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Abstract

Water vapor is a unique atmospheric component, its distribution directly
influences the chemistry and dynamics in different parts of the atmo-
sphere. Water vapor observations from satellite borne instruments pro-
vide information on its long term seasonal and inter-annual variabilities
and are important for climate projections and predictions. In the polar
stratosphere, the water vapor amounts control the polar vortex temper-
atures and the formation temperature of the polar stratospheric clouds
(PSCs). Water vapor has a strong relationship with the circulation and
transport features related to polar vortex and its amounts define the for-
mation and deposition of PSCs.

SCanning Imaging Absorption spectroMeter for Atmospheric CHar-
tographY (SCIAMACHY) aboard Envisat launched in 2002 has observed
the Earth’s atmosphere in nadir, limb and solar or lunar occultation ge-
ometry covering ultraviolet, visible and near ifrared (240 –2830 nm) wave-
length range at moderate spectral resolution. SCIAMACHY’s measure-
ments have provided total columns as well as vertical profiles of atmo-
spheric constituents and climate parameters relevant to the ozone chem-
istry, air pollution and global climate change issues, from Troposphere
upto the Mesosphere.

This thesis contributes to exploit the lunar occultation spectra mea-
sured by SCIAMACHY at the local night time, with a latitudinal cover-
age of 56–89◦S, to derive vertical stratospheric water vapor number den-
sity profiles in the altitude range of 17–50 km, from 2003 till 2010. The
water vapor distributions are retrieved using the spectral window 1350-
1420 nm in the near infrared region of the SCIAMACHY spectra. SCIA-
TRAN version 3.0, a radiative transfer model and an inversion scheme
based on optimal estimation (OE), is optimized and adapted for the re-



trieval. Within the inversion scheme, the residuals between the mea-
sured differential optical depths and the ones calculated by the forward
model are in the order of 0.5%. The radiative transfer computation is per-
formed using correlated-k method employing the exponential sum fitting
of transmission function (ESFT) approximation instead of the detailed
but computationally costly line by line (LBL) model. Since LBL is the
most precise representative of reality, the ESFT database (pressure, tem-
perature and coefficient grids) is optimized with an objective to achieve
the closest agreement between the two approaches and to obtain a high
quality retrieval product. The retrieval is observed to be highly sensi-
tive to the numbers of coefficients in the ESFT grid. Extensive sensitivity
studies and optimizations are performed for the key input parameters as
slit function, signal to noise ratio, Tikhonov parameter and the climato-
logical profiles to select their optimal values in the retrieval setting.

To evaluate the quality of the retrieved lunar occultation water va-
por product, validations are performed with collocated measurements
from the satellite occultation instruments ACE-FTS and HALOE and the
instruments measuring in limb geometry, MLS and MIPAS. In addition
SCIAMACHY limb observations are also used for comparison. SCIA-
MACHY lunar occultation and ACE-FTS measurements agree within 7%
on the average. With HALOE, the difference is around 5%. The valida-
tion of the coincident lunar occultation and the MLS measurements is ex-
ceptionally good with an agreement of 1.5–4% whereas that with MIPAS
is in the range of 10%. The comparisons of the lunar occultation product
with all the four instruments are found to be well within their reported
biases. With the SCIAMACHY limb water vapor measurements, the dif-
ferences are of the order of ± 4%. The validation results show that an ex-
cellent SCIAMACHY lunar occultation water vapor product is obtained.
The dataset of water vapor distributions from SCIAMACHY lunar occul-
tation measurements is expected to facilitate the understanding of phys-
ical and chemical processes in the southern mid-latitudes, the dynamical
processes related to polar vortex and on the formation of PSCs, which
can be studied through our product right at their onset as observed. The
product will add as the southern hemispheric measurement coverage to
the SCIAMACHY long term global water vapor time series.
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1
Motivation and Objective

1.1 Motivation

1.1.1 Water Vapor: Importance in the Atmosphere

Water vapor is the most important trace gas in the atmosphere, its local
and global distribution affects the chemistry and the dynamics of the at-
mosphere. The important features of relevance making it a unique atmo-
spheric component and an important subject of interest are listed below
and addressed in detail in chapter 3.

In the Troposphere:

• water vapor is a part of the hydrological cycle.

• it is a highly active infrared (IR) molecule and is a dominant green
house gas affecting the atmospheric radiation budget due to its in-
volvement in the climate feedback loops, which is large and posi-
tive (see section 3.2) and critical to projecting future climate changes
[IPCC, 2007, Solomon et al., 2010]. The magnitude of the water va-
por feedback is not known and is a topic of research.

In the upper Troposphere and lower Stratosphere (UTLS) region:

• water vapor preserves the seasonal changes (mostly in the tropi-
cal region) in the propagating part of the Brewer Dobson circula-
tion (BDC) [Mote et al., 1996]. This feature is named as the Tape
Recorder Signal (see section 3.3), it gives information about the dy-
namical patterns, temperature changes and the thermodynamics,
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CHAPTER 1. MOTIVATION AND OBJECTIVE

which determine the transport of water vapor to the Stratosphere.
The coupling of the water vapor and dynamics in this region is a
key factor controlling the lower stratospheric water vapor amounts.

In the Stratosphere:

• It is a principal source of OH radical that is involved in the catalytic
destruction of ozone.

• The water vapor amount and distribution in the polar stratosphere
effects the formation temperature of the polar vortex and the for-
mation of the polar stratospheric clouds (PSCs), which are the main
sink of stratospheric water vapor and are the precursors of ozone
destruction via heterogeneous chemistry. The knowledge of po-
lar stratospheric water vapor is important for the ozone prediction
studies.

• Water vapor serves as a dynamical tracer in the middle atmosphere
due to its longer lifetime of months to years and provides informa-
tion on the stratospheric circulation.

• The quantitative analysis of water vapor distributions and variabil-
ity in the polar stratosphere provides a perspective into the evolu-
tion and the break down of the polar vortex.

Several studies hint at increase in water vapor amounts over the sec-
ond half of the last century, which is mostly attributed to the increase
in methane emission. The enhanced water vapor amounts are assumed
to warm the Troposphere and cool the Stratosphere. An increase in water
vapor levels in the polar Stratosphere may result in: more PSCs forma-
tion, increasing the ozone destruction and therefore a prolonged ozone
recovery.

The study of polar stratospheric water vapor is of increased scientific
importance. The strong relationship between water vapor and the up-
per atmospheric chemistry and dynamics has been established in various
studies. The retrieval of stratospheric water vapor from SCIAMACHY
lunar occultation measurements is expected to yield some unique insight
into the dynamics of the stratosphere and provides the motivation behind
the study.

1.1.2 Water Vapor Measurement Methods

To improve our knowledge of the physical and chemical processing gov-
erning the water vapor distribution, variation and its trends, different
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1.1. Motivation

techniques are used to observe the atmospheric water vapor from differ-
ent platforms. These include in situ methods and active and passive re-
mote sensing techniques. The sharp horizontal and vertical gradients in
the water vapor distribution and its highly structured radiative features
pose a challenge to the sampling and measurement techniques, that is
why a variety of methods are in practice for water vapor measurements.

The in situ methods may be ground based, balloon borne or air borne.
The in situ instruments have higher precision and good vertical resolu-
tion and provide a mean to study fast and small scale water vapor vari-
ations e.g related to cloud. Their measurements are mainly restricted to
the UTLS region. The in situ measurements are used to validate the ob-
servations from the remote sensing instruments. The important in situ
techniques or instrument types aimed at carrying out water vapor mea-
surements will be listed here, highlighting the basic measurement prin-
ciples without delving into extensive discussions about each. A detailed
account of various methods and instruments can be found in Golchert
[2009]

• Dew/frost point Hygrometer: The instrument measures the rela-
tive humidity (RH) of air. It measures the temperature difference
between the ambient air and a polished surface cooled to the con-
densation point of water vapor. The measured temperature is used
to calculate the RH of air.

• Lyman-α Hygrometer: The basic principle of the Lyman-α hygrom-
eter is that the Lyman-α light (vacuum ultraviolet region (VUV))
with wavelength 121.6 nm is used to photolyze the water molecules
in the atmosphere producing hydrogen atom and an excited OH∗

radical. The intensity of the subsequent remitted light (fluores-
cence) at 306 – 322 nm is used to determine the water vapor volume
mixing ratios (vmr).

• Tunable Diode Laser Hygrometer: The instrument implies the radi-
ation absorption method selecting absorption bands or lines in the
IR, specific to water vapor and unaffected by any other absorptions
or effects. The attenuated intensity detected by the photodiode is
then used to deduce the water vapor concentrations.

For some examples of the above mentioned instrument types, see e.g.
Vömel et al. [2007] and the references therin.

Due to the aforementioned features of the UTLS, discrepancies or dis-
agreement are observed in different in situ measurement methods, which
are likely to affect the interpretations and analysis for a given measure-
ment technique. The in situ methods provide measurements only on a
local scale owing to their restricted spatial and temporal coverage.
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CHAPTER 1. MOTIVATION AND OBJECTIVE

The active remote sensing methods are, in general, the techniques
using lasers, these may be ground based, air borne, or based on obser-
vations from space. The most common active remote sensing method
for water vapor measurement is the use of light detection and ranging
(LIDAR) instruments. The water vapor amounts are derived by send-
ing a laser pulse in the atmosphere and recording the backscattered sig-
nal. The time lag gives the altitude information and the intensity of
the backscattered signal is used to deduce the water vapor amount. LI-
DARs are of two types, RAMAN lidar and the DIAL lidar. RAMAN lidar
uses the inelastic scattering property of the scatterer i.e. the RAMAN
scattering, which is characteristic for a given scatterer (see e.g. Neely
[2012]). The differential absorption lidar (DIAL) employs differential op-
tical absorption spectroscopy (DOAS) by transmitting the laser pulses at
two different wavelengths, one of which is absorbed by the investigated
species and is attenuated following the Lambert Beer principle and the
other wavelength remains unabsorbed. The difference between the two
backscattered signals gives the measure of the absorber’s concentration
(see e.g. Fix et al. [2011]).

The passive remote sensing instruments are mostly satellite borne.
Satellite remote sensing provides the only source to obtain long term
global coverage from Troposphere up till the Mesosphere on a few days
basis. Thus it is possible to monitor water distribution in different re-
gions of the atmosphere. To measure water vapor, the satellite instru-
ments perform microwave or infrared spectroscopy recording radiances
in the wavelength windows effected by water vapor emission or absorp-
tion. The water vapor amounts are derived by simulating the spectra and
applying inversion. The instruments employ nadir, limb or occultation
observation geometry. The nadir viewing instruments provide column
amounts. Vertical profiles are obtained from limb or occultation obser-
vations. The details on various instruments requires a separate review,
here only few relevant examples will be given. SCanning Imaging Ab-
sorption spectroMeter for Atmospheric CHartographY (SCIAMACHY)
is a unique instrument since it measures water vapor in all the three ge-
ometries [Noël et al., 2005; Rozanov et al., 2011; Noël et al., 2010]. It per-
forms solar as well as lunar occultation. The observations from the latter
are used in this study to derive stratospheric vertical water vapor pro-
files. The Water vapor measurements in nadir are performed by the At-
mospheric Infrared Sounder (AIRS) aboard Aqua [Aumann et al., 2003;
Hagan et al., 2004] and Infrared Atmospheric Sounding Interferometer
(IASI) onbard MetOp [Pougatchev et al., 2009]. MLS and MIPAS (see sec-
tions 9.2.3 and 9.2.4 for details) are the examples of instruments observ-
ing in Earth’s limb. ACE-FTS and ACE-MAESTRO (see sections 9.2.1) are
solar occultation instruments. Earlier examples of such instruments are

8



1.2. Thesis Objective

HALOE (section 9.2.2), Stratospheric Aerosol and Gas Experiment mis-
sions (SAGE II and SAGE III) [Thomason et al., 2004, 2010] and POAM
[Nedoluha et al., 2002], all of which ended in 2005-2006. The water vapor
profiles from MLS, MIPAS, ACE-FTS, HALOE and SCIAMACHY limb
observations are used in this study to validate our results. In addition
Global Ozone Monitoring by Occultation of Stars (GOMOS), as the name
suggests is a stellar occultation instrument aboard Envisat also provides
water vapor profiles [Bertaux et al., 2010].

1.2 Thesis Objective

The goal of this study is to infer the vertical profiles of stratospheric wa-
ter vapor from SCIAMACHY lunar occultation measurements. The basic
method is an optimal estimation (OE) approach already successfully used
in the previous work for ozone and relevant nitrogen containing species
[Amekudzi, 2005]. Water vapor is much different for the radiative trans-
fer model (RTM) as it is a so called line absorber i.e. its absorption spec-
trum is highly structured. For the line absorber treatment, exponential
sum fitting of transmission (ESFT) approximation employing correlated-
k is used instead of the line by line (LBL) radiative transfer computation
owing to the high computational cost of the latter, which is assumed to
be the true representative of reality. The optimization of ESFT database
according to LBL is used as a simple approach toward improving the
retrieval. With an objective to obtain a high quality product, sensitiv-
ity studies are performed for the key input parameters influencing the
result. The retrieved dataset is evaluated by comparisons with water va-
por measurements from other instruments. The product is explored for
its unique features e.g. the evidences of PSCs as early as their inception
time. The times series for the obtained dataset is presented to get some
insight into the trend.

1.3 Thesis Structure

The thesis is divided into three parts as follows:

The first part comprises chapters 2–4. Chapter 2 introduces the ther-
mal structure of the atmosphere, its composition and some important fea-
tures as these are basic to the atmospheric studies. Chapter 3 describes
the radiative features of water vapor that make it a dominant climate
component and outlines its role in the atmosphere, specifically in the po-
lar stratosphere, which is the subject of interest in this study. Chapter
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CHAPTER 1. MOTIVATION AND OBJECTIVE

4 is devoted to the characteristics and the measurement protocol of our
SCIAMACHY instrument with a focus on lunar occultation mode.

Chapters 5 and 6 constitute the second part and address the theoreti-
cal aspects of the retrieval, i.e. the radiative transfer theory and the theory
of inversion respectively.

The third part, chapters 7–10 focuses on the results of this study. Chap-
ter 7 presents the retrieval of stratospheric water vapor profiles using SCI-
ATRAN. Chapter 8 highlights the sensitivity studies carried out during
the course of the work. Chapter 9 gives an account of the validation re-
sults and some analysis. Chapter 10 oulines the summary and proposes
an outlook.

Cover picture adapted from:
http://www.netaxs.com/∼mhmyers/moon.tn.html
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Part I

Introduction





2
The Earth’s Atmosphere

The Earth’s atmosphere is unique in the solar system. It is distinctive as
having a thermal stratification and is characterized by the photochemi-
cal interactions between the radiation from the sun and various chemical
species and chemical reactions. The massive impact of mankind has ren-
dered it with chemical complexity. This chapter gives an overview of the
thermal structure of the atmosphere, which is basic to the understanding
of the atmosphere and all the physics and chemistry happening in it. The
chapter highlights important atmospheric features and its chemical com-
position with a detailed description of the stratospheric phenomenon,
which is the region explored in the presented study to derive water vapor
vertical profiles. The water vapor physical and chemical characteristics
and distribution in a given region of atmosphere strongly depends on the
ambient temperature.

A detailed account of the atmospheric physical and chemical features
can be found in Brasseur et al. [1999] or Holloway and Wayne [2010].

On the basis of temperature or the lapse rate1, the atmosphere is mainly
divided into four layers, the Troposphere, the Stratosphere, the Mesosphere
and the Thermosphere, as shown in the fig. 2.1

The lowest layer is termed as Troposphere, from the earth surface up,
it extends to an average height of 11 km. The variation in its height de-
pends on the latitude and the time of year. Troposphere is the most dense
layer containing around 90 % of the atmospheric mass, explained by the

1Lapse rate gives the rate of change of temperature with elevation in the atmo-
sphere, positive when the temperature decreases with increasing altitude and negative
at temperature inversion.
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Figure 2.1: Temperature profile (solid line) of the Earth’s atmosphere showing
the distinctive atmospheric layers: Troposphere, with an altitude reach-
ing ∼ 11 km, the pressure levels between ∼ 1000 – 200 mb and the tem-
perature decreases from ∼ 295 K to ∼ 220 K. Stratosphere, ∼ 200 – 1 mb,
∼ 11 – 50 km and temperature increases to ∼ 270 K and Mesosphere,
∼ 1 – 0.01 mb, ∼ 50 – 80 km and the temperature falls to an average of
∼ 180 K. The layer above the Mesosphere is Thermosphere that extends
above 600 km. The respective boundaries, Tropopause, Stratopause and
Mesopause are marked with the dashed lines. The shaded grey area from
17 – 50 km, over the southern hemisphere, is the region of interest in this
study.

exponential drop of pressure with height2. Its main constituents are N2

(∼78 %), O2 (∼21 %) and Ar (0.94 %). Other common components are
green house gases like CO2, CH4, H2O and pollutants as NO2, CO, SO2,
O3 and aerosols. In this layer the temperature decreases with altitude.

2The pressure decreases with the altitude as P = Poe−( z
H ), where Po is the reference

surface pressure, z stands for the altitude and H represents the scale height, which is a
function of temperature.
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Near UV-visible radiation from the sun permeates till the Troposphere.
The Earth’s surface absorbs this shortwave radiation and emits as long-
wave i.e. infrared, IR. The atmosphere is transparent to visible radia-
tion but absorbs the IR radiation, which is more near the surface. Conse-
quently, in the troposphere, the warmer layers of air are below the colder
layers, hence the temperature is higher near the surface and decreases
with height. The green house gases absorb and emit the radiation emit-
ted by the earth in the thermal IR wavelength region causing warming in
the Troposphere and this phenomenon is called the greenhouse effect. Due
to non uniform heating of the earth surface and the atmosphere, the Tro-
posphere is distinguished by turbulent mixing and overturning. Cooling
by overturning, that is convection drives the tropospheric dynamics.

The boundary of the Troposphere is the region called the Tropopause.
It is an isothermal layer owing to the counterbalance between the absorp-
tion in the next upper layer and the emission from the surface. Tropopause
has an expanse of about 9 km. The differential heating from the equator
to the poles makes the Tropopause height vary with geolocation. The al-
titude of Tropopause is about 18 km at the tropics, around 11 km at mid
latitudes and nearly 8 km at the poles.

The Tropopause is followed by Stratosphere. Its altitude ranges from
an average of 11 km to about 50 km. The most important stratospheric
chemical species is ozone, O3. Other important minor species are CO2,
H2O and NO2. The solar UV radiation (200 – 350 nm) is absorbed by O3

leading to heating the layer. In this region, the maximum temperature
associated with the UV absorption by O3 occurs at the upper boundary
of the Stratosphere. As the energy penetrates downward, less is available
for lower layers and hence the temperature decreases toward the bottom
of the Stratosphere. This results in the vertical stratification of this re-
gion with warmer layers of air above the cooler layers thereby making
this part of the atmosphere more stable with little vertical mixing. In the
Stratosphere, the radiative processes drive the dynamics. Compared to the
Troposphere, the Stratosphere is relatively dry with the exception of for-
mation of Polar Stratospheric Clouds (PSCs), which are the precursor in the
formation of ozone hole. The focus of the presented study is the water va-
por vertical distribution for the altitude region of 17 – 50 km, depicted by
grey shaded area in fig. 2.1 over the southern higher and polar latitudes.
The polar Stratosphere and its features associated with water vapor will
be described in chapter 3.

The transition zone above the Stratosphere lying at around 50 km, is
called the Stratopause.

The layer following the Stratopause is Mesosphere. Its altitude range is
between 50 and 80/90 km. Like the lower regions, the main constituents
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of this layer are also N2 and O2. Other trace components are Ar, CO2,
OH, H, NO, HO2 and O3. Many species are found in their excited states
in this layer due to the direct or indirect heating from the sun and the de-
excitations take place as airglow emissions. The temperature decreases
with altitude in this layer as there is almost no ozone to absorb the incom-
ing radiation. In the tropical Mesosphere, the temperature stays around
200 – 220 K. In the high latitude Mesosphere, low temperatures (∼120 K)
are observed in summer and high temperatures (∼230 K) in winter. This
distinctiveness is due to the mesospheric dynamics driven by the merid-
ional circulation arising because of the gravity wave breaking and the
Coriolis force. The Mesosphere is much less dense than the Troposphere
or Stratosphere, still this layer saves the lower layers from meteorites by
slowing them down.

The Mesosphere ends at the zone around 80/90 km, known as the
Mesopause. It is the coldest region in the atmosphere. In the polar sum-
mer Mesopause, the temperature can get as low as 120 K and the trace
amount of H2O in this region of atmosphere form clouds called the Polar
mesospheric clouds (PMCs).

The layer present above the Mesopause is termed as Thermosphere. It
extends from an altitude 90 or 100 km to between 600 – 1000 km. The
lower Thermosphere mainly contains O atoms, N2 and O2 and its up-
permost part comprises of atoms as H, He, and charged species or ions.
Temperature increases with altitude in this region. The direct heating
from the sun or influx of high energy cosmic rays from outer space ion-
izes the molecules/atoms resulting in heating the region. In the Ther-
mosphere auroras take place. Many satellites orbit the earth in the same
region. The region of the atmosphere where the Thermosphere merges
into the space is called the Exosphere (� 400 km). The lighter atmospheric
particles present in this part of the atmosphere have a very large mean
free path and almost no collisions and may attain the escape velocity to
speed into outer space.

The chemical composition of the atmosphere from the Troposphere till
the Mesosphere depends on the turbulence termed as the Eddy diffusion
and it can be said that the gases are well mixed. Therefore this region
from the Earth’s surface till 80/90 km is called the Homosphere. Above
the Mesopause, the gases move with large mean free path and thus the
region is characterized by molecular diffusion where the heavier gases
are present below the lighter gases. Therefore this part of the atmosphere
above the Mesopause is called the Heterosphere.
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3
Water Vapor

Water vapor is the most abundant and highly variable green house gas in
the Earth’s atmosphere (0 – 4 %). The distribution of water vapor directly
affects the physics (dynamics) and chemistry in different regions of the
atmosphere [Solomon et al., 2010]. Water vapor is a dominant climate
component determining the radiative properties of the atmosphere. Wa-
ter vapor’s unique behaviour is rendered by its complex interaction with
the electromagnetic radiation. This chapter outlines the radiative fea-
tures of water vapor, an explanation to the intricacy of the subject of de-
riving water vapor profiles using less detailed radiative transfer model,
which is correlated-k employing exponential sum fitting of transmission
functions, (ESFT) (explained in section 7.5.3) in this study. The chapter
also presents an overview on its role in the atmosphere, particularly the
stratosphere, infact the southern polar stratosphere, the region of interest
here.

3.1 Water Vapor Radiative Features

Water is a polar asymmetric molecule (fig. 3.1) with a permanent dipole mo-
ment of 6.2× 10−30 C·m. Around 70 % of the atmospheric absorption is by
water vapor and ∼98 % of the water vapor absorption takes place in the
infrared region (IR) of the electromagnetic radiation.

The spectroscopic basics and the quantum mechanics governing the
absorption of electromagnetic radiations can be found in various stan-
dard literatures on quantum mechanics, e.g. Herzberg [1989] is referred.
The water vapor absorption features are briefly described below focusing
on the IR region, since the study presented here is conducted for the wa-
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Figure 3.1: The water vapor polar molecule: Charge distribution shown with the
-ve charge in violet shade and +ve in blue. H-O-H angle, 104.45◦. Dipole
moment, 6.2× 10−30C ·m.

ter vapor absorption in the 1350 – 1420 nm band in the NIR. The chapter
highlights the complexity of water vapor signatures known from various
spectroscopic studies. Water vapor spectroscopy studies date back to the
end of 19th century and beginning 20th century, e.g see Bailey [1930] and
the references therein. Every part in the water vapor spectrum is in itself
an extensive ongoing field of research and for different types of absorp-
tions and wavelength regions, numerous references can be found in the
literature.

The water vapor molecule has three possible modes of vibrations and
three of rotational. Figure 3.2 features the three vibrational modes, sym-
metric stretch (λ1; ∼2.74µm), the antisymmetric stretch (λ2; ∼2.66µm) and
the bending mode (λ3; ∼6.25µm). The energies of stretches are higher than
that of bending since it takes less energy to bend a molecule.

Figure 3.3 shows the three rotational modes of water vapor, around
three perpendicular axes, passing through the molecule’s center of mass.
Each rotational mode has different moment of inertia.

The vibrational energies are associated with changes in the dipole mo-
ment. A vibrating dipole moment creates a dipolar field and absorbs a
discrete energy when its oscillating frequency is equal to a certain fre-
quency of the electromagnetic radiation. The rotational energies require
the presence of a permanent dipole moment to enable the absorption
of long wavelength required for rotational state excitations. Rotational
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Figure 3.2: Water vapor vibrational modes. The molecule has three vibrational
modes, a symmetric stretch at wavelength λ1 ∼2.74µm, the antisymmet-
ric stretch with λ2 ∼2.66µm and the bending mode with λ3 ∼6.25µm.

Figure 3.3: Water vapor rotational modes: The molecule has three rotational
modes, around three perpendicular axes, passing through the centre of
mass of the molecule.

energies may and do accompany vibrational transitions and are unre-
solvable and make the associated vibrational transitions split as bands
called rotational-vibrational bands in an absorption spectrum. Likewise,
the change in vibrational level greater than one i.e. overtones, result in
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weak absorption bands. In addition combination bands exist resulting
from the interaction of two or more fundamental vibrational frequencies.
In the water vapor absorption spectrum, the lines and bands of overtones
and rotational-vibrational excitations are sufficiently close and overlap
and dominate the IR region making it a highly active IR molecule.

In the atmosphere, the above mentioned absorptions by water vapor
create a complex irregular spectrum encompassing the visible, IR and mi-
crowave (MW) part of the electromagnetic radiation. The visible region
bears weak absorption bands of water vapor arising from higher over-
tones of the vibrational transitions.

Water vapor is the principle IR absorber among CO2, CH4 and N2O.
Figure 3.4 shows a section of the IR water vapor spectrum. IR (0.7µm

Figure 3.4: A section of the UV-Visible-IR absorption spectrum of water vapor
and the atmosphere (total absorptions). Adapted from Howard [1959] and
Goody and Robinson [1951]. The three vibrational modes are shown at the
associated wavelengths, λ1 and λ2 in the NIR and λ3 in the MIR region of
the absorption spectrum.

– 1000µm) is usually subdivided into near infrared (NIR, 0.7 – 4 µm),
mid infrared (MIR, 4 – 50µm), also termed as the thermal IR since vapor
absorbs and emits in this wavelength section, and the far infrared (FIR,
50 – 1000µm). In all of the IR part, transitions corresponding to the
vibrational-rotational energy levels occur and are centred around∼2.7µm
and ∼6.25µm, i.e. the stretching and bending modes of vibrations re-
spectively. The overtones of mid infrared region fundamental vibration
modes and combinations of the rotational-vibrational excitations con-
tribute to several weak absorption bands continuing till around 8µm in
the MIR. MIR can be classified till 8µm as the group frequency region
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3.1. Water Vapor Radiative Features

and beyond that as the fingerprint region dominated by rotational signa-
tures. In the thermal part, the minimum in absorption is found between
8 – 12µm.

Numerous lines corresponding to the pure rotational energy absorp-
tions appear in the FIR wavelengths > 10µm where strongest signatures
occur within 20µm and the lines continue in the microwave region.

In addition to the above mentioned absorptions, water vapor exhibits
a background continuum absorption between the absorption bands in the IR
and MW. The intensity of the continuum is variable appearing stronger
towards FIR and MW and it is significant only in the regions where it ex-
ceeds the line absorptions. The mechanism behind its appearance is still
a topic of debate. The water vapor spectroscopic studies suggest that the
continuum arise from the far wings of the numerous distant lines in the
absorption spectrum. Another factor contributing to the complexity of
water vapor absorption features is the presence of water vapor isotopo-
logues.

The high resolution IR spectroscopy is a powerful and widely used
remote sensing technique to study water vapor abundances in the at-
mosphere. Our current knowledge on water vapor absorption features
is the result of extensive laboratory studies, theoretical calculations and
field absorptions [Bernath, 2002]. Comprehensive databases of known
molecular transitions alongwith their line strengths, line intensities and
line widths are compiled. The most widely used to simulate atmospheric
spectra is the high resolution transmission molecular absorption database (HI-
TRAN) [Rothman et al., 2009]. The newest version HITRAN2008 contains
2,713,986 spectral lines of 39 different molecules and more than 30,000
lines for H2O absorptions.

The shapes of the absorption lines in a spectrum are governed by the
phenomenon as pressure broadening and Doppler broadening (section 5.2.2).

The wavelength window 1.35 – 1.42µm i.e 1350 –1420 nm of the NIR,
depicted by the narrow grey stripe in fig. 3.4, which is essentially rich in
rotational-vibrational lines, is used in the presented study to retrieve the
water vapor profiles for the southern hemispheric Stratosphere.

The distribution of water vapor in the atmosphere varies with latitude
and altitude and the time of year, this is due to the fact that the saturation
vapor pressure increases with increasing temperature (Clausius-Clapeyron
equation, see Appendix A). The humidity or dryness of the atmosphere
effects its opacity or transmissivity in the IR.
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3.2 Water Vapor in the Troposphere

The Troposphere contains about 99% of the water vapor present in the
atmosphere. In this region, the water vapor is part of the hydrological
cycle and its primary sources are evaporation and transpiration, and precipi-
tation being the main sink. In the Troposphere, the amount of water vapor
varies between 0 to 4 % having the lifetime of hours to days [Gulstad and
Isaksen, 2007]. The diabatic processes control the tropospheric water va-
por amounts. Water vapor is the most important green house gas due
to its involvement in the positive climate feedback loops, meaning that an
increase in water vapor in the atmosphere may enhance the green house
effect making it warmer and thereby resulting in more atmospheric wa-
ter vapor. Furthermore, an increase in water vapor amounts as a green
house gas is believed to cause warming in the Troposphere and cooling in
the Stratosphere [Shindell, 2001]. In the climate model studies, the wa-
ter vapor feedback turns out to be large and positive [Bony et al., 2006],
but its magnitude is in debate and controversial. Nonetheless, the IPCC
assessment [2007] confirms the cloud feedback as the primary source of
uncertainty in the water vapor feedback.

3.3 Water Vapor in the Stratosphere

The primary source of stratospheric water vapor is the adiabatic injection across
the tropical Tropopause. Since the stratosphere is stable, the water vapor
lifetime in this region can vary from months to years. As explained in
chapter 2, the Tropopause bears cold temperatures, which change with
season. The cold tropical Tropopause control the amount of water en-
tering the Stratosphere. This region is sometimes termed as a cold trap
when the water vapor cannot cross into the Stratosphere as it changes
to ice. Low water vapor values are found in the tropical lower Strato-
sphere. The minimum in the water vapor profile above the Tropopause
was first reported by Kley et al. [1979, 1982] and is called hygropause. The
air ascends through the cold tropical Tropopause region with an annual
average water vapor distribution of around 3.8 ppmv [Dessler and Kim,
1999]. It should be pointed out that based on the evidence of low humid-
ity in the lower Stratosphere, Brewer [1949] proposed the atmospheric
circulation, Brewer Dobson Circulation, BDC, starting with the lifting mo-
tion of air through the tropical Tropopause, transport towards pole in the
Stratosphere and ultimately sinking motion at the poles. In the lower
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stratosphere, the advection by the BDC controls the water vapor distri-
bution. The above mentioned seasonal change in water vapor as a prop-
agating part of the BDC is preserved due to the stratospheric stability
(with little mixing) and is named as the Tape Recorder Signal [Mote et al.,
1996]. The tape recorder effect is studied as an imprint of the Tropopause
temperatures. This signal provides information about the dynamical pat-
terns in the lower Stratosphere.

From the studies of the upper Troposphere and lower Stratosphere, UTLS,
the presence of a transition region exhibiting the properties of both of
these atmospheric layers is well known. In the tropics this region extends
to several kilometres (∼ 12 – 16 km) and is called the tropical tropopause
layer or the tropical transition layer, (TTL). A comprehensive discussion on
the TTL can be found in Fueglistaler et al. [2009].

The atmospheric species with longer tropospheric lifetimes e.g. water
vapor, methane and chloroflorocarbons are injected through the tropical
Tropopause to the Stratosphere. Within the Stratosphere, the local wa-
ter vapor source is methane oxidation [Abbas et al., 1996; Michelsen et al.,
2000]. The role of methane as a source of stratospheric water vapor was
first recognized by Bates and Nicolet [1965]. The net methane oxidation
involving a series of reactions is given by

CH4 + 2O2 → CO2 + 2H2O (3.1)

resulting in higher mixing ratios increasing with altitude and reaching
around 7 ppmv near the Stratopause [Pan et al., 2002a].

Through most of the Stratosphere, the oxidation of methane is be-
lieved to begin in the same manner as in the Troposphere i.e. form the
oxidation by the hydroxyl radical [Le Texier et al., 1988] as

CH4 + OH→ H2O + CH3 (3.2)

In the upper Stratosphere, methane oxidation initiates by the reaction
with excited oxygen

O(1D) + CH4 → +OH + CH3 (3.3)

Methane, together with water vapor is assumed to be a conserved
quantity in the Stratosphere and is an indicative of the total water vapor
burden/content.

In the upper Stratosphere and lower Mesosphere, water vapor is a
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principle source of OH by the reaction with atomic oxygen

O(1D) + H2O→ 2OH (3.4)

OH is a powerful oxidizing agent in the atmosphere and is heavily in-
volved in stratospheric photochemistry. A direct consequence of OH rad-
icals is initiating the HOx chemistry and carrying out the catalytic ozone
destruction [Summers and Conway, 2000]

X + O3 → XO + O2

XO + O → X + O2

Net: O3 + O → 2O2 (3.5)

here X = [HOx = (OH + HO2)]

Increased HOx levels may effect NOx and ClOx chemistry [Stenke and
Grewe, 2005] by:

− Inhibiting the NOx cycle of ozone destruction and forming the reser-
voir species

OH + NO2 + M→ HNO3 + M (3.6)

− And enhancing the ClOx catalytic destruction of ozone by releasing
the active Cl from its reservoirs

OH + HCl→ H2O + Cl (3.7)

The details about the HOx stratospheric chemical reactions and reaction
mechanisms can be found in Holloway and Wayne [2010].

Owing to its longer chemical lifetime with respect to the timescale of
the stratospheric dynamical processes, water vapor is used as an excellent
tracer of atmospheric circulations and waves etc. [Pan et al., 2007].

3.3.1 Role of Water Vapor in the Polar Stratosphere

Water vapor in the polar Stratosphere directly influences the ozone de-
pletion by controlling the formation temperature of polar vortex and that
of PCSs [Kirk-Davidoff et al., 1999; Kirk-Davidoff and Lamarque, 2008].
Water vapor has also a direct impact on size of PSCs and the aerosol par-
ticles. An increase in water vapor levels in the polar region may result in
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enhanced PSCs formation and increased ozone depletion and thereby a
prolonged ozone recovery.

Polar vortex is a winter phenomenon and forms during the winter po-
lar night due to absence of solar UV heating and emission of thermal ra-
diation (radiative cooling). This results in cooling the polar Stratosphere
to temperatures much lower than the mid-latitude Stratosphere [Schoe-
berl and Hartmann, 1991] and developing a sharp gradient in tempera-
ture and pressure between mid-latitudes and the poles. Consequently air
streams into the low pressure poles from the mid-latitude Stratosphere
and, due to the effect of Coriolis force, forms a circumpolar belt isolating
the air within and is termed as the polar night jet or polar vortex. The
polar vortex ends at the onset of spring.

The large scale general circulation across the hemispheres brings the
moist air in the polar region where it descends inside the polar vortex to
compensate the volume loss due to low temperature and pressure. The
descent of air parcels from Mesosphere and upper Stratosphere to mid-
dle Stratosphere was observed in the earlier satellite studies including
water vapor among other atmospheric parameters [Russell et al., 1993a;
Lahoz et al., 1993]. Focusing on the southern hemisphere, the polar night
extends from March till September. The polar vortex is observed, in nu-
merous studies, to begin during March and April, strengthening to max-
imum in July-September and then breaking up around late November.
The coldest temperatures are found in July-August, the period when the
PSCs are formed at the cold core (∼190 K). The Antarctic polar vortex is
more stable and centred over the south pole with persistent low temper-
atures for a prolonged PSCs formation. On the other hand, the Arctic
polar vortex is asymmetric and disturbed by planetary wave activity and
occasional PSCs formation. The PSCs typically form at the altitude levels
between 15 – 25 km.

Various satellite measurements [e.g. McCormick et al., 1982] sup-
ported the suggestion of two kinds of PSCs, type I and type II, the first type
being composed of Nitric acid trihydrate, NAT (HNO3·3H2O) [Crutzen
and Arnold, 1986] and the second as water ice or pure ice. The tempera-
ture threshold for the formation of type I PSCs is about 195 K or less and
type II form at around 188 K [von Savigny et al., 2005]. The LIDAR mea-
surements [Browell et al., 1990] lead to further subdivision of type I to
NAT particles and ternary solution of HNO3/H2SO4/H2O, which was
confirmed by laboratory and model studies. Peter [1997] presents an ex-
tended review on physics and chemistry of PSCs. The mechanisms of
PSCs formation is an ongoing topic of debate and research.

The PSCs play a key role in the chemistry of the polar stratospheric,
the most important ones are as follows:
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− PSCs provide a surface for heterogeneous reactions that release active
Cl from its reservoirs [Molina et al., 1987]

ClONO2 + HCl → Cl2O + HNO3 (3.8)
ClONO2 + H2O → HOCl + HNO3 (3.9)

− The type I PSCs particles can grow big and sediment out of the
stratosphere resulting in denitrification (removal of nitrate compound,
HNO3). Type II PSCs are assumed to have radii of 5 – 20 micrometer
and may undergo significant sedimentation and therefore leading
to severe dehydration in the lower stratosphere [Dessler, 2000]. The
events of such dehydration have been observed in both insitu and
satellite observations at the typical altitude around 25 km where a
minimum in water vapor of about 2.5 ppmv can be reached [Vömel
et al., 1995, 1997; Pan et al., 2002b].

3.4 Water Vapor in the Mesosphere

The Mesosphere contains very small amounts of water vapor. In the
summer Mesopause, extremely low temperature (∼150 K) are observed
[Fiedler et al., 2009] due to the adiabatic cooling of the upwelling air
forming the summer to winter pole meridional circulation. Such low
temperatures provide an ambient for the formation of clouds named as
polar mesoshperic clouds, PMCs. In the lower Mesosphere, water va-
por is oxidized by O(1D), same as in equation (3.4). At higher alti-
tudes, water vapor undergoes photolysis by the absorption of Lyman-α
radiation and in the Shumann-Runge bands and continuum. The H atoms,
released by the photo-dissociation of water vapor, destroy ozone in the
Mesosphere and produce vibrational-rotationally excited OH. The de-
excitations takes place as airglow emissions. In the upper Stratosphere
and lower Mesosphere the OH concentration is controlled by the UV-
radiation from the sun and exhibits a diurnal cycle, which is observed to
impact ozone as low ozone concentration and high water vapor amounts
at sunset [Marsh et al., 2003].
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4
SCIAMACHY aboard Envisat

4.1 SCIAMACHY: A Passive Optical Sensor

SCIAMACHY, SCanning Imaging Absorption spectroMeter for Atmospheric
CHartographY is an 8-channel grating spectrometer of moderate resolu-
tion on ESA’s ENVIronmental SATellite (Envisat) launched in March 2002
[Burrows et al., 1995]. SCIAMACHY performed passive atmospheric
sounding at the top of the atmosphere by measuring solar irradiances
and the earthshine radiances and transmissions from UV till NIR (240 nm
– 2380 nm) with a spectral resolution of 0.2 nm to 1.56 nm [Bovensmann
et al., 1999].

In this study, the SCIAMACHY’s measurement from the lunar occul-
tation geometry are explored to retrieve stratospheric water vapor pro-
files. The knowledge of the instrument characteristics and its measure-
ment protocol is an imperative to select the measurement selection cri-
teria and to appreciate and establish the research method for the task at
hand i.e. deriving the useful information from the data. The introduc-
tion to the SCIAMACHY instrument is described by the author in Azam
[2007]. The fundamentals described herein regarding the instrument and
its measurement aspects are based on the reference stated above. The
chapter includes extensive elaborations on the features relevant to this
study.

Envisat was originally planned for five years. Based on its great lead
in observing and monitoring land, surface, ocean and most importantly
the atmosphere, the mission was extended for six more years i.e. till 2013.
The limited on-board fuel supply was the only big challenge faced by the
satellite. The contact to the satellite was lost on 8 April 2012, most proba-
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bly due to a failure in a power regulator. ESA declared an official end to
the Envisat mission on 9 May 2012 although the instruments aboard are
in prime operational condition without any signs of degradation.

The incoming solar radiation approximates to a black body radiation, at
temperature of about 5800 K, that is modulated by solar atomic/molecular
absorption lines termed as Fraunhofer lines. The earthshine radiance or the
upwelling radiation at the top of the atmosphere is the solar output mod-
ified by absorption and emission by atmospheric constituents and the
radiation scattered in the Earth’s atmosphere and reflected by the sur-
face. SCIAMACHY is providing total columns as well as vertical pro-
files of atmospheric parameters relevant to ozone chemistry, air pollu-
tion and climate change issues, from the Troposphere till the Mesosphere
since the launch of Envisat [Gottwald and Bovensmann, 2011]. On a
global scale, the information contained in the upwelling radiation has
been widely explored by the instrument for valuable studies of different
climate parameters. SCIAMACHY lunar occultation measurements have
been used to retrieve vertical profiles of atmospheric species as ozone,
nitrate radical and nitrogen dioxide thereby providing valuable datasets,
which have been successfully used for physical and chemical interpreta-
tions and analysis [Amekudzi et al., 2009]. The table B.1 in Appendix B
summarizes different parameters derived from SCIAMACHY classifying
them according to different region of atmosphere and the relevant appli-
cation area.

4.2 The Envisat Satellite

Envisat, the biggest satellite ever built by ESA, was launched from Kourou,
French Guiana, in March 2002. The satellite revolves in a sun-synchronous
polar orbit1 at an altitude of ∼800 km (which is ∼783 km since October
2010 when it was shifted to around 17 km lower orbit) having inclination
of 98.55◦ and a descending node2 at 10:00 a.m. local solar time. The orbit
period of Envisat is 100.6 minutes and in a day the satellite covers around
fourteen orbits. A complete global coverage is provided in six days. En-
visat is composed of a platform and the payload complement consisting
of ten instruments. Among them two are active microwave (ASAR, RA-
2), two passive microwave (MWR, DORIS) and six are optical sensing

1A satellite in a polar orbit passes above both poles of the planet on each revolution.
A polar sun synchronous orbit is a nearly polar orbit. It is designed to cross the equator
at the same local time each orbit.

2Descending node is a point at which a satellite’s orbit crosses the equator plane
going south.
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instruments (AATSR, MERIS, MIPAS, GOMOS, SCIAMACHY, LRR). MI-
PAS, GOMOS and SCIAMACHY are dedicated for atmospheric missions.
SCIAMACHY is located at the upper right corner on the payload module
front panel, viewing in flight direction in limb mode and the sub-satellite
point in the nadir mode. This means, the Sun is in its view when the in-
strument’s line of sight is pointed to left. Envisat’s operation in its orbit
include orbit control manoeuvres to correct for the impact of air drag on
its altitude or, the drifting inclination due to solar or lunar gravity per-
turbations.

4.3 Instrumentation and Working

The SCIAMACHY instrument concept was proposed in 1988 [Burrows
et al., 1988]. The instrument comprises three main parts as,

− The Optical System

− The Electronic System

− The Thermal and electronic sub-systems

The instrument provides spectroscopic measurements from UV to VIS
and NIR to SWIR with high radiometric accuracy, dynamic range and
high signal to noise ratio.

The main components of the Optical assembly (as sketched in fig. 4.1)
are mirrors (movable), a telescope (fixed) and a spectrometer (fixed) pro-
viding several light paths and different modes of measurements. The
scanning unit of the optical system steers the line of sight according to
the viewing geometry and consists of two scanning mirrors: the azimuth3

and the elevation4 scanners. The usage of these mirrors depends on the
measurement mode of the instrument. In the limb and the occultation
modes, the azimuth mirror reflects the radiation to the elevation mirror to
be directed to the telescope. SCIAMACHY’s occultation measurements
can be performed in a scanning mode with an up and down scan of the
celestial body or with the pointing mode where the field of view is fixed
at the brightest point of the solar or lunar disk and follows it to the top of
the atmosphere. For pointing in occultation, the scanners are supported
by the Sun Follower (SF) device, in case of lunar occultation, it is called

3Azimuth: The angle between the vertical plane containing a celestial body/satellite
it and the plane of the meridian.

4Elevation: Angular distance above the horizon (of a celestial object/satellite).

29



CHAPTER 4. SCIAMACHY ABOARD ENVISAT

Figure 4.1: SCIAMACHY’s optical setup; The channels 1 – 4 make observations
in the UV-Visible, 5 – 6 cover NIR and 7 – 8 are dedicated to the SWIR
spectra. The optics can be classified into three units, the scanners, the spec-
trometer and the telescope. The collimator, pre-dispersers, gratings and
the dichroic mirrors belong to the spectrometer unit. The instrument is
equipped with inflight calibration sources. Adapted from Kramer [2002].

Moon Follower (MF) device. Once the Sun or Moon is acquired, the infor-
mation (readouts) from the SF/MF is used to steer the scanners so as to
fix them to the brightest part of the object or the central part of intensity
distribution.

The instrument records the spectra in three spectral windows: 212 –
1750 nm, 1940 – 2040 nm, and 2265 – 2380 nm. The scanners feed the spec-
tra to the telescope, which collimates and directs the incoming beam onto
the entrance slit of the spectrometer. The spectrometer contains a pre-
disperser, which in combination with reflective optics, divides the spec-
trum into four components; 240 – 314 nm for channel 1, 314 – 405 nm for
channel 2, 405 – 1750 nm passes to channels 3 – 6 and the last part of 1940
– 2380 nm to channels 7 – 8. To reduce of the stray light in the UV-visible
part, gratings are used with the pre-disperser. The pre-disperser also per-
forms as a Brewster window to separate polarized part of light. A portion
of this polarized light is sensed by polarization measurement devices (PMDs,
seven broad band detectors). The output of the PMDs is used for polar-
ization calibration and correction. A series of dichroic mirrors follow the
pre-disperser for further division of light into each of the channels 3 to 6.
The wavelength ranges for the distribution of radiation in the channels
are listed in table 4.1.
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Table 4.1: SCIAMACHY spectral channels distribution with their respective
spectral resolution, as specified in Gottwald and Bovensmann [2011].

CHANNEL SPECTRAL RANGE SPECTRAL RESOLUTION
nm nm

1 214 – 334 0.24
2 300 – 412 0.26
3 383 – 628 0.44
4 595 – 812 0.48
5 773 – 1063 0.54
6 971 – 1773 1.48
7 1934 – 2044 0.22
8 2259 – 2386 0.26

Each channel is equipped with a grating and transmissive optics (to
minimize the internal scattered light), and a detector module comprising
1024 pixel diode array. The channel 1 – 5 have silicon diode arrays and
the detectors in the infrared channels 6 – 8 are InGaAs alloys and have
to be cooled. To reduce the internal noise and the dark current, the opti-
cal assembly and all the diode array detectors are cooled by the radiator
thereby optimizing the signal-to-noise ratio. Detectors in channels 6 – 8
are cooled to temperatures lower than the others to minimize the infrared
emissions from the instrument. The detector module converts the analog
signal to the digital signal. To ensure high spectral stability and high radio-
metric accuracy, the instrument is equipped with calibration unit whose
signal is used to verify the pixel to pixel stability and to monitor the op-
tical performance.

4.4 Measurement Sequence per Orbit

In Envisat’s orbital period of 100 minutes, a typical SCIAMACHY or-
bit starts in the northern hemisphere (Fig. 4.2) with limb measurements
carried out in twilight. The instrument then performs a solar occulta-
tion measurement during sunrise over the North Pole. Before the in-
strument reaches the sub-solar point, a series of optimized limb/nadir
matching is performed. After the instrument crosses this point, another
sequence of limb/nadir matching follows. When the instrument is po-
sitioned over the southern higher latitudes around 59 – 89◦S in its orbit,
depending on monthly lunar visibility, the rising Moon is observed, oth-
erwise limb/nadir matching continues and the illuminated part of the
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Figure 4.2: SCIAMACHY’s fixed measurement sequence/cycle for an orbit
(DLR-IMF adaptation); The orbit statrts with the limb measurements
carried out in twilight → Solar occultation measurements → A series of
Limb/nadir matching observations→ Lunar occultation measurements→
Observation in Eclipse, which complete the cycle of a single orbit.

orbit ends here. Next, the instrument is still in sunlight but the limb tan-
gent point is already in darkness, so the measurements in nadir mode are
carried out. Finally, the Envisat enters the eclipse (night side) of the orbit
and the eclipse measurements are executed until SCIAMACHY reaches
sunrise part and the orbital cycle of fourteen orbits per day continues. In
the eclipse, no reflected or backscattered solar radiation can be measured
since the atmosphere is not illuminated by the sun. Although there are
certain low level radiation sources as lunar radiation, stars, air glow, fires
and biomass burning, here mainly the calibration and monitoring mea-
surements are performed and the terrestrial night-glow emissions orig-
inating from the upper atmosphere are observed as SCIAMACHY limb
emission measurements in addition.
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4.5 SCIAMACHY’s Observation Geometries

Originally SCIAMACHY was proposed to comprise two instruments ded-
icated for limb and nadir measurement separately. The cost reduction
imposed by the space agencies resulted in one SCIAMACHY instrument
undertaking alternate but matched limb and nadir measurements during
one orbit, solar occultation in the northern hemisphere and lunar occul-
tation in the southern hemisphere during each sun synchronous orbit of
Envisat. The distinctive characteristics of different measurement geome-
tries of the instrument are described in this section.

Figure 4.3: SCIAMACHY’S measurement modes: 1 - Nadir, instrument ob-
serves directly underneath at the top of the atmosphere. 2 - Limb, obser-
vations are made at the edge of the atmosphere, in the inflight direction,
with sun illuminating the atmosphere. 3a - Solar Occultation and 3b -
Lunar Occultation, the instrument performs the measurements with sun
or moon respectively, in its field of view. Solar occultation measurements
are carried out in the northern hemisphere, and the lunar occultation, in
the southern hemisphere (DLR-IMF adaptation).

4.5.1 Nadir Mode

In the nadir mode, the scattered solar radiation or the radiation reflected
by the Earth’s surface is measured from the top (fig. 4.3 (1)). Scans in the
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nadir mode comprise a 4 s across track and a 1 s back scan. This gives a
spatial coverage on ground as 30 km along track and maximum of 960 km
across track (fig. 4.4), called the swath width. The scan speed and the in-
tegration time (number of readouts during a scan) of the detectors con-
trol the spatial resolution. In nadir mode, a higher spatial resolution of
30 km x 60 km is used for important parameters as ozone, NOx, water va-
por, aerosols and clouds. The main features of nadir measurements are:

− Good spatial resolution.

− Total vertical columns of different atmospheric constituents, aerosols
and cloud parameters as cloud cover and cloud top height and the
surface (also oceanic) spectral reflectances are retrieved with a good
horizontal resolution.

− Give complete global coverage within 6 days.

− Measurements are performed on the whole day side of the Earth.

Figure 4.4: SCIAMACHY scans in nadir and limb observation modes, (by S.
Noël). The spacial coverage in nadir mode is 30 km along the sub satellite
track, and maximum of 960 km across track. In the limb mode, the spacial
resolution is 960 km across the track i.e. in horizontal direction, and 3 km
along the vertical direction. After each horizontal limb scan, the instru-
ment steps up the tangent height altitude by 3 km. The stepwise scanning
is continued till around 100 km is reached.
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4.5.2 Limb mode

In the limb mode, the scattered solar radiation is measured. The instru-
ment looks at the edge of the atmosphere in flight direction while the sun
illuminates the atmosphere (fig. 4.3 (2)). The measurements start 3 km
below horizon. The instrument performs a horizontal scan of 960 km (az-
imuth mirror), steps up the tangent altitude height in a 3 km step (ele-
vation mirror) termed as the tangent point, then caries out a horizontal
back scan. The duration of each scan is 1.5 s. The scanning is continued,
stepwise increasing tangent altitudes, up to around 100 km and thus the
atmospheric radiance spectra are obtained for different tangent heights.
The spatial resolution in the limb view (fig. 4.4) is maximum 960 km in
horizontal direction and around 3 km in vertical direction. A typical hor-
izontal scan is 240 km being determined by the integration time. Limb
measurements are significantly important as they provide:

− Vertically resolved information on the global scale.

− Information about Polar Stratospheric Clouds (PSCs) and Polar Meso-
spheric Clouds (PMCs.)

− Tropospheric, Stratospheric and Mesospheric minor constituents pro-
files.

− Measurements of atmospheric integrated volume emission rates in
the middle and specially upper atmosphere from which the atmo-
spheric parameters as temperature and trace gas concentrations can
be derived using inversion techniques.

4.5.3 Limb-Nadir Matching

SCIAMACHY is capable to obtain information about the tropospheric
minor constituent columns using both limb and nadir observation modes.
An important feature of SCIAMACHY is limb-nadir matching, which is
achieved by observing atmospheric volume first in limb and then after
seven minutes in nadir mode. The characteristic feature of limb/nadir
measurements are:

− measure radiances emerging from same volume of air in limb and
as well as nadir geometry.

− Stratospheric column amounts are obtained from stratospheric ver-
tical concentration profiles above regions of nadir measurements,
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which can be subtracted from the total vertical columns measured
in nadir mode to give the tropospheric column amounts.

4.5.4 Occultation Mode

In the occultation mode, the instrument looks at the edge of the atmo-
sphere where the Sun or the Moon is in the instrument’s field of view
(FOV) (fig. 4.3 (3a and 3b)) and the transmitted solar or lunar radiation
is observed using the azimuth and the elevation mirrors similar to the
limb mode. The instrument tracks the Sun during orbital sunrise for so-
lar occultation. In case of lunar occultation, it follows the Moon during
moonrise from half to full Moon for around one week per month on the
average. The advantages of occultation measurements are:

− Accurate measurements owing to high intensity of Sun or Moon,
therefore;

1. High signal to noise ratio can be attained.

2. The integration time can be reduced thereby increasing the
spatial resolution to 30 km (horizontal) x 3 km(vertical).

− Vertical profiles of stratospheric constituents are retrieved with a
high vertical resolution.

− Nearly self calibrating so unaffected by instrument degradation.

− Give localized coverage. The solar occultation measurements cover
the latitudinal range between 49◦N and 69◦N while the lunar oc-
cultation measurements cover the southern hemisphere for 59◦S to
89◦S.

Solar Occultation Measurements:

The basic measurement strategy for solar and lunar occultation is the
same. The focus of this thesis is lunar occultation, hence a short account
will be given on solar occultation and a detail on lunar will follow. A
detailed description on SCIAMACHY solar occultation measurement se-
quence can be found in Meyer [2004]. In the solar occultation mode, the
sunrise is estimated on the basis of calculated orbital parameters or con-
stellations. SCIAMACHY can observe the Sun when it is well below the
horizon but the measurements suffer from refraction. Around 17 km, the
refraction effect gets negligible and the SF targets the FOV at the centre of
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the apparent sun. The FOV moves with the pre-calculated elevation rate.
The sun is then scanned up and down for different tangent heights and
the scanning can be performed up to around 300 km. It takes around 4 s
for a complete up an down scan over the solar disk. From 17 to 100 km
tangent height, 7 complete scans are performed. For calibration purpose,
the scans are continued till 300 km.

The Moon:

Before explaining SCIAMACHY lunar occultation measurement sequence,
it is important to mention the characteristics of the Moon itself. As part
of SCIAMACHY lunar occultation studies in the past, a very comprehen-
sive literature review on the moon and its characteristics is presented by
Amekudzi [2005] and the reader is referred to this reference. A summary
of the principle features of the Moon is presented below,

− Average distance from the Earth: 384400 km, varies owing to orbit
shape (perigee5: 354330 km, apogee6: 404338 km).

− Orbit: Elliptical, orbiting speed 1022ms−1.

− Orbital Plane: Inclined by 5.1◦ to the ecliptic.

− Apparent Size: 0.5◦ (same as sun, being closer to the Earth).

− Average Lunar Albedo7 ( at full Moon): 0.073 (changes with phase).

In the sky, the Moon moves from west to east, but due to the faster
spin of the Earth compared to the Moon’s revolution around the Earth,
it appears to move from east to west. The period of the Moon can be
regarded in two ways. From the earth, the Moon is observed to make one
complete revolution with respect to the stars in 27.32 days. This defines
the sidereal month or period. Seeing the Moon as part of the Earth-moon
system slowly revolving around the Sun, it takes a little longer i.e. 29.53
days for the Moon to complete one revolution with respect to the Sun
about the Earth. This period is termed as the synodic month, which is
one day on the moon. The Moon spins around its axis once during its
movement around the earth. The lunar occultation measurements use
the synodic period.

Depending on its position in the orbit and the degree of illumination
from the Sun, the Moon exhibit different phases during a synodic month.

5Perigee is the point of the moon’s orbit when it is closest to the Earth.
6Apogee is the point of the moon’s orbit when it is farthest from the Earth.
7Albedo is defined as the fraction of sunlight reflected into space by a celestial body.
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The main phases are as follows,

− New Moon: The Moon is between the Earth and the Sun. Its far side
is illuminated and the dark side is towards the Earth. In this phase,
the Moon rises and sets around the same time as the Sun.

− Half Moon (waxing): Seen in a week’s time when the first quarter
of the Moon’s revolution around the Earth is over. Sun shines on
the half part of the Moon seen from the earth. In this phase the
moonrise is observed at noon and the Moon sets at midnight.

− Full Moon: The Moon has covered half of its revolution and the full
disk of the Moon facing the earth is seen illuminated from the Sun.
Around the full Moon, the change in illumination is observed to be
slow. At full Moon, the Moon appears at sunset and disappears at
sunrise.

− Half Moon (waning): Again half of the Moon is seen. The Moon rises
at midnight and it sets at noon.

Each day in the Moon’s circuit around the Earth, a 50 minute delay and
12◦ drop takes place.

Lunar Occultation Measurements:

For the SCIAMACHY lunar occultation measurements, the Moon phases
are expressed in values from 0 to 1 e.g. the first quarter of the Moon is
assigned the phase of 0.25 and half Moon is given the phase of 0.5. Use-
ful lunar occultation measurements can be carried out when the phase
is greater than 0.5, which occur when SCIAMACHY is making observa-
tions at the southern high latitudes during local night time as shown in
figure 4.5, depicted by the area between the green lines.

As mentioned before, SCIAMACHY lunar occultation measurements
cover the latitudes around 59◦S - 89◦S and this latitudinal constraint is
due to the location of instrument on Envisat and it’s sun synchronous
orbit. The orientation of lunar orbital plane with respect to Envisat’s or-
bital plane and the ecliptic determine the properties of moonrise in SCIA-
MACHY’s FOV. Similar to the solar occultation, each lunar measurement
starts when the Moon rises a tangent height altitude of around 17.2 km.
Below this altitude, the true Moon rises with a considerably higher ap-
parent angular rate than that of the rising refracted images, which hin-
ders tracking of the Moon. The moonrise observations begin when the
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Figure 4.5: SCIAMACHY’s lunar visibility over a month: The red line repre-
sents the satellite orbit. The lunar phases are illustrated as, a – New Moon,
b – Waxing Moon, c – Full Moon and d – Wanning Moon. The different
lunar phases are expressed with values from 0 – 1 e.g. the half Moon
is assigned a phase of 0.5. The area between the green lines depicts the
SCIAMACHY’s lunar visibility over the southern hemisphere where the
lunar phase > 0.5.

phase > 0.5 in the instrument’s FOV and the solar zenith angle 8 (SZA)
> 94. The lunar occultation measurements have large solar zenith angle
compared to the other geometries as the events are observed when sun
is down. The measurements terminate shortly after the full Moon. The
lunar occultation measurements are performed in the Moon pointing or
staring mode. The scanner follows the predicted movement of the Moon
for 16 seconds after which the MF takes over and adjusts the scanner to
the brightest point of the Moon. The switch takes place at an altitude
of about 65 km. In the extraterrestrial atmosphere i.e. above 100 km the
measurements are performed for calibration purposes and to calculate
transmission. The spacial resolution of SCIAMACHY lunar occultation
measurements is horizontally around 30 km and vertically about 3 km.

On the average, the yearly SCIAMACHY lunar occultation measure-
ments extend from January to June and then the last two months i.e.
November and December owing to the limitations described above. Oc-

8Zenith angle is the angle between the direction to the zenith and the direction of a
light ray.
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casionally there are few measurements in the last period of October. Fig-
ure 4.6 sketches and summarizes the southern stratospheric phenomenon
as described in chapter 3 and the SCIAMACHY lunar occultation mea-
surement timeline. Such a measurement pattern implies that the atmo-
spheric species participating in the heterogeneous chemistry and chem-
ical processes at high latitudes cannot be observed between July and
September. The formation of vortex begins to spin up in March in the
southern polar stratosphere and ends typically in November or Decem-
ber as a result of momentum transport to high latitudes. In the upper
atmosphere, the distribution and variability of water vapor is strongly
related to the dynamics e.g. its quantitative analysis in the polar strato-
sphere provides a perspective into the evolution and the end of the polar
vortex and has been established in various studies [Lahoz et al., 1996].

4.6 The Lunar Occultation Measurements

Figure 4.7 features the tangent points for the year 2010 as an example of
tangent point distribution for a year. The monthly coverages are specified
using the color code displayed on the right. As seen in the figure, the geo-
graphical distribution of SCIAMACHY lunar occultation measurements
is sparse and limited to certain latitude range for a given month in the
year. Figure 4.8 shows the yearly latitudinal distribution from 2003 till
2010. As clearly observed, the latitudinal coverage varies largely within a
month and over a year. This is because of the considerable change in the
sub satellite point’s latitude at the moonrise within a month. This feature
makes the measurements suitable for studying the southern polar atmo-
sphere at various latitudes during a year and to draw useful information
from them. Each year, on the average, the measurements span is ∼59◦S
– 89◦S from January till June and the measurements are limited to 60◦S –
70◦S in November and December. The average maximum latitude cover-
age for a year is during the month of April spanning the latitude range
∼60◦S – 89◦S.

Figures 4.9 and 4.10 present the yearly times series of SZA and Moon
phase for SCIAMACHY lunar occultation measurements respectively. The
yearly SZA variation is between 94◦ and 115◦ where the highest val-
ues are observed around April. The lowest SZA values are seen in the
months of November and December ranging between 94◦ and 96◦. The
Moon phase values vary around 0.5 – 0.99 showing more variation dur-
ing the first six months and limited close to 0.99 during November and
December. The measurements with smaller SZA values are highly influ-
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Figure 4.7: Example of SCIAMACHY lunar occultation tangent points: Tan-
gent points are plotted for the year 2010. The monthly coverages are ex-
pressed with the color code displayed on the right. The magnitude of the
latitudinal coverage is between 59◦S – 89◦S. The measurements in each
month cover a specific and limited latitude range, e.g. the widest cover-
age is found in April spanning ∼60◦S – 89◦S. On the average, a month
exhibits the same pattern of the latitudinal expanse every year.

enced by the scattered light from the sun. In the case of Moon phase,
the higher value signify strong signal. Therefore the values of the SZA
and the Moon phase determine the quality of the SCIAMACHY lunar
occultation spectral signal. The quality criteria thus implied is the selec-
tion of measurements with SZA values ≥ 96◦ (highlighted by the grey
line in fig. 4.9) and the Moon phase≥ 0.75 (depicted with the grey line in
fig. 4.10). This means that the usable SCIAMACHY data is mainly for the
months January – June. On the average, the usable SCIAMACHY lunar
occultation measurements are 6 – 8 days a month.
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Figure 4.8: SCIAMACHY lunar occultation latitudinal distribution for 2003 –
2010; Each year the latitudes vary within 59◦S – 89◦S from January till
June. In the last two months of coverage, i.e. November and December, the
latitudinal span is limited between 60◦S and 70◦S
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Figure 4.9: SCIAMACHY lunar occultation SZA distribution for 2003 – 2010;
Each year the SZA values vary within 94◦ and 115◦. The highest SZA
values are observed around April. The lowest SZA values are seen in the
months of November and December, ranging between 94◦ and 96◦. The
quality criteria implied was, the selection of measurements with SZA ≥
96◦ (highlighted by the thick grey line) for the retrieval, implying the us-
able SCIAMACHY lunar occultation data is mainly between the months
of January – June.
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Figure 4.10: SCIAMACHY lunar occultation Moon phase distribution for 2003
– 2010; The observed Moon phase varies within 0.5 – 0.99. The Moon
phase values show more variability during the first six months and is lim-
ited close to 0.99 during November and December. The quality criteria
implied for the retrieval was the selection of measurements with Moon
phase ≥ 0.75 (highlighted by the thick grey line).
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5
Radiative Transfer Theory

The sensors for atmospheric remote sensing as SCIAMACHY measure
radiation as radiance and irradiance at the top of the atmosphere as men-
tioned in previous chapter from which different atmospheric parameters
are derived. The extraction of a desired parameter from the spectroscopic
measurements can be divided into two parts; first the interaction and
transport of radiation through the atmosphere is simulated by radiative
transfer and then the result is fit to the measured quantity employing an
inversion scheme for the retrieval. The objective of this chapter is to present
the theoretical aspects of the former i.e. the radiative transfer theory ap-
plied in atmospheric remote sensing to retrieve the trace gas vertical pro-
files. The theory is described here as generally accounted and applied for
simulation of the spectra obtained from SCIAMACHY [Rozanov, 2001;
Meyer, 2004; Amekudzi, 2005].

The chapter begins with the definitions of the relevant radiometric
quantities. Next, the description of spectral line parameters, which are
important as input to the forward model to evaluate SCIAMACHY’s mea-
surements, is presented. The final section is devoted to an overview of
the radiative transfer equation with main focus on occultation.

5.1 Radiometric Quantities

The quantity basic to the radiometric measurements is radiation flux or
radiant power, which is the rate of flow of radiant energy with unit watts,
[W]. Thus the radiance and irradiance characterizing the radiation field
can be defined in terms of radiation flux as:
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− Irradiance is the radiation flux impinging upon a surface per unit
area. It is measured in Wm−2 and in the case of lunar occultation
represents the radiant power per unit area of the direct extraterres-
trial lunar radiation through a plane perpendicular to the direction
of its propagation.

− Radiance is simply defined as the irradiance per unit solid angle. It
has units of Wm−2sr−1. The radiance per unit wavelength is called
monochromatic radiance with units Wm−2sr−1nm−1.

The radiance intensity or intensity then can be defined as the radiant flux
emitted in a certain direction from a point source and is measured in
Wsr−1.

In occultation geometry, SCIAMACHY measures the radiances over
a given wavelength range i.e. the monochromatic radiances termed ra-
diances for simplicity, in the Earth’s atmosphere, which are then normal-
ized by the irradiance from extraterrestrial atmosphere. The normalized
radiance has units [sr−1].

5.2 Radiative Transfer Parameters

In order to simulate the transmission through the atmosphere, the ab-
sorption, emission and scattering characteristics of the atmosphere and
the Earth’s surface have to be taken into account. The interaction of so-
lar radiation with the Earth’s atmosphere can be classified into extinction
and emission. Extinction refers to reduction of intensity of radiation, here
radiance, in a certain direction by absorption or scattering. The attenua-
tion of a beam of electromagnetic radiation by extinction is described in
terms of extinction coefficient1, which is the sum of absorption coefficient
and the scattering coefficient. These have dimensions [L−1]

ε = αa + αs (5.1)

Emission signifies the increase in radiance as by scattering from other
directions into the direction under consideration or due to thermal and
other emission processes.

1Extinction coefficient is a fractional decrease in radiance over a distance in a spe-
cific direction due to absorption along the path. Same analogy of definition applies to
absorption and scattering coefficients
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5.2.1 Absorption

Absorption in a medium is expressed with absorption coefficient. On the
molecular level, the ability of a molecule to absorb a photon of a partic-
ular wavelength is defined in terms of the effective area of the molecule
seen by the photon to get absorbed and is called absorption cross section,
denoted by σ with dimensions [L2]. Often in the literature, the absorption
cross sections are denoted by k. Relating the bulk absorption coefficient
to the absorption cross section for a number of trace gases ng under con-
sideration

αa =

ng∑
i

nviσi (5.2)

where nv is absorber’s number density of any gas i. As clear from the
above discussion, the absorption coefficient can be defined in terms of
absorption cross section of unit gas volume. In addition, absorption co-
efficient can also be expressed as mass absorption coefficient (absorption
cross section of unit mass of absorber [cm2/g]). Various definitions of ab-
sorption coefficients can be found in Antipov and Sapozhnikova [1974].

5.2.2 Absorption Cross Sections

The absorption of quantized electromagnetic radiation by a radiatively
active constituent of the atmosphere causes excitations and transitions in
one or more of the electronic, vibrational and/or rotational levels. The
characteristic absorption signatures may appear as separate lines, bands
or continuum and a discussion in this regard has already been presented
in chapter 3 for water vapor.

The absorption lines are characterized by their shape and strength
and the properties determining these two are the central frequency, or
the central wavelength (defining the position of the line), the intensity
or strength of line, S, and the line shape factor or line profile f . The
computation of absorption lines is formulated in terms of the molecular
absorption coefficients as

k =
∑
i

S(νi, T )f(ν, νi, P, T ) (5.3)

with νi as the center frequency of the absorption line i. The absorption
cross section per molecule is the sum over all spectral lines. f(ν, νi, P, T )
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is normalized to 1 i.e. ∫
f(ν, νi, P, T ) = 1 (5.4)

which implies that S =
∫
kdν i.e the line strength is the integrated cross

section across the line. Figure 5.1 shows absorption cross sections of var-
ious trace gases in SCIAMACHY’s channels 3 – 6. The absorption cross
section of the trace gas of our interest i.e. water vapor are depicted in red
in the figure. The grey shade area represents the wavelength region of
interest in this study, that is 1350 – 1420 nm.

Figure 5.1: SCIAMACHY’s channels 3 – 6, absorption cross sections of different
trace gases. The water vapor absorption cross sections are depicted in red.
The presented study is focused on the wavelength region 1350 – 1420 nm,
shown in the grey stripe. Adapted from Kaiser [2002].

Line Strength

S(νi, T ) depends on population density (governed by Boltzmann distribu-
tion, thereby dependent on temperature) and transition probability (tran-
sition dipole moment dependent). The strength of any line i at a ref-
erence temperature is obtained from a spectroscopic database, and for
another temperature T is computed by an interpolation relation [Goody
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and Young, 1995] as

S(νi, T ) = So(νi, To)
nl(T )

nl(To)

(1− e−
hcνi
kT )

(1− e−
hcνi
kTo )

(5.5)

k is the Boltzmann constant and c is the speed of light. nl in the numera-
tor and the denominator represents the population of lower energy levels
at temperatures T and To respectively. At any temperature under consid-
eration, the population in any level n is characterized by local thermody-
namic equilibrium (LTE) implying that at any temperature the population
follows Boltzmann distribution, therefore n is given by

n =
gN

Q
e(−hcE

kT
) (5.6)

here g stands for the statistical weight signifying the degeneracy (number
of states with same energy) of the energy level under consideration and
N is total number of electrons occupying that level. The term Q is called
the molecular internal partition function, it defines the state of the internal
energy of the molecule at a certain temperature and is a sum over all
energy states of a molecule or over all degenerate states. For an insight on
the molecular partition function distribution and computation, the reader
is referred to Incropera [1974] and Fischer et al. [2003]. Q is generally
expressed as

Q =
∑

gje
(−

Ej
kT

) (5.7)

gj and Ej represent the degeneracy and energy of the level j respectively.
Eq 5.7 shows that Q is temperature dependent. In a molecule, the ener-
gies are distributed in electronic, vibrational and rotational and nuclear
level, hence Q represents the combination of partition functions of all
these levels and is expressed as formulated below

Q = QrotQvibQelecQnuc (5.8)

In this thesis, the study of water vapor for the chosen wavelength
involves the molecules in their ground state of nuclear and electronic en-
ergy levels, thus the overall partition function is a combination of vibra-
tional and rotational partition functions only, represented by Qv,r

Qv,r = QrotQvib (5.9)

For the calculation of So at a certain temperature, first, not all the in-
ternal energy levels are known and secondly, for the specific vibrational-
rotational quantum states, these have to be derived from theory. The
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combined vibrational and rotational partition function as a function of
temperature is suggested to be approximated employing parametriza-
tion by Gamache et al. [2000] i.e.

Q = a+ bT + cT 2 + dT 3 (5.10)

the parameters a, b and c are determined using a Simplex nonlinear min-
imization algorithm [Nelder and Mead, 1965].

The line intensity can now be obtained combining equations 5.5, 5.6
and 5.9, which results in

S(νi, T ) = So
Qv,r
o

Qv,r

e−
hcEl
kT

e−
hcEl
kTo

(1− e−
hcνi
kT )

(1− e−
hcνi
kTo )

(5.11)

Line Shape

The line shape factor, f is a function of wavelength, pressure and temper-
ature. The coming sections will explain this dependence.

Each line in an absorption spectrum has a natural line width arising
from Heisenberg uncertainty principle because the finite lifetime of ex-
cited state results in uncertainty in energy level. The dominating physical
mechanisms causing absorption line broadening are Doppler broadening
and Collision broadening.

Doppler broadening

The thermal motion of absorbing molecules leads to Doppler shift of the
central frequency and consequently causing broadening of absorption
line. Doppler broadening of a spectral line has a Gaussian shape since in
thermal equilibrium the velocity of molecules follow Maxwell Boltzmann
distribution, which is Gaussian. The line shape following this broadening
mechanism is

f(ν, νi, T ) =
1

γd(π)
1
2

e
[−(

ν−νi
γd

)2] (5.12)

with the Doppler induced line width as full frequency width at half max-
imum, FWHM, given by

γd = νi(

√
2RT

Mc2
) (5.13)
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R is the universal gas constant and M is the molecular mass. The line
half width at half maximum, HWHM, is obtained as

γ 1
2

= γd
√
ln2 (5.14)

The amplitude of the Doppler shift is given by

ν − νi =
νiu

c
(5.15)

u signifies the component of velocity of absorbing molecule along the line
of sight and u� c.

The line shape for Doppler profile is temperature dependent as clear
from eq. 5.13 since the average kinetic energy of molecules depends on
temperature. Doppler broadening gets stronger with increasing frequency.
It does not depend on pressure and at low pressure exceeds the pressure
dependent Lorentz broadening.

Pressure/Collision Broadening

The collisions between molecules result in perturbations in the energy
levels and the lifetimes of the excited states, which broaden and shift the
line widths since the width is inversely related to the lifetime. Collision
or pressure broadening of a line has a Lorentz line shape, as predicted
by semi-classical theory and supported by the observations, and is ex-
pressed as

f(ν, νi, P, T ) =
γl
π

(ν − νi)2 + γ2
l

(5.16)

γl represents the width of the Lorentz profile in terms of HWHM. γl
changes with pressure and temperature according to

γl = γo(
P

Po
)(
To
T

)
N

(5.17)

where γo is the line width at reference pressure and temperature i.e. Po
and To respectively. N is the empirical parameter for temperature depen-
dency of half width and for most of the gases N = 1/2.

The amplitude of collision shifted line is given by

ν
′

i = νio + δ
P

Po
(5.18)

55



CHAPTER 5. RADIATIVE TRANSFER THEORY

with νio as the frequency at reference pressure Po and δ, the pressure shift
coefficient. Moreover in high resolution spectra, collisional narrowing
effects have been reported [Varghese and Hanson, 1984].

In the atmosphere, the type of collision partner involved may and
may not belong to the same species under consideration. The collision
between like molecules produces large line width compared to the colli-
sion between dissimilar molecules. Water vapor, which is the subject of
our study, shows a marked disparity in line broadening for collision be-
tween water molecules causing self broadening and the collision with air
molecules (N2 or O2) resulting in foreign broadening. In such a case γl is ex-
pressed as the weighted sum of self and foreign broadening half widths
γlself and γlair respectively as,

γl = (γlair(p− ps) + γlselfps)(
To
T

)
N

(5.19)

p and ps are the atmospheric and partial pressure of the gas under con-
sideration respectively and To is the reference temperature. For the ra-
diatively active trace gases as water vapor, which mainly absorb in NIR
wavelength region, the foreign broadening dominates.

The collision broadening is pressure and temperature dependent as
clear from eqs. 5.16 and 5.17. The line broadening in this case depends
on the frequency at which the collision occurs. The frequency itself is
rendered by the thermal speed (temperature) of the molecules and their
number density (pressure).

Doppler vs. Lorentz broadening in the Atmosphere

From eqs. 5.13, 5.14 and 5.17, it is clear that the half width of Doppler
broadening is proportional to frequency whereas half width of pressure
broadening is independent of frequency. Doppler broadening is typically
insignificant at low frequencies as FIR and MW, it is evident in the NIR
and more pronounced in the UV-Visible. In the UV-Visible, the Doppler
and pressure broadening have comparable magnitude and in the MIR,
both become equal.

Doppler and pressure broadening occur at all levels of the atmosphere
but the magnitude of each depends on the level. From the above discus-
sions, it can be concluded that in the Troposphere and lower Stratosphere,
pressure broadening dominates so Doppler broadening can be ignored in
the radiative transfer model while in the upper Stratosphere and Meso-
sphere Doppler broadening prevails and is taken into account.
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The pressure broadened line width can be used to extract the height
information for the concentration of trace gases, which is otherwise lost
when Doppler broadening is dominant.

In the middle of the atmosphere, half width of both broadening mech-
anisms is comparable or equal, the combined behavior of the line shape
is characterized by Voigt line shape, which is a convolution of both mech-
anisms. The Voigt profile is thus approximated as

f(ν, νi, P, T ) =
γl

π
3
2

[ M

2KT

] 1
2 e(Mu2

2kT
)

(ν − ν ′i − νiu
c

)2 + γ2
l

(5.20)

and is well tabulated as the ratio 2γl/γd [Humliček, 1982]. A discussion
on the Voigt profile can be found in e.g. Twitty et al. [1980]. Various fast
algorithms are available for the computation of Voigt profile computation
(Hui et al. [1978]; Thompson [1993]; Letchworth and Benner [2007] and
the references therein).

5.3 Spectral Parameters Database

An essential prerequisite to simulate the radiative transfer in the atmo-
sphere is the computation of absorption cross sections for given atmo-
spheric conditions of pressure and temperature. This relies on accurate
knowledge of the spectral lines and the line parameters as line strength,
line width, position, the partition functions and the broadening mech-
anisms involved. Spectroscopic databases have been compiled over the
years, as a result of laboratory and theoretical studies, archiving the above
mentioned spectroscopic parameters for different atmospheric compo-
nents. Examples of such databases are HITRAN [Rothman et al., 2009],
GEISA [Jacquinet-Husson et al., 2008], JPL [Pearson et al., 2010]. The most
widely used database in the atmospheric remote sensing is HITRAN, the
newest version of which is HITRAN2008 as mentioned in chapter 3. Ta-
ble 5.1 lists the relevant line parameters included in HITRAN along with
their units, the reference temperature and pressure, To and Po, used to
compute theses parameters is 296 K and 1 atm respectively. The compila-
tion of line parameters databases as HITRAN involve the application of
the very same equations referred in column four of the table. It must be
noted that El is tabulated in HITRAN in cm−1 therefore in eq. 5.11, El is
multiplied with hc to get the units of energy. The partition functions are
computed in HITRAN applying the approximation given in eq. 5.10.
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Table 5.1: HITRAN line parameters with their units (column 3) and the refer-
ence of equations (used in HITRAN database calculations)(column 4).

Line Parameter Symbol Units Reference Eqs.

Initial Frequency νi cm−1 5.11, 5.13 and 5.15
Lower State Energy El cm−1 5.11
Reference Line Intensity So cm−1/molec.cm−2 5.11

at 296 K
Temperature Dependence N dimensionless 5.17 and 5.19
of Halfwidth
Lorentz Half Width γair cm−1/atm 5.19
for Air Broadening at 296 K
Lorentz Half Width γself cm−1/atm 5.19
for Self Broadening at 296 K
Pressure Shift Coefficient δ cm−1/atm 5.18

at 296 K

As mentioned above, to simulate the transmission2 spectrum of a gas
or a mixture of gases for a certain spectral range in the atmosphere (given
pressure and temperature), the absorption lines of the gas have to be cal-
culated (eq. 5.3). The algorithms computing and integrating the indi-
vidual absorption lines over a given spectral range are termed as Line
by line, LBL, models. An alternate efficient method is the correlated-k
approach employing exponential sum fitting of radiative transmission
functions, ESFT approximation. LBL and the correlated-k ESFT methods
will be discussed in detail in chapter 7. HITRAN provides the line pa-
rameters for the radiative transfer computation for either of these meth-
ods. For ESFT computations, an ESFT database is created for a predefined
spectral grid and resolution from the HITRAN database.

5.4 Scattering

To model the radiative transfer in the atmosphere, the scattering of elec-
tromagnetic radiation by the atmospheric components has to be taken
into account. Depending on the size and shape of the scatterer rela-
tive to the incident radiation, which is defined by the size parameter
x, (x = 2πr/λ), three types of scattering processes are identified namely,
Rayleigh scattering (from molecules), Mie Scattering (due to the spherical

2Transmission is defined as the fraction of incident electromagnetic radiation at a
given wavelength that passes through an absorbing medium.
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aerosols) and Geometric optics. The molecules and aerosols particles are
usually approximated, in theory, to be spherical and the scattering by
spherical particles is quantified in terms the size parameter and the in-
dex of refraction.

For Rayleigh scattering, x < 0.1. It is an elastic process with the scat-
tered radiation being partially polarized. When the molecular scattering
is inelastic with the wavelength of the scattered radiation being greater
than the incident one, it is termed as Raman scattering. Rayleigh and Ra-
man scattering cannot be isolated in the atmosphere and rather the atten-
uation of radiation by the combined scattering process called molecular
scattering is observed [Chance and Spurr, 1997]. In case of elastic scat-
tering, when the radiation hits a molecule, it’s electric field E induces a
dipole moment d in the molecule

d = p
′
E (5.21)

where p′ stands for polarizability, which depends on particle size and in-
dex of refraction. The dipole oscillates with the same frequency as the
incident electric field and thus generates a scattered field. The radiation
from the sun is randomly polarized and the direction of scattering de-
pends on the direction of propagation of incident electric field. The di-
rectional distribution of scattering is given by phase function3, P (θ), which
for Rayleigh scattering is proportional to 1 + cos2(θ). The phase function
is normalized over the solid angle, i.e.∫ 2π

0

∫ Π

0

P (θ)sin(θ)dθdφ = 4π (5.22)

In Rayleigh scattering, the scattering is weak and symmetrically dis-
tributed in all directions. The Rayleigh phase function is given by

P (θ) =
3

4
(1 + cos2θ) (5.23)

The scattering cross section σr due to Rayleigh scattering by any gas
species in the atmosphere is quantified by Chandrasekhar [1960] as

σr =
32π3(ns − 1)2

3λ4Ns

.FK (5.24)

considering the fact that for a gas the refractive index is close to unity.

3The phase function is a probability distribution. To account for the scattering in all
directions, it is normalized to unity by including 4π solid angle.
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σr depends on the wavelength as λ−4. Ns expresses the number density
of air molecules at standard conditions. ns is the refractive index of air
at standard conditions. FK stands for the correction factor according to
King [1923], taking into account the non-isotropy of the polarizability of
the air molecules, and is expressed as

FK =
6 + 3ρ

6− 7ρ
(5.25)

where ρ represents the depolarization factor (molecular anisotropy) for stan-
dard air. The depolarization factors are determined experimentally for
major atmospheric components. The examples of Rayleigh scattering
calculations with depolarization factors or King correction of different
values can be found in e.g. Young [1980], Frölich and Shaw [1980] and
Tomasi et al. [2005]. Tomasi et al. [2005] performed these calculations
including the influence of water vapor on the anisotropic properties of
air.

For refractive index calculation, several approximations are used ow-
ing to the fact that the refractive index depends on wavelength and that
the composition of atmosphere is variable. Bates [1984] tabulates various
values of refractive indices as a function of wavelength at an interval of
50 nm. The most commonly used method of the refractive index deter-
mination is from the formulation given by Edlén [1966]

(ns − 1)× 108 = 8342.13 +
2406030

130− λ−2

15997

38.9− λ−2
(5.26)

with λ in µm. Several other formulae for the refractive index computa-
tion may also be used as discussed in Bucholtz [1995], which reports the
differences in resulting refractive index from different calculations to be
within 0.4%.

The Rayleigh scattering coefficient, by volume for molecules, clearly
depends on the wavelength of the incident radiation and is determined
as a product of the Rayleigh scattering cross section σr and the number
density, nv of the molecules of air, therefore

αr(λ) = Nσr(λ) (5.27)

with N = P/kBT, kB = 1.38× 10−23JK−1 (Boltzmann’s constant)

A very comprehensive discussion on the determination of Rayleigh
scattering using different approaches based on published experimental
and theoretical results is presented in Srivastava et al. [2009], which rec-
ommends to consider the constraints of conservation of angular momen-
tum in the rotational/vibrational transitions of the molecules during scat-
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tering.

The theory of scattering by small aerosol particles, x > 1, was devel-
oped by Mie. Mie [1908] and Deirmendjian [1969] describe the extinction
coefficient to be assessed by a particle’s extinction efficiency, here aerosol
scattering efficiency Qa, and its size distribution function fa. Qa is quan-
tified as the ratio of the aerosol scattering cross section σm to the particle’s
geometric cross section. i.e

Qa =
σm
πr2

(5.28)

fa describes the probability of the particle to have a certain radius within
r and r + dr. Qa is a function of radius r , refractive index n and the
wavelength λ and fa depends on r. A discussion on usage of different
particle distributions in practice can be found in D’Almedia et al. [1991].

The scattering by aerosols is in itself a very vast field of research as
the atmospheric aerosols are very diverse in size and shapes and require
a rigorous treatment in the radiative transfer models. Only the basic
definitions sufficient to explain the radiative transfer modeling are de-
scribed above. An important consideration in this area of research is to
include the non-sphericity of the aerosol particles in the simulations see
e.g Dubovik et al. [2002] and Olmo et al. [2006].

The aerosol scattering coefficient is given by

αm(λ) =

∫ ∞
0

πr2Qa(r, n, λ)fa(r)dr (5.29)

since the mixing and coagulation processes in the aerosol lifetime result
in an altitude dependent particle size distribution, therefore the above
integration for a particle has to be performed over the distribution.

For aerosol scattering, the phase function is also the function of the
size distribution, hence

P (θ) =

∫ ∞
0

P (θ, r)fa(r)dr (5.30)

5.5 Radiative Transfer Equation

For simulation of measurements from SCIAMACHY, a radiative transfer
model developed by Rozanov [2001] is used. As already discussed, the
interaction of radiance with the atmosphere may result in attenuating it
i.e. by extinction processes or it may increase its intensity as by the scat-
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tering into the direction under consideration or emission processes. For
the formulation of radiative transfer through the atmosphere, the pro-
cesses resulting in increasing the intensity are defined by a source function.
A general equation of radiative transfer expresses the change in intensity
of radiance due to both of these processes, obeying the energy conserva-
tion and is defined as

dI

ds
= ε
[
J(s,Ω)− I

]
(5.31)

where I denotes the radiance propagating through an infinitesimal area
of thickness ds along the path in the direction Ω. J represents the source
function.

J is the sum of the source terms for the diffuse radiation, i.e. from
scattering into the beam, the thermal emission (obeying LTE) and the
photochemical emission. In the UV-visible and NIR, the spectral range
where SCIAMACHY carries out the measurements, the contribution of
emission terms is much less than that of scattering making them insignif-
icant. In this case J depends on the scattering from different directions
into the considered elementary volume and can be formulated in terms
of phase function P , as

J(s,Ω) =
ω

4π

∮
P (~r,Ω,Ω

′
)I(~r,Ω

′
)dΩ

′
(5.32)

ω is termed as the single scattering albedo, which is a measure of contribu-
tion of scattering to the total extinction and is defined as the ratio of the
scattering coefficient to the total extinction coefficient. i.e.

ω =
αs
ε

(5.33)

In the right hand side of eq. 5.32, the normalized phase function de-
scribes the amount of radiation scattered for the radiation coming from
the direction Ω

′ into the direction of observation Ω, at point ~r, the in-
tegration is then performed for all solid angles to take into account all
directions.

The radiative transfer equation for absorbing and emitting medium is
now given by

dI

ds
= −εI + ε

ω

4π

∮
P (~r,Ω,Ω

′
)I(~r,Ω

′
)dΩ

′
(5.34)

In the Earth’s atmosphere, the radiation field can be split into two
components namely, the direct radiation i.e. the part that does not un-
dergo any scattering and the diffuse radiation i.e. radiation undergoing
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scattering, which may be single scattering or multiple scattering, hence

I = Idir + Idiff (5.35)

First considering the direct radiation, the radiative transfer equation
in this case can be written as

Idir
ds

= −εIdir (5.36)

which is clearly a first order differential equation with the solution giving
the Lambert Beer law

Idir = Idire
−(

∫ so
o εds) (5.37)

with the boundary condition that at the top of the atmosphere, the con-
stant of integration represents the extraterrestrial irrradiance Iirr travers-
ing along the direction of observation. It must be pointed out that in case
of solar radiation, Iirr is obtained as a product of solar flux Fo and the
dirac delta function with the condition that the sun is assumed to be of
infinitesimal size [Thomas and Stamnes, 1999].

Iirr = Foδ(es − eo) (5.38)

The integral
∫ so
o
εds in eq. 5.37 represents the radiation path through the

atmosphere and is usually termed as the optical depth denoted by τ , with
so as the total path length along the integration path. Thus

Idir = Iirre
(−τ) (5.39)

with
τ =

∫ so

o

εds (5.40)

For a radiative transfer model, ds signifies the height grid. In the refract-
ing atmosphere, refraction significantly changes the tangent height of the
line of sight. In such a case, the light ray entering from one height layer
i to next j making an angle θi to the perpendicular will cross into the the
layer j making an angle θj according to Snell’s law

sin θj =
nj
ni

sin θi (5.41)

where the refractive indices ni and nj for the two layers can be obtained
by the approximation given by eq. 5.26 and are wavelength, pressure and
temperature dependent.

ds =
dh

cos ψ̃
(5.42)
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ψ̃ is the local solar zenith angle for each path length element ds. Since
from bottom to the top of atmosphere, the tangent heights are taken step-
wise, mathematically a step function χ (of the form of Heaviside func-
tion) can be applied, therefore eq. 5.40 can be written as

τ =

∫ ht

hb

χ

cos ψ̃
εdh

′
(5.43)

dh = χdh
′
, χ = 2 for h′ > hg and χ = 0 for h′ ≤ hg

where the integration is performed from the bottom to the top of the at-
mosphere and hg is the geometric height, which for occultation is deter-
mined in terms of the SZA as

hg = (Re + ht) sinψ −Re (5.44)

Re is the radius of earth and ht is the given height from the surface with

ψ = arcsin
(hg +Re

ht +Re

)
(5.45)

SCIAMACHY performs horizontal scanning with a tangent height
step size of 3 km and it takes around 34 tangent heights to perform mea-
surements from 0 – 100 km.

For the computation of the source function, inserting eq. 5.35 in 5.32

J =
ω

4π

∫
PIdirdΩ +

ω

4π

∫
PIdiffdΩ

=
ω

4π

∫
PIirre

−τdΩ +
ω

4π

∫
PIdiffdΩ (5.46)

The first term on the right hand side of eq. 5.46 is clearly the single scatter-
ing source term Jss and the second one stands for multiple scattering Jms,
hence

J = Jss + Jms (5.47)

To solve the diffuse radiation field in the atmosphere, one has to solve
the radiative transfer equation as

Idir
ds

= ε
(
Jss + Jms − I

)
(5.48)

For occultation mode, the extinction processes along the line of sight
have to be taken into account for radiative transfer modeling and molec-
ular emission terms and multiple scattering is insignificant. The basic
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input to the radiative transfer i.e. the overall extinction coefficient at
any wavelength, pressure and temperature, εt(λ, P, T ) is obtained as a su-
perposition of summed molecular coefficients (eq. 5.2) and Rayleigh and
aerosol coefficients (eqs. 5.27 and 5.29 ) i.e.

εt(λ, P, T ) = αr(λ) + αm(λ) +

ng∑
i

nviσi(λ, P, T ) (5.49)

Meyer [2004] reports that using only the direct radiances, the mod-
elled transmissions match well with the measured occultation spectra
and tests have shown that the diffuse part, which constitute a fraction
of a few percent in the simulations, does not affect the retrieval results.
Moreover, same consideration still holds for moderate aerosol loading.
Therefore the retrieval from occultation measurements is performed tak-
ing into account the direct radiation.

The lunar radiance, Idir and the lunar irradiance Iirr is measured at the
instrument resolution, which is effected by the instrument’s characteris-
tics and for a multispectral instrument as SCIAMACHY, by the entrance
slit therefore these must be accounted for. This objective is achieved by
introducing the instrument apparatus function f(Ω) and the slit function
S(∆λ) in the radiative transfer eq. 5.39 as

Is(hi, λ) =

∫
Ω

∫
∆λ

f(Ω)Iirr(λ
′
)S(∆λ)e−τ(hi,λ

′)dλ
′
dΩ (5.50)

f(Ω) signifies the characteristics of the field of view in the occultation
mode and hence for f(Ω) the integration is performed over the field of
view Ω. The slit function also termed as instrument response function de-
fines the probability of recording an incoming photon of a particular
wavelength, relative to the photon of other wavelengths. The simulated
spectrum is convolved with the instrument slit function and for this the
integration is performed over the slit function width ∆λ = λ

′ − λ

To approximate the SCIAMACHY’s slit function, tests were performed
in the previous studies with different slit functions. The choice of the slit
function for SCIAMACHY depends upon the channel [Ahlers and Dob-
ber, 2000]. In this thesis, measurements from channel 6 are used, the suit-
able slit function for this channel is Gaussian and it is used for the retrieval
of water vapor from lunar occultation measurements. The Gaussian slit
function is given as

S(λ) = a1.e
−
[

(λo−λ)
a2

]2
+ a3 (5.51)
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Other slit functions used for SCIAMACHY are simple hyperbolic slit
function as

S(λ) =
a1

2

a2
2 + (λo − a3)4 + a4 (5.52)

and the compound hyperbolic function represented as

S(λ) =
a1

2

a2
2 + (λo − a3)2 +

a1
4

a2
2 + (λo − a3)4 + a5 (5.53)

The coefficients in the above equations signify the fit parameters and λo
denotes the central wavelength of the slit. The slit function is defined by
its width and the parameter representing it is the FWHM. The FWHM
for Gaussian slit function is calculated as 2a2

√
ln2. Previous occultation

studies have shown that the differences between all these approximations
are very small and the choice of any does not affect the retrieval.
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6
Retrieval Theory

The atmospheric remote sensing satellites observe radiations at specific
atmospheric conditions. The measurements are complex nonlinear func-
tions of the desired parameters. As mentioned in chapter 5, the deriva-
tion of a parameter or state from the known radiance involves simulating
the measurement and fitting the result to the original measurement em-
ploying an inversion scheme. The theory governing the radiative trans-
fer applied to the SCIAMACHY lunar occultation measurements is de-
scribed in the previous chapter. The objective of this chapter is to present
the inversion theory. This includes the introduction to the optimal es-
timation and regularisation. The chapter ends with an account of the
retrieval characterisation and the error analysis.

6.1 Vector Notations

In atmospheric remote sensing, often the vertical profiles of any species
or atmospheric component is intended. In this work, the vertical con-
centration profiles of water vapor are retrieved from SCIAMACHY lunar
occultation measurements. In this case, the measurements are discrete as
being carried out at certain spectral points for different tangent heights
in a given altitude range. The required parameter i.e. the water vapor
vertical profile is continuous and needs to be dicretised to formulate the
inverse problem. Mathematically, the required state is symbolized with a
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model state vector or simply the state vector x,

x =


x1

x2
...
xn


the subscript identifies n altitude or height level. Representing the obser-
vations, here the measured lunar spectrum, by the measurement vector y
for a total ofm (number of spectral points× number of spectra) measure-
ments,

y =


y1

y2
...
ym



6.2 Forward Model

Having the desired quantity discretised and the measurement vector de-
fined, the radiance being a response to the prescribed state of the atmo-
sphere is mathematically expressed in terms of a forward function f as

y = f(x,b) + ε (6.1)

where f accounts for the physical processes relating the state of the at-
mosphere to the measurement. ε indicates the measurement noise i.e. it
represents all kinds of measurement errors, which are assumed to exhibit
normal distribution. The vector b includes the set of model parameters
influencing the measurement as line strength, pressure broadening, tem-
perature, calibration parameters etc.. In reality, these model parameters
are only known to some accuracy. Uncertainties in such parameters may
lead to systematic errors.

The forward function can be approximated by a forward modelF , which
can be an algebraic or an algorithmic description. F characterizes the
measurement y i.e. predicts a measurement for a given atmospheric state.
Here, F symbolizes a numerical process providing simulation of the ra-
diative transfer. eq. 6.1 can now be written as,

y = F (x,b) + ε (6.2)
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Clearly, the model parameters included in vector b are a probable source
of random and systematic differences between the modelled and mea-
sured values of y. The error vector ε now incorporates the errors aris-
ing from the model calculations in addition to the measurement noise. It
must be noted that F , for most real problems e.g. the instrument response
function, is nonlinearly related to y. It also includes the instrument char-
acterization.

6.3 Optimal Estimation

The derivation of desired atmospheric parameters from the measured
signal is an inversion process and an accurate forward model is a key
to a successful retrieval [Melsheimer et al., 2005]. An inversion scheme has
to be applied to the measurement vector in order to get an optimal esti-
mate x̂ of the state vector x. From the above discussion it is clear that
the inverse problem is over-determined (since m�n), usually termed as
ill-conditioned or ill-posed. The inversion is thus formulated in the con-
text of optimal estimation to obtain the best estimate of the actual or true
state. The optimal estimation theory derived by Rodgers [1976, 2000] is
adopted in this study, allowing for the inclusion of a reference state of the
atmosphere xo or conversely an a priori xa.

Equation 6.2 is linearized with respect to the a reference state vector, xo,
which is taken from a collated climatology from independent measure-
ments or from models and represents the beforehand knowledge about
the atmosphere. The linearization is performed by using the Taylor series
expansion and neglecting its higher terms.

y = F (xo) +
∂F (x,b)

∂x
|xo(x− xo) + ε (6.3)

The differential on the right hand side of above equation is the Jacobian
matrix of F (x, b) referred to as a weighting function matrix K of dimen-
sions mxn. K is a linear forward model operator taking into account the
sensitivity of the forward model to a change in the state vector, or the
sensitivity of the measurement to the true profile. Thus, using xa as the
linearization point,

ŷ = y − ya = Kx̂ + ε = K(x− xa) + ε (6.4)

The above equation relates the measurement state vector ŷ and the model
state vector x̂. ya is the simulated a priori spectra. The inclusion of the
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a priori in the inverse problem characterizes a first order regularization
reflecting the climatological constraints. The linear inverse problem in
eq. 6.4 is solved by minimizing the quadratic cost function given by∥∥(y − ya)−K(x− xa)

∥∥2
S−1
y +

∥∥(x− xa)
∥∥2

S−1
a → min (6.5)

where the uncertainties in the measurement and the a priori are expressed
by the measurement covariance matrix, Sy and the a priori covariance matrix,
Sa respectively. Hence Sy represents the measurement noise for every
measurement and wavelength and Sa, the constraint matrix for the state
vector, reflects the uncertainties of the a priori height profiles i.e. the vari-
ability of the atmosphere. Sy is a diagonal matrix1 for which the diagonal
elements are squares of the relative random errors of the radiances mea-
sured by the instrument. Sa is rather a block diagonal matrix2 with the
diagonal elements representing the variances of the vertical distribution.
In the retrieval scheme used in this study, the off diagonal elements are
set using a correlation radius. For a given block in Sa, for a certain trace
gas, the off diagonal elements are given by,

Sa = σi′σi′′e
[
hi′−hi′′

rc
] (6.6)

σi′ and σi′′ are the variances of the trace gas under consideration, for the
height levels i′ and i′′ respectively. rc is the correlation length.

The minimization of eq. 6.5 gives

x̂ = xa + (KTS−1
y K + S−1

a )−1KTS−1
y (y − ya) (6.7)

The optimal solution is essentially found by applying some iteration, here
the Newton iterative scheme as described in Rodgers [2000] is used, which,
for an (i+1)th step, results in

xi+1 = xa + (KT
i S−1

y Ki + S−1
a )−1KT

i S−1
y

·(y − yi + Ki(xi − xa)) (6.8)

xa is chosen as a starting point of iterations xi. A convergence criterion
has to be applied to terminate the iterations.

The covariance matrix of the solution or the retrieval, S (smoothing error
and retrieval noise) is determined by the weighting function matrix and

1Here the diagonal matrix has uncorrelated errors for different altitude or height
levels and wavelengths.

2The off diagonal matrix here signifies that the vertical profiles of different trace
gases are uncorrelated and for any trace gas, the correlation exists only between adjacent
the height levels.
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the covariance of the measurement and the a priori, which results in

S = (KTS−1
y K + S−1

a )−1 (6.9)

From eq. 6.8, it is clear that when the contribution of the measurement to
the retrieval is less compared to the measurement error, then S approx-
imates Sa implying that the retrieval state is close to the a priori state.
If the measurement contributes more to the retrieval, it constrains the
retrieval and thus S decreases. The diagonal elements Si,i of S are the co-
variances of the retrieved profiles and are the indicators of the theoretical
precision σ̂i of the retrieval.

σ̂ =
√

Si,i (6.10)

6.4 Regularization Application

The inverse problems are generally sensitive to small perturbations that
may introduce unrealistic features and result in unstable solution. Such
perturbations cannot be explained by the real atmospheric conditions.
To stabilize the inversion in this regard, the retrieval schemes usually
apply an optimization approach suppressing the additive oscillations in
the retrieved parameter. In this work, the regularization term called the
Twomey-Tikhonov regularization [Tommey, 1963; Tikhonov, 1963; Tikhonov
and Arsenin, 1977] was implemented. It is also named in the literature as
the constrained linear inversion (e.g. in Puliafito et al. [1995]) and damped
least square method (e.g. in Menke [1989]). Tikhonov regularization was
introduced in the retrieval solution by extending the inverse of the a pri-
ori covariance matrix with Tikhonov matrix as

S−1
a → S−1

a + ST
t St (6.11)

This step constrains the smoothness of the retrieved profile x̂ forcing it
to a realistic desired state. In eq. 6.11, St = R indicates the first order
derivative matrix weighted by an appropriate parameter termed as a
Tikhonov parameter. A weak constraint will be unable to remove the ar-
tifacts introduced by any perturbation and a stronger one will result in a
loss of information. Therefore an appropriate value of the Tikhonov pa-
rameter has to be selected. For the retrievals from the SCIAMACHY oc-
cultation measurements, Twomey-Tikhonov regularization was first ap-
plied by Meyer [2004], also see Meyer et al. [2005]. Same approach was
used by Amekudzi [2005] in SCIAMACHY lunar occultation retrievals
according to which two Tikhonov operators T1 and T2 are used in the re-
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trieval algorithm for any trace gas. T1 is a constant replacing the inverse
of the a priori covariance matrix in order to enhance the direct influence
of the a priori. T2 is the first derivative operator chosen to implement
smoothing on the estimated profiles by controlling the deviation of xa
with respect to height hi. The regularization matrix R for T2 has the
form

R =



T2
h1−h2

T2
h2−h1

0
T2

h1−h3
0 T2

h3−h1
0

0 T2
h2−h4

0 T2
h4−h2

0

0 T2
h3−h5

0
. . .

0
. . .

. . .
. . .

. . . 0

0 T2
hl−hl−2

0 T2
hl−1−hl

T2
hl−hl−1


Inserting eq. 6.11 in eq. 6.5,∥∥(y − ya) −K(x− xa)

∥∥2
S−1
y +

∥∥(x− xa)
∥∥2

S−1
a

+
∥∥(x− xa)

∥∥RTR → min (6.12)

which defines that the quadratic cost function accounting for the regular-
ization of the retrieval.

6.5 Retrieval Characterisation

In eq. 6.7, defining D ≈ ∂x̂/∂y, it is clear that

D = (KTS−1
y K + S−1

a )−1KTS−1
y (6.13)

is the contribution function representing the sensitivity of the retrieval to
the measurement. Equation 6.13 describes the gain matrix, which shows
the sensitivity of the retrieved profile to the measurement.

The sensitivity of the retrieved profile to the true profile is given by
the averaging kernel matrix A i.e. A ≈ ∂x̂/∂x implying

A = DK = (KTS−1
y K + S−1

a )−1KTS−1
y K (6.14)

The averaging kernel matrix is a measure of the vertical resolution of the
retrieval that is defined on a certain height grid. The rows of the averag-
ing kernels represent the relative contribution of each element of the true
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state to retrieved parameter at a particular altitude. These contributions
are a source of smoothing error in the retrieval. For a given altitude of
the retrieval grid, the averaging kernels are peaked functions. The ver-
tical resolution is given by their width where a measure of the width at
a given height can be full width at half maximum (FWHM). The sum of
all elements of any row of the averaging kernel matrix is often termed as
the measurement response in the literature [Eriksson, 2000; Rodgers, 2000].
When it is close to unity, the observing system is sensitive to the true pro-
file i.e. the retrieval is determined by the measurement. Values less than
unity mean the a priori is influencing the retrieval plus some contribution
from the measurement error.

Using the expressions for A and D in eq. 6.8, the retrieval solution is
obtained1 as,

x̂ = xa + A(xt − xa) (6.15)

showing that the retrieved state vector for a certain altitude results from
the superposition of the a priori contribution and the deviation of the true
state from the a priori weighted or smoothed with the associated row of
the averaging kernel matrix.

6.6 Error Analysis

The theory of the retrieval scheme adopted for SCIAMACHY lunar oc-
cultation retrievals, explained above is based on the retrieval theory pre-
sented by Rodgers, (2000). The associated errors are essentially explained
by his associated theory of error analysis and are accounted in Amekudzi
[2005] as applied in lunar occultation studies. According to Rodgers, the
retrieval is given by the function,

x̂ = ξ(y, b̂, xa, c, ε) (6.16)

In addition to the quantities defined in the above sections, in eq. 6.16, ξ
denotes the retrieval method, b is the forward model parameter, b̂ is the
best estimate of b. c represents the parameters influencing the forward
model but are not included in it and are only the part of the inversion.

The retrieved state is related to the true state by

x̂ = ξ(F(x, b), b̂, xa, c, ε) (6.17)

1In eq. 6.7, inserting the value of D (from eq. 6.13), replacing y − ya with
K(x− xa), and x with xt, we get,
x̂ = xa + DK(xt − xa)⇒ x̂ = xa + A(xt − xa)
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Taking into account the forward model error as F = F + ∆f

x̂ = ξ(F(x, b),∆f(x, b, b′), b̂, xa, c, ε) (6.18)

Linearization of the above equation in terms of x = xa, b = b̂ and the
measured parameter, results in

x̂ = (A− I)(x− xa)+ DyKb(b− b̂)

+ Dy∆f(x, b, b′) + Dyε (6.19)

with Dy ≈ ∂x̂/∂y, and Kb ≈ ∂F/∂b. The first term in eq. 6.19 is the
smoothing error term, the second is the model parameter errors, the forward
model errors are embodied in the third term and the last part is the retrieval
noise. Some of these errors can be estimated easily and the others are
difficult to estimate as discussed below.

6.6.1 Smoothing Errors

In the absence of any errors, the smoothing error gives the difference
between the true and the retrieved state caused by the limited vertical
resolution. In this work, the regularization applied enhances the smooth-
ing source. The actual smoothing error is thus difficult to determine and
can only be roughly approximated. For the characterization of this er-
ror, the knowledge of the covariance of the real ensemble of states about
the mean state, Se is essential. The covariance of the smoothing error is
expressed as

Ss = (A− I)Se(A− I)T (6.20)

Se is not known in satellite retrievals, therefore the approximation of Ss
is achieved by taking Se = Sa. Practically, Ss is evaluated by running the
retrieval without regularization, implying Se is actually the covariance of
the ensemble of states about the a priori or the climatology. The square
root of the diagonal of Ss gives the estimate of the smoothing error. It
should be noted that the real climatology is not known. In principle,
much of the smoothing error can be in the fine spacial scales that may
never have been measured.
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6.6.2 Model Parameter Errors and the Forward Model
Errors

The model parameters errors and the forward model errors, DyKb(b− b̂)
and Dy∆f(x, b, b′) respectively, are usually categorized as the system-
atic errors, Ssys. An example of model parameter error source is the in-
put spectroscopic data. The main sources of forward model error are the
uncertainties in the model input parameters. The uncertainties in instru-
ment characterization and approximations in the forward model further
contribute to the total forward model error.

Theoretically, the covariance of forward model parameter errors, Ssys
is given by

Ssys = DyKbSb(KbDy)T (6.21)

where the forward model parameter b has covariance Sb with Kb its cor-
responding Jacobian matrix.

Evaluation of the forward model error requires the correct knowledge
of physics being modelled, which is not possible because of the complex
nature of atmospheric processes. Approximations as LBL or ESFT are
also the sources of these errors that can be estimated or dealt with via the
sensitivity studies as will be seen in the next chapter.

In general, the systematic errors in the retrieval arise due to uncer-
tainties in the spectral data, instrument pointing, the non-fitted interfer-
ing gases, calibration, temperature or the shift in spectra or the tangent
height.

6.6.3 Retrieval Noise

The retrieval noise Dyε is estimated by the square root of the diagonal of
the covariance matrix, Srand, (eq. 6.10), given by

Srand = DySyD
T
y (6.22)

and being classified as a random error, usually as in our case, is uncorre-
lated between different channels.
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7
Water Vapor Retrieval from Lunar

Occultation

The theoretical aspects underlying the radiative transfer and the inver-
sion, as applied in the retrievals from SCIAMACHY measurements are
described in the previous two chapters with a focus on occultation. This
chapter presents the procedure and the results of water vapor retrieval
performed in this study exploring the SCIAMACHY lunar occultation
measurements, using the retrieval scheme SCIATRAN. The adopted line
absorber treatment was the correlated-k employing exponential sum fit-
ting of transmission function (ESFT) approximation, instead of the de-
tailed line by line, LBL radiative transfer method since it saves enormous
computational time. For the weak absorbers as water vapor, which ex-
hibit highly structured spectra in the NIR, the choice becomes a challenge
and necessitates adequate optimization of the correlated-k and ESFT ap-
proach itself as demonstrated in this chapter.

Starting with an account of data processing, the chapter addresses
and discusses in detail the implementation of the retrieval scheme and
includes the explanation of the concepts of k-distribution, correlated-k
distribution and the ESFT approximation, which are pre-requisite to ap-
preciate the relevant studies presented here. A part of results shown in
this chapter are published in Azam et al. [2012].

7.1 Data

In this study, the lunar occultation measurements in SCIAMACHY level 1b
(L1b) product version 6.03 and 7.03, provided by ESA, was used. Vertical
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profiles of stratospheric water vapor were derived from 17 – 50 km in the
NIR spectral region, channel 6 of the spectrometer.

7.2 Wavelength Window

Figure 7.1: Spectral fit plot for the wavelength window 1350-1450 nm and
24 km tangent height: Red line is the measured water vapor differential
absorption spectrum. Green line is the corresponding modelled differential
optical depth. A strong CO2 absorption line is present around 1430 nm.
Wavelength section 1350 – 1420 nm was selected for the retrieval of wa-
ter vapor. [Measurement:- March 13, 2006, orbit=21085, SZA=109.137◦,
Moon phase=0.93].

The wavelength window available in the NIR region to retrieve the
SCIAMACHY lunar occultation water vapor profiles was 1350 – 1450 nm.
An example of the forward model spectral fit for this window is pre-
sented in fig. 7.1, at the tangent height of around 24 km corresponding to
the measurement on March 13, 2006, orbit number 21085, SZA, 109.137◦

and with a Moon phase of 0.93. It should be noticed that the differential
optical depths, DOD (y-axis) are plotted instead of the radiances for the
given wavelength region (x- axis). The computational attributes of these
spectra are explained in section 7.5.1. In the figure, the red line is the
measured differential spectrum and the green line signifies the modelled
differential optical depth using the absorption of H2O but not of CO2. As
clearly seen, the spectral window 1350 – 1450 nm contains a strong ab-
sorption around 1430 nm by CO2. To obviate any complexity arising from
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the radiative transfer method implied (correlated-k employing ESFT) in
treating two overlapping line absorbers in the same retrieval, the wave-
length section 1350 – 1420 nm was selected as the retrieval window.

Figure 7.2: Spectral fit plot for the selected wavelength window 1350-1420 nm
at the tangent height of 24 km for the same measurement as in fig. 7.1:
The measured water vapor differential absorption spectrum and its corre-
sponding modelled spectrum using the water vapor absorption is depicted
with the color notations similar to the above figure. A good fit is observed
at all wavelengths.

Figure 7.3: Residual plot corresponding to the same measurement and the spec-
tral fit as in fig. 7.2: The residuals signify the difference between the mea-
sured and the simulated differential transmitted spectra and are observed
to be less than 0.5 %.

Figure 7.2 shows the measured and the modelled differential optical
depths for the selected wavelength region 1350 – 1420 nm plotted with
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the same color notations as in fig 7.1 A good fit is observed at all wave-
lengths.

Figure 7.3 illustrates the residual plot associated to the fit depicted in
fig. 7.2. The residuals represent the differences between the measured and
the simulated differential spectra. As clearly seen, these are within 0.5 %
and are within the signal to noise ratio since it is estimated from the fit
residuals of the retrievals.

7.3 Data Processing

The raw data is the binary units from the detector module (telemetry
data). These are stored in level 0 products. It has to be treated for vari-
ous corrections or calibration as will be discussed shortly. Calibration is
necessary to convert the raw data to physical units. The calibrated data is
called the level 1 product. The application of calibration to the raw data
is termed as level 0 to level 1 processing. ESA provides the SCIAMACHY
spectra as so called L1b products, usually covering the measurement of
one orbit. The L1b data file contains the level 0 content, geolocations,
calibration parameters, quality indicators and instrument configuration
parameters. The calibration parameters for each measurement are de-
termined using both on-ground and in-flight calibration measurements.
The calibrations are applied by a command line tool named Scia_l1c sup-
plied by ESA. It extracts the calibrated radiances from the L1b data writes
the so called L1c product. In this work, the alternative applicator ’scia_nl1’
from the Netherlands Institute for Space Research (SRON) with the same
functionality as the official tool has been used. The specifications of the
tool can be found in the user manual from DLR, [2006].

The data extraction can be limited to a specific instrument state i.e.
type of data and a certain spectral range of a channel. The SCIAMACHY
data is classified into nadir, limb, occultation and the monitoring states. So-
lar occultation belongs to the occultation state. The lunar occultation is
stored as monitoring state. Monitoring dataset contains the calibration
measurements dedicated to monitoring and calibration of the instrument.
Historically lunar occultation measurements were primarily introduced
for this purpose.

The general steps or the options of calibrations available in scia_nl1
include signal processing (memory effect for channels 1 – 5, non-linearity
for channels 6 – 8, leakage current, pixel to pixel gain, etalon, stray light),
spectral calibration (wavelength calibration), polarisation and radiometric cal-
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ibration (instrument noise) [Gottwald and Bovensmann, 2011]. The tech-
nical aspects regarding these calibrations are detailed in the cited refer-
ences whereas the algorithmic procedures are documented in Algorithm
Theoretical Baseline Document (ATBD), [2008]. Here, the calibrations rele-
vant to the lunar occultation (monitoring phase) are introduced. These
are non-linearity, leakage current, stray light and spectral calibration. The
monitoring state cannot be corrected for polarization since the polariza-
tion fraction is not calculated for this state. The radiance calibration is
also not supported for this state.

a) Non-linearity: Channels 6 – 8 suffer from non-linearity, which is the
deviation in the detector response from a chosen linear curve and its
correction should be the first step in the calibration sequence. The
non-linearity correction derived during the on-ground campaign is
applied. The details regarding this issue can be found in Lichten-
berg et al. [2006].

b) Leakage current: The dark signal caused by thermally created elec-
tron hole pairs in the detector results in a leakage current. The leak-
age current has two components; the orbit phase independent part
and the orbital dependent part. The former is determined from the
orbital measurements on the dark side of the earth. The latter re-
sults from small thermal perturbations due to the change in illu-
mination along the orbit and is derived as a function of an orbit’s
phase. The correction for both components is applied by simply
subtracting the derived measurement of the leakage current from
the measured signal.

c) Stray light: Stray light is characterized for any pixel as a fraction of
the total measured intensity and is of two types, spectral stray light
and the spatial stray light. Spectral stray light is the light scattered
into a detector pixel from the surrounding wavelength. The source
of this light can be any reflection arising inside the instrument after
light is dispersed or an error in the diffraction grating grooves spac-
ing. Spectral stray light may distort the shape of the spectrum. The
spatial stray light is the light coming from outside the instrument
field of view (IFOV) and is relevant for the orbit phase at sunrise,
which occurs in the northern higher latitudes. The spectral stray
light calibration fractions are determined in-flight, using the stray
light calibration constants measured on-ground.

d) Spectral/Wavelength Calibration: Wavelength calibration means as-
signing a wavelength value to each detector pixel. The wavelength
calibration is derived at regular intervals using sharp emissions
lines of the internal spectral light source (SLS) for channels 1 – 5.
The infrared channels do not contain enough strong lines, for them,
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the Fraunhofer lines of the sun are used instead. A slight shift in
wavelength may also be observed due to a slight blocking of the in-
ternal spectral light source (SLS) measurements, called the blocking
shift. The blocking shift correction is also included in the wave-
length calibration data.

e) Bad/Dead pixels: The channels 6 – 8 contain bad or dead pixels due
to the lattice mismatch between the InP substrate and the light de-
tecting material of the of the detector i.e. InCnAs. The mismatch
occurs because the high amounts of Indium (In) in the light detect-
ing layer makes the lattice constant of this layer different than that
of the substrate on which it is grown. The consequences of the dead
pixels include disconnected pixels, different detected pixels for the
same intensity, excessive noise in the signal or a very high leakage
current. A bad and dead pixel mask (BDPM) is created on-ground
and has to be applied during the spectral extraction to remove the
dead pixels. The BDPM data is stored along with the polarization
and etalon correction data, which are not applied on lunar occulta-
tion.

7.4 Data Extraction

In this study, the raw lunar radiance spectra were calibrated for the cor-
rections a, b, c and d (specified in scia_nl1 as, 0, 1, 2 and 5, respectively).
Proceeding these corrections and calibration, the lunar spectra I(hi, λ)
were extracted for 13 tangent heights hi, between 17 – 50 km and, selecting
the 14th at 120 km as the reference spectrum, Iref(hi, λ).

For channel 6 of SCIAMACHY, the bad pixels have to be identified
before extraction. The dead pixels are located by plotting the radiance
vs. wavelength for any single measurement. After the identification, a
dead pixels mask is created and included in the extraction script. An il-
lustration is given in fig. 7.4, where the radiances for the measurement
on March 13, 2006, orbit number 21085, SZA, 109.137 and with the Moon
phase of 0.93 are plotted for 1350 – 1420 nm. The radiances correspond
to the tangent heights around 17, 21 and 24 km depicted in blue, green
and red respectively. The intensities of the radiances increase with alti-
tude, which is typical for the occultation measurements. In channel 6 of
SCIAMACHY, one pixel corresponds to a wavelength step of about 1 nm.
As obvious in the figure, the wavelength window 1350 – 1420 nm con-
tained two bad pixels 5630 and 5631 at 1367 nm and 1368 nm respectively,
emerging as an excessive noise at these wavelengths. These bad pixels
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were removed by indicating their corresponding wavelength segments
in the extraction script, thereby the clean spectra as shown in fig. 7.5
were obtained.

Measurement Intensity Plot
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Figure 7.4: Radiance vs. wavelength plot with bad pixels: The radiances, mea-
sured in Wm−2sr−1nm−1, are plotted for three tangent heights around
17 (blue), 21 (green), and 24 km (red). Two bad pixels 5630 and
5631 are observable as high noise at 1367 nm and 1368 nm respectively.
[Measurement:- March 13, 2006, orbit=21085, SZA=109.137◦, Moon
phase=0.93].

7.5 Retrieval Method

A robust and efficient radiative transfer and retrieval algorithm, SCIA-
TRAN, is implemented on SCIAMACHY measurements to retrieve the
atmospheric parameters from the ultraviolet to the near infrared region.
This algorithm was developed at the Institute of Environmental Physics,
University of Bremen [Rozanov, 2001], as an extension of the UV-Visible
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Measurement Intensity Plot
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Figure 7.5: A clean plot of radiance vs. wavelength (associated to fig. 7.4):
The radiances have units Wm−2sr−1mn−1. The wavelength segments
1367 nm and 1368 nm corresponding to the bad pixels numbers 5630 and
5631 were excluded from the selected window during extraction to obtain
a clean spectrum.

GOMETRAN radiative transfer model Rozanov et al. [1997]. For the pre-
sented retrieval, SCIATRAN version 3.0 was used. SCIATRAN comprises
two parts, a forward model i.e. a radiative transfer model (RTM) and a
retrieval part implementing an optimal estimation approach to invert the
measured spectra. The spectral absorption line features can be treated
in SCIATRAN using either the LBL method or the correlated-k distribu-
tion employing ESFT approach (see section 7.5.2), both of these are im-
plemented in its algorithmic scheme. The retrieval scheme for the ESFT
approach is illustrated in the flowchart in fig. 7.6 elaborating the forward
model and the retrieval or inversion part. The forward model serves to
simulate the spectra using input parameters as initial profile, viewing
angles, pressure and temperature and also computes the weighting func-
tions. The cross sections are taken from the ESFT database for the RTM
calculations. The retrieval part calculates the difference between the sim-
ulated spectra and the measurement and applies optimal estimation tak-
ing in the a priori information, the S/N and the Tikhonov regularization
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parameter. The details of the scheme will be explained in the forthcoming
sections.

The implementation of SCIATRAN for the retrieval of trace gases from
SCIAMACHY occultation measurements are documented in detail in the
previous works of Rozanov [2001], Meyer [2004] and Amekudzi [2005].

7.5.1 SCIATRAN: Radiative Transfer Part

The forward model or the radiative transfer part takes input parameters
as initial water vapor profile, viewing angles, pressure and temperature
distributions, cross sections and instrument slit function and simulates
the lunar transmitted radiance. The ESFT database is calculated, at the
given temperature and pressure, from the HITRAN database [Rothman
et al., 2009] that contain individual absorption lines information. The
SCIATRAN forward model performs two functions, namely, simulating
the transport of radiation through the atmosphere and computing the
weighting functions.

The measured radiance I(hi, λ) is given by eq. 5.50, with the optical
depth, τ calculated according to eq. 5.43. The measurements are carried
out at the instrument resolution, which is 3 – 4 km for occultation. The
radiative transfer simulations were performed covering the whole spec-
tral range of 1350 – 1450 nm for 14 tangent heights including the reference
height selected at 120 km.

As seen in chapter 5, by definition, the weighting functions express the
variation or the response of the measured radiance, δI(hi, λ) or δI(ψi, λ),
to the change in some atmospheric parameters, here vertical profile of
water vapor concentration, ni at any altitude hi under consideration.
The weighting functions are elements of the matrix K, (from eq. 6.4),
and hence are mathematically represented as the derivatives of I(ψi, λ)
with respect to the relative water vapor concentration ni

W (ψi, λ, ni) =
δI(ψi, λ)

δni
ni (7.1)

It must be noted that, in the above equation, the relative weighting func-
tions are obtained. These give the contribution of the radiance of a spe-
cific layer of the atmosphere to the total radiance above the atmosphere
measured by the satellite.

δI is related to the variation in the water vapor number density pro-
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file as

δI(ψi, λ, ni) =

∫ ht

hb

W (ψi, λ, ni)δni(h
′)dh′ (7.2)

SCIATRAN allows for analytical computation of the weighting function
in the RTM. The weighting functions are derived along with the radiance
simulations since the calculation of both require knowledge of the same
parameters. The first step is to compute the variation in radiance due to
the change in the water concentration as

δI(ψ, λ, n(h)) = I(ψ, λ, n(h) + δn(h))

−I(ψ, λ, n(h)) (7.3)

Using equations eq. 5.43 and eq. 5.49 in eq. 5.50, and then inserting in
the above expression results in

δI(ψ, λ, n) = −
∫

ht

hb

dh′δn

∫
Ω
dΩ

f(Ω)

cosψ̃(h′,Ω)
χ(ψ, h′,Ω)∫

∆λ
dλ
′
S(∆λ)Iirr(λ

′
)eτ(ψ,Ω,λ

′
)σ(λ) (7.4)

Comparison of eqs. 7.2 and 7.4 leads to the expression for the weighting
functions

W (ψi, λ, ni) = −
∫

Ω
dΩ

f(Ω)

cosψ̃(h′i,Ω)
χ(ψ, h′i,Ω)∫

∆λ
dλ
′
S(∆λ)Iirr(λ

′
)eτ(ψ,Ω,λ

′
)σ(λ, h′i) (7.5)

Since the radiance variation with respect to the change in water vapor
concentration is calculated at discrete altitude levels, converting eq. 7.2
to a discrete form gives

δI(ψi, λ, ni) =
l∑

i=1

Wl(ψi, λ, ni)
δn(hi)

n(hi)
qi (7.6)

where qi are the coefficients of the applied integration.

The Differential Optical Depths, DOD

In this study, as mentioned before, the spectral fitting method used for the
forward model calculations was based on the differential optical depths
(DOD) instead of radiances themselves [Rozanov et al., 2000, 2005]. This
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took into account the logarithm of the measured radiances. The loga-
rithms increase the linearity of the inverse method applied later, thereby
reducing the linearisation errors [Hoogen et al., 1999; Rozanov et al.,
2011]. A fitted third order (low order) polynomial P(3) in wavelength
λ was then subtracted to limit the effect of the broad band features; re-
ducing the influence of systematic errors in the simulated spectra and
the calibration errors in the retrieval [Rozanov, 2001]. This whole ap-
proach was applied to the measured radiance at each tangent height i,
the radiance at the reference tangent height of 120 km and the simulated
radiances. The differential spectra for the measured lunar radiances are
expressed as

Ĩi(λ) = ln
[
Ii(λ)

]
− P (3)

= ln
[
Ii(λ)

]
−

3∑
j=0

cjλ
j (7.7)

For the reference spectrum, the differential spectrum is obtained in the
same way

Ĩref(λ) = ln
[
Iref(λ)

]
− P (3)

= ln
[
Iref(λ)

]
−

3∑
j=0

cjλ
j (7.8)

In the above eqs. 7.7 and 7.8, i and j represent the tangent height and
polynomial indexes respectively and c is the coefficient of the polyno-
mial. To obtain the differential optical depth symbolizing the measure-
ment vector, the differential spectra were divided by the reference spec-
trum (at 120 km altitude). This implies, numerically

yi =
Ĩi(λ)

Ĩref(λ)
(7.9)

where yi stands for the ith element of the measurement vector y. Again,
the simulated differential optical depths Ĩsi defining the forward model
were obtained as

ysi =
Ĩsi (λ)

Ĩsref(λ)
(7.10)
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The weighting functions were also transformed to the differential form
as mentioned above, hence

W̃ =
1

Isi (λ)
Wi −

1

Isref(λ)
Wref −

3∑
j=0

cjλ
j (7.11)

Shift and Squeeze Correction

The effect of errors resulting from wavelength calibration and Doppler
shift etc. can be reduced by applying a shift and squeeze correction. Such
correction of individual spectra improves wavelength misalignments be-
tween weighting functions, radiances and reference spectra. In the pre-
sented study, the correction was carried out by implementing a non linear
least square method, with iterations, where the following quadratic form
for each tangent height was minimized∥∥Ĩs

i (λ) +
∑
n W̃

n
i (λ)∆αn

αn − Ĩi(λ) + Ĩref(λ)− (bsh − bsqλ)
δĨsi (λ)

δλ

−(b
′

sh − b
′

sqλ)
δĨref (λ)

δλ

∥∥2 → min (7.12)

In the above equation, Ŵ n
i (λ) are the vertically integrated weighting

functions with the scaling of the vertical profile as ∆αn/αn, a constant
for each layer. n stands for the retrieval parameter index, which is 1 here.
bsh and bsq are the shift and squeeze parameters at a given tangent al-
titude. This pre-processing step by SCIATRAN improved the residuals.

Figure 7.7 illustrates the effect where the root mean squares of the
residuals are plotted for the whole range of tangent heights without the
shift and squeeze correction (in red) and with the correction implemented
during the pre-processing step (in green). The plot corresponds to the
measurement on March 13, 2006, orbit, 21085, SZA, 109.137◦ and Moon
phase, 0.93. As clearly seen, the implementation of the shift and squeeze
correction improves the residuals specially for the lower stratospheric
tangent heights.

7.5.2 SCIATRAN: Retrieval Part

The theoretical aspects of the retrieval are explained in chapter 6. This
involves solving the inverse problem, employing optimal estimation to
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Figure 7.7: Root mean square (rms) residuals vs. tangent height plot: The red
line represents the rms residuals without shift and squeeze correction. The
green line is for the rms residuals with the shift and squeeze correction
applied at pre-processing. The correction is observed to improve the resid-
uals, especially the lower stratospheric tangent heights. [Measurement:-
March 13, 2006, orbit=21085, SZA=109.137◦, Moon phase=0.93].

get the desired parameter, and applying Newton iterative scheme for the
convergence of the solution.

The state vectors x and xo introduced in the previous chapter defining
the required water vapor concentrations n at the tangent heights hi can
be written as

xo =


n(h1)
n(h2)

...
n(hi)

 and x =


n(h1) + δn(h1)
n(h2) + δn(h2)

...
n(hi) + δn(hi)

 (7.13)

the index i represents the total number of tangent heights. The estimated
quantity, here the water vapor vertical profile, designate the relative dif-
ference from the a priori, thus the estimated profile vector, x̂ is obtained
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as

x̂ =


δn(h1)/n(h1)
δn(h2)/n(h1)

...
δn(hi)/n(hi)

 (7.14)

The vectors y and yo for the measured and the simulated radiances
are written in the similar manner for the given wavelengths k and differ-
ent tangent heights hi, thus

yo =



I(h1, λ1)
...

I(h1, λk)
...

I(hi, λ1)
...

I(hi, λk)


and y =



I(h1, λ1) + δI((h1, λ1)
...

I(h1, λk) + δI((h1, λk)
...

I(hi, λ1) + δI((hi, λ1)
...

I(hi, λk) + δI((hi, λk)


(7.15)

clearly the measurement state vector ŷ = y − yo is then given by

ŷ =



δI(h1, λ1)
...

δI(h1, λk)
...

δI(hi, λ1)
...

δI(hi, λk)


(7.16)

and keeping eq. 7.6 in view, the linearisation operator K, i.e the averag-
ing kernel matrix with the weighting functions as components is written
as

K =



W1(h1, λ1)q1 . . . Wi(h1, λ1)qi
...

...
W1(h1, λk)q1 . . . Wi(h1, λk)qi

...
...

W1(hi, λ1)q1 . . . Wi(hi, λ1)qi
...

...
W1(hi, λk)q1 . . . Wi(hi, λk)qi


(7.17)

As shown in the flowchart in fig. 7.6, the retrieval section can be di-
vided into two parts. In the first part, the difference between the mea-
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sured and the simulated spectrum is calculated. The second part takes
in the parameters as a priori, signal to noise ratio and Tikhonov regu-
larization and applies optimal estimation on the result from the former,
composing the vertical profile of water vapor. The optimizations related
to the signal to noise ratio and Tikhonov regularization parameter etc.
will be discussed in the next section. The initial profile obtained is fed
back to the forward model part where the simulation and the weighting
function computations are performed again. A number of iterations are
carried out. The convergence to terminate the iterations is achieved when
the measurement residuals, yi - y, are sufficiently small or the retrieved
profile does not change any more. The final retrieval profile, approximat-
ing the atmospheric state was thus obtained.

7.5.3 SCIATRAN: Line Absorber Treatment

As mentioned above, the line absorbers treatment was carried out us-
ing correlated-k method employing ESFT approximation. For a histori-
cal and theoretical perspective into the technique, see e.g. Wiscombe and
Evans [1977] and the references therein, and Zdunkowski et al. [2007].
Both, LBL radiative transfer and the fast correlated-k scheme employing
ESFT are discussed below.

LBL Radiative Transfer

The LBL radiative transfer is a monochromatic method involving compu-
tations of radiance for each frequency in a selected wavelength window.
The radiances are then integrated over this region. This procedure has to
be repeated for all atmospheric layers. In the NIR region, the absorption
spectra of most absorbing gases as water vapor contain highly structured
and dense rotational-vibrational absorption bands. This implies that the
LBL computation ought to be performed with a sufficiently fine grid or
spectral resolution (0.001 nm/line or less is recommended) to accurately
reproduce and represent the absorption cross section spectrum and to
perform correct radiative transfer calculations. The application of radia-
tive transfer to the whole spectrum range of the presented retrieval (i.e.
1350 – 1420 nm) at a resolution sufficient to capture the complex patterns
of water vapor absorption will require several thousands of monochro-
matic LBL computations. It must be pointed out that the LBL method
has the ability to parametrize the fine molecular absorptions structures
with a good accuracy and is assumed to be a true representative of the
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reality compared to the ESFT. The accuracy of the LBL method is directly
related to the extent of our knowledge of the interaction of matter with
energy [Kratz, 1995]. LBL requires substantial computing time owing to
the rigorous computations [Buchwitz, 2000]. Therefore ESFT is preferred
over LBL. When LBL is used in SCIATRAN, the line parameters as line
intensities, line locations etc. are taken from the spectroscopic database
HITRAN 2008. Mathematically, in general the absorption cross sections
for simple LBL computation are expressed as in eq. 5.3, rewriting it,

kλ(p, t) =
∑
i

Si(t)fi(λ, p, t) (7.18)

where p and t are pressure and temperature, respectively. Si is the line in-
tensity for the ith absorption line and fi(λ, p, t) stands for the line shape
factor. For a homogeneous path (constant pressure and temperature), the
spectrally mean transmission over the spectral averaging interval ∆λ can
be approximated as

T∆λ(m) =

∫
∆λ

[
exp(−kλm)

] dλ
∆λ

(7.19)

here m is the absorber molecules per unit area (number density×path
length).

k-distribution Concept

For most of the trace gas, the absorption cross sections, at a certain pres-
sure and temperature, are irregular function of the wavelength and a
specific value of the cross section occurs frequently over the given wave-
length range. For the sake of understanding, consider such a case as a
simple diagram as shown in fig. 7.8 where the absorption cross sections
are sketched for some wavelength interval. The absorption cross sections
are denoted with the red line in the figure. Now, consider a horizon-
tal slab of thickness dk within k − dk/2, k + dk/2, marked with grey
lines. It is evident in the figure that the same values of k(p, t) occur a
number of times over the given segment. The same k(p, t) values are in-
dicated in the figure with green bars. In the applications as atmospheric
remote sensing, the average values of any parameter as transmission are
obtained, which take the instrument characteristics into account. This
means the number of calculations can be greatly reduced by introduc-
ing the concept of probability distribution of cross sections based on the
strength of absorption. The absorption cross sections originally sampled
on the fine wavelength grid can be sampled according to their size in each
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Figure 7.8: Graphical illustration of the k-distribution concept: The absorption
cross sections k are shown by the red line for a certain wavelength interval.
For a given segment dk between k − dk and k + dk depicted in grey,
same values of k occur a number of time indicated by green bars. This
gives rise to the concept of k-distribution, sampling the k values according
to size instead of the fine wavelength.

of the averaging subinterval, ∆λ of the given wavelength range. Thus
the integration over wavelength in eq. 7.19 can be replaced by integra-
tion over the absorption cross sections. Let the probability distribution
function of absorption cross sections be represented by h(k). h(k)dk de-
fines the fraction of ∆λ containing the absorption cross sections between
k − dk/2 and k + dk/2. By definition of probability distribution func-
tion satisfies the normalization∫ ∞

0

h(k′)dk′ = 1 (7.20)

The mean transmission in eq. 7.19 may be rewritten as

T∆λ(m) =

∫ ∞
0

[
exp(−km)

]
h(k)dk (7.21)

which now depends on h(k).

As a further simplification, the k-distribution in the above equation
can be expressed in terms of the cumulative probability distribution func-
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tion, g(k), (see e.g. Lacis and Oinas [1991]; Fu and Liou [1992]; Yang et al.
[2000]; Li and Barker [2004]). g(k) forms a cumulative probability space
and k(g) are the absorption cross sections in this space. The relation be-
tween g(k) and k(g) is sketched in fig. 7.9 where the k(g) are smoothly
increasing in g(k) space, which were previously highly variable func-
tions in the wavelength space. g(k) gives the fraction of ∆λ for which
the absorption cross sections values are less than k. As obvious in the fig-
ure, k(g) and g(k) are inter convertible. At any ith node of g, the value
of the absorption cross section will be ki

Figure 7.9: Graphical illustration of the cumulative probability distribution of
the absorption cross sections: g(k) forms a cumulative probability space
and k(g) are the smoothly increasing function in this space (sketched in
red). g(k) and k(g) are related as dg = h(k)dk.

g(k) =

∫ k

0

h(k)dk (7.22)

With g(0) = 0 and g(∞) = 1, the above eq. 7.22 implies that dg = h(k)dk.
Inserting these values in eq. 7.21 gives

T∆λ(m) =

∫ 1

0

[
exp(−kgm)

]
dg (7.23)

Correlated-k Concept

For non homogeneous paths (different pressure and temperature), Lacis
and Oinas [1991] extended the concept of cumulative-k distribution us-
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ing the assumption that at different temperature/pressure in the atmo-
sphere, the cumulative probability distribution of the absorption cross
sections are correlated [Kratz et al., 1998]. It must be noted that in reality
the correlated concept is not completely valid but the high correlations
make it quite a significant approximation. Fu and Liou [1992] were the
first to verify the correlated assumption to be sufficiently accurate for
most of the radiative transfer applications. In addition, the correlated-k
distribution can be integrated into the radiative transfer schemes dealing
with multiple scattering, clouds and aerosol particles.

Figure 7.10: Graphical illustration of the correlated-k approach: The absorp-
tion cross sections are shown in red for two different values of temper-
ature and pressure, (p, t) and (p′, t′) respectively. For the values of
λ at points 1,2 and 3 on the upper curve and 1′, 2′ and 3′ on the
lower curve, the correlated-k concept can be applied, provided, kλ1(p, t)
= kλ3(p, t) ; kλ1(p

′, t′) = kλ3(p
′, t′) and kλ1(p, t) > kλ2(p, t) ;

kλ1(p
′, t′) > kλ2(p

′, t′).

The correlated-k assumption is graphically pictured in fig. 7.10 show-
ing k values at two different temperatures and pressures i.e. k(p, t) and
k(p′, t′), sketched in red. In the correlated-k distribution technique the
spectral subinterval, which is often expressed in the literature as ∆λc−k,
is binned according to the strength of absorption. The binning is based
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on the observation that the maxima and minima of absorptions in differ-
ent layers coincide spectrally. In the figure, kλ1(p, t) at point 1 has the
same value as kλ3(p, t) at point 3. Same is the true for kλ1(p

′, t′) and
kλ3(p

′, t′) at 1′ and 3′. And, kλ1(p, t) > kλ2(p, t) holds at the points
1 and 2 and kλ1(p

′, t′) > kλ2(p
′, t′) for 1′ and 2′. The transformation

of the correlated-k distribution to g space are thus similar for all the alti-
tudes under consideration and the radiative transfer computation can be
performed with the same constant binning or sorting for all atmospheric
layers under consideration.

Since the binned k(g) form a smooth curve, this further allows for
the approximation of the continuous integral by a numerical summation
with a smaller number of correlated-k values. The computational effi-
ciency depends on the resolution chosen for the g-space [Kratz et al.,
1998]. An adequately fine g-space resolution is required in order to re-
solve the sharply peaked k, e.g. for the case of weak absorbers with fine
structures as water vapor. The resolution of g-space is thus of utmost
importance to optimize the number of k values and subsequently in re-
ducing the computing time. The optimization method of choice in this
case is the ESFT approximation. It is an approximation of integrating
the transmissions across a given spectral region as elaborated in the next
section.

ESFT Radiative Transfer

By definition, ESFT is a method of fitting the transmission functions by
exponential sums to calculate the spectrally integrated radiative fluxes
[Kratz et al., 1998]. The approximation was first applied by Hunt and
Grant [1969] to study infrared absorption and scattering problems. Vari-
ous approaches of ESFT have been in practice, the most popular among
all is the non-linear least square fit technique, see e.g. Wiscombe and
Evans [1977].

In the ESFT method, for any line absorber, the spectral mean trans-
mission (in eq. 7.23), is approximated by a fit to a sum of exponentials
i.e. a quadrature (numerical summation) of n absorption cross sections
ki at quadrature nodes gi and corresponding weights wi. Following the
definition from Buchwitz et al. [2000], the weights represent the fraction
of the spectral subinterval covered by ki. In the context of ESFT, ki are
termed as ESFT absorption coefficients or the ESFT coefficients and from
now onwards the same convention will be followed in the text.

The implementation of correlated-k using ESFT approximation method
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in SCIATRAN is discussed in detail in Buchwitz [2000]. The ESFT coef-
ficients are determined using the non-linear least square fitting (NLLS)
technique. This involves, determining a set of n ESFT coefficients, ki and
the weights wi in a given ∆λc−k, at a certain pressure and temperature,
keeping k(g) as the only free fit parameter, thereby iteratively minimiz-
ing the following expression for a certain path length segment as

[T∆λc−k,ref(m)− T∆λc−k,ESFT (m,n, k, w)]2 (7.24)

where k = k1, k2, .....kn and w = w1, w2, .....wn.
The first term, T∆λ,ref(m) in the above expression, represents the refer-
ence mean transmission as a function of m, derived from high resolu-
tion LBL realizations to which the ESFT parameters are fit. The reference
LBL cross sections are taken from the HITRAN spectroscopic line param-
eter database. The term exponential sum fitting of transmission functions
originates from solving the above expression [Buchwitz et al., 2000].

During radiative transfer calculations, the instrument characteristics
have to taken into account (see eq. 5.50). The selected transmission av-
eraging interval, ∆λc−k, should be significantly smaller than the FWHM
of the instrument function making the spectral resolution of the chosen
computation much finer than the instrument resolution so as to gener-
ate the representative coefficients. On the other hand, ∆λc−k should be
larger enough to reduce the computation burden.

The ESFT transmission is now given by

T∆λc−k,ESFT (m,n, k, w) =
n∑
i=0

wi
[
exp(−kim)

]
(7.25)

where ki = k(gi) andwi > 0. Furthermore, asm→ 0, T∆λc−k(m)→ 1,
hence

∑
iwi = 1.

For different spectral ranges of SCIAMACHY’s channels, the ESFT
databases have been created for different line absorbers. A datafile for a
given absorber encompasses large spectral coverage for a given range of
pressure and temperature. The files are structured as containing a large
number of coefficients computed for a given wavelength range with a
certain wavelength step. Plus, they contain the pressure and temperature
grid and the pre-defined weights for the selected quadrature nodes at
which the ESFT coefficients have to be used during the retrieval. For the
retrievals using SCIATRAN, employing ESFT technique, the databases
are used for the desired wavelength window and the altitude range (ge-
ometry), specified in the input files of the scheme. The computation time
of the retrieval using ESFT approach is strongly dependent on the num-
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ber of nodes. An addition of one node doubles the computation time.

As stated above, the LBL radiative transfer is assumed to be a true
representative of the reality. In the case of ESFT, the resultant profiles
essentially depend on the choice of the pressure, temperature and the
component weight grid, used for computation of absorption coefficients.
The uncertainties introduced by the ESFT method can be identified by
comparing with the retrieval by using LBL. Different less detailed mod-
els have quite often been compared in the previous studies with the LBL
method to evaluate their accuracy. The retrieval of a large quantity of
SCIAMACHY lunar occultation water vapor measurements is not prac-
tical using LBL, owing to the immense computational burden it renders.
The LBL - ESFT comparison can be performed for a selected number of
measurements, hence optimizing the ESFT retrieval.

In a given wavelength range, a number of overlapping line absorbers
may be present. The correlated-k approach can be extended to the over-
lapping line absorbers by combining the coefficients determined indi-
vidually for each gas, assuming the existence of a certain spectral cor-
relation between them (see Isaacs et al. [1987]; Firsov et al. [1998] and
the references therein). In a certain spectral region, the degree of cor-
relation may vary from complete correlation, partial correlation to anti-
correlation. Buchwitz [2000] proposed and implemented a scheme in
SCIATRAN, termed as the α-mixing scheme, to take care of any arbi-
trary correlation of the monochromatic absorption cross sections of the
individual gases. This scheme employs linear mixing of the two radi-
ance terms assuming correlation and anti-correlation of the absorbing
gases. For an extensive detail into this subject, the reader is referred to the
above mentioned reference or Buchwitz et al. [2000]. α-mixing scheme
was applied to few bands of the large SCIAMACHY spectral coverage,
e.g. the scheme was applied and validated for the H2O and CO2 over-
lap in a small 1425 – 1445 nm band, H2O and O2 in 1230 – 1310 nm and
to the H2O and CH4 overlap in the region of 1760 – 1720 nm. Because
of the unavailability of such a scheme for the water vapor wavelength
window of 1350 – 1450 nm that contains a strong absorption line around
1430 nm, the wavelength region 1350 – 1420 nm was selected for retrieval
of stratospheric water vapor from SCIAMACHY lunar occultation mea-
surements in the presented study. For the retrievals performed on the
SCIAMACHY measurements in different geometries, using SCIATRAN,
there is a need for further expansions and development of the correlated-
k and the ESFT techniques or similar approaches as well as the mixing
schemes for overlapping gases along with their extensive validation, to
greatly benefit from the advantages of these methods, which is itself a
separate area of research.
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In the field of atmospheric remote sensing, in the radiative transfer
community, the correlated-k and the ESFT techniques are progressively
ongoing topics of research. The recent developments include: success-
fully extending the correlated-k to a full spectral region obviating the
need of wavelengths bands thereby performing the re-ordering or sorting
of the spectrum for the entire wavelength range (see Hogan [2010]) and,
an attempt to solve three dimensional radiative transfer problems (in-
cluding clouds) selecting the optimal k-intervals for the correlated-k dis-
tribution technique using a new type of ESFT. In this new technique, only
the weights are involved in the fitting procedure because of the strong
dependence of the absorption coefficients on the weights, for details (see
Cao et al. [2011]).
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8
Sensitivity Studies and Optimizations

This chapter highlights the important sensitivity studies and the opti-
mizations carried out during the course of the work. To retrieve a high
quality product of vertical profiles of water vapor, the SCIATRAN scheme
has to be tuned for the optimal values of the input parameters to the for-
ward model as well as the inversion scheme. The key input parameters
dominantly influencing the result are: choice of the proper slit function,
signal to noise ratio, Tikhonov parameter value and the ESFT databases.
Some of the results are also published in Azam et al. [2012].

8.1 Slit Function

To account for the finite resolution of the instrument, the simulated radi-
ance is convolved with an appropriate instrument slit function. In the
ESFT technique, the internal wavelength grid for convolution is read
from ESFT database for RTM calculations. In the presented study of
the retrieval, the 1240 – 1560 nm database for water vapor is based on
a pre-defined internal wavelength step 0.2 nm. A Gaussian type slit func-
tion was used among the options provided in the SCIATRAN that in-
cludes box car and simple hyperbolic, see section 5.5. 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 lim-
ited, the value of the FWHM was optimized with respect to the fit resid-
uals. The value of FWHM or the HWHM giving minimum residuals was
selected.

Fig. 8.1 plots the rms of residuals for different values of the slit func-
tion half width and half maximum, HWHM, ranging between 0.55 –
0.75 nm, for the ESFT as well as LBL retrieval (since LBL retrieval is used
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Figure 8.1: The rms Residuals vs Slit function half width at half maximum
(HWHM) plot: Here, the rms of the residuals signify the average of val-
ues for all tangent heights, plotted for different values of HWHM ranging
between 0.55 till 0.75 nm. The rms values for the ESFT retrieval are illus-
trated in green, and the LBL retrieval for two values of spectral resolutions
i.e. 0.005 nm and 0.001 nm in red and orange respectively. The values are
minimum around HWHM of 0.65 nm (depicted by the dotted grey line)
for the ESFT and the LBL retrievals. [Measurement:- March 13, 2006,
orbit=21085, SZA=109.137◦, Moon phase=0.93].

in optimizing the ESFT retrieval) performed using the measurement on
13 March, 2006, orbit number 21085, and with SZA, 109.137◦ and the
Moon phase of 0.93. Here, the rms residuals represent the average of
values for all tangent heights. The rms values resulting from the ESFT
method are plotted in green where the internal wavelength step for con-
volution is read from the ESFT database, which is 0.2 nm as stated earlier.
The results from the LBL approach are plotted in red and orange for the
internal wavelength step or spectral resolution of 0.005 and 0.001 nm re-
spectively. A finer resolution of 0.001 nm, as recommended in the litera-
ture for the LBL computations is observed to give smaller residuals and
was selected for the LBL retrieval tests. The rms residuals were found
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to be minimum at the slit function half width at HWHM of 0.65 nm, de-
picted by the dotted grey line, for all the three curves, which corresponds
to the FWHM of 1.30 nm.

Figure 8.2: The rms residuals vs slit function HWHM plot for all tangent
heights 17 – 51 km: The rms residuals are displayed for different HWHM
values between 0.55 – 0.70 nm. Each curve correspond to a tangent height
level, color coded as depicted on the right side of the figure. The first up-
per left panel shows the results for all tangent heights. The rest of the
panels show the curves for different tangent heights with increased reso-
lution of the scales. The minimum residuals are observed as; at HWHM
∼0.65 nm for 17 – 27 km, ∼0.66 nm between 28 – 39 km and HWHM
value ∼0.67 nm for 42 km onwards. The plots correspond to the same
measurement as in fig. 8.1.

As a further investigation, when the rms residuals for individual tan-
gent heights from around 17 to 51 km are plotted using either ESFT or
LBL approach for different HWHM values, the slit function HWHM cor-
responding to the minimum rms residuals shows a slight increase with
increasing altitude. Figure 8.2 demonstrates this effect for the ESFT re-
trieval where the rms residuals are plotted for whole tangent height range.
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The first upper left panel illustrates the rms values for all the tangent with
the color code depicted at the right side of the figure. The rest of the pan-
els show these values by increasing the scale resolution of the plots for
the sake of clarity. It can be seen that for 17 – 27 km, the minimum of
rms residuals fall at the HWHM of 0.65 nm, from 28 till 39 km, the mini-
mum values correspond to 0.66 nm and from 42 km onwards, the HWHM
value for the minimum rms residuals is 0.67. In SCIATRAN, a fixed value
of HWHM has to be specified for all tangent heights, thus the HWHM
value corresponding to the minimum of the average rms residuals for all
heights i.e. 0.65 nm (fig. 8.1) was selected as the optimal value.

8.2 Signal to Noise Ratio (SNR)

Ideally the signal to noise ratio (SNR) is calculated from the noise of the
measurement. However, currently the one given in the L1b product is
known to be inaccurate especially for the monitoring states as used here.
For this study, the signal to noise ratio (S/N) was estimated from the fit
residual of the retrieval at the preprocessing step instead of using any
constant value that may not have been optimal for the retrieval.

8.3 Tikhonov Parameters

The smoothness of the retrieval profile was constrained by implementing
Tikhonov regularization (eq. 6.11). This implies selecting an appropriate
Tikhonov parameter value to obtain a realistic profile. A wide range of
values were examined for the retrieval. Figure 8.3 displays the water va-
por number density profiles plotted (in six panels in different colors) for
the tested values of the Tikhonov parameters. The black line in each plot
signifies the apriori profile. The value 0.0 in upper left panel means that
the profile (depicted in magenta) is obtained without applying the reg-
ularization. The values examined for the retrieval range from 1.5 till 5.5
with an increment of 1.0. It is easy to observe from the visual analysis
of the plots that the lower values, i.e. 1.5 and 2.5 (second and third plot
from left in the upper panel profiled in orange and green respectively)
are unable to remove the oscillations in the profiles, which are unrealistic
features (see section 6.4). On the other hand, the higher Tiknonov values
as 4.5 and 5.5 (fifth and sixth profile in the lower panel from left plot-
ted in blue and pink respectively) give quite a smooth profile essentially
causing loss of information. The profile resulting from the smoothing pa-
rameter value of 3.5, depicted in red at the lower left panel highlighted in
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Figure 8.3: Water vapor number density profiles for different Tikhonov parame-
ters: The profiles resulting from different Tikhonov values are plotted with
different colors. The black line in each panel is the a priori profile. The
plot in the upper left panel (in violet) is the profile without applying this
smoothing correction. The Tikhonov parameter 3.5 is observed to be an
appropriate value, preventing loss of information and giving a realistic
profile (plotted in red). [Measurement: 13 March 2006, orbit=21 085,
SZA=109.137, Moon phase=0.93].

grey, appears to be the lowest value necessary to remove the oscillations.

Since, the Tikhonov parameter has a direct influence on the theoret-
ical errors of the retrieval (eqs. 6.9 and 6.10), the effect of the different
Tikhonov values on the retrieval errors was investigated as a further step
towards the optimization under consideration. Figure 8.4 shows the the-
oretical errors for the tested values of 1.5 till 5.5. In this figure, same
color notation is used as in fig. 8.3 for the resulting error profiles. It can
be seen that the lower the Tikhonov value is, the higher are the retrieval
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Figure 8.4: Theoretical error profiles corresponding to the profiles in fig. 8.3 (ex-
cept for 0.0): The error profiles are plotted with the same color notation as
the number density profiles. The errors are observed to be within a reason-
able range for the Tikhonov value of 3.5.

errors. The retrieval errors using the Tikhonov value of 1.5 for exam-
ple, are on the average around 30% and with 5.5, they are about 10%.
From figures 8.3 and 8.4, one can conclude that the higher values of the
smoothness parameter cause loss of information keeping the errors low
while the lower values are unable to remove the oscillations and intro-
duce errors. The averaging kernels corresponding to the retrievals using
the tested Tikhonov values are shown in Appendix C. Basically, the aver-
aging kernels reflect the information content in the profile. With smaller
values, the smoothing parameter cannot remove the oscillations, which
can also be seen in the measurement response. Higher smoothing pa-
rameter values cause loss of information, which is clearly noticeable in
the averaging kernels as it makes the kernels smaller. Conclusively, the
Tikhovov parameter of 3.5 proved to be a good optimization for smooth-
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ing, which keeps the smoothing realistic, errors low and give the optimal
averaging kernels.

8.4 Optimization of the Correlated-k ESFT
Retrieval

The quality of the retrieval using correlated-k ESFT or calling it ESFT for
the sake of simplicity, was assayed by intercomparison of the selected
profiles retrieved from the ESFT and the LBL method. Different ESFT
grids can be created for the water vapor window 1240 – 1560 nm and in-
vestigated for some set of selected retrievals. The ESFT results can be
compared with the corresponding profiles obtained using the LBL ap-
proach, in order to seek the best ESFT retrieval giving results closest to
those obtained from LBL. This involves adapting/compiling SCIATRAN
for each trial and then performing the retrievals. This step is intuitive as
the first investigation of the accuracy of the ESFT retrieval. LBL is a stan-
dard used to compare and analyse the results from less detailed models
because theoretically LBL is the true representative of reality.

The lunar occultation spectra were retrieved for the measurements
falling in one randomly selected year, 2008. With the objective of evaluat-
ing the agreement between the results from the ESFT approach and those
from LBL, different grids of pressure (P), temperature (T) and coefficients
(C) (or conversely weights (W) since the coefficients are used at a certain
number of pre-selected quadrature nodes with certain weights for each
pressure and temperature) were used for the analyses. The notations of
coefficients and the weights are interchangeable. The aim here is to opti-
mize the ESFT retrieval according to LBL without delving into an exten-
sive investigation of the ESFT database/grids or the sampling, which is
beyond the scope of this study. Table 8.1 lists the summary of the ESFT
grids tested in this study, specifying the number of P, T and the C for each
case. All these grids were created for the 1240 –1560 nm water vapor win-
dow for which 1600 bins are extracted at an internal wavelength step of
0.2 nm. Tables 8.2 and 8.3 give details of two investigated grids for the
configurations A and F in table 8.1, specifying their P, T distribution and
the weights (W) of the selected quadrature nodes. The grids for the rest
of the configurations of table 8.1 are listed in Appendix D.

Each ESFT grid was created for the pressure range 1.00 × 10−2 –
1.05 × 103 hPa and with the temperatures lying within 1.60 × 102 –
3.30 × 102 K. The pressure and temperature limits corresponding to the
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altitude range 17 – 50 km, for the water vapor profiles retrieved in this
study fall well within these ranges. The 17 km height corresponds to the
pressure of around 79.60 hPa and the 50 km is about the 2.0 hPa. Within
the stratosphere, the temperature changes from 2.20× 102 to around
2.70× 102 K.

Table 8.1: Pressure, Temperature and Coefficients Database Grids: ESFT re-
trieval was performed using different pressure, temperature and coefficients
grids. Each row specifies the number of pressures (P), temperatures (T) and
coefficients (C) (or weights) for a grid. In all, 6 grid were investigated. Con-
figuration C and D differs only in the distribution of pressure levels.

Pressures Temperatures Coefficients (or weights)

A 10 6 10
B 20 9 10
C 32 9 10
D 32 (diff.grid) 9 10
E 32 22 10
F 32 22 15

Explaining table 8.2 for instance, the listed grid was created at 10
pressures (hPa) and 6 temperatures (K), for the water wavelength win-
dow 1240 – 1560 nm with 1600 bins. This implies that, for 10 P and 6 T,
1600×10×6 = 9600 coefficients are extracted. The selected nodes of the
quadrature points are designated by the weights in this table at which the
ESFT coefficients are used in the radiative transfer computations. Like-
wise is the interpretation for the rest of the tables D.1 to D.4 shown in
appendix D and the table 8.3 listed here. One may use a grid with a large
number of P and T or their respective distributions without effecting the
computation time but for the nodes or weights, 5 to 15 is a typical amount
since as already stated, augmenting their number adds to the commuta-
tion burden. The largest grid investigated in this study, contained 32 P,
22 T and 15 C (see table 8.3).
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Table 8.2: Pressure, Temperature and Coefficient Grid of the ESFT database for
the configuration A in table 8.1

(1) 1.000× 10−2 (2) 1.000 (3) 10.000
(4) 1.000× 102 (5) 3.000× 102 (6) 5.000× 102

Pressure [hPa] (7) 7.000× 102 (8) 9.000× 102 (9) 1.000× 103

(10) 1.050× 103

Temperature [K] (1) 1.600× 102 (2) 2.100× 102 (3) 2.500× 102

(4) 2.750× 102 (5) 3.000× 102 (6) 3.300× 102

(1) 3.33357× 10−2 (2) 7.47257× 10−2 (3) 1.09543× 10−1

(4) 1.34633× 10−1 (5) 1.47762× 10−1 (6) 1.47762× 10−1

Weights (7) 1.34633× 10−1 (8) 1.09543× 10−1 (9) 7.47257× 10−2

(10) 3.33357× 10−2

Table 8.3: As in table 8.2 for the configuration F in table 8.1
(1) 1.000× 10−2 (2) 1.500× 10−2 (3) 2.200× 10−2

(4) 3.200× 10−2 (5) 4.8000× 10−2 (6) 7.000× 10−2

(7) 1.020× 10−1 (8) 1.500× 10−1 (9) 2.190× 10−1

(10) 3.200× 10−1 (11) 4.680× 10−1 (12) 6.840× 10−1

Pressure [hPa] (13) 1.000 (14) 1.462 (15) 2.138
(16) 3.127 (17) 4.572 (18) 6.686
(19) 9.777 (20) 14.30 (21) 20.91
(22) 30.57 (23) 44.70 (24) 65.37
(25) 95.58 (26) 1.398× 102 (27) 2.044× 102

(28) 2.989× 102 (29) 4.370× 102 (30) 6.391× 102

(31) 9.345× 102 (32) 1.366× 103

(1) 1.600× 102 (2) 1.800× 102 (3) 2.000× 102

(4) 2.100× 102 (5) 2.150× 102 (6) 2.200× 102

(7) 2.250× 102 (8) 2.300× 102 (9) 2.350× 102

Temperature [K] (10) 2.400× 102 (11) 2.450× 102 (12) 2.500× 102

(13) 2.550× 102 (14) 2.600× 102 (15) 2.650× 102

(16) 2.700× 102 (17) 2.750× 102 (18) 2.800× 102

(19) 2.850× 102 (20) 2.900× 102 (21) 3.000× 102

(22) 3.300× 102

(1) 1.53766× 10−2 (2) 3.51830× 10−2 (3) 5.35796× 10−2

(4) 6.97853× 10−2 (5) 8.31346× 10−2 (6) 9.30805× 10−2

Weights (7) 9.92157× 10−2 (8) 1.01289× 10−1 (9) 9.92157× 10−2

(10) 9.30805× 10−2 (11) 8.31346× 10−2 (12) 6.97853× 10−2

(13) 5.35796× 10−2 (14) 3.51830× 10−2 (15) 1.53766× 10−2
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The comparisons of the water vapor profiles retrieved using different
ESFT grids with those obtained implying LBL, for the year 2008, are pre-
sented in fig. 8.5, featured in different colors. The plot shows the mean of

Figure 8.5: The LBL – ESFT comparison for the year 2008: ESFT retrieval per-
formed at different grids with different number and distribution of P, T,
and C and the resulting profiles compared with LBL. The results are shown
as the mean relative differences, (LBL-ESFT)/LBL.

the relative difference between the LBL and the ESFT profiles where the
relative difference is obtained as

Relative difference = (LBL− ESFT)/LBL (8.1)

For the first examined grid having configuration A (table 8.1) with
10 P, 6 T and 10 C (listed in table 8.2), the mean LBL – ESFT relative dif-
ference (plotted with orange line) is about 5% in the lower stratosphere,
extending to 20% around 35 km and becoming 10% in the upper strato-
sphere. It is obvious from the analysis of the figure that increasing the
number of P or T grid points had less impact on the results. The LBL –
ESFT mean relative differences with two grids with 32 P, 9 T and 10 C but

112



8.4. Optimization of the Correlated-k ESFT Retrieval

different distribution of pressures (as laid down in table D.4 and D.2),
plotted in dark and light blue respectively, add to the above conclusion.
On the other hand, the grid with more coefficients or weights, depicted
in table 8.3, containing 32 P, 22 T and 15 C, for which the mean relative
differences are plotted in pink, evidently brings the two techniques in a
very good agreement. With this grid, the large LBL – ESFT difference,
appearing with all other grids, in the middle of the stratosphere is re-
duced from 15 – 20% to well within 3.5%. The significant improvement
is directly attributed to increasing the weights or conversely quadrature
nodes, which is basically a refining of the so called sampling of coeffi-
cients. Conclusively, the configuration F gives 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. Therefore the configuration
F was selected to be used in the radiative transfer computations with
correlated-k employing ESFT approximation.

8.4.1 The Pressure and Temperature Source

For the current retrieval, the initial guess and a prior along with the tem-
perature and pressure were taken from the US Standard Atmosphere clima-
tology,[1976]. A substitute source of pressure and temperature, termed as
climatology could be the European Centre for Medium-Range Weather
Forecasts, ECMWF re-analysis dataset. ECMWF dataset are produced
from; a multitude of global or regional atmospheric models, and, the
global re-analysis datasets derived from both models and observations
[Yu et al. [2010] and the references therein]. The sensitivity of the re-
trieval to the temperature and pressure source can be investigated. For
this investigation, the retrieval was performed with each, i.e. US Stan-
dard and the ECMWF as input and the results were compared as por-
trayed in fig. 8.6. In the figure, the water vapor number density profiles
retrieved using each of the climatology sources under consideration are
plotted along with the relative difference among the results. The plots
correspond to the measurement on 13 March, 2006, orbit number 21085,
and with SZA, 109.137◦ and Moon phase of 0.93. On the left plot, the
black line is the a priori, the profile with US Standard climatology is plot-
ted in green and the one obtained with ECMWF, in red. The number
densities on the x-axis are plotted on the logarithmic scale. The relative
difference (US Standard – ECMWF/ US Standard) is depicted on the right
in blue. It is clear from the comparison that on the average, the difference
is below half a percent. The large dataset used in the validation of ACE-
FTS (chap. 9) was also examined for the influence of the pressure and the
temperature source. Changing the climatological source did not exhibit
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Figure 8.6: Water vapor retrieval with US Standard and ECMWF climatolo-
gies (pressures and temperature): On the left; the number density profile
with US Standard as input climatology plotted in red and the one with
ECMWF is plotted in green. The number densities on the x-axis are in
log. scale. The black line depicts the apriori for either case. On the right;
the relative difference US Standard – ECMWF/ US Standard profiled in
blue. The agreement is well below 0.5% on the average.

any difference for the whole altitude range, 17 – 50 km, of the retrieval.
Nevertheless, in this study, US Standard was used in the retrieval since
it provided the pressure and temperature for each profile of the SCIA-
MACHY luar occultation water vapor dataset.

8.4.2 Averaging Kernels

The sensitivity of the retrieved profiles to the true profile is given by the
averaging kernels (see eq. 6.14). An example of the averaging kernels for
SCIAMACHY lunar occultation water vapour retrieval results is shown
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Figure 8.7: Averaging kernels, theoretical errors and the measurement response
plot: The left panel shows the averaging kernels and the right panel
shows the theoretical errors (red line) and the measurement response func-
tion (blue line) [13 March 2006, orbit=21 085, SZA=109.137, Moon
phase=0.93].

in the left panel in fig. 8.7. The plot corresponds to the measurement
on 13 March, 2006 from orbit number 21085, with SZA, 109.137◦ and the
Moon phase of 0.93.

The averaging kernels as defined in eq. 6.14 were based on the 1 km
grid SCIATRAN used for radiative transfer calculations, depicted with
the color code on the right side of the averaging kernel plot. The aver-
aging kernels of several altitudes have peaks at the same level due to the
difference between SCIAMACHY’s vertical sampling (around 3 – 4 km)
and the retrieval grid (1 km). The vertical resolution is infact character-
ized or limited by the retrieval grid of 1 km. In general, the averaging
kernels have sharp peaks indicating high sensitivity of the retrieval for
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the whole altitude range.

In the left panel, the theoretical errors or the theoretical precision
(eq. 6.10) determined by the retrieval noise is plotted in red. On the
average, the theoretical precision of the retrieved water vapor profile is
around 15 – 20%. The best precision is found at the altitudes of the mea-
surements as expected.

The consideration of the differential optical depths instead of the ra-
diances during the forward model computations reduced the effects of
several errors e.g. the systematic errors (which include calibration errors,
see section 6.6) introduced by the forward model, its parameters, and
the linearisation errors arising from the retrieval. The systematic errors
or the biases introduced by using the ESFT approximation are effectively
reduced in this study by the simple optimization with the ESFT grids
using results from LBL.

The response function (explained in section 6.5), plotted in blue, in
the right panel of fig. 8.7 shows that, between 17 and 47 km, the retrieval
profile is determined only by the measurement (measurement response
≈ 1). Above 47 km there is some contribution from the a priori (measure-
ment response < 1), which can be explained by loss of the sensitivity of
the measurement to the small amount of water vapor number density at
those altitudes.

8.5 Example of the Water Vapor Number
Density Profile

From the sensitivity studies and the optimization described above, the
OE algorithm is optimized to get a final high quality product, i.e. the
SCIAMACHY lunar occultation water vapor number density profiles (ver-
sion 1.0) in molec./cm3 for the southern polar stratosphere from 17 –
50 km for the years, 2003 – 2011, is obtained. Figure 8.8 gives an ex-
ample of the retrieved profile (plotted in green), for the measurement on
10 January 2009, selected here because of its collocation with ACE-FTS,
MLS and MIPAS measurements. The number densities on the x-axis are
plotted on the logarithmic scale since in the stratospheric altitude range
under consideration, the water vapor profile shows exponential decrease
with altitude. The grey line is the a priori. The correlative ACE-FTS, MLS
and MIPAS are also plotted in the figure in different colors. The water va-
por volume mixing ratios (vmr)(see next chapter) from these four instru-
ments were converted to the number densities using the temperatures
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and pressures measured by these instruments. The number densities
were then interpolated to the retrieval altitude grid of SCAIAMACHY
measurements for comparison. A thorough analysis on the quality of the
retrieval will be presented in the next chapter.

Figure 8.8: An example of the retrieved SCIAMACHY lunar occultation wa-
ter vapor profile from 10 January 2009, orbit number 35889. For this
measurement three collocations are found with ACE-FTS (ss29145), MLS
(T505691134), MIPAS (35894). The number densities on the x-axis are
plotted on the log. scale.
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9
Interpretations and Validations

This chapter is devoted to the validations and comparison results of the
SCIAMACHY lunar occultation water vapor profiles, it highlights find-
ings of this study and presents the interpretations. Part of the results are
published in Azam et al. [2012]

SCIAMACHY lunar occultation water vapor profiles are obtained for
the stratospheric altitudes of 17 – 50 km over the southern mid and high
latitudes encompassing the years 2003 – 2011.

9.1 PSCs Occurance Evidence

The yearly data span is for January – June, on the average, with occa-
sional profiles obtained for November and December owing to the cov-
erage limitations and the implied quality criteria as described in sec-
tion 4.5.4 (see fig. 4.6). The SCIAMACHY lunar occultation coverage
does not allow for the studies related to heterogeneous chemistry, the
harbinger of ozone destruction. Yet, the water vapor product obtained in
this study offers great potential for the analysis of polar vortex evolution,
dynamics and its end and the analysis of PSCs as a prospective outlook
of this study.

The retrieved SCIAMACHY lunar occultation water vapor dataset
has shown evidences of PSCs occurrences starting in May and June, when
the PSCs are formed at the cold core of the polar vortex. It is important
to point out that with the limb scatter observations of SCIAMACHY, the
PSCs can be detected from July till October for the southern latitudes.
Collectively, with limb and lunar occultation, the PSCs can be studied
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from the onset till their sedimentation i.e. their evolution and microphys-
ical properties can be investigated.

The PSCs occurrences can be inferred from the temperatures corre-
sponding to a retrieved profile. Since they typically form at the altitude
levels around 15 – 25 km, the temperatures conforming to the thresholds
described in section 3.3.1 (∼195 K or less for type I PSCs and∼187 K for
type II) predicates their presence. In this study, the ECMWF reanalysis
data corresponding to the SCIAMACHY water vapor profiles were used
as the source of temperature information. Moreover, the PSCs contami-
nation at the relevant altitudes modifies the water vapor radiance spectra
since the PSCs act as scatterers of radiation and thus effect the measured
radiance [von Savigny et al., 2005].

Figure 9.1: An example of average SCIAMACHY lunar occultation water va-
por spectra for the wavelength window 1350 – 1420 nm: The radiances,
measured in Wm−2sr−1nm−1 are plotted for 13 tangent heights around
17 – 50 km according to the color code displayed on the right hand side of
the figure. In occultation, the radiances normally increase with increasing
altitude. [Measurement:- May 1, 2007, orbit=27012, SZA=96.87◦, Moon
phase=0.98].

Figure 9.1 gives an example of an average lunar occultation water va-
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por radiance spectra for the clear sky conditions, in the window 1350 –
1420 nm for 13 tangent heights between 17 – 50 km, plotted in different
colors according to the color code displayed on the right. These spec-
tra emanate from the measurement on May 1, 2007, orbit number, 27012,
SZA, 96.87◦ and with Moon phase, 0.98. For the occultation geometry,
the radiances increase with altitude as featured in the figure. The tem-
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Figure 9.2: The temperature and the number density profiles corresponding to
fig. 9.1: For the temperature profile plotted on the left in green, the infor-
mation is taken from the ECMWF reanalysis data. The right side depicts
the water vapor number density profile, in red, whereas the black line is
the a priori profile (x-axis is on the log. scale). The temperatures are fairly
above the threshold of PSCs formation between 17 – 25 km.

perature profile (from the ECMWF data as mentioned above), and the
water vapor number density plots corresponding to the above figure are
shown in fig. 9.2 on the left (in green) and right (in red), respectively. As
clearly seen, at the altitude levels of 15 – 25 km, where, the PSCs can be
expected, the temperatures are around 205 K, i.e. above the threshold of
their formation.

Figure 9.3 illustrates an example of the spectra contaminated with
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the PSCs according to the implied temperature criteria and presents an
evidence of spectral modification by the PSCs. The radiances plotted in
the figure correspond to the measurement on May 15, 2008, orbit num-
ber, 32457, SZA, 103.59◦ and Moon phase of 0.82. The radiances at the
tangent altitudes 21 – 27 km are observed to be stronger than the one
around 50 km. The temperature profile associated to this plot is given in

Figure 9.3: An example of SCIAMACHY lunar occultation water vapor spec-
tra for the wavelength window 1350 – 1420 nm, contaminated with the
PSCs: The radiances, with units Wm−2sr−1nm−1 are plotted for 13 tan-
gent heights as in fig. 9.1. At the tangents altitudes of 21 – 24 km, the
radiances are higher than the one recorded around 50 km [Measurement:-
May 15, 2008, orbit=32457, SZA=103.59◦, Moon phase=0.82].

fig. 9.4 where the SCIAMACHY water vapor number density profile is
also shown as before. The temperature at 17 km is about 195 K, and then
falls to 187 K till 27 km thus verifying the formation of both types of PSCs.
The scattering of solar light by the PSCs in the line of sight is a plausible
explanation for the enhanced radiances recorded at 21 – 27 km.

The SCIAMACHY lunar occultation water vapor product from 2003 –
2011 comprised around 2146 profiles out of which about 382 were found
to exhibit evidences of PSCs, during the months of May and June for
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Figure 9.4: The temperature and the number density profiles corresponding to
the fig. 9.3. The temperatures are about 195 K at 17 km, and 187 K after-
wards till 27 km verifying the formation of type I and type II PSCs at the
respective altitudes (fig. 9.3).

the whole timespan, based on the implied temperature threshold and the
indication of spectral modification. These cloudy events were eliminated
during the validation of the lunar occultation product.

9.2 Validations

To assess the quality of the SCIAMACHY lunar occultation water va-
por profiles, the validation was performed with collocated measurements
from the satellite instruments ACE-FTS and HALOE, which are occul-
tation instruments and MLS and MIPAS, that perform measurements
in the limb geometry. The lunar occultation water vapor product was
also compared with the collocated water vapor profiles derived from
SCIAMACHY limb observations. Within the SCIAMACHY lunar occul-
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tation coverage, i.e. 56◦S – 89◦S, no in situ or ground station was found
to provide water vapor measurements at the stratospheric altitudes be-
tween 17 – 50 km. The French-Italian base in the inner Antarctic continent
named Concordia (75.06◦S, 123.21◦E), measures tropospheric water va-
por profiles from 0 – 10 km using a 183GHz microwave radiometer called
HAMSTARD-Tropo (personal communication, 8 February, 2010, Ricaud
et al. [2012]) and for their stratospheric water vapor sounding, the work
on the 22GHz HAMSTARD-Strato is still ongoing.

The SCIAMACHY lunar occultation water vapor profiles were ob-
tained in number densities (molec./cm3) where as the other instruments
provided the water vapor vmr (section 8.5). For the validation purpose,
the vmr from the four instruments were converted to number densities
N , using the expression

N =
vmr · P
k · T · 1010

(9.1)

here here k = 1.380658 ·10−23, the Boltzmann constant. The pressure P
and the temperature T in the above equation were taken from the mea-
surements made by the respective instruments. The calculated number
densities were then interpolated to the retrieval altitude grid (1 km) of
SCAIAMACHY lunar occultation profiles for comparison statistics.

A coincidence search was performed between SCIAMACHY lunar
occultation and the other instruments. In case of the four instruments,
ACE-FTS, HALOE, MLS and MIPAS, it was based on the criteria of se-
lecting all the measurements within the maximum collocation radius of
1000 km and with maximum time difference of 12 hours between SCIA-
MACHY overpass and the correlative measurements from these instru-
ments. These criteria were settled in order to obtain sufficient amount
of collocations, considering the fact that the lunar occultation measure-
ments are sparse. On the other hand, for the comparisons with the SCIA-
MACHY limb product, the selected collocation criteria were 500 km ra-
dius and 6 hours time difference since in the SCIAMACHY measurement
sequence, the occultation events begin where the limb measurements
stop.

In general, the origin of the differences between the different data sets
may include,

a) Inconsistency of absorption cross sections and line parameters in dif-
ferent wavelength regions,

b) Difference in radiative transfer and geolocation,

c) Diurnal variations as some of the instruments measure at different
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time of the day.

Since the above mentioned subjects are not quantified, the comparisons
of the SCIAMACHY lunar occultation water vapor vertical profiles with
those from the other instruments were performed showing the following
statistics and terminologies:

Relative Mean difference, rmd: It is computed as the mean of the rela-
tive difference between individual profiles from the SCIAMACHY
and the other instrument weighted by the average of those profiles.

First, at each altitude grid point, the relative difference between the
individual measurements is calculated. Denoting the lunar occul-
tation profiles by x and its counterpart by y, and specifying the
retrieval altitude grid point of SCIAMACHY by i, the relative dif-
ference, rdi is

rdi =
(xi − yi)

(xi+yi)

2

(9.2)

then the rmd is calculated as,

rmdi =
1

N

N−1∑
j=0

rdi,j (9.3)

where N is the number of coincidences. rmd gives an estimate of
the general bias of SCIAMACHY lunar occultation to the other in-
strument and reflects the systematic differences between the instru-
ments.

Standard deviation of the relative mean difference, rmd std.: It is the
standard deviation of the ensemble of relative mean differences.

(rmd std.)i =

√√√√ 1

N − 1

N−1∑
j=0

(rdi − rmdi)2 (9.4)

rmd std. gives an insight into the variability of the individual com-
parisons and the degree of randomness.

Bias standard error, bias std. err.: The standard error of the bias is the
standard deviation of the ensemble divided by the square root of
the number of coincidences.

(bias std. err.)i =
(rmd std)i√

N
(9.5)
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bias std. err. validates the significance of bias between the instru-
ments. It is considered significant if zero is outside the range of rmd
std. ± bias std. err..

9.2.1 ACE-FTS

The Atmospheric Chemistry Experiment Fourier Transform Spectrom-
eter, ACE-FTS, is one of the two solar occultation instruments aboard
Canadian Scientific Satellite mission, SCISAT-1, launched in 2003 at an
altitude 650 km with an inclination 74◦ and is operating since 2004. The
other instrument is a dual grating UV-Vis-NIR spectrometer known as
ACE-MAESTRO (Measurement of Aerosol Extinction in the Stratosphere
and Troposphere Retrieved by Occultation) [McElroy et al., 2007], it is
also capable of making near-nadir solar backscatter measurements like
the GOME instrument aboard European ERS-2 satellite. ACE-FTS works
in the NIR window, from 2 – 13µm [Bernath, 2005] making upto 30 obser-
vations per day (15 at sunrise and 15 at the sunset relative to the satellite’s
position). The instrument records spectra with a resolution of 0.02 cm−1

from which temperature, pressure, and the vmr of the atmospheric con-
stituents as O3, H2O, CH4, N2O, NO2, NO, HNO3, N2O5, ClONO2, HCl,
CCl2F2, CCl3F, HF, and CO are derived. The retrieval strategy involves
the determination of temperature and pressure from CO2 transitions and
using them to obtain the trace gas profiles [Nassar et al., 2003].

The water vapor vmr profiles are derived for 5 – 90 km using the 60
microwindows in 950 – 975 cm−1 and 1360 – 2000 cm−1 regions. The lati-
tude coverage of ACE-FTS is 85◦S – 85◦N. The vertical resolution of ACE-
FTS is consistent with that of SCIAMACHY lunar occultation, which is 3
– 4 km [Carleer et al., 2008].

For the presented study, ACE-FTS version 2.2 water vapor product
was used. According to the reference cited above, the comparison of this
version of ACE with various ground based and space borne instruments
have shown that ACE-FTS is biased positive (wet bias) in the order of 3 –
10% between 15 – 70 km.

Comparison

With the collocation criteria described above and for the period of 2004 –
2009, 302 coincidences were found in all, for both the sunrise and sunset
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Figure 9.5: SCIAMACHY and ACE-FTS mean water vapor number density
profiles at 17 – 50 km, for the 302 collocation found for 2004 – 2009: The
black line is the mean of the SCIAMACHY coincident events and the pink
line depicts the ACE-FTS mean profile. The x-axis is on the log. scale.
Compared to SCIAMACHY, the mean values of ACE-FTS shows a slight
wet bias.

ACE-FTS events. The mean of the collocated SCIAMACHY lunar occul-
tation and the ACE-FTS water vapor profiles are shown in fig. 9.5 where
the black line is the mean of the SCIAMACHY lunar occultation water
vapor events and that for the ACE-FTS coincidences is represented by
the pink line. A slight positive bias is observed in ACE-FTS mean profile,
which can be attributed to the wet bias of ACE-FTS as stated above.

The statistics for the SCIAMACHY-ACE comparisons are plotted in
fig. 9.6 for the retrieval altitude range of 17 – 50 km. The SCIAMACHY-
ACE rmd (the central solid pink line) are 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. (the dashed pink lines) are
within 5 % from 17 to 29 km and increase to 7 – 10 % from 30 to 50 km. The
wet bias in ACE-FTS water vapor measurements is also seen by SCIA-
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MACHY lunar occultation measurements. The bias std. err. (denoted by
black bars) is very small , in general 0.04 %, since the number of coinci-
dences is large. Therefore the bias is significant. From the statistics, it can
be concluded that the SCIAMACHY-ACE agreement is good being well
within the reported biases of ACE-FTS.

Figure 9.6: SCIAMACHY-ACE comparison statistics for the period 2004 –
2009 based on 302 collocations: The rmd, represented by the solid pink
line, are in general less than −7 %. The rmd std. are denoted by the
dashed pink lines vary within 5 – 10%. The bias std. err., expressed using
the black bars, is around 0.04 % and the bias is significant.

9.2.2 HALOE

The Halogen Occultation Experiment, HALOE, launched on Upper At-
mosphere Research Satellite (UARS) in 1991 [Russell et al., 1993b], was
a solar occultation limb sounder. The mission ended in 2005. The in-
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strument measured the transmittances in the infra-red window, 2.45 –
10.0µm. HALOE’s measurement sequence for a single orbit comprised
two measurements of the vertical distribution of atmospheric transmit-
tance, one at sunrise and the other at sunset. From these measurements,
the vertical profiles of different climate parameters as O3, HCl, HF, CH4,
H2O, NO, NO2, aerosol extinction at 4 infrared wavelengths and temper-
ature (through CO2 absorption) and pressure are obtained from 15 to 85
km, depending on the species or the parameter of interest.

The water vapor retrieval is performed in the 6.6 micrometer band.
The latitude coverage of HALOE is 80◦S – 80◦N. The vertical resolution
of the instrument is 2.3 km.

The version 19 of HALOE water vapor profiles was used in our study.
The extensive validations 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].

Comparison

The coincidence search with the criteria employed for the years 2003 –
2005 resulted in 52 coincidences with HALOE sunrise events and none
with sunset. The mean of the collocated SCIAMACHY lunar occultation
and the HALOE water vapor profiles are shown in fig. 9.7 where the
black line is the mean of the SCIAMACHY lunar occultation water va-
por events and that for the HALOE coincidences is represented by the
green line. A slight negative bias is observed in HALOE, which can be
attributed to the dry bias of HALOE as stated above.

Figure 9.8 shows the statistics of SCIAMACHY-HALOE comparisons.
The rmd (the central solid green line) 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 – 43 km and reach about 10 % at 50 km. The rmd std. (the
dashed green lines) vary between 3.5 – 4.5 % from 17 to 33 km, 5 – 6 %
at 34 – 42 km, around 7.5 % for the altitudes 43 – 48 km and then 10 % to
50 km. The bias std. err. (denoted by black bars) is within 0.04 – 0.06 %
between 17 – 30 km and 0.06 – 0.1 % from 31 till 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 com-
parisons.
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Figure 9.7: SCIAMACHY and HALOE mean water vapor number density pro-
files at 17 – 50 km, for the 52 collocation found for 2003 – 2005: The black
line is the mean of the SCIAMACHY coincident events and the green line
depicts the HALOE mean profile. The x-axis is on the log. scale. Com-
pared to SCIAMACHY, HALOE shows a dry bias in its mean value.

9.2.3 MLS

The Earth Observing System-Microwave Limb Sounder, EOS-MLS, aboard
NASA’s satellite EOS-Aura was launched in 2004 into a near polar sun
synchronous orbit at 705 km altitude. MLS observes thermal microwave
and the far infrared emissions from the earth’s limb [Waters et al., 2006;
Schoeberl et al., 2006] in five spectral regions from 8 to 90 km. The in-
strument provides 240 scans per orbit. From the MLS measurements,
temperature, pressure, H2O, O3, ClO, BrO, HCl, OH, HO2, HNO3, HCN,
and N2O and several reservoirs and radicals are obtained.

Water vapor is retrieved from the 183 GHz rotational line spectrum
[Lambert et al., 2007]. The coverage extent of MLS is 82◦S – 82◦N. In the
altitude region of about 18 – 54 km (100 - 1.0 hPa), the vertical resolution
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Figure 9.8: SCIAMACHY-HALOE comparison statistics for the period 2003 –
2005 based on 52 collocations: The rmd, represented by the solid green
line, are within 10 % around the upper and the lower limits of the altitude
region 17 – 50 km and vary around 5 % elsewhere. The rmd std. are
denoted by the dashed green lines are around 5% on the average. The bias
std. err., expressed using the black bars, is 0.04 – 0.06 % between 17 –
30 km and 0.06 – 0.1 % from 31 till 50 km.

of MLS is 3.5 – 4.6 km.

MLS water vapour version 2.2 [Livesey et al., 2006] was used for the
validation of lunar occultation water vapour profiles because it is an ex-
tensively validated MLS water vapor product. For the comparison, the
MLS geopotential height was converted to geometric height using the
MLS pressure and temperature.

133



CHAPTER 9. INTERPRETATIONS AND VALIDATIONS

1011 1012 1013
H2O (molec./cm3)

20

25

30

35

40

45

50
A

lti
tu

de
 (k

m
)

Mean SCIA

Mean MLS

Figure 9.9: SCIAMACHY and MLS mean water vapor number density profiles
from 17 – 50 km, for the 1321 collocation from 2004 – 2010: The black line
is the mean of the SCIAMACHY coincident events and the magenta line
depicts the MLS mean profile. The x-axis is on the log. scale. A very good
agreement is found among the mean profiles from both of the instruments.

Comparison

The SCIAMACHY-MLS validation was based on 1321 collocated mea-
surements for the period 2004 – 2010. The mean of the collocated SCIA-
MACHY lunar occultation and the MLS water vapor profiles are shown
in fig. 9.9 where the black line is the mean of the SCIAMACHY lunar
occultation water vapor events and that for the MLS coincidences is rep-
resented by the magenta line. In general a very good agreement is found
between mean profiles from both instruments.

Figure 9.10 shows the statistics of SCIAMACHY-MLS comparisons.
The rmd (the central solid magenta line) 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
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Figure 9.10: SCIAMACHY-MLS comparison statistics for the period 2004 –
2010 based on 1321 collocations. The rmd, represented by the solid ma-
genta line, vary between -(1 – 3.5) %, on the average for 17 – 50 km disre-
garding the kink in the MLS data in the lower stratosphere. The rmd std.
are denoted by the dashed magenta lines, range between 6 – 7.5 % for the
whole altitude range. The bias std. err., expressed using the black bars, is
very small, within 0.01 – 0.02 %, since the number of coincidences were
very large.

within −3 % from 47 to 50 km. The rmd std. (the dashed magenta lines)
range between 6 – 7.5 % for the whole altitude of 17 – 50 km. The bias
std. err. ( denoted by black bars) is very small, within 0.01 – 0.02 %, be-
cause of the large number of collocation involved in the comparison. It
should be noted here that in its comparisons with other satellite instru-
ments 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 kilome-
tres from 25 km. This problem is corrected in MLS version 3.3 processing
algorithm. The SCIAMACHY-MLS exceptional agreement, apart from

135



CHAPTER 9. INTERPRETATIONS AND VALIDATIONS

the above mentioned difference arising due to MLS, validates the good
quality of our retrieval and the lunar occultation water vapor dataset.
Moreover, MLS, as measuring in microwave, is far less sensitive to clouds
and aerosol [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 vali-
dations are void of any contaminations.

9.2.4 MIPAS

The Michelson Interferometer for Passive Atmospheric Sounding, MI-
PAS, is one of the ten instruments including SCIAMACHY aboard En-
visat satellite. The instrument is a mid infrared (4.1 – 14.5µm) limb emis-
sion Fourier transform spectrometer scanning the earth limb from 6 to
41 km in 17 altitude steps of 3 km and further altitudes at 52, 60 and 68km.
MIPAS measurements are used to quantify profiles of temperature and
numerous trace species from 6 – 68 km [Fischer et al., 2008]. In addition,
the aerosol distribution and clouds can be derived. During one orbit, MI-
PAS measures in 73 scans, from pole to pole on the day and the night side
of the earth. The vertical resolution of MIPAS varies from around 2.3 km
at 20 km to about 6.9 km at 50 km [von Clarmann et al., 2009].

The water vapor data version V40 H2O 203 retrieved from the IMK-
IAA data processor was used in the presented comparison. The compar-
ison of this MIPAS water vapor data is performed with various ground
based and satellite instruments in the framework of MOHAVE-2009 cam-
paign, 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 main aim of this campaign was to com-
pare the MIPAS data with highly accurate and precise ground based and
balloon borne measurements. The MIPAS water vapor profiles are re-
ported to be within ±10% of the profiles with the correlative measure-
ments.

Comparison

With the collocation criteria as employed in our study, and for the pe-
riod of 2005 – 2010, 489 correlative incidences were found between SCIA-
MACHY and MIPAS. The mean of the collocated SCIAMACHY lunar
occultation and the MIPAS water vapor profiles are shown in fig. 9.11,
where the black line is the mean of the SCIAMACHY lunar occultation
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Figure 9.11: SCIAMACHY and MIPAS mean water vapor number density pro-
files from 17 – 50 km, for the 489 collocation from 2005 – 2010: The black
line is the mean of the SCIAMACHY coincident events and the blue line
depicts the MIPAS mean profile. The x-axis is on the log. scale. The mean
profiles exhibit some difference in the middle stratospheric altitudes.

water vapor events and that for the MIPAS coincidences is represented
by the blue line. The mean profiles are observed to agree in the lower
and upper stratosphere and exhibit difference in the middle region.

Figure 9.12 shows the SCIAMACHY-MIPAS comparison results. The
rmd (the central solid blue line) are within−(1 – 4.5) % from 17 to 22 km,
around −7.5 % at 23 – 26 km, reach −9 % for the altitude range 27 km to
about 38 km, −(2.5 – 4.5) % between 39 to 44 km and within −1.5 % for
45 – 50 km. The rmd std. (the dashed magenta lines) are about 7.5 % and
gradually reach 10 % at 50 km. The bias std. err. (denoted by black bars)
is around 0.035 – 0.05 % for the whole altitude range. The SCIAMACHY-
MIPAS agreement is within 10 %.
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Figure 9.12: SCIAMACHY-MIPAS comparison statistics for the period 2005 –
2010 based on 489 collocations. The rmd, represented by the solid blue
line, generally vary from -(4.5 – 9) % for 17 – 50 km. The rmd std. are
denoted by the dashed blue lines are around 7.5 – 9% for the whole alti-
tude range. The bias std. err., expressed using the black bars, is within
0.035 – 0.05 % and the bias is significant.

9.2.5 SCIAMACHY Limb

The water vapor distributions are also retrieved from SCIAMACHY limb
scatter observations in the upper troposphere and lower stratosphere re-
gion (UTLS). The limb water vapor retrieval utilizes the 1353 – 1410 nm
wavelength spectral range for 11 – 23 km. The retrieval is performed us-
ing SCIATRAN version 3.1. The retrieval strategy takes into account mul-
tiple scattering and uses correlated-k employing ESFT approximation for
the line absorber treatment. Tikhonov regularization is applied to con-
strain the smoothing of the profiles. The approach is basically the same
as used in this work but optimized for the needs of limb geometry. Fur-
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thermore, retrieval of CH4 and scaling of the tropspheric column and
albedo is included since it is observed to improve the results. The com-
parison of the limb water vapor product with various satellite based and
the in situ balloon borne instruments have shown the agreement within
10 % [Rozanov et al., 2011].

Comparison

1013
H2O (molec./cm3)

17

18

19

20

21

22

23

24

A
lti

tu
de

 (k
m

)

Mean SCIA Lun.

Mean SCIA Limb

Figure 9.13: SCIAMACHY lunar and limb mean water vapor number density
profiles from 17 – 23 km, for the 30 collocation from 2005 – 2010: The
black line is the mean of the SCIAMACHY lunar coincident events and
the orange line depicts the limb mean profile. The x-axis is on the log.
scale. The mean profiles exhibit some differences at the whole altitude
range that are quantified in the comparison statistics plot depicted in
fig. 9.14.

For the comparisons with the limb water wapor the collocation cri-
teria applied was selecting measurements within 500 km radius and 6
hours time difference. 30 coincidences were found for the period of 2003
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– 2010. The mean of the collocated SCIAMACHY lunar occultation and
the limb water vapor profiles are shown in fig. 9.13 where the black line
is the mean of the SCIAMACHY lunar occultation water vapor events
and that for the limb coincidences is represented by the orange line. The
mean profiles are observed to exhibit some differences that are quantified
by the comparison statistics shown in fig. 9.14. The rmd (the central solid

Figure 9.14: SCIAMACHY Lunar-Limb comparison statistics for the period
2003 – 2010 based on 30 collocations. The rmd, represented by the solid
orange line, generally vary from -3 % at 17 to about 4 % till 23 km. The
rmd std., denoted by the dashed orange lines, are around 13 – 18% for the
whole altitude range. The bias std. err., expressed using the black bars, is
about 3 % between 17 till 23 km. Significant bias is observed only above
21 km.

orange line) are about -3 % at 17 and 18 km, within -1 % for 19 – 20 km and
are about 4 % till 23 km. The rmd std. (the dashed orange lines) vary be-
tween 13 – 18 % between 17 – 23 km, which is fairly good keeping in view
that the water vapor is coupled with the dynamics in the UTLS region.
The bias std. err. (denoted by the black bars) is large since the number of
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coincidences is small, and is 3 % in general for the whole altitude range
of 17 – 23 km.

9.3 Stratospheric H2O Variability

The variability in the stratospheric water vapor has a direct influence on
the Earth’s radiation budget, stratospheric temperature and the ozone
chemistry [Dvortsov and Solomon, 2001]. The variation in the transport
of water vapor through the tropical Tropopause and the change in the
stratospheric methane amounts are assumed to be the dominant drivers
of changes in stratospheric water vapor content [Riese et al., 2006] but
the correlation of the Tropopause temperatures with the former and that
of the upper stratospheric water vapor abundances with the latter is a
subject of debate and investigation [Hurst et al., 2011].

The quantitative trend analysis of stratospheric water vapor in ob-
servations as well as the model simulations poses a big challenge to the
atmospheric and climate community owing to: the missing clear evi-
dences of the proposed mechanisms accounting for the magnitude of the
trends observed in different studies, complex coupling of the transport
processes and the feedback mechanisms on a long time scale and the un-
certainties in the measurements that further complicate the assessment
of trends [Scherer et al. 2008 and the references therein]. Nevertheless,
the stratospheric water vapor is reported to be an influential driver of
global climate change [Solomon et al., 2010]. The small variations in the
stratospheric water vapor on a long time scale can have a large impact on
the climate, thus monitoring its trends and their accurate interpretation is
necessary to identify the magnitude of the climate change and for future
climate projections [Rosenlof et al. 2001, IPCC 2007, Solomon et al. 2010].

Despite the fact that the importance of stratospheric water vapor trend
analysis and its reliable quantification is emphasized, especially since the
last few years, the previous studies have been very limited in the latitudi-
nal coverage being mainly restricted around 40◦N, Boulder, Colorado, or
the tropics, and investigated only the lower Stratosphere [Scherer et al.,
2008]. The Boulder frost point hygrometer (FPH) measurements from
balloon flights since 1980 provide the largest dataset available on a longer
time scale and is the only one repeatedly used (introducing improve-
ments in the dataset over time e.g. for calibration and biases) for the
sratospheric water vapor trend analysis [e.g. Oltmans and Hofmann, 1995;
Rosenlof et al., 2001; Randel et al., 2006; Scherer et al., 2008; Hurst et al.,
2011]. Similar studies for the tropical lower stratosphere are carried out
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using FPH measurements from different stations around the equator and
occasionally the combination of these FPH observations and some satel-
lite based measurements [e.g. Scherer et al., 2008; Solomon et al., 2010].
All such studies to date generally agree on an increasing water vapor
abundance of about 1%/year from 1980 to beginning 2000’s, a drop in
stratospheric water vapor around 2000-2001 and then a decreasing trend
within 1%/year till the period 2004-2006 [e.g. Oltmans et al., 2000; Ran-
del et al., 2004, 2006; Scherer et al., 2008; Fujiwara et al., 2010; Hurst et al.,
2011]. The recent studies report an increase in stratospheric water vapor
abundances afterwards [Fujiwara et al., 2010; Hurst et al., 2011]. As men-
tioned before, the processes that could contribute to the magnitude of the
observed trends are not accounted clearly in the previous studies.

To our knowledge, the quantification of the stratospheric water vapor
trends on a long time scale, for the higher latitudes or the poles has not
been addressed so far, in particular there is no such study for the southern
mid and high latitudes. This is because: the in situ or the ground based
stratospheric water vapor measurements for these latitudes are still in
their developing stage as mentioned before in section 9.2 and the wa-
ter vapor measurements from different satellites have never been com-
bined, for example through assimilation to perform the trend analysis on
a decadal scale.

The SCIAMACHY lunar occultation stratospheric water vapor mea-
surements for the southern mid and high latitudes are limited in their
yearly and monthly coverage (fig. 4.6) and the latitudinal extent (∼58◦S
– 90 ◦S). The dataset obtained in this study for the period 2003 – 2010
spans measurement events (depending on the appearance of the Moon)
during the first six months each year in general i.e. January – June, where
occasionally June is missing. Due to the limited extent of the dataset, a so-
phisticated trend analysis stipulates a detailed correlative study with the
probable factors contributing to the variability, the usage of this dataset in
model studies or its assimilation with measurements from other instru-
ments. Here a time series of our dataset will be presented to get some
insight into the variability.

Figures 9.15, 9.16 and 9.17 feature time series of the deseasonalised
monthly averages of stratospheric water vapor abundances for the given
altitude range and the latitudinal coverage of our dataset. The water va-
por concentrations for the considered altitude range are integrated and
then the monthly averages are taken. Any effect of seasonality is removed
by dividing each monthly average by the average of that month for the
whole time span. The trend is obtained by simply fitting a line to the
monthly averages obtained this way.

In fig. 9.15, the time series of the stratospheric water vapor monthly
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9.3. Stratospheric H2O Variability

averages is plotted for the water vapor concentrations integrated for 17 –
50 km for the whole latitudinal coverage of∼58◦S – 90 ◦S. The result sug-
gests a decreasing trend in water vapor abundances of around −3.18%
per decade for our time series. It must be pointed out that although the
data points from March-June each year, lie within the evolution phase of
the polar vortex and the onset of PSCs, the monthly averages for January-
February considered alone for the whole time series show a persistent de-
crease in water vapor content for almost the whole period. These obser-
vations are in general, coherent with the decreasing trend in the strato-
spheric water vapor amounts reported in the aforementioned previous
studies for the northern mid latitude and the tropical lower stratosphere.
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Figure 9.15: Time series of the monthly averages of integrated stratospheric wa-
ter vapor from 17–50 km spanning 2003 –2010. The plot corresponds to
the whole latitudinal coverage of ∼58◦S – 90 ◦S. A decreasing trend of
∼ −3.18% per decade is observed.

Figure 9.16 show the time series plotted for the lower stratosphere, 17
– 25 km (depicted in red) and the upper stratosphere, 26 – 50 km (depicted
in green). The upper stratospheric monthly averages show a pronounced
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variability and a steeper decline of−7.6% per decade as compared to the
lower stratosphere where the trend of−1.1% is observed. In the tropical
or northern latitudes as studied in the past, the effect of variability and
trends is observed to tend to dissipate with altitude and with increasing
latitude, hinting at a dominant role of the tropical stratospheric dynam-
ics (e.g. BDC and the Quasi-Biannual Oscillation (QBO)) [Scherer et al.
2008, Hurst et al. 2011 and the references therein]. In our latitudinal and
the yearly coverage, the upper stratospheric and the lower mesospheric
chemistry and dynamical variations might be the contributing factors to
the pronounced observed variability in the upper Stratosphere.
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Figure 9.16: Time series of the monthly averages similar to the one shown in
fig. 9.16 but for the lower stratospheric (15 – 25 km) values plotted in
red and the upper stratospheric values (for 26 – 50 km) plotted in green.
The upper stratopheric water vapr variabilty is more pronounced as com-
pared to the lower part of the stratosphere and shows a decreasing trend
of −7.6% per decade compared to the latter with a declining trend of
−1.1%.

In fig. 9.17, the time series is plotted for ∼15◦ latitude binning of the
monthly averages. The trend for ∼58◦S – 75◦S is plotted in red, in the
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lower panel and the one for ∼76◦S – 90◦S in shown in the upper panel
depicted in green. Because of the restricted yearly latitudinal coverage
pattern (see fig. 4.8), the binning in ∼76◦S – 90◦S comprises the aver-
ages for March to May-June, thus the observed increasing trend of 4.4%
per decade is dubious. The monthly averages for ∼58◦S – 75◦S hint at
declining water vapor abundances as before, here−6.9% per decade.
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Figure 9.17: Time series of the monthly averages same as before but for the∼15◦

latitude binning. ∼58◦S – 75◦S, plotted in red, in the lower panel shows
a decreasing trend of −6.9% per decade. ∼76◦S – 90◦S, depicted in
the upper panel, in green, contains less data points, thereby the observed
4.4% per decade trend is not representative.

A clear quantitative assessment of the trends and the chemical and
dynamic factors contributing to the variabilities is needed. To monitor
the long term change in stratospheric water vapor, it is important to sep-
arate the influence of various processes effecting on short and long time
scale. The study by Scherer et al. 2008 is such an attempt in this direc-
tion where the Boulder re-evaluated water vapor dataset in combination
with the HALOE water vapor measurements is investigated to separate
and quantify the influence of different components (proxies) affecting

145



CHAPTER 9. INTERPRETATIONS AND VALIDATIONS

the trends e.g. seasonal cycle (represented by annual component), QBO
(equatorial zonal winds), variability associated with stratospheric waves
(accounted for by the equivalent latitude) and the chemical influence. For
mid to high latitudes, the age of air can be included in such investigation
in order to get some information on the growth of water vapor. Resolving
the trends in season and altitude can also help to better understand the
coupling of the contribution factors.
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Summary, Conclusion and Outlook

Summary and Conclusion

The water vapor distributions in the middle atmosphere provide infor-
mation on the atmospheric dynamics, circulation and temperature varia-
tions. In particular, for the polar stratosphere, high quality water vapor
measurements are desirable to monitor the formation, expanse and the
breakdown of the polar vortex and the formation of PSCs in the context
of ozone studies. In this study, SCIAMACHY lunar occultation measure-
ments were exploited to derive stratospheric water vapor vertical profiles
for the southern mid and high latitudes, 56 – 89◦S, for the altitude range
17 – 50 km. The lunar occultation water vapor measurements showed
evidences of PSCs as early as May, each year.

The instrument SCIAMACHY, a unique eight channel grating spec-
trometer aboard has performed passive atmospheric sounding in nadir,
limb and solar/lunar occultation geometry. In this study, the spectral
window 1350–1420 nm in the NIR region of the SCIAMACHY lunar oc-
cultation spectra was used to retrieve vertical profiles of stratospheric wa-
ter vapor. The retrieval was performed using the robust radiative transfer
and inversion algorithm SCIATRAN version 3.0. For the radiative trans-
fer model, the correlated-k method employing ESFT approximation was
used. The inversion part of the retrieval scheme was based on OE.

Water vapor exhibit highly structured radiative features in the in-
frared, which offers a challenge to the so called sampling technique cho-
sen for the radiative transfer calculations in the retrievals from the re-
mote sensing measurements. A large number of spectral points are re-
quired to accurately model the absorption lines. LBL is the most accurate
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simulation method to parametrize the fine structures but is computation-
ally infeasible. The correlated-k method employing the ESFT approxi-
mation provides robust radiative transfer computations. For the line pa-
rameter information, ESFT database based on HITRAN2008 was used.
Along with the efficiency, accuracy of the ESFT method is also desired. A
good compromise between the two was achieved by optimizing the ESFT
database using LBL as a reference. Different ESFT grids with different
numbers of pressure, temperature and coefficients were examined. The
investigations showed that the number of coefficients is crucial for the
quality of the retrieval results. A very good agreement between the LBL
and the ESFT was achieved by increasing the number of coefficients in
the ESFT grid, thereby minimizing any systematic biases in the retrieved
water vapor product. Moreover, the retrieval was found to be rather in-
sensitive to pressure and temperature source itself.

Within the inversion scheme of the retrieval, the spectral residuals
were of the order of 0.5% that is within the signal to noise ratio. All
possible spectral misalignments were handled by the shift and squeeze
algorithm, which was observed to improve the residuals especially in the
lower stratospheric altitudes. The averaging kernels showed a good re-
trieval sensitivity and the apriori had almost no influence on the retrieval
for the whole altitude range.

Sensitivity studies and optimizations were performed for the impor-
tant parameters required for the forward model and/or inversion as slit
function, signal to noise ratio, Tikhonov parameter and the input clima-
tology. Because of the limited knowledge of SCIAMACHY’s slit function,
the width of the slit function was optimized according to the fit residuals
of the retrieval. The signal to noise ratio was also estimated from the fit
residuals of the retrieval.

The retrieved product was compared with the measurements from
different satellite instruments. The validations of the lunar occultation
water vapor profiles with the collocated ACE-FTS, HALOE, MLS, MIPAS
and SCIAMACHY limb measurements showed the agreement that are
well within the reported and published uncertainties or biases of these
instruments. The SCIAMACHY-ACE mean deviation is within 7% on
the average for the whole altitude range. The difference with HALOE is
around 5%. The SCIAMACHY-MLS agreement in the lower Stratosphere
is in general ± 4.5%, where the MLS profiles are known to have a kink
and in the upper Stratosphere the agreement is between -(1 –3)%. With
MIPAS, the comparison is within 10%. The lunar occultation water vapor
profiles were compared to the collocated SCIAMACHY limb water va-
por measurements for 17 – 23 km since the latter are limited to the UTLS
region. Both of these products were found to agree better than ± 4%.
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The validations of the SCIAMACHY lunar occultation water vapor pro-
files showed that a scientifically valuable water vapor product with ex-
cellent quality is obtained. The time series of the monthly averages of
the obtained dataset showed a decreasing trend in the stratospheric wa-
ter vapor abundances which is consistent with northern hemispheric and
tropical trend in previous studies.

Outlook

From the SCIAMACHY lunar occultation, the retrieval of water vapor
is successfully carried out for the stratospheric altitude range 17–50 km.
Extending the retrieval to the mesospheric height should be investigated.
This would imply taking Doppler broadening into account in the sam-
pling scheme or the radiative transfer since it is dominant above the
Stratosphere. The water vapor retrieval till 70 km or above will improve
our understanding of the Stratosphere-Mesosphere chemical and dynamic
interaction.

A strict data quality criteria was applied in this study excluding the
measurements with, SZA lower than 96◦ and the Moon phase less than
0.75. This resulted in exclusion of the November-December coverage
each year. The measurements with lower SZA may be included inves-
tigating the possibility of accurately modelling the solar stray light.

The retrieval of water vapor was performed in the NIR implying that
other gases with spectral signatures in the same region as methane (CH4)
and carbon dioxide (CO2) can also be retrieved from lunar occultation.
Methane has a longer lifetime and is the source of water vapor in the
stratosphere. It plays an important role in terminating the ClOx cycle in
a denitrified polar vortex. Various studies have demonstrated that rising
methane levels in the atmosphere is the source of increased water vapor
amounts observed in the upper stratosphere during the second half of the
last century. For the stratosphere, methane, together with water vapor is
assumed to be a conserved quantity and a correlative study will provide
information on the total stratospheric hydrogen burden/content.

In this thesis, ESFT was used in its simple form for the retrieval win-
dow 1350–1420 nm excluding the absorption of CO2 around 1430 nm. It
was demonstrated that correlated-k ESFT or similar techniques and the
mixing schemes should be further developed in order to include the line
absorbers CH4 and CO2 in the retrieval. The combined retrieval of wa-
ter vapor and methane will enable us to better analyse and quantify the
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localized trends as obtained with SCIAMACHY lunar occultation.

The optimizations implemented on lunar occultation in this study
will be utilized in the retrieval of water vapor vertical profiles from SCIA-
MACHY solar occultation measurements.

Despite the limitations in coverage, the dataset can be studied for
trends thorough a detailed statistical analysis and correlative studies with
the proxies for the chemical and dynamic processes.

For the southern hemispheric stratosphere, the in situ and the ground
based passive techniques of water vapor measurements are still in their
initial stages and are not available for validation and analysis. SCIA-
MACHY lunar occultation water vapor product is unique in this sense.
We have found evidences of PSCs in the line of sight of lunar occultation
measurements as early as May – June. With the limb geometry of SCIA-
MACHY, the PSCs are observable in the southern latitudes starting from
July. The lunar occultation water vapor measurements, although limited
by the available amount of observations, have to be extended to a PSCs
product for the southern hemisphere. The lunar occultation water vapor
dataset should be used in the models investigating the polar vortex dy-
namics or the evolution of PSCs. The dataset is expected to give good
results in interpretations and analyses studies. The successful water va-
por product developed in this study has added to the SCIAMACHY long
term global time series providing the southern hemispheric coverage.
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A
Clausius-Clapeyron Equation

The partial pressure of the water molecules present in the air is termed
as the vapor pressure. At a given temperature, the partial pressure exerted
by water vapor molecules in a given volume of the atmosphere, if the air
is saturated with vapor defines the saturation vapor pressure es. Saturation
vapor pressure increases with increasing temperature.

Clausius-Claperon equation relates the change in saturation vapor pres-
sure, des to the temperature change dT as

des

dT
=
Lves

RvT 2
(A.1)

where, Lv is the latent heat of vaporisation. The latent heat of vaporisation
is defined as the heat required to convert a unit mass of liquid to vapor at
a given temperature and pressure. Rv is the specific gas constant for water
vapor given by 461 J K−1 kg−1.
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B
Parameters Derived from SCIAMACHY

Table B.1: Summary of parameters derived from SCIAMACHY, their classifi-
cation based on different region of atmosphere and the relevant application
area. Adapted from [Gottwald and Bovensmann, 2011]

Subject Parameter from SCIAMACHY Area of Application

Surface
spectral albedo, UV A/B,
plants and phytoplankton
chlorophyll content

Earth radiative budget
Ocean biology
Plant biology
Spectral surface characteristics

Troposphere

column amounts of O3, NO2,
BrO, SO2, HCHO, CHOCHO,
IO, H2O, HDO/H2O, CO,
CO2, CH4, clouds, aerosol,
actinic flux

pollutants and air quality
ozone and oxidation potential
carbon budget
quantification of emissions
climate-chemistry interaction
hydrological cycle

Tropopause

concentrations of O3, NO2,
H2O, CO, CH4, clouds,
thermodynamic phase of
clouds

transport processes
water budget, ice clouds
impact of aviation on climate
climate-chemistry interaction

Stratosphere profiles of O3, NO2, BrO,
OClO, H2O, aerosol, PSCs

ozone layer development
climate-chemistry interactions
solar-terrestrial interactions

Mesosphere profiles of O3, NO, OH, metal
ions, temperature, NLC

climate-chemistry interactions
solar-terrestrial interactions

Top of atmosphere Earth spectral reflectance Earth radiative budget

Sun spectral solar irradiance,
Mg-Index (solar activity)

Earth radiative budget
Solar-terrestrial interactions
Solar physics
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C
Averaging Kernels for the Investigated

Tikhonov Values

The averaging kernels corresponding to the plots in fig. 8.3 for the tested
Tikhonov parameter values of 0.0, 1.5, 2.5, 3.5, 4,5 and 5.5. The left panel
of each figure features the averaging kernels corresponding to the alti-
tude grid of the retrieval (1 km) depicted with the color code on the right
side of the averaging kernel plot. The left panel of each figure illustrates
the theoretical errors/precision in red and the measurement response in
blue. See the discussion in sect. 8.3.

Figure C.1: Averaging kernel (left figure), the theoretical errors (left panel in
red) and the measurement response (left panel in blue) plots for the re-
trieval without implying the Tikhonov regularization.
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TIKHONOV VALUES

Figure C.2: Same as in fig. C.1 but for the Tikhonov values of 1.5 (the upper
panel) and 2.5 (the lower panel) respectively.
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Figure C.3: Same as above but for the Tikhonov values of 3.5 (the upper panel)
and 4.5 (the lower panel) respectively.
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TIKHONOV VALUES

Figure C.4: Same as above but for the Tikhonov value of 5.5.
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D
ESFT Database Grids

With reference to the table 8.1, the tables depicted here show the ESFT
grids with configuration B, C, D and E, investigated in this study.

Table D.1: Pressure, Temperature and Coefficient Grid for the configuration B
in table 8.1

(1) 1.000× 10−2 (2) 1.000× 10−1 (3) 5.000× 10−1

(4) 1.000 (5) 3.000 (6) 5.000
(7) 7.000 (8) 9.000 (9) 10.00

Pressure [hPa] (10) 30.00 (11) 50.00 (12) 70.00
(13) 90.00 (14) 1.000× 102 (15) 3.000× 102

(16) 5.000× 102 (17) 7.000× 102 (18) 9.000× 102

(19) 1.000× 103 (20) 1.050× 103

(1) 1.600× 102 (2) 1.800× 102 (3) 2.000× 102

Temperature [K] (4) 2.200× 102 (5) 2.400× 102 (6) 2.600× 102

(7) 2.800× 102 (8) 3.000× 102 (9) 3.300× 102

(1) 3.33357× 10−2 (2) 7.47257× 10−2 (3) 1.09543× 10−1

(4) 1.34633× 10−1 (5) 1.47762× 10−1 (6) 1.47762× 10−1

Weights (7) 1.34633× 10−1 (8) 1.09543× 10−1 (9) 7.47257× 10−2

(10) 3.33357× 10−2
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Table D.2: As in table D.1 for the Configuration C in table 8.1

(1) 1.000× 10−2 (2) 5.000× 10−2 (3) 1.000× 10−1

(4) 3.000× 10−1 (5) 5.000× 10−1 (6) 7.000× 10−1

(7) 9.000× 10−1 (8) 1.000 (9) 2.000
(10) 3.000 (11) 4.000 (12) 5.000

Pressure [hPa] (13) 6.000 (14) 7.000 (15) 8.000
(16) 9.000 (17) 10.00 (18) 20.00
(19) 30.00 (20) 40.00 (21) 50.00
(22) 60.00 (23) 70.00 (24) 80.00
(25) 90.00 (26) 1.000× 102 (27) 3.000× 102

(28) 5.000× 102 (29) 7.000× 102 (30) 9.000× 102

(31) 1.000× 103 (32) 1.050× 103

(1) 1.600× 102 (2) 1.800× 102 (3) 2.000× 102

Temperature [K] (4) 2.200× 102 (5) 2.400× 102 (6) 2.600× 102

(7) 2.800× 102 (8) 3.000× 102 (9) 3.300× 102

(1) 3.33357× 10−2 (2) 7.47257× 10−2 (3) 1.09543× 10−1

(4) 1.34633× 10−1 (5) 1.47762× 10−1 (6) 1.47762× 10−1

Weights (7) 1.34633× 10−1 (8) 1.09543× 10−1 (9) 7.47257× 10−2

(10) 3.33357× 10−2

Table D.3: Same Grid as in table D.2 but with different distribution of pressure,
for the configuration D in table 8.1

(1) 1.000× 10−2 (2) 1.500× 10−2 (3) 2.200× 10−2

(4) 3.200× 10−2 (5) 4.800× 10−2 (6) 7.000× 10−2

(7) 1.020× 10−1 (8) 1.500× 10−1 (9) 2.190× 10−1

(10) 3.200× 10−1 (11) 4.680× 10−1 (12) 6.840× 10−1

Pressure [hPa] (13) 1.000 (14) 1.462 (15) 2.138
(16) 3.127 (17) 4.572 (18) 6.686
(19) 9.777 (20) 14.30 (21) 20.91
(22) 30.57 (23) 44.70 (24) 65.37
(25) 95.58 (26) 1.398× 102 (27) 2.044× 102

(28) 2.989× 102 (29) 4.370× 102 (30) 6.391× 102

(31) 9.345× 102 (32) 1.366× 103

(1) 1.600× 102 (2) 1.800× 102 (3) 2.000× 102

Temperature [K] (4) 2.200× 102 (5) 2.400× 102 (6) 2.600× 102

(7) 2.800× 102 (8) 3.000× 102 (9) 3.300× 102

(1) 3.33357× 10−2 (2) 7.47257× 10−2 (3) 1.09543× 10−1

(4) 1.34633× 10−1 (5) 1.47762× 10−1 (6) 1.47762× 10−1

Weights (7) 1.34633× 10−1 (8) 1.09543× 10−1 (9) 7.47257× 10−2

(10) 3.33357× 10−2
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Table D.4: Grid for the configuration E in table 8.1

(1) 1.000× 10−2 (2) 1.500× 10−2 (3) 2.200× 10−2

(4) 3.200× 10−2 (5) 4.8000× 10−2 (6) 7.000× 10−2

(7) 1.020× 10−1 (8) 1.500× 10−1 (9) 2.190× 10−1

(10) 3.200× 10−1 (11) 4.680× 10−1 (12) 6.840× 10−1

Pressure [hPa] (13) 1.000 (14) 1.462 (15) 2.138
(16) 3.127 (17) 4.572 (18) 6.686
(19) 9.777 (20) 14.30 (21) 20.91
(22) 30.57 (23) 44.70 (24) 65.37
(25) 95.58 (26) 1.398× 102 (27) 2.044× 102

(28) 2.989× 102 (29) 4.370× 102 (30) 6.391× 102

(31) 9.345× 102 (32) 1.366× 103

(1) 1.600× 102 (2) 1.800× 102 (3) 2.000× 102

(4) 2.100× 102 (5) 2.150× 102 (6) 2.200× 102

(7) 2.250× 102 (8) 2.300× 102 (9) 2.350× 102

Temperature [K] (10) 2.400× 102 (11) 2.450× 102 (12) 2.500× 102

(13) 2.550× 102 (14) 2.600× 102 (15) 2.650× 102

(16) 2.700× 102 (17) 2.750× 102 (18) 2.800× 102

(19) 2.850× 102 (20) 2.900× 102 (21) 3.000× 102

(22) 3.300× 102

(1) 3.33357× 10−2 (2) 7.47257× 10−2 (3) 1.09543× 10−1

(4) 1.34633× 10−1 (5) 1.47762× 10−1 (6) 1.47762× 10−1

Weights (7) 1.34633× 10−1 (8) 1.09543× 10−1 (9) 7.47257× 10−2

(10) 3.33357× 10−2
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E
SCIAMACHY Lunar - ACE-FTS Comparisons

Examples

Examples of water vapor number density profiles from SCIAMACHY lu-
nar occultation and the correlative ACE-FTS measurements and the cor-
responding relative difference plots.
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F
SCIAMACHY Lunar - HALOE Comparisons

Examples

Examples of water vapor number density profiles from SCIAMACHY
lunar occultation and the correlative HALOE measurements and the cor-
responding relative difference plots.
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APPENDIX F. SCIAMACHY LUNAR - HALOE COMPARISONS
EXAMPLES
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G
SCIAMACHY Lunar - MLS Comparisons

Examples

Examples of water vapor number density profiles from SCIAMACHY
lunar occultation and the correlative MLS measurements and the corre-
sponding relative difference plots.
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APPENDIX G. SCIAMACHY LUNAR - MLS COMPARISONS
EXAMPLES
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APPENDIX G. SCIAMACHY LUNAR - MLS COMPARISONS
EXAMPLES
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H
SCIAMACHY Lunar - MIPAS Comparisons

Examples

Examples of water vapor number density profiles from SCIAMACHY
lunar occultation and the correlative MIPAS measurements and the cor-
responding relative difference plots.
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APPENDIX H. SCIAMACHY LUNAR - MIPAS COMPARISONS
EXAMPLES
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APPENDIX H. SCIAMACHY LUNAR - MIPAS COMPARISONS
EXAMPLES
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I
SCIAMACHY Lunar - SCIAMACHY Limb

Comparisons Examples

Examples of water vapor number density profiles from SCIAMACHY
lunar occultation and the correlative SCIAMACHY limb measurements
and the corresponding relative difference plots.
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APPENDIX I. SCIAMACHY LUNAR - SCIAMACHY LIMB
COMPARISONS EXAMPLES
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COMPARISONS EXAMPLES
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