formed by the reaction with OH. Thus, very low water va- The measurements end shortly after the full moon.
por amounts are found in the tropical lower stratosphere due In the southern polar region, the polar night lasts from
to the air ascending through the cold tropical tropopause reApril till September. The winter season spans from June to
gion with an annual average of around 3.8 pprdegsler  September. The months of July, August and September en-
and Kim, 1999. In the upper stratosphere, methane oxida-dure the coldest temperatures. During this period, the het-
tion is the dominant local stratospheric water vapor sourceerogeneous chemistry on the surface of PSCs kicks off the
(Abbas et al.1996 Michelsen et al.2000, and the relation-  formation of the ozone hole. As originally proposed, SCIA-
ship between stratospheric methane and water vapor has be®ACHY comprised two instruments for limb and nadir. As
demonstrated in previous studi&autlit et al, 2005. Higher  a result of cost reduction imposed by the space agencies, the
water vapor mixing ratios are observed with increasing alti-instrumentation aboard Envisat in its sun synchronous orbit
tude reaching around 7 ppmv near the stratopaRar étal.  comprises a single instrument, undertaking solar occultation
2002. The large scale general circulation across the hemiin the Northern Hemisphere, alternate but matched limb and
spheres brings the moist air into the polar region where ithadir during an orbit, and lunar occultation in the Southern
descends inside the polar vortex. In the polar stratospherd;lemisphere. On the average, the yearly SCIAMACHY |u-
the water vapor amounts remain high with the exception ofnar occultation measurements extend from November to June
the dehydration events in the polar lower stratosphere duewing to the limitations described above. Occasionally there
to the formation of polar stratospheric clouds (PSCs). In-are a few measurements in October. The pattern implies that
side the polar vortex, the water vapor amounts directly influ-the atmospheric species participating in the heterogeneous
ence the ozone depletion by controlling the formation tem-chemistry and chemical processes at high latitudes cannot
peratures, the size of the polar stratospheric clowdik{ be observed by these measurements. In the southern polar
Davidoff et al, 1999 Kirk-Davidoff and Lamarque2008), stratosphere, the formation of the vortex begins to spin up in
and the polar vortex temperatures. March, and, as a result of momentum transport to high lati-
SCIAMACHY’s measurements in the occultation mode tudes, it breaks down typically in November or December.
are self calibrating and have high accuracy. This feature als@’he quantitative analysis of water vapor distributions and
makes them well suited for the trend analysis. The measurevariability in the polar stratosphere provides a perspective
ments give localized coverage where the vertical profiles ofinto the evolution and the break down of the polar vortex. The
stratospheric constituents are retrieved with a vertical resolustrong relationship between water vapor and the upper at-
tion of 3—4 km. mospheric dynamics has been established in various studies
(Russell et al.1993a Lahoz et al.1993 1996. The retrieval
of stratospheric water vapor from SCIAMACHY lunar oc-
2 SCIAMACHY lunar occultation cultation measurements yields some unique insight into the
dynamics of the stratosphere and provides the motivation be-
SCIAMACHY lunar occultation measurements are carried hind the study.
out over the southern high latitudes between 59-88ur-
ing local nighttime, and the measurements from 2002 to 2010 ) o
are used in this study. The latitudinal constraint is due to the3 Solar zenith angle and the moon phase distribution
sun synchronous orbit of Envisat and the placement of the in-  fOr the lunar occultation measurements
strument on the satellite. The SCIAMACHY's field of view
(FOV) in lunar occultation mode is 0.04%2.5km) in the
vertical direction and 18in the horizontal direction. The
apparent diameter of the moon is between 9.48d 0.57
in the horizontal direction, which is within the instrument’s
FOV. The properties of moonrise in SCIAMACHY’s FOV
are determined by the orientation of the lunar orbital plane
with respect to Envisat's orbital plane and the ecliptic. Each

The geographical distribution of SCIAMACHY lunar occul-
tation measurements is sparse, as can be seen in the example
in Fig. 1 which shows the tangent points for the year 2010.
Figure2 shows the latitudinal distribution time series for the
years 2003-2010. As clearly seen, there is a large latitudinal
variation within a month and over a year. This is due to the
fact that the latitude of the sub-satellite point changes con-
siderably at the moonrise within a month. This feature makes

measurement starts when the moon rises above a tangephe measurements suitable for studying the southern polar at-

height altitude of around 17.2km. Below this altitude, the . . )
. . . ) mosphere at various latitudes during a year. On the average,
lunar signal is rapidly decreasing. The scanner follows the

. each year the measurement spat 59—89 S from January
predicted movement of the moon for 16 s, then the moon fol-
. . till June. In November and December, the measurements are
lower device (MFD) takes over and adjusts the scanner t

the brightest point of the moon. The switch is at an altitudeq'm'ted 0 60-70S.

Atmos. Meas. Tech., 5, 2492513 2012 www.atmos-meas-tech.net/5/2499/2012/



F. Azam et al.: SCIAMACHY lunar occultation water vapor measurements 2501

2o T T T ]
[ --- 2003 ]
P »!
JAN [ -~ 2006 ]
FEB Hor —_. 2007 1
L\ MAR @ i - -+ 2008 ]
.\ APR S ——. 2009 |
| may 5 : ]
100} .
]

or i Thi el
W v v A e v ]

DEC 0 100 200 300

Time ( days of year )

Fig. 3. SCIAMACHY lunar occultation SZA distribution for the

. . . years 2003-2010; each year the SZA span is withihadd 115.
Fig. 1. SCIAMACHY lunar occultation tangent points in 2010; the

latitudes vary within 59S-89 S.
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Time ( days of year ) Fig. 4. SCIAMACHY lunar occultation moon phase distribution for

the years 2003—-2010; the observed moon phase values vary around
Fig. 2. SCIAMACHY lunar occultation latitudinal distribution for g 5-0.99.

the years 2003-2010; each year the latitudes vary considerably be-
tween 59 S-89 S.
for moon phase, the higher values signify a strong signal.
The quality of the SCIAMACHY lunar occultation spectral
The yearly time series of solar zenith angle (SZA) andsijgnal is essentially determined by the values of the SZA
moon phase for SCIAMACHY lunar occultation measure- and the moon phase. The quality criteria thus implied were
ments are shown in Fig& and 4, respectively. The SZA  the selection of measurements with moon phage75 and
variation for each year is between°9and 113, with the  S7ZA>96°. On the average, the usable SCIAMACHY lu-
hlghest values observed around Aprll The observed MOOMar occultation measurements are 6 days a month and 6—
phase values vary around 0.5-0.99. The assignment of phasemonths in a year.
is as follows: For the half moon, the phase is 0.5, and so
on. The smaller the SZA value, the higher is the influence of
the sunlight scattered due to the Earth’s atmosphere, whereas
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4 Retrieval theory measurement residuals — y are sufficiently small or the re-
trieved profile does not change anymore during the iterations.

This section explains the retrieval method implied on the |nverse problems in general are sensitive to small pertur-

SCIAMACHY lunar occultation measurements. The schemepations that may introduce unrealistic features. In our study,

is explained in depth imekudzi(2005 and the references the inversion was stabilized by using an optimization ap-

therein, and will be described here in brief with emphasisproach which suppresses the additive noise. A regularization

on the theory that is essential to understand the contents abrm called the Tikhonov regularizatiofikhonov, 1963

Sect.5. The basic equation to be solved is a nonlinear, ill- Tikhonov and Arsenin1997 was introduced in the retrieval

posed inverse problenpdgers2000, solution by extending the inverse of the a priori covariance
matrix by a Tikhonov matrix as

y=F(x, b) +e, (1)

1 1 o

relating the measurement vectpy i.e. the measured lunar St S S S ©

spectrum, by a forward modéi. The state vector repre-  Thjs constrains the smoothness of the retrieved prdfjle

sents the water vapor vertical profile to be estimated. Thecontributing to the desired state of the retrieved atmospheric

forward modelF accounts for the physics of the measure- parameter. In Eq.6), S, is the first order derivative matrix

ment including the instrument characterization. The veltor \yeighted by an appropriate parameter termed the Tikhonov

includes the model parameters such as line strength, pressugrameter. An appropriate value of the Tikhonov parameter

broadening, temperature etc. The symbeoepresents errors  has to be selected, as will be shown in S&ct.4 minimiz-

of all kinds. EquationX) is linearized with respect to arefer- ng the loss of information.

ence state signifying the first estimate of the true atmospheric The retrieval solution covariance matrix (smoothing error

State, termed as the a pl’lm’é The a pl’iOI’i is introduced by and retrieval noise) Corresponding to E@_ |$ given by
a climatology. The linearization is performed by using the

Taylor series expansion and neglecting its higher terms: _ 1\~
y P glecting fts hig s=(KI's'ki+s) (7)
0F (x)
y=F@xa)+— =l —xa) +e (2)  The diagonal elements @& are the covariances of the re-

_ _ _ o ~ trieved water vapor profiles and are the indicators of the the-
where the differential on the right hand side is the weighting gretical precision of the retrieval.
function matrix taking into account the sensitivity of the mea-

surement to the true profile. It is denoted KyK ~ 9 y/dx.
Thus 5 Water vapor retrieval

J=y-—ya=Ki+e=Kx—xa+e (3) 5.1 Data

relates the measurement state vedtand the model state The data used for the retrieval was the SCIAMACHY lunar
vectorx; ya is the simulated a priori spectra. The retrieval occultation level 1b (I1b) data provided by ESA. The I1b
solution is obtained by applying the optimal estimation anddata contain the measured raw spectra and all information
using the Newton iterative scheme as describeRadgers  necessary for calibration. In our study the data versions 6.03

(2000, which, for an ( + 1)-th step, results in and 7.0 were used, completing the period of 2002—2010 to
1 derive the vertical profiles of stratospheric water vapor from

Xit1 = Xa+ (KIT S;lKi + s;l) ~ 17-50 km in the NIR spectral region. The data version 6.03
rel covers 2002-2009. Starting in October 2009, the processing

Ki 57 (y — yi +Ki(xi — xa)), (4)  switched to version 7.0; reprocessing of the earlier period

was not complete at the time of this study. Version 7.0 in-
cludes improvements for some of the calilbration data. How-

priori height profiles, and, as the measurement error co- e:{e(rj, 1;or tt?]e w?vslength tr5eg|o?hand tlhbe ctghbrgtlton Ste?ﬁ ap-
variance matrix representing the measurement noise for eR1€d for this study (Sect5.3), the calibration data are the

ery measurement height and wavelength. In this study, 100 oggame in both data versions, therefore the switch in the data
a priori covariance is assumed. In Ed),( version has no impact.

with S, as the constraint matrix for the state vector called
a priori covariance matrix, reflecting uncertainties of the a

1 5.2 Wavelength window

D; = (KiTS;lKi + s;l) K!'s,? (5)

The wavelength window available in the NIR region for the
is the contribution function representing the sensitivity of retrieval of SCIAMACHY lunar occultation water vapor pro-
the retrieval to the measurement, implyibgz 0x/dy. The  files was 1350-1450nm in channel 6 of the spectrometer.
convergence to terminate the iterations is achieved when th&igure5 shows a spectral fit plot for this window. The green

Atmos. Meas. Tech., 5, 2492513 2012 www.atmos-meas-tech.net/5/2499/2012/
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Fig. 6. Residual plot for the selected wavelength window 1350—

Figd 2.48kpectral plothfo_r :]h.e I\Q/va:;/el!eng_th vr\]/indow 135%_1450 M 1420nm (corresponds to the same measurement as fds)Fithe
an m tangent height: Red line is the measured water Vayggiq, o signify the difference between the measured and the simu-

por differential gbsorpgon sp_ectrum. Green line is the corre_spond]ated differential transmitted spectra. The residuals are about 0.5 %.
ing modelled differential optical depth. A strong g@bsorption

line is present around 1430 nm. Wavelength section 1350-1420 nm

was selected for the retrieval (Measurement: 13 March 2006, or- . L .
bit=21085, SZA = 109.137, moon phase = 0.93). 5.4 Retrieval methodology, sensitivity studies and

optimizations

line is the modelled differential optical depth, and the red A robust and efficient inversion scheme and retrieval algo-
line represents the measured differential spectrum of watefithm, SCIATRAN, is implemented on SCIAMACHY mea-
vapor. The attributes of the differential optical depth spectrasurements for the retrieval of atmospheric parameters from
and their calculation are described in Séct.1 The spectral  the ultraviolet to near infrared region. This algorithm was de-
window 1350—1450 nm contains a strong absorption by CO Veloped at Institute of Environmental Physics/Remote Sens-
around 1430 nm. To obviate any complexity arising from theing, University of Bremen Rozanoy 200J), as an exten-
exponential sum fitting of transmission (ESFT) coefficients Sion of UV-Visible GOMETRAN radiative transfer model
approximation radiative transfer method (see SBef) in ~ (Rozanov et al.1997. The vertical profiles of water va-
handling two absorbers in the same window, the wavelengttPor from SCIAMACHY lunar occultation observations were
section 1350-1420nm was selected as the extraction anttrieved using SCIATRAN version 3.0. In the framework
retrieval wavelength window. A good fit was observed for of an optimal estimation approach, SCIATRAN is applied
1350-1420 nm. Figuré shows the residual plot for the se- as a forward model, i.e. a radiative transfer model (RTM),
lected window, associated to Fig.signifying the difference  and a retrieval code, i.e. the inverse part which fits the re-
between the measured and the simulated differential spectrgults from the former to the real measurements. The spectral
As can be seen, the residuals are of the order of 0.5 %, whicRbsorption line features were treated by using the exponen-

is within the signal to noise ratio. tial sum fitting of transmission coefficients method (ESFT)
(Sect.5.4.3, employing correlated-distribution instead of
5.3 Lunar spectrum extraction the line by line (LBL) treatment of the line absorbers. The

retrieval methodology for the ESFT approach is illustrated in
The raw lunar radiance spectra are calibrated for offsets suchig. 7.

as nonlinearlity, straylight and dark current correction. In ad-

dition, the spectral calibration is performed. Proceeding thes& 4.1 Forward model/radiative transfer part

corrections and calibration, the lunar spectrlipgh ;, A) or

simply I;(») was extracted for 13 tangent heiglits, be-  The forward model or the radiative transfer part takes input

tween 17-50 km, selecting the 14th at 120 km, which was theparameters such as initial water vapor profile, i.e. the a pri-

reference spectruthes(1). The ratio of the lunar spectrumto ori, viewing angles, pressure and temperature distributions,

the reference is the transmission spectrum used. The NIR deeross sections and instrument slit function. For the current

tectors of SCIAMACHY contain some bad pixels due to the retrieval, the initial guess and a priori along with the tem-

lattice mismatch between the substrate and the light detectingerature and pressure were taken from the US Standard At-

material of the detector. The bad pixels may result in discon-mosphere climatologyNASA, 1976. The ESFT database is

nected pixels, different detected pixels for the same intensitycalculated, at the given temperature and pressure, from the

excessive noise or a very high leakage current. Two bad pixHITRAN databaseRothman et aJ.2009 that contains indi-

els were identified in the wavelength region 1350-1420 nmvidual absorption lines. The SCIATRAN forward model per-

and excluded. forms two functions, namely, simulating the transport of ra-
diation through the atmosphere and computing the weighting
functions.

www.atmos-meas-tech.net/5/2499/2012/ Atmos. Meas. Tech., 5, 248833 2012
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Fig. 7. SCIATRAN: setup for the retrieval by ESFT method. The functioning of forward model and the retrieval parts are elaborated here.

For the construction of the forward model, the differen- The variation or the response of the measured radiation
tial optical depths were considered rather than the radiancedue to the change in the vertical profile of the atmospheric
themselvesRozanov et a).200Q 2005. This took into ac-  parametew* (wherek is the retrieval parameter index) at
count the logarithm of the measured radiances. The logaa spectral point. is mathematically termed the weighting
rithms increase the linearity of the inverse method applied;function at the altitudé: ; under consideration. The weight-
the increased linearity is due to the fact that the fundamening functions are elements of the matkix from Eq. @), and
tal physics is the transmission of the light. The logarithmshence are the derivatives of the measured interfsityith
thereby reduce the linearization errokofgen et al.1999 respect to the relative trace gas concentradibn
Rozanov et a).2011]). A fitted third order (low order) poly-
nomial P(3) in wavelength was then subtracted to reduce yk ;) — 0L (%) ok (10)
the effect of the broad band features. This whole approach ’ dak

was applied to the measured radiance at each tangent heighh,ese are the relative weighting functions and are also trans-

J, the radiance at the reference tangent height (note: both argy e 1o the differential form for the same reason described
represented by one E8) and the simulated radiances.

above. Thus
Lo =In[1;W] - PG i 1 1 N=3
N=3 Wh= —wk - ———wk,— ) ¢l (11)
=[1w] = ) e @ 0 TW T I %
i=0

_ o ) . Here, IS are the simulated differential spectra. For the lunar
Here, c is the coefficient of the polynomial, andis the  qccyltation, the effect of errors resulting from wavelength
polynomial index. Spectra of differential optical depths were ¢ajipration and Doppler shift, etc., were reduced by apply-
used. To obtain them, the radiance spectra were divided by,q 5 shift and squeeze correction. Such correction of indi-

the reference spectrum (at 120km altitude). This implies,yjqyal spectra improves wavelength misalignments between

numerically, weighting functions, radiances and reference spectra. In our

In (1~_ ) study, the correction was carried out by applying nonlinear

;= S W A (9) least squares method, with iterations, thereby reducing the
In (Iret(X) following quadratic form for each tangent height.

The simulated transmission differential spectra defining the
forward model were obtained in a very similar manner.

Atmos. Meas. Tech., 5, 2492513 2012 www.atmos-meas-tech.net/5/2499/2012/
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. parameters, as line intensities, line locations, etc., are taken
~ ~ A ~ ~
”]JS(M + Z W]k()L) ;“k — T;00) + Tret(V) from H|TRA.N 2008. . N .
X o By definition, ESFT is a method of fitting the transmis-
sion functions by exponential sums to calculate the spec-
||2 —-m (12) trally integrated radiative fluxes. In the correlatedistribu-

tion method, the spectrum is binned according to the strength
In the above equationi¥’*(1) are the vertically integrated of absorption, andthe radiative transfe.r equgtlon is mte_grgted
J for all atmospheric layers under consideration. The binning

weighting functions with scaling of the vertical profile as . . . -
Adk /a*, which is constant for each layéisn, bsq b and is based on the observations that the maxima and minima of
' shy Osqy Ogpy

bgq are the shift and squeeze parameters for the spectra ataénsc;rri_tlons ]!r:r?lﬁere;;c Izy_e rSS(EZOIZI'I(':SAe\NSPe(:jt'r ally. Thg !mgle-
given tangent altitude gtand at the reference height, respec- {n_?rj aBlonho i Istmlezooo mESFT' ¢ Its ;s_cuslse ;?] de-
tively. This pre-processing step by SCIATRAN improved ail in Buchwitz et al(2000. IS afastretrieval metho

; ; - d its usage in SCIATRAN involves the calculation of the
the residuals, especially for the lower stratospheric tangen n h )
heights P y P g SFT coefficients using HITRAN 2008 database. Mathemat-

ically, in general, the absorption coefficients for simple LBL
computation are given as

ST (

8Tref(2)
— (bSh — bsq}») T — ) ©

o — bigh
sh 5)\

sq

5.4.2 Inversion/retrieval part
The theoretical aspects of the retrieval technique are exk*(p’ nH= Z i@ fiG, p. 1), (13)
plained in Sect4, which involve solving the inverse prob- :
lem by implementation of the optimal estimation to get the where p and: are pressure and temperature, respectively.
desired parameter and applying Newton iterative scheme fo; is the line intensity for the ith absorption line, and
the convergence of the solution. The retrieval procedure isf; (%, p, t) stands for the line shape factor. The spectral
sketched in Fig7. As shown in the figure, the retrieval can mean transmittance over the spectral intetvalcan be ap-
be divided into two parts. In the first part, the difference be- proximated as
tween the measured and the simulated spectrum is calcu-
lated. The second part takes the parameters a priori, signgt, , (m) = /[ex —kam dxr 14

A p(—kpm)] —. (14)
to noise ratio and Tikhonov regularization and applies opti- A
mal estimation on the result from the former composing the
vertical profile of water vapor. The optimizations related to wherem is the absorber amount per unit area. In a given
signal to noise ratio and Tikhonov regularization parameterwavelength window, the same valuesigfp, t) occur fre-
will be discussed in the next section. The profile obtainedquently. This means that the computational efficiency can be
is fed back to the forward model section where the simula-improved by replacing the integration ovetin Eq. (14) by
tion and computations are done again. A number of iterationghe probability distribution function of absorption coefficient
are carried out until the conditions described in Séaire  h(k), and further by their cumulative probability distribution
achieved. The final retrieval profile, approximating the true g(k): (Fu and Lioy 1992 Li and Barker 2004
atmospheric state, was obtained in this manner.

AX

[e9) 1
5.4.3 The line absorber treatment Tax(m) = / [exp(—kum)] hk)d (k) = / [exp(—kgm)] d g. (15)
0 0

As mentioned before in Sech.4, the line absorber treat-
ment is carried out using ESFT approximatidffigcombe
and Evans1977) employing correlated-approach and not
the LBL method. The LBL radiative transfer is a monochro-

h(k)dk is the fraction ofA A where the absorption coefficient
value is betweert andk +dk, and by definitiong (k) is a
monotonically and smoothly increasing functiorkispace.

matic method involving computations of radiance for each 1
frequency in a selected wavelength window. The radiances (k) = /h(k)dk (16)
are then integrated over this region. It should be noted

that the LBL method is assumed to be a true representa-

tive of the reality compared to the ESFT approximation. At different temperature/pressure in the atmosphere, the
LBL computation has to be carried out with a sufficiently cumulative probability distribution space of the absorption
fine grid (0.001 nm/line or less) to accurately reproduce thecoefficients are correlateKfatz et al, 1998. For such a
absorption coefficient spectrum and to perform correct ra-correlation of absorption coefficients, an optimum number
diative transfer calculations. The LBL calculations thus re- of k£ values can be selected to further reduce the comput-
quire substantial computing time. ESFT is preferred overing time. The optimization method of choice in this case is
LBL since it provides a good compromise between efficiencythe ESFT approximation. In the ESFT approach, the spec-
and accuracy. When LBL is used in SCIATRAN, the line tral mean transmission is approximated by a quadrature of

www.atmos-meas-tech.net/5/2499/2012/ Atmos. Meas. Tech., 5, 248833 2012
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Fig. 8. Number density profiles with different Tikhonov parame- Fig. 9. Theoretical error profiles corresponding to the profiles in
ters: The coloured lines are the retrieved water vapor profiles usFig. 8 (except for 0.0): Errors are within a reasonable range for the
ing different Tikhonov values and the grey lines in each panelselected Tikhonov value of 3.5.

are the a priori profiles. Tihkonov parameter 3.5 was selected

for the retrieval (Measurement: 13 March 2006, orbit=21085, o .
SZA=109.137, moon phase = 0.93). Table 1. Pressure, Temperature and Coefficients Database Grids:

ESFT retrieval was performed using different pressure, temperature
and coefficients grids.

absorption coefficients; (p, ) with weightsw; and nodes —
Pressure Temperature  Coefficients

8i-
) 10 9 10

Tay(m) = w; |exp(—k,m 20 9 10

Ax(m) ;l[ p(—kym)] 3 9 10

32* 9 10
where k; = k(g,) and Z w; =1 (17) 32 22 10
i 32 22 15

HITRAN 2008 database for ESFT implementation con- * The fourth row in the Table 1 above, indicates the

tains the spectral ranges, their corresponding line absorbers, same grid as in the third row but with different

. e distributi f d t t .
and as explained above, the number of coefficients calculated ISHribUIion OT pressures and femperatures

at a number of temperature and pressure grid points for each
case. As will be seen in the next section, in our study, differ-

ent grids for the water vapor window 1240—1560 nm created>€/€cted numbers. It can be seen that the higher values of
at the Institute of Environmental Physics (IUP) were testedtn® Smoothness parameter cause loss of informationgFig.
for the retrieval. keeping the errors low while the lower values are unable to

remove the oscillations and introduce errors. An appropriate
5.4.4 Sensitivity studies and optimizations Tikhonov value, 3.5, was selected, preventing loss of mea-
surement information.
To account for the finite spectral resolution of the instrument, As mentioned before, convolution is applied to the simu-
the simulated radiance has to be convolved with an appropritated spectrum according to the instrument slit function. A
ate instrument slit function. In ESFT technique, the internal Gaussian type slit function was used. The parameter defining
wavelength grid for convolution is read from ESFT databasethe width of the slit function is the full width at half max-

for the RTM calculations. imum (FWHM). Since knowledge about SCIAMACHY slit
The signal to noise ratio was estimated from the fit residu-function is limited, the value for the FWHM was optimized
als at the preprocessing step. with respect to the fit residuals. The value of FWHM giving

The smoothness of the retrieval profile was constrained byminimum retrieval residuals was selected. The residuals were
applying Tikhonov regularization (E). Figure8 shows the  found to be minimum at the FWHM of 1.30 nm.
number density profiles for different Tikhonov parameters, Following the sensitivity studies, the quality of the re-
and Fig.9 shows the theoretical errors arising from thesetrieval performed using ESFT technique was first verified
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trieval performed at different grids with different pressure, tem- Averaging kernels Theoretical errors|

. i M nt
perature, and number of coefficients and compared with LBL. casurement response

The results are shown as the relative mean differences, i.e. meagjg. 11. The left panel shows the averaging kernels and the right
(LBL-ESFT)/LBL. panel shows the theoretical errors (red line) and the measurement re-
sponse function (blue line). The measurement is on 13 March 2006,

) ] ] ] orbit=21 085, SZA =109.137 and the moon phase =0.93.
by comparison with the profiles retrieved from the LBL.

As mentioned earlier, compared to the ESFT approximation,
theoretically LBL is considered to be the true representativethe averaging kernel matrik, whereA =DK, A~ 3% /dx.
of reality. Owing to the computational cost, the lunar oc- Therefore
cultation spectra were retrieved by using LBL method for
only one randomly selected year, 2008. For the same yean _ (K_T sk, + 571>_1 KT 51K (18)
the ESFT retrieval was performed using grids with different Py a LY
%r?l'zst)tljéelm' temperatureX) and coefficients¢) as shown Along with sensitivity _of th_e retrie_val, the ave_zraging ker_nel

The ot;jective was to make the ESET retrieved proﬁlesmatrlx also characterizes its vertical resolution. At a given

: . ) ; : : altitude, the averaging kernels are peaked functions. The ver-

agree with the line by line retrieval. F|gu}1é)|llustrates_ the tical resolution is given by their width where a measure of

plots for the profiles of 2008 retrieved on different ESFT ?he width at a given height can be FWHM, see Séot.4
The sum of all elements (rows) of the averaging kernel ma-

grids. As can be observed in the figure, changing the NUM%ix is often termed the measurement response in the litera-

ber of pressure and temperature grid points has less impact i . .
on the results. Increasing the number of coefficients (from 1(;fure (Rodgers2000. When itis close to unity, the observing

to 15) is seen to bring the two techniques in good agree_system is sensitive to the true profile. Values less than unity

e, specticaly, s et i e gus, e LBL-ESET . S P berce oLte spnon te e
ference is reduced from 15—-20 % to around 3.5 % in the mid- ging

. . . water vapour retrieval employing the ESFT approach in the
dle stratosphere. It should be mentioned here that increasing— - chown in Figl1 The averaging kemels are based

the num_ber of coeffyments increases the computational time, n the 1 km grid SCIATRAN used in the forward model. The
Conclusively, the grid with 32 pressures, 22 temperatures an . . : .
reason for using the retrieval grid here is that the forward

15 coefficients was found to give the closest match between : ;
the ESFT and LBL retrieval, where the overall LBL_ESFT model does not recognize the instrument FOV that could be

agreement is within 1 to around 3.5 % from 17-50 km. gsed instead, and a 1_km grid is need_ed for accurate radia-
tive transfer computations. The averaging kernels of several
altitudes have peaks at the same level due to the difference
6 Averaging kernels between SCIAMACHY'’s vertical sampling (3.3 km) and the
retrieval grid (1km). In general, the averaging kernels be-
Equation B) describes the gain matrix, which signifies the low 47 km have sharp peaks, indicating high sensitivity of
sensitivity of the retrieved profile to the measurement. Thethe retrieval for this range. The response function plotted in
sensitivity of the profile to the true profile is given by the right panel of Figll shows that between 17 and 47 km,
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F|g 12. An example Of the retrieved SCIAMACHY |unar ocC- F|g 13 SC'AMACHY—ACE Comparison Statistics fOI’ the pel’iod
cultation water vapor profile from 10 January 2009, orbit num- 2004-2009 based on 302 collocations with combined ACE-FTS
ber 35889. For this measurement three collocations are found wittgunrise and sunset events.

ACE-FTS(ss29145), MLS(T505691134), MIPAS(35894).

on the basis of the temperature thresholds for the production

the retrieval profile is determined only by the measurementof all types of PSCs. The formation temperature for the type
(value ~ 1). Above 47 km there is some contribution from | PSCs, i.e. nitric acid trihydrate (NAT, crystalline), is less
the a priori (value< 1). than 195K, and the type Il PSCs, i.e. pure ice, can form at
temperatures lower than approximately 188uér{ Savigny
) et al, 2005 Peter 1997). The ECMWF analysis profiles cor-
7 Water vapor profiles responding to the SCIAMACHY water vapor profiles were
used as the source of temperature information.

For the comparison with SCIAMACHY data, as men-
tioned before, the water vapor vmr from the four instru-
€ments were converted to number densities. The coincidence
search was based on the criteria of selecting all the measure-

Figure12 gives an example of the retrieved SCIAMACHY
lunar occultation water vapor number density profile for
the southern polar stratosphere from 17-50 km. The profil
is for 10 January 2009. The correlative ACE-FTS (Atmo-

spheric Chem.istry Experjment Fourier Transform Sp?Ctrom'ments within the maximum collocation radius of 1000 km
eter), MLS (Microwave Limb Sounder) and MIPAS (Michel- and having a maximum time difference of 12h between

son Interferometer for Passive Atmospheric Sounding) areg | AMACHY overpass and the correlative measurements
also plotted in the figure. The water vapor volume mixing from the instruments

ratios (vmr) from these four instruments were converted to

number densities using the temperatures and pressures meg
sured by these instruments. The number densities were then
interpolated to the retrieval altitude grid of SCIAMACHY — rmd: The relative mean difference between the SCIA-
measurements for comparison. MACHY and other instrument weighted by the average.

The comparisons are plotted showing the following
atistics:

— rmd std: The standard deviation of the ensemble of rel-
8 Comparisons/validations ative mean differences giving an insight into the vari-

) ) ability of the individual comparisons.
To assess the quality of the SCIAMACHY lunar occultation

water vapor profiles, the validation was performed with col- — bias std. err. The rmd can be seen as measurement of
located measurements from the satellite instruments ACE-  the bias of SCIAMACHY to the other instrument. The
FTS and HALOE (Halogen Occultation Experiment), which standard error of the bias is the standard deviation of
are occultation instruments, and MLS and MIPAS, which the ensemble divided by the square root of the number
perform measurements in the limb geometry. The SCIA- of coincidences.

MACHY water vapor data showed evidence of PSC as early
as May. Such PSCs contaminated profiles were filtered out
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Fig. 14. SCIAMACHY-HALOE comparison statistics for the pe- Fig. 16. SCIAMACHY-MIPAS comparison statistics for the period
riod 2003—-2005 based on 52 collocations with HALOE sunrise 2005-2010 based on 489 collocations.

events (none was found with the sunset events).

vertical resolution of the instrument is consistent with that of
SCIAMACHY lunar occultation, which is 3—4 km. The wa-

50 7T ]
s — rmd ] ter vapor vmr from ACE-FTS are retrieved from 5 to 90 km
i ] (Carleer et a].2008. For the presented study, ACE-FTS ver-
i =7 rmdstd. ] sion 2.2 water vapor product was used. The comparisons of
4 _ — bias std. err._: this version of ACE with various ground-based and space-
B i 1 borne instruments have shown that ACE-FTS is biased pos-
% 5r 7] itive (wet bias) on the order of 3-10 % between 15-70 km,
'§ i ] according taCarleer et al(2008.
"§: 30F . With the collocation criteria described above and for
: the period of 2004-2009, 302 collocations were found for
5L 1 both sunrise and sunset ACE-FTS events. FidilBashows
i 1 the statistics plotted for the altitude range 17-50 km. The
[ ] SCIAMACHY-ACE rmd are observed to be withinl.5%
20¢ ] from 17 to 22km, about-5% for 23-42km, around-6
L . PR P to —7 % between 43-47 km, and within10% for the al-
-0.4 -0.2 0.0 0.2 04 titude range 48-50 km. Hence, in general the rmd are below
SCIA-MLS Statistics —7%. The rmd std. are within 5% from 17 to 29 km and in-

_ i - ) crease to 7-10% from 30 to 50 km. The above mentioned
Fig. 15. SCIAMACHY-MLS comparison statistics for the period wet bias in ACE-FTS water vapor measurements is also seen
2004-2010 based on 1321 collocations. . .

by SCIAMACHY lunar occultation measurements. From this

evidence, it can be concluded that the SCIAMACHY-ACE

As clear in Figs13, 14, 15and16, the standard error of the agreement is good, being well within the reported biases of
bias is very small in all cases as the number of coincidence§CE-FTS.

is large. All biases discussed in the following section are sig-

nificant with respect to their standard errors. 8.2 HALOE

8.1 ACE-FTS The Halogen Occultation Experiment (HALOE) was
launched on Upper Atmosphere Research Satellite (UARS)

The Atmospheric Chemistry Experiment Fourier Transformin 1991 Russell et al. 19938, and the mission ended in

Spectrometer (ACE-FTS) onboard Canadian scientific satel2005. HALOE used infrared solar occultation to measure
lite SCISAT has been performing solar occultation mea-the vertical profiles of different climate parameters from
surements in the infrared since 20@e¢nath 2009. The 15 to 85km with a vertical resolution of around 2.3 km.
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The version 19 of HALOE water vapor profiles was used in vapor measurements used for the validations are void of any
our study. The extensive validations of HALOE water vapor contaminations.

measurements have shown that HALOE is biased low (dry

bias) by 5% in the stratosphereldrries et al. 1996 Kley 8.4 MIPAS

et al, 2000.

The coincidence search with the criteria employed for theMIPAS (Michelson Interferometer for Passive Atmospheric
years 2003-2005 resulted in 52 coincidences with HALOESounding) is one of the ten instruments including SCIA-
sunrise events and none with sunset. Figideshows the =~ MACHY onboard Envisat satellite. The instrument is a mid-
statistics of SCIAMACHY-HALOE comparisons. The rmd infrared limb emission Fourier transform spectrometer mea-
are 10% at 17km, 6% at 18km, about 1% between 19-suring atmospheric profiles of temperature and various con-
24 km, vary around 5% from 25 to 40 km, within 7.5% for stituents of atmosphere from 6-68 kiFigcher et a].2008.
41-43km and reach about 10 % at 50 km. The rmd std. varyl he vertical resolution of MIPAS varies from around 2.3 km
between 3.5-4.5% from 17 to 33km, 5-6 % at 34—42 km,(at 20 km) to about 6.9 km (at 50 kmydn Clarmann et al.
around 7.5% for the altitudes 43—-48km and then 10 % t02009. The water vapor data version VARO_203 retrieved
50 km. Keeping the dry bias in the HALOE measurements infrom the IMK-IAA data processor was used in the presented
view, the SCIAMACHY-HALOE difference is indicative of comparison. The comparison of this MIPAS water vapor data

the influence of the HALOE bias in the comparisons. is performed with various ground-based and satellite instru-
ments in the framework of the MOHAVE-2009 campaign,

which took place at a location of 3428, 117 W on 12—
8.3 MLS 26 October 2009. The details and results of this study are
reported inStiller et al.(2012. It must be noted that the aim
The EOS-MLS (Earth Observing System-Microwave Limb of this campaign was to compare the MIPAS data primarily
Sounder) was launched on NASAs satellite EOS-Aura inWwith highly accurate and precise ground-based and balloon-
2004. MLS makes atmospheric measurements from 8 tdorne measurements. The MIPAS water vapor profiles are
90 km by observing thermal microwave emissions from thereported to be within: 10 % of the profiles of the correlative
Earth’s limb Waters et a].2006 Schoeberl et a12008. In measurements of most of the instruments, which is within the
the altitude region of about 18-54 km (100-1.0 hPa), the verbias regime among ground-based instruments comparisons.
tical resolution of MLS is 3.5-4.6 km. MLS water vapour  With the collocation criteria as employed in our study, and
version 2.2 was used for the validation of lunar occultationfor the period of 2005-2010, 489 correlative incidences were
water vapour profiles because it is an extensively validatedound between SCIAMACHY and MIPAS. Figute shows
MLS water vapor product. For the comparison, the MLS the SCIAMACHY-MIPAS comparison results. The rmd are
geopotential height was converted to geometric height usingvithin —1 to —4.5% from 17 to 22 km, aroune7.5% at
the MLS pressure and temperature. 23-26 km, reach-9 % for the altitude range 27 km to about
The SCIAMACHY-MLS validation was based on 1321 38km, —2.5 to —4.5% between 39 to 44km and within
collocated measurements for the period 2004-2010. The-1.5% for 45-50km. The rmd std.are about 7.5% and
comparison result is shown in Fijswhere the rmd vary be-  gradually reach 10% at 50 km. The SCIAMACHY-MIPAS
tween 1.5-4 % from 17-34 km with exceptions at about 22,agreement is within the above mentioned MIPAS bias.
24 and 27 km where it is in the range£if4.5-6 %. The rmd
are within —1 to —1.5% for 35-46 km, and withir-3 %
from 47 to 50 km. The rmd std. range between 6-7.5% for9 Conclusions and outlook
the whole altitude of 17-50 km. It should be noted here that
in its comparisons with other satellite instruments includ- The SCIAMACHY lunar occultation measurements have
ing ACE-FTS, HALOE and MIPAS, the MLS water vapor been used to derive the water vapor profiles for the south-
version 2.2 is notedL@ambert et al. 2007 to exhibit sharp  ern hemispheric high latitudes. The retrieval optimizations
differences or kinks around 26.1-31.6 hPa, which is the re-and sensitivity studies are stepwise presented here. We have
gion within a few kilometres from 25km. This problem is demonstrated that for the ESFT method employed with
corrected in the MLS version 3.3 processing algorithm. Thecorrelatedk approach, the number of coefficients is crucial
SCIAMACHY-MLS exceptional agreement, apart from the for the quality of the retrieval. A close agreement between
above mentioned difference arising due to MLS, validatesESFT and LBL can be achieved by increasing the number of
the good quality of our retrieval and the lunar occultation coefficients and thus reducing any systematic biases in the
water vapor dataset. Moreover, MLS, measuring in the mi-resulting ESFT profiles to below 3% on the average. The
crowave, is far less sensitive to clouds and aeroddle¢ey  SCIAMACHY lunar occultation water vapor measurement
et al, 2006 Waters et al.2006 that may contaminate any comparisons with the collocated ACE-FTS, HALOE, MLS
other shorter wavelength region. The SCIAMACHY-MLS and MIPAS measurements have shown agreements that are
excellent agreement shows that the lunar occultation watewell within the reported and published uncertainties/biases
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of these instruments. Based on the presented validation®ernath, P. F.: Atmospheric Chemistry Experiment (ACE):

we can conclude that with SCIAMACHY lunar occultation ~ Mission overview, Geophys. Res. Lett, 32, 1-5,

we have retrieved a scientifically useful water vapor product doi:10.1029/2005GL02238@005.

(version 1.0). Bovensmann, H., Burrows, J. P., Buchwitz, M., Frerick, J.,
From the SCIAMACHY lunar occultation, the retrieval of ~ No€l. S.. Rozanov, V. V., Chance, K. V. and Goede,

water vapor is successfully carried out in the NIR, implying A P- H-* SCIAMACHY: Mission Objectives and Measure-

that other gases with spectral signatures in the same region ment Modes, J. Atmos. Sci, 56, 127-15Mi:10.1175/1520-

oo ' 0469(1999)056:0127:SMOAMM>2.0.C0O;2 1999.
as methane, Ciand carbon dioxide, C£ can also be re- Buchwitz, M., Rozanov, V. V., and Burrows, J. P.: A correlated-k

trieved from lunar occultation. distribution scheme for overlapping gases suitable for retrieval
For the southern hemispheric stratosphere, the in situ wa- of atmospheric constituents from moderate resolution radiance
ter vapor measurements are still in their initial stages and are measurements in the visible/near-infrared spectral region, J.
not available for validation purposes. The SCIAMACHY lu-  Geophys. Res., 105, 15247-1526i:10.1029/2000JD900171
nar occultation water vapor dataset is valuable for the south- 2000.
ern hemispheric stratospheric region. The product can béurrows, J. P, Holzle, E., Goede, A. P. H., Visser, H., and Fricke,
used in the models investigating polar vortex dynamics. With W.: SCIAMACHY — Scanning Imaging Absorption Spectrome-
these measurements, the formation of PSCs can be studied ter for Atmospheric Chartography, Acta Astronaut., 35, 445-451,
as early as May—June for the southern region. The dataset ig 12°>
expectz\/d to giv)(/:: good results in interpretgtions and analyse(ss’arleer’.M' R., Boone, C. D., Walker, K. A, Bernath, P. F., Strong,
. . .~ K., Sica, R. J., Randall, C. E.,dmel, H., Kar, J., Wpfner,
studies. The lunar occu'ltatlon'watervapor measurements will M., Milz, M., von Clarmann, T., Kivi, R., Valverde-Canossa,
add as a southern hemispheric coverage to the SCIAMACHY 5 'sjoris, C. E., Izawa, M. R. M., Dupuy, E., McElroy, C. T.,
long-term global water vapor time series. Drummond, J. R., Nowlan, C. R., Zou, J., Nichitiu, F., Los-
sow, S., Urban, J., Murtagh, D., and Dufour, D. G.: Validation
of water vapour profiles from the Atmospheric Chemistry Ex-
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