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Abstract

SCIAMACHY lunar occultation measurements have been used to derive vertical pro-
files of stratospheric water vapor for the Southern Hemisphere in the near infrared
(NIR) spectral range of 1350—1420 nm. The focus of this study is to present the retrieval
methodology including the sensitivity studies and optimizations for the implementation
of the radiative transfer model on SCIAMACHY lunar occultation measurements. The
study also includes the validation of the data product with the collocated measurements
from two satellite occultation instruments and two instruments measuring in limb geom-
etry. The SCIAMACHY lunar occultation water vapor measurements comparisons with
the ACE-FTS instrument have shown an agreement of 5% on the average that is well
within the reported biases of ACE in the stratosphere. The comparisons with HALOE
have also shown good results where the agreement between the instruments is within
5%. The validations of the lunar occultation water vapor measurements with MLS in-
strument are exceptionally good varying between 1.5 to around 4 %. The validations
with MIPAS are in the range of 10 %. A validated dataset of water vapor vertical distri-
butions from SCIAMACHY lunar occultation measurements is expected to facilitate the
understanding of physical and chemical processes in the southern mid-latitudes and
the dynamical processes related to polar vortex.

1 Introduction

SCIAMACHY (SCanning Imaging Absorption spectroMeter for Atmospheric CHartog-
raphY) (Burrows et al., 1995) is a moderate resolution 8-channel grating spectrometer
on-board Envisat, launched in 2002. The instrument measures solar irradiances and
the earthshine radiances from the UV to the NIR (240 nm—2380 nm) spectral region in
nadir, limb and solar/lunar occultation geometry. SCIAMACHY is dedicated to improve
our knowledge in atmospheric composition and global atmospheric change (Bovens-
mann et al., 1999). Since the launch of its host satellite, the instrument is providing
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total columns as well as vertical profiles of atmospheric parameters relevant to ozone
chemistry, air pollution and global climate change issues, from the Troposphere up to
the Mesosphere (Gottwald and Bovensmann, 2011).

SCIAMACHY lunar occultation measurements have provided valuable datasets of
atmospheric species as ozone, nitrate radical and nitrogen dioxide (Amekudzi et al.,
2005, 2009), which have been used for physical and chemical interpretations and anal-
ysis.

The lunar occultation coverage is over the southern midlatitudes and polar region for
the years 2002—2010.

Water vapor is the most abundant and highly variable green house gas in the Earth’s
atmosphere. Depending on the latitude and altitude, the distribution of water vapor di-
rectly affects the physics, chemistry, dynamics and the radiation in the atmosphere
(Solomon et al., 2010). Owing to its longer chemical lifetime with respect to the
timescale of the stratospheric dynamical processes, water vapor is used as an excel-
lent tracer of atmospheric circulations and waves etc. (Pan et al., 2007). The primary
source of water vapor in the lowermost stratosphere is the adiabatic injection across
the tropical tropopause. However this has to pass through the cold trap of the tempera-
ture minimum at the tropopause region, above this region the oxidation of methane and
other hydrocarbons release hydrogen containing free radicals with H,O being formed
by the reaction with OH. Thus very low water vapor amounts are found in the tropi-
cal lower stratosphere due to the air ascending through the cold tropical tropopause
region with an annual average of around 3.8 ppmv (Dessler and Kim, 1999). In the
upper stratosphere, methane oxidation is the dominant local stratospheric water vapor
source (Abbas et al., 1996; Michelsen et al., 2000) and the relationship between strato-
spheric methane and water vapor has been demonstrated in previous studies (Gurlit
et al., 2005). Higher water vapor mixing ratios are observed with increasing altitude
reaching around 7 ppmv near the stratopause (Pan et al., 2002). The large scale gen-
eral circulation across the hemispheres brings the moist air in the polar region where
it descends inside the polar vortex. In the polar stratosphere, the water vapor amounts
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remain high with the exception of the dehydration events in the polar lower stratosphere
due to the formation of polar stratospheric clouds (PSCs). Inside the polar vortex, the
water vapor amounts directly influence the ozone depletion by controlling the formation
temperatures and the size of the polar stratospheric clouds (Kirk-Davidoff et al., 1999;
Kirk-Davidoff and Lamarque, 2008), and the polar vortex temperatures.

SCIAMACHY’s measurements in the occultation mode have high accuracy since
they are self calibrating. This feature also makes them well suited for the trend anal-
ysis.The measurements give localized coverage where the vertical profiles of strato-
spheric constituents are retrieved with a vertical resolution of 3—4 km.

2 SCIAMACHY lunar occultation

SCIAMACHY lunar occultation measurements are carried out over the southern high
latitudes between 59° S—89° S during local night time. The latitudinal constraint is due
to the sun synchronous orbit of Envisat and the placement of the instrument on the
satellite. The properties of moonrise in SCIAMACHY’s field of view (FOV) are deter-
mined by the orientation of lunar orbital plane with respect to Envisat’s orbital plane and
the ecliptic. Each measurement starts when the moon rises above a tangent height al-
titude of around 17.2km. Below this altitude, the apparent angular rate of the rising
true moon is considerably higher than that of the rising refracted images. The moon-
rise is observed when the phase is >0.5 in the instrument’s FOV with solar zenith angle
(SZA) >94°. The measurements end shortly after the full moon. The scanner follows
the predicted movement of the moon for 16's, then the moon follower device (MFD)
takes over and adjusts the scanner to the brightest point of the moon. The switch is
at an altitude of about 65km. Above 100 km, the measurements are performed for
calibration purposes and to calculate transmission.

In the southern polar region, the polar night lasts from April till September. The win-
ter season spans from June to September. The months of July, August and September
endure the coldest temperatures. During this period, the heterogeneous chemistry
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on the surface of PSCs kicks off the formation of the ozone hole. As originally pro-
posed, SCIAMACHY comprised two instruments for limb and nadir. As a result of
cost reduction imposed by the space agencies, the instrument aboard Envisat in its
sun synchronous orbit comprised one instrument undertaking solar occultation in the
Northern Hemisphere, alternate but matched limb and nadir during an orbit and lunar
occultation in the Southern Hemisphere. On the average, the yearly SCIAMACHY lu-
nar occultation measurements extend from November to June owing to the limitations
described above. Occasionally there are few measurements in October. This measure-
ment pattern implies that the atmospheric species participating in the heterogeneous
chemistry and chemical processes at high latitudes cannot be obeserved between July
and September. In the southern polar stratosphere, the formation of vortex begins to
spin up in March and as a result of momentum transport to high latitudes is lost typically
in November or December. The quantitative analysis of water vapor distributions and
variability in the polar stratosphere provides a perspective into the evolution and the
break down of the polar vortex. The strong relationship between water vapor and the
upper atmospheric dynamics has been established in various studies (Russell et al.,
1993a; Lahoz et al., 1993, 1996). The retrieval of stratospheric water vapor from SCIA-
MACHY lunar occultation measurements yields some unique insight into the dynamics
of the stratosphere and provides the motivation behind the study.

3 Solar zenith angle and the moon phase distribution for the lunar occultaion
measurements

The geographical distribution of SCIAMACHY lunar occultation measurements is
sparse as can be seen in the example in Fig. 1 which shows the tangent points for
the year 2010. Figure 2 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 sub satellite point’s latitude changes consid-
erably at the moonrise within a month. This feature makes the measurements suitable
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for studying the southern polar atmosphere at various latitudes during a year. On the
average, each year the measurements span is ~59° S—89° S from January till June. In
November and December, the measurements are limited to 60° S—70° S.

The yearly time series of solar zenith angle (SZA) and moon phase for SCIAMACHY
lunar occultation measurements are shown in Figs. 3 and 4, respectively. The SZA vari-
ation for each year is between 94° and 115° with the highest values observed around
April. The observed moon phase values vary around 0.5-0.99. The assignment of
phase follows as for the half moon, the phase is 0.5 and so on. The smaller the SZA
value, the higher is the influence of the scattered light from the sun, whereas for moon
phase, the higher values signify a strong signal. The quality of the SCIAMACHY lunar
occultation spectral signal is essentially determined by the values of the SZA and the
moon phase. The quality criteria thus implied was the selection of measurements with
moon phase > 0.75 and SZA>96°. On the average, the usable SCIAMACHY lunar
occultation measurements are 6 days a month and 6—8 months in a year.

4 Retrieval theory

This section explains the retrieval method implied on the SCIAMACHY lunar occulta-
tion measurements. The scheme is explained in depth in Amekudzi (2005) and the
references therein and will be described here in brief with emphasis on the theory that
is essential to understand the contents of Sect. 5. The basic equation to be solved is a
non-linear, ill-posed inverse problem (Rodgers, 2000)

y=F(x.b)+¢ (1)

relating the measurement vector y i.e. the measured lunar spectrum, by a forward
model F. The state vector x represents the water vapor vertical profile to be esti-
mated. The forward model F accounts for the physics of the measurement including
the instrument characterization. The vector b includes the model parameters as line
strength, pressure broadening, temperature etc. The symbol € represents errors of all
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kind. Equation (1) is linearized with respect to a reference state signifying the first esti-
mate of the true atmospheric state, termed as the a priori x,. The a priori is introduced
by a climatology. The linearization is performed by using the Taylor series expansion
and neglecting its higher terms

_ OF (x)
y—F(Xa)"'WIXa(X_Xa)"'S (2)

where the differential on the right handside is the weighting function matrix taking into
account the sensitivity of the measurement to the true profile. It is denoted by K,
K~ 0y/0x. Thus

V=y-y.=Kx+e=K(x-x,)+¢& 3)

relates the measurement state vector y and the model state vector X, y, is the simu-
lated a priori spectra. The retrieval solution is obtained by applying the optimal estima-
tion and using the Newton iterative scheme as described in Rodgers (2000), which, for
an (/ +1)-th step, results in

X1 =X, +(K'S;'K; +8;)7'KT'S;
v -y +Ki(x; - x3)) (4)

with S,, the constraint matrix for the state vector called a priori covariance matrix re-
flecting uncertainties of the a priori height profiles, and S, as the measurement error
covariance matrix representing the measurement noise for every measurement and
wavelength. In Eq. (4)

D, = (K'S;'K; +8;")'K’S;’ (5)

is the contribution function representing the sensitivity of the retrieval to the measure-
ment implying D ~ 0x/0y. The convergence to terminate the iterations is achieved
when the measurement residuals y; —y are sufficiently small or the retrieved profile
does not change anymore during the iterations.
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Inverse problems in general are sensitive to small perturbations that may introduce
unrealistic features. In our study, the inversion was stabilized by using an optimiza-
tion approach which suppresses the additive noise. A regularization term called the
Tikhonov regularization (Tikhonov, 1963; Tikhonov and Y., 1997) was introduced in the
retrieval solution by extending the inverse of the a priori covariance matrix by Tikhonov
matrix as

S;' —s;'+sls, (6)

This constrains the smoothness of the retrieved profile X contributing to the desired
state of the retrieved atmospheric parameter. In Eq. (6), S; is the first order derivative
matrix weighted by an appropriate parameter termed Tikhonov parameter. An appro-
priate value of Tikhonov parameter has to be selected, as will be shown in Sect. 5.4.4,
minimizing the loss of information.

The retrieval solution covariance matrix (smoothing error and retrieval noise) corre-
sponding to Eq. (4), is given by

S=(K'S,'K,;+S;")’ (7)

The diagonal elements of S are the covariances of the retrieved water vapor profiles
and are the indicators of the theoretical precision of the retrieval.

5 Water vapor retrieval

5.1 Data

The data used for the the retrieval was the SCIAMACHY lunar occultation level 1b (11b)
data provided by ESA. In our study the versions 6.03 and 7.0 were used to derive
the vertical profiles of stratospheric water vapor from ~17-50km in the NIR specitral
region.
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5.2 Wavelength window

The wavelength window available in the NIR region for the retrieval of SCIAMACHY
lunar occultation water vapor profiles was 1350—-1450 nm in channel 6 of the spec-
trometer. Figure 5 shows a spectral fit plot for this window. The green line is the
modelled differential optical depth and the red line represents the measured differential
spectrum of water vapor. The calculation of these spectra will be described later in
this section. The spectral window 1350—1450 nm contains a strong absorption by CO,
around 1430 nm. To obviate any complexity arising from the ESFT radiative transfer
method (see Sect. 5.4) in handling two absorbers in the same window, the wavelength
section 1350-1420 nm was selected as the extraction and retrieval wavelength win-
dow. A good fit was observed for 1350-1420 nm. Figure 6 shows the residual plot
associated to Fig. 5, signifying the difference between the measured and the simulated
differential spectra. As can be seen, the residuals are of the order of 0.5% which is
within the signal to noise ratio.

5.3 Lunar spectrum extraction

The raw lunar radiance spectra are calibrated for offsets as nonlinearlity, straylight and
dark current correction. In addition the spectral calibration is performed. Proceeding
these corrections and calibration, the lunar spectrum I'(h,-,/l) was extracted for 13 tan-
gent heights h;, between 17-50 km, selecting the 14th at 120 km which was the refer-
ence spectrum Iref(h,-,/l). The NIR detectors of SCIAMACHY contain some bad pixels.
Two bad pixels were identified in the wavelength region 1350—-1420 nm and excluded.

5.4 Retrieval methodology, sensitivity studies and optimizations

A robust and efficient inversion scheme and retrieval algorithm, SCIATRAN, is imple-
mented on SCIAMACHY measurements for the retrieval of atmospheric parameters
from the ultraviolet to near infrared region. This algorithm was developed at Institute of
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Environmental Physics/Remote Sensing, University of Bremen (Rozanov, 2001), as an
extension of UV-Visible GOMETRAN radiative transfer model (Rozanov et al., 1997).
The vertical profiles of water vapor from SCIAMACHY lunar occultation observations
were retrieved using SCIATRAN version 3.0. In the framework of an optimal estima-
tion approach, SCIATRAN is applied as a forward model i.e. a radiative transfer model
(RTM) and a retrieval code i.e. the inverse part which fits the results from the former to
the real measurements. The spectral absorption line features were treated by using the
exponential sum fitting of transmissions coefficients method, ESFT, (Sect. 5.4.3) em-
ploying correlated-k distribution instead of the line by line (LBL) treatment of the line
absorbers. The retrieval methodology for the ESFT approach is illustrated in Fig. 7.

5.4.1 Forward model/radiative transfer part

The forward model or the radiative transfer part takes input parameters as initial water
vapor profile i.e. the a priori, viewing angles, pressure and temperature distributions,
cross sections and instrument slit function. For the current retrieval, the initial guess
and a prior along with the temperature and pressure were taken from the US Stan-
dard Atmosphere climatology (1976). The ESFT database is calculated, at the given
temperature and pressure, from the HITRAN database (Rothman et al., 2009) that con-
tain individual absorption lines. The SCIATRAN forward model performs two functions,
namely, simulating the transport of radiation through the atmosphere and computing
the weighting functions.

For the construction of the forward model, the differential optical depths were con-
sidered rather than the radiances themselves (Rozanov et al., 2000, 2005). This took
into account the logarithm of the measured radiances. The logarithms increase the lin-
earity of the inverse method applied thereby reducing the linearization errors (Hoogen
et al., 1999; Rozanov et al., 2011). A fitted third order (low order) polynomial P(3) in
wavelength A was then subtracted to reduce the effect of the broad band features. This
whole approach was applied to the measured radiance at each tangent height /, the
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radiance at the reference tangent height (note: both are represented by one Eq. 8) and
the simulated radiances.
L) = In[1;(1)] - P(3)

_ =S ki
_mMuﬂ-2cﬂ (8)
i=0

The tangent height and polynomial indexes are represented by j an /, respectively
and c is the coefficient of the polynomial. The superscript k is the retrieval parameter
index. Spectra of differential optical depth were used. To obtain them, the measured
transmission spectra were divided by a reference spectrum (at 120 km altitude). This
implies, numerically

_In(/'(2))
Y= ey ©)

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

The variation or the response of the measured radiation due to the change in the
vertical profile of the atmospheric parameter a;, here water vapor, at a spectral point
A;, is mathematically termed the weighting function at the altitude h; under consider-
ation. The weighting functions are elements of the matrix K, from Eq. (3), and hence
are the derivatives of the measured intensity / with respect to the relative trace gas
concentration a;

o/(1

W,
oa;
These are the relative weighting functions and are also transformed to the differential
form for the same reason described above. Thus

L7 . Wk—%fcu’ (11)
O R =
1039

Wi(h;,A) = (10)

W =

AMTD
5, 1029-1073, 2012

SCIAMACHY lunar
occultation water
vapor measurements

F. Azam et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/1029/2012/amtd-5-1029-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/1029/2012/amtd-5-1029-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Here /° are the simulated differential spectra. For the lunar occultation, the effect of
errors resulting from wavelength calibration and Doppler shift etc. were reduced by
applying a shift and squeeze correction. Such correction of individual spectra im-
proves wavelength misalignments between weighting functions, radiances and refer-
ence spectra. In our study, the correction was carried out by implying non linear least
square method, with iterations, thereby reducing the following quadratic form for each
tangent height.

% 2k oA Ty L jref 8
;) + 2, Wi () S = 1;(A) +17(A) = bspi—57~
7S e
_p Wy w2, (12)
sq757 57

In the above equation, ij(/l) are the vertically integrated weighting functions with scal-

ing of the vertical profile as Aa® /ak which is constant for each layer. bg, and bg,
are the shift and squeeze parameters at a given tangent altitude. This pre-processing
step by SCIATRAN improved the residuals specially for the lower stratospheric tangent
heights.

5.4.2 Inversion/retrieval part

The theoretical aspects of the retrieval technique are explained in Sect. 4 which in-
volves solving the inverse problem by implementation of the optimal estimation to get
the desired parameter and applying Newton iterative scheme for the convergence of
the solution. The retrieval procedure is sketched in Fig. 7. As shown in the figure, the
retrieval can be divided into two parts. In the first part, the difference between the mea-
sured and the simulated spectrum is calculated. The second part takes the parameters
as a priori, signal to noise ratio and Tikhonov regularization and applies optimal esti-
mation on the result from the former composing the vertical profile of water vapor. The
optimizations related to signal to noise ratio and Tikhonov regularization parameter will
be discussed in the next section. The profile obtained is fed back to the forward model
1040

AMTD
5, 1029-1073, 2012

SCIAMACHY lunar
occultation water
vapor measurements

F. Azam et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/1029/2012/amtd-5-1029-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/1029/2012/amtd-5-1029-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

section where the simulation and computations are done again. A number of iterations
are carried out till the conditions described in Sect. 4 are achieved. The final retrieval
profile, approximating the true atmospheric state was obtained in this manner.

5.4.3 The line absorber treatment

As mentioned before in Sect. 5.4, the line absorbers treatment is carried out using
ESFT approximation (Wiscombe and Evans, 1977) employing correlated-k approach
and not the LBL method. The LBL radiative transfer is a monochromatic method in-
volving computations of radiance for each frequency in a selected wavelength window.
The radiances are then integrated over this region. It should be noted that LBL method
is assumed to be a true representative of the reality compared to the ESFT approxima-
tion. LBL computation has to be carried out with sufficiently fine grid (0.001 nm/line or
less) to accurately reproduce the absorption coefficient spectrum and to perform cor-
rect radiative transfer calculations. The LBL calculations thus require substantial com-
puting time. Therefore ESFT is preferred over LBL. When LBL is used in SCIATRAN,
the line parameters as line intensities, line locations etc. are taken from HITRAN 2008.

By definition, ESFT is a method of fitting the transmission functions by exponential
sums to calculate the spectrally integrated radiative fluxes. In the correlated-k distri-
bution method, the spectrum is binned according to the strength of absorption and
radiative transfer equation is integrated for all atmospheric layers under consideration.
The binning is based on the observations that the maxima and minima of absorptions
in different layers coincide spectrally. The implementation of this method in SCIATRAN
is discussed in detail in Buchwitz et al. (2000). ESFT is a fast retrieval method and its
usage in SCIATRAN involves the calculation of the ESFT coefficients using HITRAN
2008 database. Mathematically, in general the absorption coefficients for simple LBL
computation are given as

ka(p.t)= 2 S/(t)f(.p.1) (13)
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where p and t are pressure and temperature, respectively. S; is the line intensity for the
ith absorption line and f;(4,p,t) stands for the line shape factor. The spectrally mean
transmittance over the spectral interval A can be approximated as

TM(m)=/ [exp(-k;m) Z—j (14)

Al

here m is the absorber amount per unit area. In any wavelength window, the same
values of k(p,t) occur frequently. This means that the computational efficiency can
be improved by replacing the integration over 1 in Eq. (14) by the probability distribu-
tion function of absorption coefficient, A(k), and further by their cumulative probability
distribution g(k) (Fu and Liou, 1992; Li and Barker, 2004)

Tax(m) = /0 [exp(—k;m)] h(K)d ()

.
= /0 [exp(~k,m)]dg (15)

h(k)dk is the fraction of A1 where the absorption coefficient value is between k and
k +dk and by definition g(k) is monotonically and smoothly increasing function in k
space.

’
9l = | (kK (16)
0

At different temperature/pressure in the atmosphere, the cumulative probability distri-
bution space of the absorption coefficients are correlated (Kratz et al., 1998). For such
a correlation of absorption coefficients, an optimum number of k values can be se-
lected to further reduce the computing time. The optimization method of choice in this
case is the ESFT approximation. In the ESFT approach, the spectral mean transmis-
sion is approximated by a quadrature of absorption coefficients k;(p,t) with weights w;
and nodes g, .
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Taa(m) = D w; [exp(=kym)] (17)
i=0

where k;=k(g;) and ZW,-=1 (18)
i

HITRAN 2008 database for ESFT implementation contains the spectral ranges, their
corresponding line absorbers, and as explained above, the number of coefficients cal-
culated at a number of temperature and pressure grid points for each case. As will
be seen in the next section, in our study, different grids for the water vapor window
1240-1560 nm created at IUP were tested for the retrieval.

5.4.4 Sensitivity studies and optimizations

To account for the finite resolution of the instrument, the simulated radiance has to be
convolved with an appropriate instrument slit function. In ESFT technique, the internal
wavelength grid for convolution is read from ESFT database for RTM calculations.

The signal to noise ratio was estimated from the fit residuals at the preprocessing
step.

The smoothness of the retrieval profile was constrained by Tikhonov regularization
(Eq. 6). Figure 8 shows the number density profiles for different Tikhonov parameters
and Fig. 9 shows the theoretical errors arising from these selected numbers. It can
be seen that the higher values of the smoothness parameter cause loss of information
(Fig. 8) keeping the errors low while the lower values are unable to remove the oscilla-
tions and introduce errors (Fig. 8). An appropriate Tikhonov value, 3.5, was selected
preventing loss of measurement information.

As mentioned before, convolution is applied to the simulated spectrum according to
the instrument slit function. A Gaussian type slit function was used. The parameter
defining the width of the slit function is the full width at half maximum (FWHM). Since
the knowledge about SCIAMACHY slit function is limited, the value for the FWHM was
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optimized with respect to the fit residuals. The value of FWHM giving minimum retrieval
residuals was selected. The residuals were found to be minimum at the FWHM of
1.30 nm.

Following the sensitivity studies, the quality of the retrieval performed using ESFT
technique was first verified by comparison with the profiles retrieved from the LBL. As
mentioned earlier, compared to the ESFT approximation, theoretically LBL is consid-
ered to be the true representative of reality. Owing to the computational cost, the lunar
occultation spectra were retrieved by using LBL method for only one randomly selected
year, 2008. For the same year, the ESFT retrieval was performed using grids with dif-
ferent pressure (P), temperature (7) and coefficients (C) as shown in Table 1. The
objective was to make the ESFT retrieved profiles agree with the line by line retrieval.
Figure 10 illustrates the results of the comparisons as LBL-ESFT relative difference
plots for the profiles of 2008 retrieved on different ESFT grids. As can be observed
in the figure, changing the number of pressure and temperature grid points has less
impact on the results. Increasing the number of coefficients (from 10 to 15) is seen to
bring the two techniques in good agreement, specifically as clear in the figure, the LBL-
ESFT difference is reduced from 15-20 % to around 3.5 % in the middle stratosphere.
It should be mentioned here that increasing the number of coefficients increases the
computational time. Conclusively, the grid with 32 pressures, 22 temperatures and
15 coefficients was found to give the closest match between the ESFT and LBL retrieval
where the overall LBL-ESFT agreement is within 1 to around 3.5 % from 17-50 km.

6 Averaging kernels

Equation (5) describes the gain matrix which signifies the sensitivity of the retrieved
profile to the measurement. The sensitivity of the profile to the true profile is given by
the averaging kernel matrix A, where A =DK, A ~ dx/0x. Therefore

A=(K's,'K;+s;)'K's; 'K (19)
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Along with sensitivity of the retrieval, the averaging kernel matrix characterizes its ver-
tical resolution. At a given altitude, the averaging kernels are peaked functions. The
vertical resolution is given by their width where a measure of the width at a given height
can be (FWHM) see Sect. 5.4.4. The sum of all elements (rows) of the averaging ker-
nel matrix is often termed the measurement response in the literature (Rodgers, 2000).
When it is close to unity, the observing system is sensitive to the true profile. Values
less than unity signify the influence of the a priori on the retrieval.

The averaging kernels for SCIAMACHY lunar occultation water vapour retrieval em-
ploying ESFT approach in the RTM are shown in Fig. 11. These were based on the
1 km grid SCIATRAN used for radiative transfer calculations. The averaging kernels of
several altitudes have peaks at the same level due to the difference between SCIA-
MACHY’s vertical sampling (3.3 km) and the retrieval grid (1 km). In general, the aver-
aging kernels below 47 km have sharp peaks indicating high sensitivity of the retrieval
for this range. The response function plotted in the right panel of Fig. 11 shows that
between 17 and 47 km, the retrieval profile is determined only by the measurement
(value ~ 1). Above 47 km there is some contribution from the a priori (value < 1).

7 Water vapor profiles

Figure 12 gives an example of the retrieved SCIAMACHY lunar occultation water vapor
number density profile for the southern polar stratosphere from 17-50 km. The profile
is for 10 January 2009. The correlative ACE-FTS, MLS and MIPAS are also plotted
in the figure. The water vapor volume mixing ratios (vmr) from these four instruments
were converted to number densities using the temperatures and pressures measured
by these instruments. The number densities were then interpolated to the retrieval
altitude grid of SCAIAMACHY measurements for comparison.
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8 Comparisons/validations

To assess the quality of the SCIAMACHY lunar occultation water vapor profiles, the
validation was performed with collocated measurements from the satellite instruments
ACE-FTS and HALOE, which are occultation instruments and MLS and MIPAS, that
perform measurements in the limb geometry. The SCIAMACHY water vapor data
showed evidence of PSCs as early as May. Such PSCs contaminated profiles were
filtered out on the basis of the temperature thresholds for the production of all types of
PSCs. The formation temperature for the type | PSCs i.e. Nitric Acid Trihydrate (NAT,
crystaline) is less than 195K and the type Il PSCs i.e. pure ice, can form at temper-
atures lower than approximately 188 K (von Savigny et al., 2005; Peter, 1997). The
ECMWF analysis profiles corresponding to the SCIAMACHY water vapor profiles were
used as source of temperature information.

For the comparison with SCIAMACHY data, as mentioned before, the water vapor
vmr from the four instruments were converted to number densities. The coincidence
search was based on the criteria of selecting all the measurements within the maximum
collocation radius of 1000 km and having maximum time difference of 12h between
SCIAMACHY overpass and the correlative measurements from the instruments.

The comparisons are plotted showing the following statistics:

rmd The relative mean difference between the SCIAMACHY and other instrument
weighted by the average.

rmd std. The standard deviation of the ensemble of relative mean differences
giving an insight into the variability of the individual comparisons.

bias std. err. The rmd can be seen as measurement of the bias of SCIAMACHY
to the other instrument. The standard error of the bias is the standard deviation
of the ensemble divided by the square root of the number of coincidences.
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As clear in Figs. 13, 14, 15, 16, the standard error of the bias is very small in all
cases as the number of coincidences is large. All biases discussed in the following
section are significant regarding its standard error.

8.1 ACE-FTS

The Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS)
onboard Canadian Scientific Satellite SCISAT is performing solar occultation measure-
ments in the infrared since 2004 (Bernath, 2005). The vertical resolution of the instru-
ment is consistent with that of SCIAMACHY lunar occultation which is 3—4km. The
water vapor vmr from ACE-FTS are retrieved from 5 to 90 km (Carleer et al., 2008).
For the presented study, ACE-FTS version 2.2 water vapor product was used. The
comparison of this version of ACE with various ground based and space borne instru-
ments have shown that ACE-FTS is biased positive (wet bias) in the order of 3—-10%
between 1570 km according to Carleer et al. (2008).

With the collocation criteria described above and for the period of 2004—-2009,
302 collocations were found for both sunrise and sunset ACE-FTS events. Figure 13
shows the statistics plotted for the altitude range 17-50 km. The SCIAMACHY-ACE rmd
is observed to be within —1.5% from 17 to 22 km, about -5 % for 23—42 km, around
—(6—7) % between 43—47 km and within —10 % for the altitude range 48—-50 km. Hence
in general the rmd are below -7 %. The rmd std. are within 5% from 17 to 29 km and
increase to 7-10% from 30 to 50km. The above mentioned wet bias in ACE-FTS
water vapor measurements is also seen by SCIAMACHY lunar occultation measure-
ments. From this evidence, it can be concluded that the SCIAMACHY-ACE agreement
is good being well within the reported biases of ACE-FTS.

8.2 HALOE

The Halogen Occultation Experiment HALOE was launched on Upper Atmosphere Re-
search Satellite (UARS) in 1991 (Russell et al., 1993b) and the mission ended in 2005.
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HALOE used infrared solar occultation to measure the vertical profiles of different cli-
mate parameters from 15 to 85 km with a vertical resolution of around 2.3km. The
version-19 of HALOE water vapor profiles was used in our study. The extensive vali-
dations of HALOE water vapor measurements have shown that HALOE is biased low
(dry bias) by 5 % in the stratosphere (Harries et al., 1996; Kley et al., 2000).

The coincidence search with the criteria employed for the years 2003-2005 resulted
in 52 coincidences with HALOE sunrise events and none with sunset. Figure 14 shows
the statistics of SCIAMACHY-HALOE comparisons. The rmd are 10 % at 17 km, 6 % at
18 km, about 1% between 19—-24 km, vary around 5 % from 25 to 40 km, within 7.5 %
for 41—43km and reach about 10% at 50km. The rmd std. vary between 3.5-4.5%
from 17 to 33km, 5-6 % at 34—42km, around 7.5 % for the altitudes 43—-48 km and
then 10 % to 50 km. Keeping the dry bias in the HALOE measurements in view, the
SCIAMACHY-HALOE difference is an indicative of the influence of the HALOE bias in
the comparisons.

8.3 MLS

The EOS-MLS (Earth Observing System-Microwave Limb Sounder) was launched on
NASA’s satellite EOS-Aura in 2004. MLS makes atmospheric measurements from 8 to
90 km by observing thermal microwave emissions from the earth’s limb (Waters et al.,
2006; Schoeberl et al., 2006). In the altitude region of about 18-54 km (100-1.0 hPa),
the vertical resolution of MLS is 3.5—-4.6 km. MLS water vapour version 2.2 was used
for the validation of lunar occultation water vapour profiles because it is an extensively
validated MLS water vapor product. For the comparison, the MLS geopotential height
was converted to geometric height using the MLS pressure and temperature.

The SCIAMACHY-MLS validation was based on 1321 collocated measurements for
the period 2004—2010. The comparison result is shown in Fig. 15 where the rmd vary
between (1.5-4) % from 17-34 km with the exceptions at about 22, 24 and 27 km where
it is in the range +(4.5-6) %. The rmd are within —(1-1.5) % for 35-46 km, and within
-3% from 47 to 50km. The rmd std.range between 6-7.5 % for the whole altitude
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of 17-50km. It should be noted here that in its comparisons with other satellite in-
struments including ACE-FTS, HALOE and MIPAS, the MLS water vapor version 2.2
is noted (Lambert et al., 2007) to exhibit sharp differences or kink around 26.1 hPa—
31.6 hPa which is the region within a few kilometres from 25 km. This problem is cor-
rected in MLS version 3.3 processing algorithm. The SCIAMACHY-MLS exceptional
agreement, apart from the above mentioned difference arising due to MLS, validates
the good quality of our retrieval and the lunar occultation water vapor dataset. More-
over, MLS, as measuring in microwave, is far less sensitive to clouds and aerosol
(Livesey et al., 2006; Waters et al., 2006) that may contaminate any other shorter
wavelength region. The SCIAMACHY-MLS excellent agreement shows that the lunar
occultation water vapor measurements used for the validations are void of any contam-
inations.

8.4 MIPAS

MIPAS (Michelson Interferometer for Passive Atmospheric Sounding) is one of the
ten instruments including SCIAMACHY onboard Envisat satellite. The instrument is
a mid-infrared limb emission Fourier transform spectrometer measuring atmospheric
profiles of temperature and various constituents of atmosphere from 6—68 km (Fischer
et al., 2008). The vertical resolution of MIPAS varies from around 2.3km (at 20 km)
to about 6.9 km (at 50 km) (von Clarmann et al., 2009). The water vapor data version
V40_H20_203 retrieved from the IMK-IAA data processor was used in the presented
comparison. The comparison of this MIPAS water vapor data is performed with various
ground based and satellite instruments in the framework of MOHAVE-2009 campaign
which took place at a location of 34.4° N, 117° W on 12—-26 October 2009. The details
and results of this study are reported in Stiller et al. (2011). It must be noted that the
aim of this campaign was to compare the MIPAS data primarily with highly accurate and
precise ground based and balloon borne measurements. The MIPAS water vapor pro-
files are reported to be within £10 % of the profiles with the correlative measurements
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of most of the instruments which is within the bias regime among ground based instru-
ments comparisons.

With the collocation criteria as employed in our study, and for the period of 2005—
2010, 489 correlative incidences were found between SCIAMACHY and MIPAS. Fig-
ure 16 shows the SCIAMACHY-MIPAS comparison results. The rmd is within —(1—
4.5)% from 17 to 22km, around -7.5% at 23-26km, reach -9% for the altitude
range 27 km to about 38 km, —(2.5—4.5) % between 39 to 44km and within —-1.5%
for 45-50 km. The rmd std. are about 7.5 % and gradually reach 10 % at 50 km. The
SCIAMACHY-MIPAS agreement is within the above mentioned MIPAS bias.

9 Conclusions and outlook

The SCIAMACHY lunar occultation measurements have been used to derive the water
vapor profiles for the southern hemispheric high latitudes. The retrieval optimizations
and sensitivity studies are stepwise presented here. We have demonstrated that for the
ESFT method employed with correlated-k approach, the number of coefficients is cru-
cial for the quality of the retrieval. A very close agreement between ESFT and LBL can
be achieved by increasing the number of coefficients and thus preventing any system-
atic biases in the resulting ESFT profiles. The SCIAMACHY lunar occultation water
vapor measurements comparisons with the collocated ACE-FTS, HALOE, MLS and
MIPAS measurements have shown the agreements that are well within the reported
and published uncertainties/biases of these instruments. Based on the presented vali-
dations we can conclude that with SCIAMACHY lunar occultation we have retrieved a
very good quality water vapor product (version 1.0).

From the SCIAMACHY lunar occultation, the retrieval of water vapor is succesfully
carried out in the NIR implying that other gases with spectral signatures in the same
region as methane, CH, and carbon dioxide, CO, can also be retrieved from lunar
occultation.
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For the southern hemispheric stratosphere, the in situ water vapor measurements
are still in their initial stages and are not available for validation purposes. The SCIA-
MACHY lunar occultation water vapor dataset is unique for the southern hemispheric
stratospheric region. The product can be used in the models investigating polar vortex
dynamics. With these measurements, the formation of PSCs can be studied as early
as May—June for the southern region. The dataset is expected to give good results in
interpretations and analyses studies. The lunar occultation water vapor measurements
will add as a southern hemispheric coverage to the SCIAMACHY long-term global wa-
ter vapor time series.
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1430 nm. Wavelength section 1350-1420 nm was selected for the retrieval. (Measurement:
13 March 2006, orbit =21 085, sza = 109.137, moon phase = 0.93).
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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.
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Fig. 9. Theoretical error profiles corresponding to the profiles in Fig. 8 (except for 0.0): errors

are within a reasonable range for the selected Tikhonov value of 3.5.
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Fig. 10. The LBL-ESFT comparison for the year 2008: ESFT retrieval performed at different
grids with different pressure, temperature, and number of coefficients and compared with LBL.

The results are shown as the relative differences i.e. (LBL-ESFT)/LBL.
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Fig. 11. The left panel shows the averaging kernels and the right panel shows the theoretical
errors (red line) and the measurement response function (blue line). The measurement is on
13 March 2006, orbit =21 085, sza = 109.137, moon phase = 0.93.
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Fig. 12. An example of the retrieved SCIAMACHY lunar occultation water vapor profile from
10 January 2009, orbit number 35889. For this measurement three collocations are found with
ACE-FTS(ss29145), MLS(T505691134), MIPAS(35894).
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Fig. 13. SCIAMACHY-ACE comparison statistics for the period 2004—2009 based on 302 col-
locations with combined ACE-FTS sunrise and sunset events.
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Fig. 14. SCIAMACHY-HALOE comparison statistics for the period 2003-2005 based on 52
collocations with HALOE sunrise events where none was found with sunset.
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Fig. 15. SCIAMACHY-MLS comparison statistics for the period 2004-2010 based on 1321

collocations.

Altitude-km

50

45

40

35

30

25

20

— rmd

--- rmd std

— bias std. err

.

-0.4

-0.2 0.0 0.2
Mean Rel. Diff. Scia(esft)-MLS

1072

0.4

| Jadeq uoissnosiq | Jaded uoissnosiqg

Jadeq uoissnosiq | Jaded uoissnosiq

AMTD
5, 1029-1073, 2012

SCIAMACHY lunar
occultation water
vapor measurements

F. Azam et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/1029/2012/amtd-5-1029-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/1029/2012/amtd-5-1029-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD
5, 1029-1073, 2012

Jaded uoissnasiqg

50 | T T T T ]
r . SCIAMACHY lunar
- 1 - occultation water
45 — rmd i
i i o vapor measurements
r - =+ rmd std. 1 @
40k ] = F. Azam et al.
C — bias std. err. | 7
5 ] S
$ Ir ] A% Title Page |
S ] g
o~ o 1 =
5 5 :
- - (2}
L ] 4]
L 4 (@]
20f ; - Il
L g Q g g
0I 4 0.2 0.0 0I2 | 0I4 8

Mean Rel. Diff. Scia(esft)-MIPAS

Full Screen / Esc

Fig. 16. SCIAMACHY-MIPAS comparison statistics for the period 2005—-2010 based on 489
collocations.
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