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Abstract
Tropospheric ozone, one of the most important green-house gases and one of the most essential components of photochemical smog, has been monitored from space by different retrieval
techniques since the late 1980s. Satellite measurements are well suitable to investigate
sources and transport mechanisms of tropospheric ozone, as well as its atmospheric chemistry
on regional and global scales. Nevertheless, the retrieval of tropospheric ozone columns
(TOCs) from satellite data constitutes a big challenge since approximately 90% of the total
ozone amount is located in the stratosphere, and only the remaining 10% is located in the troposphere.
The Limb-Nadir Matching technique is one of the methods that has been widely used to retrieve TOCs from space borne measurements. In previous studies, this approach has been applied to measurements from the SCIAMACHY instrument, which alternates limb and nadir
geometry. An accurate tropopause height, retrieved from the ECMWF database, was used to
subtract the stratospheric ozone column from the total ozone column.
In this thesis, a three-step approach is shown that was developed to improve the current
Limb-Nadir Matching TOC retrieval technique, and resulted in the new database version 1.2.
Several improvements in the V1.2 TOC data have been achieved. The obtained amount of
TOC V1.2 data has increased by a factor of two in comparison to the original dataset. Furthermore, the data quality has improved in many aspects. First of all, the V1.2 TOC data set
reduces the negative (>10 DU) and positive (~10 DU) biases over tropics and high latitudes,
respectively. The reduction is achieved by use of the improved limb ozone data set V3.0,
which was tested and validated against the previous version V2.9 in this thesis. The TOC
values were also optimized over the midlatitudes by decreasing its positive biases. The yearly
averaged V1.2 TOC data set agrees well with ozonesonde measurements within 5 DU globally. More details on the TOC distribution were successfully captured because of the improved accuracy of the data. The clear observation of the spring TOC maxima (~42 DU) over
the Arabian Sea (AS) during the pre-monsoon is one of the benefits of using the V1.2 TOC
product.
In the present thesis, the potential sources of the AS spring ozone pool are investigated by use
of multiple data sets (e.g., SCIAMACHY Limb-Nadir-Matching TOC, OMI/MLS TOC, TES
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TOC, MACC reanalysis data, MOZART-4 model and HYSPLIT model). 3/4 of the enhanced
ozone concentrations are attributed to the 0-8 km height range. The main source of the ozone
enhancement is considered to be caused by long range transport of pollutants from India (~
50% contributions to the lowest 4 km, ~ 20% contributions to the 4-8 km height range), the
Middle East, Africa and Europe (~30% in total). In addition, the vertical pollution accumulation in the lower troposphere, especially at 4-8 km, was found to be important for the AS
spring ozone pool. Local photochemistry, on the other hand, plays a negligible role in producing ozone at the 4-8 km height range. In the 0-4 km height range, ozone is quickly removed by wet-deposition. The AS spring TOC maxima are influenced by the dynamical
variations caused by the sea surface temperature (SST) anomaly during the El Niño period in
2005 and 2010 with a ~5 DU decrease.
The Limb-Nadir Matching retrieval improvement scheme developed in this thesis leads to a
much more accurate TOC product measured by SCIAMACHY and a better understanding of
tropospheric ozone distributions.
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Introduction

1 Introduction
Earth's ecosystem change has been driven by humans, especially since the industrial revolution in Europe, i.e. since the late 18th century. While the world population increased from ~1
billion in 1800 to ~7.4 billion in 2016, mankind has developed new and powerful ways of
influencing the environment. Within two centuries mankind has exhausted the fossil fuels
that were generated over several hundred million years. Fossil fuel combustion leads to
enormous emissions of trace gases to the Earth's atmosphere. These trace gases include carbon dioxide (CO2) and methane (CH4), which cause more than 2 Wm-2 increases in radiate
forcing (RF) and lead to global warming, and nitrogen oxides (NOx = NO + NO2), carbon
monoxide (CO), sulfur dioxide (SO2), and volatile organic compounds (VOCs), leading to
acid rain and photochemical smog. The global effects of human activities have become so
clearly noticeable a new term, the 'Anthropocene', has been proposed and expressed to denote
the current epoch (Crutzen and Stoermer, 2002).
Tropospheric ozone is not a directly emitted trace gas but rather a secondary product. Most
tropospheric ozone is produced in situ by photochemical reactions of its precursors (NOx, CO,
CH4 and VOCs) in the presence of sunlight, while some tropospheric ozone naturally originates in the stratosphere. Tropospheric ozone impacts on mankind in many aspects: (1) It is
one of the most important components of photochemical smog. High surface ozone values are
detrimental to human health by causing respiratory illnesses, and can also lead to losses in
agricultural crops (see Van Dingenen et al., 2009; Mills et al., 2015 and references therein).
(2) Tropospheric ozone is one of the most important green-house gases. With an average lifetime of ~23 days (Stevenson et al., 2006; Young et al., 2013), tropospheric ozone can influence the Earth's atmosphere on a global scale by long range transport. (3) It plays a central
role in the chemistry of the troposphere, on account of the fact that it is the primary tropospheric source of the hydroxyl (OH) radical, which determines the lifetime and thus directly
influences the concentrations of trace gases affected by oxidation.
The 'escape' of trace gases emitted from fossil fuel and biomass combustion give rise to photochemical ozone in the troposphere. The tropospheric ozone burden has increased by ~30%
from pre-industrial times to the present day (IPCC, 2007; Young et al., 2013). According to
the newest 'State of the Climate' reported in 2014, the global tropospheric ozone burden is
J. JIA
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observed to continuously and significantly increase with a linear rate of 1.9 + 0.8 Tg yr-1 in
the last decade using satellite based data (Cooper and Ziemke, 2014). The positive trend is
also seen in the in situ measurements of surface ozone (Fig. 1.1, Cooper et al., 2014). The rise
of the tropospheric ozone burden has led to an RF growth of +0.35 + 0.15W m–2 based on
model simulations (IPCC, 2013). Nowadays, ozone-related mortality is estimated to make up
~5-20% of the mortality related to air pollution (see Monks et al., 2015 and references
therein).

Figure 1.1 Surface ozone time series at several rural sites around the world (Fig. 1 in Cooper
et al., 2014).

Satellite based retrievals of tropospheric ozone have been developed for around three decades
and the observations have revealed more details about the spatial distribution compared to in
situ measurements. The tropospheric ozone residual (TOR) method was the very first retrieval method applied to determine global tropospheric ozone columns (TOCs, Fishman et
2
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al., 1990). In this method, tropospheric ozone is retrieved by subtracting the stratospheric
ozone columns retrieved from limb measurements, from the collocated total ozone columns
acquired from nadir measurements, by utilizing tropopause height data. Due to the fact that
90% of ozone is situated in the stratosphere, TOCs retrieved by this method are extremely
sensitive to the errors of its three inputs. The Limb-Nadir Matching method is a TOR method
that is developed for tropospheric trace gas retrievals using the SCIAMACHY (SCanning
Imaging Absorption spectroMeter for Atmospheric CHartographY, Burrows et al., 1995;
Bovensmann et al., 1999) and any other instrument with both nadir and limb measurements.
There are two immediate advantages of the Limb-Nadir Matching retrieval. First, the trace
gas total columns derived from nadir measurements and the stratospheric columns from the
limb profiles have spatial and temporal coherence, and second, the two quantities are measured by the same instrument. SCIAMACHY Limb-Nadir Matching has been proven feasible
(Ebojie et al., 2014). Nevertheless, several issues were identified in the retrieval which cause
TOC results to fail in catching well-known distribution patterns and to overestimate ozone
concentrations over mid-/high latitudes in the Northern Hemisphere. The improvements of
the retrieval and measurement techniques are prerequisites for achieving better data quality
and to assessing the consistency between satellite records required for synergistic exploitation.
One aim of the present thesis is to improve the retrieval of TOCs from SCIAMACHY using
the Limb-Nadir Matching method. A considerable lack of data is found in the 7-year data
analysis of the previous TOC product. This issue will be solved by improving the limb data
screening process. Severe overestimation at the northern high latitudes will be corrected by
improving the stratospheric column accuracy using the optimized limb ozone profile retrieval.
The collocated tropopause height (TPH) will be obtained in a more sophisticated way in order
to decrease the TPH induced errors. Both the retrieved limb ozone profiles and the resulting
TOCs will be validated using balloon-borne ozonesonde measurements. A second aim of the
present thesis is to investigate the global distribution of tropospheric ozone. Knowledge of
the global distribution is necessary as a basis to increase our understanding of chemical influences and of the coupling between tropospheric ozone and the climate system. Following the
data improvement, the tropospheric ozone pool over the Arabian Sea (AS) in boreal spring
will be investigated and interpreted with the help of multiple data sets and models. The potential sources and the inter-annual variability of the high TOCs will be discussed.
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This thesis is structured as follows: In Chapter 2, the scientific background of the Earth's atmosphere, atmospheric chemistry and the role of ozone, and the fundamentals of and instruments used for satellite measurements of tropospheric ozone are presented. The current state
of tropospheric ozone research, including the measurement techniques and global distribution,
is presented in Chapter 3. Chapter 4 introduces the main data used in this study. Chapter 5
forms the main part of the thesis and describes the various improvements of the Limb-Nadir
Matching approach for tropospheric ozone retrieval. The enhancement of the tropospheric
ozone concentrations over the AS during the pre-monsoon season is reported in Chapter 6.
Finally, Chapter 7 summarizes the conclusions of the thesis and gives an outlook on proposed
future work in the field of tropospheric ozone.

4
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2 Scientific background
2.1

The Earth's atmosphere

The Earth's atmosphere is a thin layer of gas which uniformly covers the whole Earth, and is
retained by Earth's gravity (Jacobson et al., 2000, p. 132). Today's atmosphere comprises a
variety of constituents, including the main constituents – nitrogen (N2), oxygen (O2), argon
(Ar), water (H2O gas, liquid and solid), together with numerous trace gases – e.g., ozone (O3),
methane (CH4), and oxides of nitrogen (N2O, NOx etc) (see Tab. 2.1).

Table 2.1: Major gaseous constituents of the Earth's atmosphere (up to 105 km) in fractional
concentrations in volume, with respect to dry air (from Wallace and Hobbs, 2006, p. 8).

Constituent
Nitrogen (N2)
Oxygen (O2)
Argon (Ar)
Water vapor (H2O)
Carbon dioxide (CO2)
Neon (Ne)
Helium (He)
Methane (CH4)
Krypton (Kr)
Hydrogen (H2)
Nitrous oxide (N2O)
Ozone (O3)

Molecular weight
28.013
32.000
39.95
18.02
44.01
20.18
4.00
16.04
83.80
2.02
56.03
48.00

Fractional
concentration
by volume
78.08%
20.95 %
0.93 %
0-5 %
>400 ppm
18 ppm
5 ppm
1.75 ppm
1 ppm
0.5 ppm
0.3 ppm
Up to 10 ppm

Based on the vertical variation of the temperature profiles with altitude, the atmosphere is
commonly divided into five layers: the troposphere, the stratosphere, the mesosphere, the
thermosphere and the exosphere (Fig. 2.1). In the troposphere, the lowest atmospheric layer,
the temperature decreases with increasing altitude, as a result of the adiabatic expansion of
J. JIA
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rising air. The temperature pattern in the stratosphere is different. In this layer, the absorption
of solar radiation by a rapidly increased O2 density towards lower altitudes results in the
presence of O atoms, O(3P). These atoms react with O2 and form the ozone layer (Burrows et
al., 2011). The ozone layer is very important because it protects the biosphere from being
damaged by absorbing the harmful solar UltraViolet (UV) radiation (UV-b and UV-c). The
presence of the ozone layer in the stratosphere leads to the stratosphere heating with higher
altitude and causes a temperature maximum at ~50 km. In the thermosphere, the temperature
profile also has a positive gradient due to the absorption of solar UV radiation in association
with the dissociation of the diatomic nitrogen and oxygen molecules (Wallace and Hobbs,
2006, p. 11). The presence of these two temperature inversions defines the five atmospheric
layers and the layer-pauses in between, namely the tropopause, the stratopause and the
mesopause (Fig. 2.1).

Figure 2.1. Atmospheric vertical structure including its temperature composition. In the figure, conventional names of atmospheric layers or regions are given (from Jacobson et al.,
2000, p. 133).
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The density of the atmosphere decreases with height in the same manner as the atmospheric
pressure. Around 90% of the atmosphere's mass is distributed below 16 km, while 50% is below 5.6 km (Lutgens and Edward, 1995). The troposphere, which name means 'well mixed
layer' in Latin, provides our weather and has a direct impact on life on Earth. Furthermore, it
is also the lower layer and, together with the stratosphere, is the layer which is the most easily
influenced by human activity. One well-known example of human influence on the atmosphere is the 'ozone hole' – the stratospheric ozone depletion caused by the tropospheric release of chlorofluorocarbon, CFC, which, in the end, caused ozone to become a subject of
public interest.

2.2

Atmospheric chemistry and the role of ozone

2.2.1 Stratospheric ozone
The stratosphere contains about 90% of the ozone in the Earth's atmosphere. As briefly mentioned in Sect. 2.1, the stratospheric ozone is formed by the photolysis of O2. The photolysis
of O2 yields two O atoms:

O2  hv(  240nm)  O  O .

( R1)

wherein O atoms are in the ground-level triplet state O(3P). These highly reactive atoms
combine rapidly with O2 to form ozone:

O  O2  M  O3  M .

( R2)

The ozone molecules are further photolyzed by the following reactions:

O3  hv    320nm   O2  O  1D  .

( R3)

O  1D   M  O  M .

( R4)

From reaction 4, the O atoms can recombine with O2 to regenerate ozone. The net generation
of stratospheric ozone can be described as:
J. JIA
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3O2  hv  2O3 .
The ozone production depends approximately on the square of the O2 concentration (Chapman, 1930).
For ozone loss, the O atom undergoes another reaction:

O3  O  2O2 .

( R5)

Figure 2.2. Schematic of the Chapman reactions (Wallace and Hobbs, 2006, p. 188).

The reactions (R1)-(R5) are called the Chapman reactions (Fig. 2.2).
Catalytic cycles involving the NOx, HOx, ClOx and BrOx families deplete ozone in the stratosphere. The representative generic reaction can be presented as:

X  O3  XO  O2 .

( R6)

XO  O  X  O2 .

( R7)

Net: O  O3  2O2 .
where X equals H, OH, NO, Cl, Br etc.
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For instance, in the case of ozone loss with rising CFCs inserted from the troposphere, the
CFC molecules are transported to the stratosphere, where they photolyze to release Cl atoms.
For example, CFC-12 photolyzes as:

CF2Cl2  hv  CF2Cl  Cl .

( R8)

The Cl atoms then trigger a catalytic cycle involving the ClOx family (Cl and ClO) as showed
in (R6)-(R7).
The occurrence of the 'Antarctic ozone hole' improved our understanding of ozone loss by
showing new catalytic cycles involving self-reactions in conditions of high ClO concentrations, which are further explained with the existence of PSCs (Polar Stratospheric Clouds).
The new catalytic cycles are:
(1), the ClO + ClO cycle

ClO  ClO  M  ClOOCl  M .

( R9)

ClOOCl  hv  ClOO  Cl .

( R10)

ClOO  M  O2  Cl  M .

( R11)

Cl  O3  ClO  O2 .

( R12)

which are responsible for ~ 70% of the polar ozone destruction,
and (2), the ClO + BrO cycle

Cl  O3  ClO  O2 .

( R13)

Br  O3  BrO  O2 .

( R14)

BrO  ClO  Br  Cl  O2 .

( R15)

Both cycles have the net reaction: 2O3  3O2 . Further details on these cycles can be found in
e.g., Jacob (1999).
The existence of the stratospheric ozone layer affects both the stratosphere as well as the troposphere and its human activities. The crucial function of stratospheric ozone is to prevent
harmful solar UV radiation from penetrating to the Earth's surface, as already mentioned in
Sect. 2.1. By absorbing the radiation it acts as a net heating mechanism in the stratosphere.
This is balanced by the net infrared cooling of CO2 and H2O (Ramanathan and Dickinson,
J. JIA
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1979). Stratospheric ozone also causes a net heating of the troposphere-surface system. This
heating comes from downward infrared emission by stratospheric ozone, plus the enhanced
emission from stratospheric CO2 and H2O owing to the higher stratospheric temperatures
(Dessler, 2000, p. 3). Besides this, stratospheric ozone influences the tropospheric ozone by
stratosphere-troposphere exchange (STE, Holton et al., 1995). A reduction of stratospheric
ozone would lead to enhanced UV radiation at the Earth's surface and in the troposphere. The
generation of tropospheric ozone would then increase via photochemistry, as would the rate
of skin cancer.

2.2.2 Tropospheric ozone
Initially, it was suggested that the primary source of tropospheric ozone is transport from the
stratosphere (STE). Research on the Los Angeles smog helped to establish the conclusion that
ozone is also photochemically produced in the troposphere. In the present day, the photochemistry in the troposphere is known to be the dominant source of tropospheric ozone, exceeding the flux from the stratosphere by factors of 7-15. 30% of this photochemically produced ozone is attributable to human activity (Cooper et al., 2014). Ozone is a secondary
photochemical product. The photochemical precursors of the tropospheric ozone are NOx,
CO, CH4 and VOCs emitted from fossil fuel combustion, biomass burning, industrial emissions, agriculture etc. The chemical process is briefly as follows.
At wavelengths <430 nm, NO2 is photolyzed:

NO2  hv( 430nm)  NO  O .

( R16)

whereby O atoms are quickly combined with O2 to produce ozone as shown in (R2). The
produced ozone is removed by:

O3  NO  NO2  O2 .

( R17)

The combination of (R2), (R16) and (R17) constitutes a null cycle that neither creates nor destroys ozone. Meanwhile, the ozone molecules are photolyzed and yield high-energy O(1D)
(R3), which reacts with water vapor to form two hydroxyl radicals:
O  1D   H 2O  2OH .

( R18)

OH is rapidly transformed to HO2 or RO2:
10
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OH  CO  H  CO2 .

( R19a)

H  O2  M  HO2  M .

( R19b)

or

OH  RH  R  H 2O .

( R19c)

R  O2  M  RO2  M .

( R19d)

where R is from an alkane, e.g. CH3, CH3O, C2H5O. In the absence of NOx, the reactions

HO2  HO2  H 2O2  O2 .

( R20a)

HO2  RO2  ROOH  O2 .

( R20b)

Figure 2.3. Left panel: Variations of nitrogen and oxidant (mainly ozone) in air concentration
during a smoggy day in Southern California (adjusted from Finlayson-Pitts and Pitts, 1977).
Right panel: Ozone mixing ratios (ppb) as a function of VOC and NOx emissions as computed using the UKCA model (http://www.ukca.ac.uk) of atmospheric chemistry (Archibald
et al., 2011). Three main regions are identified. Top left corner (A): region of NOx saturation
and ozone titration. Bottom right corner (C): region of VOC saturation and ozone destruction.
Diagonal elements (A–C, B–C): efficient conversion of NO–NO2 and hence ozone production increasing with increasing VOC and NOx emissions (Monks et al., 2015).
J. JIA
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take place. H2O2 and ROOH are removed quickly from the troposphere by wet-deposition. In
the presence of NOx, which is the case for polluted air, ozone is formed by

HO2  NO  NO2  OH .

(R21a)

RO2  NO  NO2  RO .

( R21b)

together with reactions (R16), (R2), and (R19), in which chain reactions NO is converted to
NO2. The interrelations among NO, NO2, VOC and ozone concentrations during an airpollution episode are shown in Fig. 2.3.

Figure 2.4. Mortality linked to outdoor air pollution (PM2.5 and O3) in 2010. In the white areas, annual mean PM2.5 and O3 are below the concentration–response thresholds where no
excess mortality is expected (from Fig.1 in Lelieveld et al., 2015).

Tropospheric ozone has 'good' and 'bad' effects on the environment.
On one hand, it plays a central role in the chemistry of the troposphere. It is the primary tropospheric source of the OH radical which determines the lifetime and thus the concentrations
12
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of trace gases affected by oxidation (R3, 18 and 19). Tropospheric ozone is also the third
most important greenhouse gas. Due to ozone changes, an estimated globally averaged RF
increased +0.40 ± 0.20 W m–2, comparing to ~+0.48 W m–2 from CH4, +1.66 W m–2 from
CO2 and little to no direct effect for ozone precursors, e.g., CO, NOx and non-methane VOCs
(NMVOCs, IPCC, 2013). Already in the late 1970s, it was reported that a uniform percentage
decrease of ozone in the troposphere has around the same net radiative cooling effect on the
surface-troposphere system as the same percentage decrease of ozone in the stratosphere due
to the similar infrared (IR) opacity (Ramanathan and Dickinson, 1979; Fishman et al., 1979).

Figure 2.5. The interactions of tropospheric ozone in the Earth's system (from Fig. 1-1 in
EPA, 2009).

On the other hand, ozone at the surface is an air pollutant. As an extremely powerful oxidizing agent, ozone can damage rubber, plastics and can harm humans and plants even at low
concentrations (~several tens of ppbv) (Wallace, 2006, p. 165). WHO (World Health Organization) has stated that "the daily mortality rises by 0.3% and that for heart diseases by 0.4%
J. JIA
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per 10 µg/m3 increase in ozone exposure". Enhanced ozone has also been linked to the
chronic obstructive pulmonary disease (COPD) and lung cancer (Lelieveld et al., 2015; Uysal
and Schapira, 2003). Figure 2.4 shows the mortality linked to outdoor air pollution (PM2.5
and O3) in 2010, in which 223 000 deaths are from lung cancer, as stated by International
Agency for Research on Cancer (IARC). The potential of ozone to damage vegetation has
been known for more than 40 years, including visible leaf injury, growth and yield reductions
(e.g. Fuhrer et al., 1997; Mills et al., 2016 and references therein). The yield losses for the
four major agricultural crops (wheat, rice, maize and soybeans) induced by ozone in 2000
were estimated to cost an economic loss in the range $14-$26 billion as reported by Van Dingenen et al. (2009).
While ozone has a relatively short lifetime in the boundary layer (typically hours as a combined result of the losses to the surface by dry deposition and oxidative reactions), it has a
lifetime in the order of several weeks when lifted up to the free troposphere (Young et al.,
2013). Both the atmosphere's vertical mixing and the horizontal mixing in a hemisphere take
~1-2 weeks. Therefore ozone is long-range transported and mixed and can be influenced by
climate variability (Fig. 2.5) before its deposition. None of these processes can be well understood without precise measurements of the tropospheric ozone distribution, which can be obtained by satellite measurements. In the following, the mechanisms behind atmospheric concentration measurements by use of satellites will be described.

2.3

Satellite measurements of tropospheric ozone: fundamentals

2.3.1 Electromagnetic radiation and molecular energy states
Satellite measurements rely on the fundamentals of interaction between electromagnetic radiation and matter.

Electromagnetic radiation
Electromagnetic radiation is described classically as electromagnetic waves that propagate at
the speed of light through a vacuum in the form of synchronized oscillations of electric and
magnetic fields, according to which the frequency  is linked with the wavelength  by
14
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Figure 2.6. Sketch of the electromagnetic spectrum.

c  v  .

(2-1)

where c is the speed of light for vacuum (2.998 x 108 m/s). Based on different wavelength
or frequency, the electromagnetic radiation can be divided into different regions, e.g., UltraViolet (UV), Visible (Vis), Infrared (IR), microwaves (MW), etc. Figure 2.6 illustrates the
corresponding wavelength/frequency with radiation types.
In quantum mechanics, electromagnetic radiation is also described as a stream of particles.
These particles are called photons. The energy E of the photons depends on the frequency of
the radiation v:

E  h .

(2-2)

wherein h is Planck's constant (6.626 x 10-34 Js).
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Molecular energy states
A molecule is defined as an electrically neutral group of two or more atoms held together by
chemical bonds. A molecule is considered as a multi-particle system in quantum mechanics
and thus has discrete energy states. The molecular energy states consist of three parts: the
rotation of the entire molecule – rotational energy states; the vibration of the atoms – vibrational energy states; and the changed configuration of the electrons – electronic energy states.
Quantum mechanically, the rotational energy levels are calculated as
E j  B  J  J  1 .

(2-3)

wherein B is the rotational constant of the particular molecule and rotation mode (rotation
axis), and J is the rotational quantum number. The energy difference E j between two adjacent states is then given as
E j  E j 1  E j  2 B  J  1 .

(2-4)

Thus a rotational band consists of a series of equally spaced lines.
The vibration of atoms can be understood as harmonic oscillations. The energy levels are
given by
Ev   v  1 / 2   h0 .

(2-5)

wherein v is the vibrational quantum number (vibration level), and 1/ 2h0 is the zero-point
energy of the molecular oscillator. Thus, the energies are proportional to the vibrational quantum number v. During the vibrational excitation, the molecules are likely to be rotationally
excited at ambient temperatures. As a result, each vibrational state splits into a series of rotational-vibrational (ro-vibrational) states. The electronic energy states are caused by the
changed configuration of the electrons. The molecular bond length and strength change with
the electronic configuration. Therefore, each electronic state has its own set of vibrational and
rotational states. Figure 2.7 shows the ro-vibrational energy levels of two electronic states of
a molecule, which gives an example of the electronic transition. The electronic transition occurs vertically as governed by the Frank-Condon principle, which can be briefly explained as
the unchanged nuclei position during the electron reconfiguration.
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Figure 2.7. Sketch of ro-vibrational energy levels of two electronic states of a (diatomic)
molecule. Electronic energies are given as a function of the distance between the nuclei of the
atoms within the molecule. They are minimal at a certain distance Re, which is usually different in the different electronic states due to the changed configuration. The equidistant, horizontal groups of lines denote the lowest rotational levels of the vibrational states (ground
state: ν'= 0, 1, 2, excited state: ν''= 0, 1). Note that the energy separation of the rotational
states (marked as J'' and J' in the sketch) is exaggerated in comparison to the vibrational energies. (Platt and Stutz, 2008, p. 82)

2.3.2 Interaction of molecules with radiation
Electromagnetic radiation passing through a gaseous mixture may either be scattered or absorbed.

J. JIA
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Scattering of radiation
According to the existence of energy state changes in the molecules, the scattering can be
distinguished as elastic scattering and inelastic scattering.


When the scattered molecule/particle is unaffected but only the photon's direction is
changed, it is called elastic scattering. Depending on the ratio of the particle size (circumference) and the photon's wavelength,     Dp /  , the elastic scattering includes Rayleigh scattering ( 

1 , corresponding to the gas molecules in the air), Mie

scattering (   1 , corresponding to the aerosols, particles and clouds), and geometric
scattering ( 

1 , corresponding to the rain drops or ice crystals). For Rayleigh scat-

tering, the scattering depends on the wavelength of the light ( I 

1

4

). This type of

scattering causes the Earth's sky to have different colors: the blue sky can be explained by the larger scattering of shorter wavelengths (blue), and the red sunsets are
caused by the loss of all blue scattered light due to longer light path through atmosphere. Mie scattering is not so strongly wavelength dependent as Rayleigh scattering,
and produces the almost white glare around the sun when a lot of particulate materials
are present in the air. It is also the reason for the white light from mist, fog and the
white clouds. Compared to Rayleigh scattering, Mie scattering has a strong dominance of the forward direction in the scattered light. Due to the corresponding matter
size, the geometric scattering is not considered in clear-sky conditions.


Raman scattering is an example of inelastic scattering. It is a weak interaction of radiation with matter between scattering and absorption. While the photons are scattered
by the molecules, an internal transition between energy states (vibration or rotation or
both) could happen. The scattered photon thus has a different energy from the exciting
photon. Although Raman scattering is weak, it can be used to determine the molecular
concentrations (Burrows et al., 2011).

Absorption of radiation
A photon can be absorbed by a molecule when the energy of the photon equals the energy
difference between two energy states of the molecule. Therefore, for a certain molecule con-
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figuration, only a set of specific wavelengths can be absorbed by the molecule. Thus the absorption of the radiation can provide information that can be used to identify gas species

Figure 2.8. High spectral resolution ozone absorption cross section in the vacuum wavelength
230 - 1066 nm using the SCIAMACHY spectrometer (Gorshelev et al., 2014).

and determine gas concentration. The absorption cross section  a    describes the absorption by a molecule at wavelength  . It can be treated as the effective area of the molecule for
removing a photon's energy from radiation and can be measured in the laboratory. Figure 2.8
gives an example of the ozone absorption cross section over different wavelengths. The absorption cross section changes with molecule configuration and thus can be influenced by
temperature and pressure (not shown) (Bohren and Clothiaux, 2006, p. 61). Quantitatively the
absorption of radiation is known as the Beer-Lambert law:

I     I 0     exp   a     c  L  .

J. JIA
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wherein I 0    is the initial intensity emitted by a radiation source, I    is the radiation intensity after passing through a certain thickness (L) of the medium,  a    denotes the absorption cross section, and c represents the concentration of the measured species.
Absorption bands – a range of wavelengths, frequencies or energies in the electromagnetic
spectrum – are characteristic of a particular transition from its initial to final energy state.
Ozone absorption bands are: Hartley bands (200-300 nm), Huggins bands (320-360 nm),
Chappuis bands (375-650 nm) and Wulf bands (> 700 nm in IR range).

Emission of radiation
When a molecule transforms from a higher energy state to a lower energy state, photons are
emitted. The energy of the emitted photon can be determined by quantifying the energy difference between the two states. For a black body, the photon energy (or spectral) is distributed by the Planck distribution (or Planck function):

h 3
1
Pe     2 2 
.
4 c exp  h / k BT   1

(2-7)

wherein c is the speed of light, h is the Planck constant, kB is the Boltzmann constant and 
is the transformation from circular frequency to wavelength (  

2



 c ). This equation de-

scribes the spectral intensity of a “blackbody” as a function of temperature (absolute temperature) and wavelength (Bohren and Clothiaux, 2006, p. 6).
Thermal emission from air molecules or aerosol particles in the atmosphere takes place at infrared wavelengths. Thermal emission can be neglected in the visible part of the electromagnetic spectrum. Thus, the observed spectral signatures in the visible can be directly related to
absorption spectra of atmospheric constituents (Burrows et al., 2011).

2.3.3 The solar spectrum
The main source of the earth-received radiation is solar electromagnetic radiation, which is
emitted from the superheated gas on the Sun’s surface. Solar electromagnetic radiation shows
wavelength-dependen emission, absorption and scattering processes. Figure 2.9 illustrates the
20
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Figure 2.9. The solar radiation spectrum in terms of energy per unit wavelength at the top of
the atmosphere and at the surface (Jones and Vaughan, 2010, p. 17).

solar irradiance curve. The irradiance is the radiated energy received per unit area per time.
This radiation transfer related quantity is expressed in units of W m-2 (Platt and Stutz, 2008).
The solar irradiance spectrum at the top of the atmosphere approximately follows the energy
distribution of a blackbody at temperature 5800 K as determined by Eq. 2.7 (Liou, 2002). It
contains a set of dark lines, which are the so-called Fraunhofer lines. The Fraunhofer lines
are typical absorption lines that are caused by chemical elements in the solar atmosphere. The
differences between the irradiation at the top of the atmosphere and at sea level illustrate the
attenuation of the solar radiation in the Earth's atmosphere. The main contributions to the attenuation are caused by Rayleigh scattering in the Vis wavelength range, and absorption by
molecules (e.g. ozone, water vapor and carbon dioxide) in the UV and IR range.
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2.3.4 Atmospheric radiative transfer
The radiance passing through the Earth's atmosphere can be attenuated by scattering and absorption. The combination of absorption and scattering is presented often as extinction. An
important tool to simulate changes in the solar radiation due to atmospheric extinction is a
radiative transfer model (RTM), also referred to as Forward Model (Gottwald and Bovensmann, 2012). These models can simulate the radiances, as they would be measured by a
sensor, at given atmospheric conditions with the use of the Beer-Lambert Law. For a single
species the law is given as:
dI   [ a      s   ]  I   ds  [ a      s   ]  n  I   ds .

(2-8)

wherein dI  is the change in intensity, which is defined as the flux of energy in a given direction per second per unit wavelength range per unit solid angle per unit area perpendicular to
the given direction (Liou, 2002);  a    and  s    are absorption and scattering coefficients;
 a    and  s    are the corresponding cross sections of the molecule; n is the number den-

sity of absorbers/scatterers; and ds is the travel distance. Integration is then performed along
the direct solar beam from the surface to the top of the atmosphere.
Several terms are involved in the radiative transfer:


Albedo (  ): to be more precise, the single-scattering albedo, determines the possibility of a photon to be absorbed or scattered while interacting with a volume element.
An albedo value of 1 illustrates a 100% scattering.



Phase function ( p   ): the term p   

d
denotes the probability that the radiation is
2

scattered within a solid angle d with a direction and form an angle  .


Ring effect: a filling in (broadening and reduction of depth) of solar Fraunhofer lines
in scattered sunlight (Chance and Spurr, 1997). It is caused by the very little (around 4%
in total scattering, this number is obtained from Gottwald and Bovensmann, 2012)
Rotational Raman Scattering (RRS).

The usual input parameters that are used for the computation of a radiative transfer are the
solar spectral input, the extinction optical depth (the sum of the layer optical depths due to
molecular absorption, Mie and Rayleigh scattering), the single-scattering albedo, and the
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phase function of scattered radiation (Ricchiazzi et al., 1998). Further information about radiative transfer can be found in Liou (2002).
The radiative transfer model SCIATRAN (Rozanov et al., 2014) is used at the Institute for
Environmental Physics in University of Bremen (IUP). A radiative transfer model like
SCIATRAN does not only provide simulations of the radiation, but is also capable of calculating additional parameters, e.g.,


Air mass factors: a measure for the photon path in the atmosphere.



Weighting function: describes how sensitive radiance changes are to modifications in
the parameters. (Gottwald and Bovensmann, 2012)

2.4

Satellite measurements of tropospheric ozone: instruments

Instruments which measure ozone can be divided in three categories: UV-Vis backscattering
spectrometer, microwave spectrometer, and IR spectrometer. Here the main spectrometers
related to the research presented in this thesis are briefly introduced. Table 2.2 gives a summary of each instrument's related characteristics.

Table 2.2: Summary of the characteristics of the selected satellite instruments which are used
to measure atmospheric ozone.
Global
Coverage

Availability period

Instrument

Equator
crossing

Pixel size
[km2]

GOME
SCIAMACHY
GOME-2
OMI
MLS
TES
IASI

10:30 LT
10:00 LT
9:30 LT
13:45 LT
13:45 LT
13:38 LT
9:30 LT

3 days
6 days
~1 day
1 day
1 day
16 days
< 1 day

1995/10–2003/06
2002/08–2012/04
2007/01–
2004/10–
2004/07*–
2004/10–
2006/10–

40 × 320
30 × 60
40 × 80
13 × 24
5 × 500 × 3
5.3 × 8.5
12(diameter)

* only consider MLS on board Aura
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2.4.1 GOME
The Global Ozone Monitoring Experiment (GOME) on board the Second European Remote
Sensing Satellite ERS-2 was launched in April 1995. The satellite is operated in a near-polar
sun-synchronous orbit with an equator overpass time of 10:30 on descending node and has a
global coverage within 3 days (Burrows et al., 1999). GOME is a small-scale version of
SCIAMACHY (Sect. 2.4.2) and is used for global monitoring of ozone and other trace gases.
It is a multi-channel spectrometer with four channels covering the wavelength range from
240 nm to 790 nm, with a moderate spectral resolution of 0.2 – 0.3 nm. GOME is a nadirviewing mode instrument with a spatial resolution of 320 km × 40 km (across/along track).
The spatial resolution was increased to 80 km x 40 km after June 1997 with a narrow-swath
mode, wherefore the instrument's scan angle was reduced from ±31.0° to ±8.7° (Beirle, et al.,
2004).

2.4.2 SCIAMAMCHY
The SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) instrument operated from August 2002 to April 2012 on board the European satellite Envisat (Burrows et al., 1995; Bovensmann et al., 1999). Envisat operated in a sunsynchronous, near-polar orbit with a local equatorial overpass time at around 10:00 at the descending node. SCIAMACHY was a passive spectrometer designed to measure radiances in
eight spectral channels covering a wide range from 214 nm to 2384 nm with a moderate spectral resolution of 0.21 nm to 1.56 nm including 8 channels. SCIAMACHY performed observations in three viewing modes: nadir, limb and solar/lunar occultation.
In nadir geometry, the instrument's Line of Sight (LOS) was pointed directly under the instrument, with a 4 s across track scan, followed by a 1 s back scan. The across track swath is
960 km. The size of the individual ground pixels is dependent on the selected integration
time. The resolution varied from 26 km × 30 km (along-track × across-track) up to 32 km ×
930 km for wide swath settings (Gottwald and Bovensmann, 2011). The typical spatial resolution was about 30 km × 60 km.
In limb-viewing geometry, SCIAMACHY observed the atmosphere with the line of sight
pointed tangentially to the Earth’s surface, with a field of view of 110 km horizontally and
24
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2.6 km vertically at the tangent point. A limb measurement sequence started from 3 km below the horizon (0 km after October 2010) and continued with a vertical scan up to around 93
km. At each tangent height, SCIAMACHY performed a horizontal scan with a total swath of
about 960 km. The horizontal scan is typically read out into four measurements with different
azimuth angles (only one measurement in channel 1). The tangent height step between the
subsequent horizontal scans is around 3.3 km. The spatial resolution is typically 960 km ×
400 km in channel 1 and 240 km × 400 km (across/along track) in all other channels
(Gottwald and Bovensmann, 2011). The relative azimuth angle between the instrument and
the sun changes in the course of the orbit. In the high northern latitudes, the instrument measurement field of view faces the solar light with a small relative azimuth angle while in the
southern latitudes the sunlight comes from behind the instrument field of view and the relative azimuth angle is large (See Fig. 4.3 and Fig. 4.4 in Ernst, 2013).
In occultation mode, the instrument directly measured the radiation of the sun or the moon
using the same geometry as in the limb mode. The solar occultation measurements are performed during the sunrise with the latitude range of 65° – 90° N. Lunar occultation are measured during moonrise at the latitude bin of 30° – 90° S.
The ozone profile retrieval algorithm employed in this study uses limb measurements in the
Hartley and Chappuis absorption bands in SCIAMACHY special channels 1 (214-314 nm), 3
(392-605 nm) and 4 (598-790 nm), while the total ozone columns are retrieved using measurements in the Huggins bands in channel 2 (326.6-334.5 nm).

2.4.3 GOME-2
After the big successes of the GOME spectrometer, the second-generation sensor – GOME-2
– was launched aboard ESA's MetOp (Meteorological Operational) satellite series (MetOp-A
and MetOp-B) in October 2006 and September 2012, respectively, with a local equator crossing time of 9:30. Just like the GOME spectrometer, the GOME-2 is also a UV-Vis spectrometer with four bands covering the 240 – 790 nm spectral range with a spectral resolution
of 0.24 – 0.53 nm (Callies et al., 2000). With a swath width of 1920 km, GOME-2 measurements can reach a global coverage within one day. The instrument has nadir-viewing, and
the spatial resolution is typically 640 km × 40 km in band 1a and 80 km × 40 km
(across/along track) in all other channels. The bands 1 (240 – 315 nm) and 2 (310 – 403 nm)
J. JIA
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are used for ozone retrieval. In July 2013, operations of the GOME-2 instrument on board
MetOp-A were switched to a 'narrow swath' mode, enabling a swath width of 960 km, yielding a horizontal resolution of 40 km × 40 km (Hilboll, 2013). The MetOp satellite series A, B
and C have projected mission lifetime of six years, respectively, which makes GOME-2 the
first of a series of three identical instruments that will provide more than 15 years of spaceborne UV-Vis observations of the atmosphere. The MetOp-C is planned to be launched in
October 2018.

2.4.4 OMI
The Ozone Monitoring Instrument (OMI) is a UV-Vis nadir viewing spectrometer onboard
the Earth Observing System (EOS) Aura mission together with MLS (Sect. 2.4.5) and TES
(Sect. 2.4.6). OMI was launched into a polar sun-synchronous orbit in July 2004. It was designed to continue NASA's Total Ozone Mapping Spectrometer (TOMS) record for total
ozone and other atmospheric parameters related to ozone chemistry and climate. OMI was
launched in July 2004 with a local passing time of 13:45 (ascending node), detecting backscattered solar radiation over the 270 - 500 nm wavelength range with a spectral resolution of
0.42 – 0.63 nm (Levelt et al., 2006). It has a very high spatial resolution (13 km × 24 km at
nadir) and a daily global coverage by using a two-dimensional CCD (Charge Coupled Device)
detector. The nadir pointing telescope of OMI has a very large field of view of 114°. The spatial resolution becomes coarser (till 13 km × ~150 km) towards the edges of the large swath
(~ 2600 km). After January 2009, the ground coverage of OMI was significantly decreased
due to 'row anomaly' of the instrument (Hilboll, 2013). OMI has a designed lifetime of 5
years. The Aura spacecraft is operating under good condition and is expected to operate until
at least 2022, and likely beyond.

2.4.5 MLS
The Microwave Limb Sounder (MLS) is a thermal-emission microwave limb sounder onboard the EOS Aura. It has a local passing time of 13:45 at ascending node. The aim of the
instrument is to improve the understanding of stratospheric ozone chemistry, the interaction
of composition and climate, and the pollution in the upper troposphere (Waters et al., 2006).
MLS contains heterodyne radiometers operating at ambient temperature in five spectral re26
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gions: 118 (R1), 190 (R2), 240 (R3), 640 (R4) GHz, and 2.5 (R5) THz. The 240 GHz radiometer R3 was included to cover the strong ozone lines in the region where upper absorption
by water vapor is small enough to allow measurements of upper tropospheric ozone (Waters
et al., 2006). The MLS field of view detects in the forward direction and the limb scanning in
the upward direction. Vertical profiles of 14 target atmospheric trace gases are retrieved from
the MLS observations with a 165 km horizontal spacing at altitudes between 8 and 90 km.
The spatial resolution of MLS is 500 km × 500 km (along-track × across-track). The tangent
height step between the subsequent horizontal scans is around 3.2 km depending on the parameter under observation (Waters et al., 2006). The design life of MLS is five years with an
operational goal of six years.

2.4.6 TES
The Tropospheric Emission Spectrometer (TES) on the EOS Aura mission is an infrared Fourier transform spectrometer (Beer et al, 2001; Beer, 2006). It primarily aims at mapping the
global three-dimensional distribution of tropospheric ozone and its precursors, and was originally designed to permit both nadir and limb views. TES covers the globe in 16 days in the
cross-track mode with a local passing time of 13:38 at ascending node. The spectrometer
probes the Earth’s atmosphere in the thermal infrared spectral range between 650 and 3050
cm−1 at a spectral resolution of 0.1 cm-1 in the nadir viewing mode and 0.025 cm-1 in the limb
viewing mode. The limb observations were eliminated after launching (Beer, 2006). TES
ozone is retrieved from the 9.6 um ozone absorption band using the 995 – 1070 cm-1 spectral
range. In cloud-free conditions, the nadir vertical profiles have around four degrees of freedom (DOF) for signal, approximately two of which are in the troposphere, giving an estimated vertical resolution of about 6 km with a footprint of 5.3 km × 8.5 km, covering an altitude range of 0-33 km (see Beer et al., 2001; Nassar et al., 2008 and the references therein).
TES has a projected mission lifetime of 5 years.

2.4.7 IASI
The Infrared Atmospheric Sounding Interferometer (IASI) is another Fourier transform spectrometer on orbit. IASI was launched onboard the MetOp platforms in October 2006 (IASI-A)
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and September 2012 (IASI-B) together with GOME-2. IASI covers the spectral range of 645
- 2760 cm-1 in nadir mode, measuring the spectrum emitted by the Earth's atmosphere with a
spectral resolution of 0.3-0.5 cm-1. The IASI footprint is a matrix of 2 × 2 pixels, each with
12 km diameter at nadir (Clerbaux et al., 2009). IASI monitors the atmospheric composition
two times per day (the satellite’s ground track is at about 9:30 a.m. and 9:30 p.m. local time).
Ozone vertical profiles are retrieved in near real time using a dedicated radiative transfer and
retrieval software for the IASI ozone product, the Fast Optimal Retrievals on Layers for IASI
(FORLI-O3) (Hurtmans et al., 2012; Safieddine, et al., 2015). The vertical profiles have
around 3-4 degrees of freedom (indicative value, details can be found in e.g. Boynard et al.,
2009). The IASI series will provide 15 years of global scale observations.

2.4.8 Instruments for stratospheric ozone measurement
Retrieving stratospheric ozone profiles with a high accuracy is not only important for stratospheric ozone studies, but also a requirement for the establishment of an essential long-term
climate variable data record. To achieve this goal, ground-based, balloon-borne, airborne and
satellite instruments have been used to monitor ozone abundances in the atmosphere during
the last decades. For satellite instruments, different observation techniques including solar/stellar occultation measurements (e.g., SAGE – Stratospheric Aerosol and Gas Experiment (McCormick et al., 1989); HALOE – Halogen Occultation Experiment (Russell et al.,
1994); ACE – Atmospheric Chemistry Experiment (McElroy et al., 2007); GOMOS – Global
Ozone Monitoring by Occultation of Stars (Bertaux et al., 2010)), limb scatter/emission
measurements (e.g., MLS; MIPAS – Michelson Interferometer for Passive Atmospheric
Sounding (Fischer et al., 2008); OSIRIS – Optical Spectrograph and InfraRed Imager System
(Llewellyn et al, 2004)) and nadir measurements (e.g., GOME/GOME2, OMI, IASI) have
been used in the last three decades (see, e.g., Sofieva et al., 2013; Hassler et al., 2014, and
references therein). The passive imaging spectrometer used in this study, SCIAMACHY,
provided vertical distributions of atmospheric trace gases by use of the limb-scattering measurement technique (Burrows et al., 1995; Bovensmann et al., 1999). Figure 2.10 shows an
overview of some ozone profile records.
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Figure 2.10. Overview of the native representation of the ozone profile records. The different
vertical distances represent the vertical resolution of each ozone profile data set. The total
vertical range defines the measurement altitude range. Colours differentiate different ozone
products, including altitude versus O3 number density (orange), altitude versus ozone volume
mixing ration (VMR, purple) and pressure versus ozone VMR (blue). Vertical grids that are
profile-dependent are marked with small vertical bars (Fig. 1 in Hubert et al., 2015).
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3 State of the art of tropospheric ozone
Satellite-based monitoring of tropospheric ozone is of critical importance in order to gain
knowledge on processes and phenomena affecting air quality and the greenhouse effect (Sellitto et al., 2011). Tropospheric ozone was one of the first chemical species (other than water)
which was derived from satellite-based total ozone column observations based on UV radiances measured by the TOMS instrument, combined with stratospheric measurements by
SAGE and SBUV (Solar Backscatter Ultraviolet) to determine the tropospheric residuals
( Fishman et al., 1990; 1996). Due to the fact that the satellites detect the atmosphere from up
to down, which makes the measurements less sensitive to the lower altitude, and due to the
fact that almost 90% of the atmospheric ozone is distributed in the stratosphere, current tropospheric ozone monitoring is with low accuracy and is therefore a topic of urgent investigation. In this chapter, the state-of-the-art of the current tropospheric ozone retrieval approaches
and the data interpretations will be presented.

3.1

Measurement techniques

The measurement techniques which exist within the field of tropospheric ozone retrieval are
normally grouped as three major techniques by means of different basic retrieval ideas: the
Optimal Estimation of ozone profiles from nadir (OE), the convective cloud differential
method (CCD) and the tropospheric ozone residual (TOR) method. In this thesis the measurement approaches are re-systemized in two categories: (1) the direct retrieval, including OE
(Sect. 3.1.1.1) and NN (Neural Network algorithm, Sect. 3.1.1.2), and (2) the indirect retrieval, including the CCD (Sect. 3.1.2.1), RSM (Reference Sector Method, Sect. 3.1.2.2),
and TOR (Sect. 3.1.2.3).

3.1.1 Direct retrieval
The tropospheric ozone columns can be measured directly by means of satellite retrieval of
the vertical distribution of ozone by nadir measurements. Depending on the wavelength range
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used, the ozone profiles can be retrieved from the backscattered UV-Vis radiation (e.g., from
GOME, SCIAMACHY, OMI, and GOME-2). Measurements of thermal radiation (e.g., from
TES and IASI) can also be used for the quantification of the ozone profiles by measuring the
pressure-broadening-dominated emission lines. Depending on whether the inverse relationship between the radiance spectra and the ozone profiles is obtained by use of optimal estimation (OE) or by use of a training model, the direct retrieval of ozone can be classified as OE
approach and Neural Network Ozone Retrieval System (NNORSY). Figure 3.1 shows the
comparison of the OE and the NNORSY retrieval approaches.

Figure 3.1. Schematic comparison of the direct retrieval approaches: OE and NNORSY
(Kaifel et al., 2006).

3.1.1.1 OE
Traditionally, the ozone profiles are derived from the well-known OE approach (Rodgers,
2000). A typical process of OE based retrieval is for instance the GOME ozone profile retrieval. For this retrieval, first a forward RTM is used, which is essential for the calculation of
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radiances and weighting functions that are needed for the vertical ozone retrieval from
GOME spectra. The ozone cross sections measured in the laboratory (such as shown in Fig.
2.8) are used in this step. Secondly, the inverse method, e.g. the Full Retrieval Method
(FURM, Hoogen et al., 1999), or the Ozone ProfilE Retrieval Algorithm (OPERA, van Peet
et al., 2014), is used to derive ozone profiles. These inverse methods are based on the OE approach. To solve the inverse problem, additional independent information (so called 'a priori')
is needed. The a priori is the typical atmospheric ozone distribution derived from models, and
from various in situ and remote sensing techniques. In the case of GOME, the TOMS V8
climatology model is used as a priori and as a priori variance (McPeters et al., 2007). The OE
approach has been applied to GOME, SCIAMACHY, OMI, GOME-2, TES and IASI measurements (e.g., Hoogen et al., 1999; Liu et al., 2010; Miles et al., 2015; Bowman et al., 2006;
Boynard et al., 2009 and the references therein). Validation results show that the mean deviation between sondes and satellite instruments are often within accuracy requirements by the
climate users (20% in the troposphere, 15% in the stratosphere).
The OE ozone profile retrieval has a moderate to low vertical resolution (6-10 km), which is
limited by the equation of the radiative transfer (Rodgers, 2000). Furthermore, in the UV-Vis
wavelength ranges, the measurements have low signal to noise ratio in the lower altitudes,
while in the thermal IR wavelength ranges, the measurement is only sensitive to the regions
where the temperature difference between the atmosphere and the Earth's surface is high. The
sensitivity of the measured radiance spectra to ozone variations in the lower troposphere is
weak (often less than 0.5 DOF). To enable measurements of the spatial distribution of ozone
plumes in the lowermost troposphere, the OE is developed to multispectral synergism of the
UV-Vis and thermal IR wavelength ranges, e.g., joint OMI with TES (Fu et al., 2013), and
GOME-2 with IASI (Guesta et al., 2013). It is reported that the DOFs for multispectral retrievals increases by 0.1 (40% in relative terms) for the lowermost troposphere (0-3 km)
(Guesta et al., 2013).

3.1.1.2 NNORSY
The NN algorithm is another alternative analysis method to retrieve the tropospheric ozone
column, and was developed in order to improve the accuracy of the retrieval results in the
lower troposphere. NN is a mathematical model extracting the underlying relationship between input and output quantities, using a learning and a testing stage (Sellitto et al., 2011)
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instead of using RTM and OE. The input quantities – spectral data and other parameters (e.g.,
space-time information, observation geometry and temperature profiles) – are collocated with
the existing ozone profile measurements from ozonesondes or other satellite measurements.
The two sets of collocated measurements are given to the NN to train the model. In contradiction to the classical retrievals schemes based on OE, the use of a priori profiles and forward
model is not needed for this method. Therefore once trained, the NN is able to operate in real
time with 103-105 times faster than classical OE retrieval techniques (Müller et al., 2003).
Consequently, high performance computers are not required. NN is expected to be less sensitive to systematic errors, clouds and aerosols (Sellitto et al., 2011) induced from the forward
models. In the last decades, NN has been used for ozone profile retrievals for the data obtained by GOME, SCIAMACHY, GOME-2 and OMI (see, e.g., Müller et al., 2003, Stellitto
et al., 2008, 2011, 2012). The accuracy of the data from NN is at the same level as the one
from OE. A detailed description of the NN technique can be found in e.g., Bishop (1995).

3.1.2 Indirect retrieval
Indirect retrievals of tropospheric ozone exploit the fact that 90% of ozone in the total ozone
column is located in the stratosphere. While it is hard to be directly derived from satellite observations, the tropospheric ozone information can be inferred by subtracting stratospheric
ozone from the total ozone columns. According to the different approaches in obtaining the
stratospheric ozone, the indirect retrieval mainly consists CCD, RSM and TOR.

3.1.2.1 CCD
The Convective Cloud Differential (CCD) method utilizes two facts: (1), high reflectivity
cloud cases are often associated with strong convection and cloud tops near the tropopause
(Ziemke et al., 1998 and references therein) and (2), the characteristics of zonal symmetry of
tropical stratospheric ozone columns are well known. Ziemke et al. (1998) calculated the total
ozone column with a low reflectivity (R<0.2). The stratospheric ozone columns are derived
for every 5° latitude band and averaged from 120°E to 120°W using the lowest values of the
above-cloud column amounts (above the tops of very high clouds with high reflectivity(R>0.9)). These stratospheric ozone columns are then assumed to be independent of longitude in a given latitude bin. The region which is used to calculate stratospheric ozone col34
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umns is chosen by subtracting two temporal standard deviations from monthly mean cloud
top pressures, to be able to locate where convective clouds are most often associated with the
cloud tops near the tropopause. The CCD method was later modified by Valks et al. (2003,
2014) and Leventidou et al. (2016) by using Cloud Fraction (CF) of 0.1 and 0.8 instead of
using the reflectivity (Fig. 3.2). This modification provides more precise information on aerosol loading and high-reflectivity caused by bright surfaces (for instance, desert). Furthermore,
CF is retrieved by using the Polarization Measurement Devices (PMDs). PMD spectral
ranges (Vis) can provide a better spatial resolution compared to the UV wavelength ranges
used for reflectivity retrieval. The CCD method has been applied to TOMS, OMI, GOME,
SCIAMACHY and GOME-2 data (Ziemke et al., 1998; Ziemke and Chandra, 2012; Valks et
al., 2003, 2014; Leventidou et al., 2016).

Figure 3.2. Schematic description of the CCD technique. DCC are the deep convective clouds,
Cf is the cloud fraction, ACCO is the above cloud column of ozone, TCO is the total column
of ozone and TTCO is the tropical tropospheric column of ozone (Leventidou et al., 2016).
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The Cloud Slicing (CS) method is an extension of the CCD method. It was developed to yield
tropospheric ozone profile information (the upper tropospheric ozone columns) with the
combination of the collocated measurements of above-cloud ozone columns and cloud-top
pressure (details can be found in Zimke et al., 2001). The drawbacks of the CCD and the CS
method are that their suitability is limited in regions with deep convective clouds (narrow region in the tropics). Furthermore, both methods cannot be applied to individual satellite pixels.

3.1.2.2 RSM
The Reference Sector Method (RSM, also referred to as Tropospheric Excess Method – TEM)
is, partly similar to the CCD method, also build on the assumption of the total stratospheric
ozone column’s longitudinal homogeneity in the tropics. The averaged total columns measured on the same day and at the same latitude over a relatively clean air region (e.g., the Pacific region 180–190° E was used for GOME data in Ladstätter-Weißenmayer et al. (2005))
can be used as an approximation of the stratospheric column (so-called reference sector) for
the region of interest. To yield TOCs, the derived reference sectors are subtracted from the
corresponding nadir measurements for individual satellite pixels at equal latitude. The regions
wherein the RSM method can be used are still limited to the tropics, as is also the case for the
CCD method. Besides, due to the long life time of ozone and the high stratospheric ozone
concentration near the tropopause, the relatively clean regions are easily contaminated by
transport processes in comparison to other trace gases, e.g., NO2 (Sierk et al., 2006). For instance, Folkins et al. (1999) have shown that the upper troposphere over Samoa (14°S,
171°W) between 14 and 17 km includes air with a considerable stratospheric signature. Samoa is thus defined as ‘beyond strictly tropical air’ (Thompson and Hudson, 1999). Using the
‘beyond strictly tropical air’ as reference sector can yield unphysical values at other longitudes in the same latitude bins. Figure 3.3 illustrates the TOCs retrieved by the RSM method
using the reference region 180-210° E. The total ozone column at 10-30° N at the reference
sector can no longer be used to represent the clean tropospheric ozone background. A usage
of these total columns as reference sector leads to the use of RSM unsuccessful in this latitude band.
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Figure. 3.3. Ozone columns derived from SCIAMACHY data by using the RSM method in
April 2008. The top panel shows the TOCs. The bottom panel shows the total ozone columns
used in RSM retrieval.

3.1.2.3 TOR
The tropospheric ozone residual (TOR) method was the very first retrieval method applied to
gain global TOCs. The difference between the so-called TOR method and the other indirect
tropospheric ozone retrieval approaches is the use of limb measurements. The CCD and RSM
methods both only use nadir data, and are limited to the tropics. The TOR method combines
the total ozone columns acquired from nadir measurements with the collocated stratospheric
ozone columns retrieved from the limb measurements, by using the tropopause height data.
The method was first reported by Fishman et al. (1990), using TOMS/SAGE for nadir and
limb ozone data. The standard tropopause height information was derived from National Center Environmental Prediction (NCEP). The OMI/MLS TOC retrieval is the current inheritor
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of the TOMS/SAGE TOR approach with the advantage that the MLS measurements are made
~7 min before OMI views at the same location during the daytime tracks (Ziemke et al.,
2011). For these two-sensor-TOR cases, one must deal with measurements from two different
sensors considering issues related to non-homogeneous data sets. The adjustment for intercalibration differences of OMI and MLS instruments is performed by using the CCD method.
Both OMI-CCD and MLS measurements of the stratospheric ozone are averaged over the
Pacific (120° W-120° E) for the comparison (Ziemke et al., 2006). The MLS data is adjusted
according to the observed differences. The advantage of using TOR is that it doesn't require
any further assumptions, such as zonal homogeneity of stratospheric ozone. However, the
horizontal resolution can be degraded by the use of limb measurements. To compensate this
drawback, MLS is interpolated in two steps: first a moving 2-D Gaussian window along orbit
is performed to fill in intermittent gaps along-track, which is followed by linear interpolation
along longitude. In the end OMI/MLS is able to provide daily-based global TOCs (Ziemke et
al., 2006; 2011).
The Limb-Nadir Matching (LNM) method is a specialized TOR method performed for instrument like SCIAMACHY, which has both limb and nadir measurements. Therefore, interinstrument calibration is not necessary, which avoids the calibration error introduced during
the adjustment. It is worth to point out that, because of the alternately monitoring under nadir
and limb mode, the limb ozone profile samplings by using SCIAMACHY is much more
sparse than the ones by using MLS measurement. The limb data interpolation induced in the
OMI/MLS retrieval should not be implemented in the SCIAMACHY Limb-Nadir Matching
method because of the large uncertainty of the limb ozone data in the bigger measuring gaps
along-track. The Limb-Nadir Matching retrieval method is the focus of this thesis and will be
discussed in detail in Chapter 5.
Besides the use of limb measurements to derive stratospheric ozone columns, ozonesonde
climatology can be combined with the satellite cloud-free nadir total ozone columns to separate stratospheric ozone columns. This residual method has been used successfully to retrieve
the tropical tropospheric ozone columns (TTO) by using TOMS derived total ozone with
climatology of 1991-1992 ozonesonde data (Kim et al., 1996, Hudson and Thompson, 1998).
This so-called modified residual (MR) method is based on the assumption of the existence of
total stratospheric ozone column's longitudinal homogeneity in the tropics as well, and is
therefore only used in the strict tropics (+10° latitude band).
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3.2

Tropospheric ozone distribution

Figure 3.4. Global distribution of the monthly TOCs using MACC reanalysis data (Sect. 4.5).

The spatial and seasonal distribution of tropospheric ozone (see Fig. 3.4) can be driven by
variations in precursor emissions, by systematic seasonal changes in meteorological conditions, or by seasonal changes of photochemical oxidation and removal processes.
Figure 3.5 illustrates the percentage of contributing factors (anthropogenic, biomass burning
and biogenic sources) of three major tropospheric ozone precursors: NOx, CO and VOCs in
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Figure 3.4. Continue.

response to the global emission budget. As anthropogenic emissions being the major source
of the precursors, the TOC distribution shows an asymmetrical hemispheric pattern, with
most ozone located in the Northern Hemisphere, especially over China, the West coast of US,
Europe and the Middle East, where most megacities are (see the tropospheric NO2 volumes in
Fig. 3.6). The TOC maxima are occurring in spring (March-May) and in summer (JuneAugust), when the solar radiation is strongest and therefore the photochemical reactions most
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Figure 3.5. Global emission factors for ozone precursors emitted from different sources. The
values are taken from Jaeglé et al. (2005), Guenther et al. (1995) and IPCC (2001 p. 256-260)
for NOx, VOCs and CO, respectively. Here the anthropogenic emissions include emissions
from transport vehicles, combustion of fossil fuels, industrial activities (e.g., power generation), agriculture etc. The biogenic sources consist of lightning, volcanoes, emissions from
oceans and vegetation, etc. Note that the budgets are given by using a range of values from
modelling thus have a large uncertainty, e.g., the 74% of biogenic contribution to emit VOCs
are calculated with VOCs budget of 377-1150 TgC/yr.

Figure 3.6. Averaged tropospheric NO2 volumes retrieved using SCIAMACHY Limb-Nadir
Matching (Hilboll et al., 2014) during 2003-2012.
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efficient. In the mid-latitudes of the Northern Hemisphere, the general circulation is dominated by westerly winds that flow from Asia across the North Pacific Ocean to North America, from North America across the North Atlantic Ocean to Europe, and from Europe into
Asia. Tropospheric ozone is intercontinentally transported along these transport pathways
and therefore circles the globe (see e.g. Jaffe et al., 1999; Parrish et al., 2012; Stohl and Eckhardt, 2004; HTAP, 2010 and the references therein).

Table 3.1: Global and regional estimates of ozone production from wildfires (adjusted from
Jaffe and Wigder, 2012).

Fire/time period
Southern Hemisphere (Africa and
South America)/during the dry season
Alaska and Canada/summer 2004
Boreal Northern Hemisphere
Temperate Northern Hemisphere
Northern Hemisphere Tropical and
Equatorial Region (10°S-30 °N)
Southern Hemisphere south of 10°S
Global total

Ozone
production

References

17 Tg month-1
11-15 Tg
13 Tg yr-1
3 Tg yr-1

Mauzerall et al., 1998
Pfister et al., 2006
Jaffe and Wigder, 2012
Jaffe and Wigder, 2012

103 Tg yr-1
54 Tg yr-1
174 Tg yr-1

Jaffe and Wigder, 2012
Jaffe and Wigder, 2012
Jaffe and Wigder, 2012

Biomass burning is the second largest source of CO after fossil fuel combustion. Burnings
emit substantial amounts of ozone precursors, e.g., NMVOCs, CO, CH4 and NOx, thus make
a significant contribution to tropospheric ozone concentrations both regionally and globally
(Crutzen et al., 1979). Table 3.1 shows the regional and global estimates of ozone production
from biomass burnings based on several studies, in which wildfires/biomass burning are reported to produce approximately 170 Tg of ozone per year. This is 3.5% of all global tropospheric ozone production (Jaffe and Wigder, 2012). The tropospheric ozone biomass burning plume in the Southern Hemisphere in austral spring (to be more precisely, the zonal
ozone belt that transported over the Southern Atlantic, the coast of South Africa, along Indian
Ocean and towards Australia, hereafter biomass burning plume) is well identified as a result
of the combination of, e.g., widespread biomass burning in southern Africa and South Amer42
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ica, lightning and continuous downward flows (e.g., Fishman et al., 1986, 1991; Pickering et
al, 1996; Thompson et al., 1996, 2001; Lelieveld and Dentener, 2000; Staudt et al., 2002;
Sinha et al., 2004). In the Northern Hemisphere, the boreal fires contribute more than half to
the global ozone production from biomass burning (see Jaffe and wigder, 2012 and the references therein). Figure 3.7 shows the seasonal distribution of the fire activities.
Biomass burning impacts on ozone production via two pathways: it emits precursors of ozone
directly, and it influences ozone photochemistry through emission of particles like aerosols.
Parrington et al. (2013) studied the ozone production rate within biomass burning plumes.
They showed that ozone formation increases with plume age as calculated by non-methane
hydro carbons (NMHC) ratios, wherein aerosols are very likely to drive ozone production
efficiency by influencing the photolysis rate of NO2 to form ozone.

Figure 3.7 Seasonal cycle of the global fire activity obtained from accumulated spatialtemporal distribution of the globally burnt surface products for the period 1982-1999 (Carmona-Moreno et al., 2005).

Climate change and climate phenomena can influence the tropospheric ozone distribution
by influencing the frequency and the intensity of biomass burnings, the strength of the tropiJ. JIA

43

State of the art of tropospheric ozone

cal convection and the horizontal propagation. Gillett et al. (2004) has shown that global
warming had an impact on the frequency of the area burned for Canadian forests. ENSO (El
Niño–Southern Oscillation) is identified to influence ozone production as well by changing
emissions and dynamics. During El Niño periods, emissions from burnings can be up to two
times larger than during other time (Akagi et al., 2011). Chandra et al. (1998) reported that 50%
of the TOC enhancements during the Indonesian fire episode in 1997 were due to El Niño
related transport changes, while 50% came from the enhanced fire emissions. The wave-one
pattern in equatorial tropospheric ozone is a persistent feature caused by the Walker circulation, with higher ozone values over the southern Atlantic tropics and lower values over the
Pacific (e.g., Thompson and Hudson, 1999; Chandra et al., 2003). This longitudinal structure
was first reported as a pattern of the total column ozone (Shiotani, 1992). Observed amplitudes of the tropical wave-one in total ozone using 11-year TOMS data are largest (smallest)
during September-November (March-May). Later on, by analysis of ozonesondes and stratospheric ozone derived from SAGE and MLS, the stratospheric ozone amount in the tropics
was found to have exceedingly small zonal variability of only a few DU on all time scales
including daily measurements (Shiotani and Hasebe, 1994; Ziemke et al., 1996; 2010). This
discovery, which was made in the mid-1990s, proved that the wave-one pattern is existing in
the troposphere.
Stratospheric-Tropospheric-Exchange (STE) is another factor that greatly impacts the
global tropospheric ozone distribution (Tab. 3.2). STE induces stratospheric ozone into the
troposphere. It can result in increasing of the tropospheric ozone concentrations. It is responsible for the observed Mediterranean ozone pool in boreal summer (Zanis et al., 2014) and is
also thought to play a role in the observed higher ozone amounts in summer over Tibetan Plateau (e.g., Lal et al., 2014).
Numerous other factors can also influence the tropospheric ozone distribution, e.g., biogenic
emission, which increases ozone at regional European scale and plays an important role of
ozone distribution in Southeast China (Tagaris et al., 2014). These factors will not be discussed further in this dissertation. To sum up, the knowledge about tropospheric ozone distribution has grown dramatically since the late 1980s, along with the development of more in
situ measurements, satellite observations and data retrieval techniques. Increasing amounts of
measurements and improving accuracies of the retrieval will benefit us by providing us more
insight in tropospheric ozone. For instance, the 'Atlantic ozone paradox', which refers to the
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persistence of higher TOCs over the South Atlantic in comparison to the northern tropical
Atlantic, as observed by ozonesondes and satellite measurements, is not valid anymore owing
to the insight provided by additional in situ observations 6 years after its discovery (Thompson et al., 2000; Sauvage et al., 2006). In the following chapters, I will focus on the optimization of existing tropospheric ozone retrieval techniques based on SCIAMACHY Limb-Nadir
Matching method. Furthermore, with the benefit of the improved TOC database, an ozone
distribution pattern over the AS, which has hardly been studied before, will be investigated.

Table 3.2: Global budget of tropospheric ozone (Tg yr-1) for the present-day atmosphere
(adapted from IPCC, 2007).
Model

STE

Chemical
loss
3170

Dry
Deposition
710

Burden

570

Chemical
production
3310

350

Lifetime
(days)
33

TM3
GEOSChem
MOZART-2

470

4900

4300

1070

320

22

340

5260

4750

860

360

23

STOCHEM

395

4980

4420

950

273

19

520+200

5060+570

4560+720

1010+220

340+40

22+2

25 models
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Reference
Lelieveld and
Dentener, 2000
Bey et al., 2001
Horowitz et al.,
2003
Stevenson et al.,
2004
Stevenson et al.,
2006
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4 Data sets used for this study
In this chapter, the main data sets which were used for this study, such as the satellite data
sets (SCIAMACHY nadir and limb ozone data), the tropopause height data retrieved from
European Centre for Medium-Range Weather Forecasts (ECMWF) database, the balloon
based measurement (ozonesonde data), the Monitoring Atmospheric Composition and Climate (MACC) reanalysis data and the HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model, will be presented.

4.1

SCIAMACHY nadir ozone data

The SCIAMACHY V6 total ozone product provides total ozone column data, which is expressed in Dobson Unit (DU) for each measurement. It is retrieved by using the Weighting
Function Differential Optical Absorption Spectroscopy (WFDOAS) algorithm (ColdeweyEgbers et al., 2005) applied to the UV spectral range (fitting window of 326.6-334.5 nm) in
SCIAMACHY channel 2. The product also contains the cloud parameters 'cloud fraction' and
'cloud top height'. The 'cloud fraction' represents the percentage of the cloud coverage for
each single nadir pixel. The value of the 'cloud top height' represents the altitude of the upper
side of the highest cloud. Both these parameters are default products determined by using the
SACURA algorithm (SemiAnalytical CLoUd Retrieval Algorithm, Rozanov and Kokhanovsky, 2004). Since the part of the ozone columns which are positioned below the clouds
cannot be detected by the UV channels from the satellite, a ghost vertical column (GVC) is
estimated from the climatological vertical ozone profiles and these GVC values are added to
the vertical columns retrieved from the spectral fit.

4.2

SCIAMACHY limb ozone data *

The IUP Bremen level 2 SCIAMACHY limb ozone product provides ozone data expressed as
number densities (molecules per cubic centimeter) and as VMRs (parts per million by volume
(ppmv)) vs. the altitude for each measurement. The ECMWF operational pressure and temperature data are used to calculate the air density, which is needed for converting the number
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densities into mixing ratios. The product also provides the corresponding a priori ozone profiles as well as error estimates in both number density and volume mixing ratio representations. The cloud information in the limb data is retrieved by using the SCODA (SCIAMACHY Cloud Detection Algorithm) database (Eichmann et al., 2011) and is provided as
'cloud flag' in the data. Note that the cloud information in nadir and limb data are derived by
different algorithms. During this study, the SCIAMACHY limb ozone retrieval has been
modified from V2.9 via V3.0 to V3.5 to achieve a more accurate ozone profile database (details are described in Sect. 3.5). In the V3.0 and V3.5 data products, the vertical resolution is
added. The vertical resolution Si is calculated from the spread of the averaging kernels (G. E.
Backus and F. E. Gilbert, 1970) as:

Figure 4.1. Averaging kernels, measurement response and vertical resolution from SCIAMACHY V2.9 (left panel) and V3.0 (right panel). Note that the x axis range is different between the two panels. The example is calculated for orbit 21223; measured at 17:36 UTC on
22 March 2006; solar zenith angle of 74.95; at 75.44°N and 93.58°W.

Si  12   j Aij 2   Z j  Zi   Z j
2





2

 j Aij  Z j .

where i represents the elevation step, Z is the altitude, and
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element of the averaging kernel matrix. To perform the integration, the averaging kernels
need to be resampled to a finer grid. In this study 20 sub-layers are used. Although the vertical resolution is not included in the V2.9 data products, for the purpose of the data selection
of this study, I calculated it in the same way as is done for the V3.0 data product (see Sect.
3.6.3). Examples of the averaging kernels, measurement response and vertical resolution
originating from the V2.9 and V3.0 are given in Fig. 4.1. As the retrieval is carried out at the
measurement tangent heights, the averaging kernels for V3.0 reach a value of 1.0 at the
maxima between 12 and 60 km. For V2.9 the value is around 0.3, which is due to the retrieval
at a finer grid (1km) compared to the measurement grid (~3 km). Measurement response is
calculated by summing the elements of the corresponding averaging kernel. It describes how
much information comes from the measurement. The values of Measurement response in Fig.
4.1 indicate that
1. The retrieved profile is completely independent from the a priori information within
the whole altitude range for V3.0 and above 12 km for V2.9.
2. Below 12 km, V2.9 may contain less information from the measurement and is more
strongly affected by the a priori information compared to V3.0 (note that V3.0 uses
measurement down to 8 km, while V2.9 stops at 12 km).
From the averaging kernels the following can be observed: at altitudes above 65 km, profile
information comes from the 60 - 70 km altitude range for both data sets. Information from
below 12 km partially originates from the upper layers for both versions (V2.9 and V3.0).
The retrieval algorithms of limb V2.9 and V3.0 are presented in Sect. 5.5.1 and 5.5.2.

4.3

ECMWF tropopause height

Knowledge of the tropopause height is required to extract accurate stratospheric ozone columns from the limb profile data. In the Limb-Nadir Matching method, thermal and dynamical
criteria are executed and retrieved by means of meteorological model data from ECMWF
ERA-Interim reanalysis (Dee et al., 2011), following an approach similar to the one discussed
in Hoinka (1998). The thermal definition (also called WMO definition) was provided in 1957.
It defines the tropopause as the point where the temperature lapse rate is larger than -2 K/km
for at least 2 km. The dynamic tropopause height is defined with a threshold value of 3.5
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PVU (1PVU = 10-6 km2s-1kg-1) in potential vorticity. In the tropopause height retrieval, the
thermal criterion is applied for tropical regions (±20°), while the dynamical criterion is used
at latitude regions higher than 30°. The two regimes were combined and weighted with the
distance from the regime boundaries in the transition regions (±20°- ±30° ). Further description of the retrieval is given in Ebojie (2014).
The retrieved ECMWF TPH data has a resolution of 1.5° x 1.5°. Each grid contains four values per day, corresponding to the four analysis times (00, 06, 12 and 18 UTC).

4.4

Ozonesonde data

The ozonesonde is a lightweight, balloon-borne instrument that is mated to a conventional
meteorological radiosonde. The most common heart of the ozonesonde is an electrochemical
concentration cell (ECC) that senses ozone as it reacts with a dilute solution of potassium iodide to produce a weak electrical current proportional to the ozone concentration of the sampled air (R22 - 23, Komhyr, 1969).

2KI  O3  H 2O  I 2  O2  2KOH .

(R22)

I 2  2e  2 I  .

(R23)

The balloon carrying the instrument package ascends through the atmosphere and will ascend
to altitudes of about 35 km before it bursts. The radiosonde measures air temperature (degree
Celsius), pressure (hPa), and relative humidity (%), and transmits all of the ozone and
weather data back to a ground receiving station during the 2 hour weather balloon ascent with
a very fine resolution (mostly within 10 meter). In the ozonesonde measurement, the ozone
value is expressed as partial pressure. The ozone concentrations expressed in number density
can be obtained by conversion following the ideal gas law:
ND  PO3  N a / R / (T  273.15) ,

(4-2)

where N a is the Avogadro constant, R is the ideal, or universal, gas constant which equals to
8.314 J·K−1·mol−1, and T is the temperature in degree Celsius. Considering the expensive
costs of a measurement, usually there is only one measurement per day and 1-5 measurements per month (except during intensive campaigns).
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The ozonesonde data from the WOUDC (World Ozone and Ultraviolet Radiation Data Centre)
stations are used for satellite ozone data validation. 61 ozonesonde stations were used in this
work, wherein 14 stations are located in the tropics, 31 stations in the northern midlatitudes, 6
stations in the northern high latitudes, 6 stations in the southern midlatitudes and 4 stations in
the southern high latitudes (see Tab. 4.1).

4.5

MACC reanalysis data

MACC is a research project with the aim to establish core global and regional atmospheric
environmental services for the European GMES (Global Monitoring for Environment and
Security) initiative (Inness et al., 2013). MACC combines a wealth of atmospheric composition data with a state-of-the-art numerical model and data assimilation system to produce a
reanalysis of the atmospheric composition. The ozone retrievals assimilated in the MACC
reanalysis are listed in Tab. 4.2.
MACC reanalysis data of ozone, CO and specific humidity used in this study are available in
6-h time intervals (00, 06, 12 and 18UTC) and were provided in monthly files with the unit of
kg/kg under the website http://apps.ecmwf.int/datasets/data/macc-reanalysis/levtype=ml/.
The horizontal resolution of the model is 1.125° × 1.125°. Variables were provided as 3D
fields in pressure hybrid vertical coordinates. The vertical coordinate system is given by 60
hybrid sigma-pressure levels, with a model top at 0.1 hPa. Barometric formula was used to
derive altitude. With the 2D surface pressure data Ps, the upper and lower pressure for each
layer i can be calculated by:
Pupper (i )  1000  a(i )  Ps / 100  b(i ) .

(4-3)

Plower (i )  1000  a(i  1)  Ps / 100  b(i  1) .

(4-4)

where a and b can be obtained from the MACC webpage. Ozone profiles in Dobson Unit can
be derived for each layer at each grid cell by:

O3 (i )  Pcol (i )  O3_ org (i ) / 2.687  1016 .

(4-5)

where the partial pressure can be calculated by
Pcol (i )  N a  ( Plower (i )  Plower (i )) / M o3 / G .
J. JIA
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in which Na is the Avogadro constant, M o  0.048 kg / mol is the molar mass of ozone, and
3

G is the gravitational acceleration. By using the same tropopause height as SCIAMACHY
Limb-Nadir Matching, TOCs derived from MACC reanalysis are obtained.
4.6

HYSPLIT model

HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) is a system for the
computation of simple air parcel trajectories from the National Oceanic and Atmospheric
Administration (NOAA). It is based on the Global Data Assimilation System (GDAS) meteorological databases. In order to investigate the forward and backward trajectory of the air
mass, the web-based version of the HYSPLIT model (Stein et al., 2015) is used for this study.
The webpage is as follows: http://ready.arl.noaa.gov/hypub-bin/trajtype.pl?runtype=archive.
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Table 4.1: WOUDC and SHADOZ (Southern Hemisphere ADditional OZonesondes) stations
used in the validation.
Station Name

Height (m)

Alert
Eureka
Lerwick
Ny-Aalesund
Resolute
Sodankyla

66
10
80
11
46
179

Ankara
Barajas
BrattsLake
Churchill
DeBilt
Egbert
Hohenpeissenberg
Holtvillea
HongKong
Houston
Huntsville
Isfahan
Kelowna
Legionowo
Naha
Narragansett
Payerne
Praha
Richlanda
SableIsland
Sapporo
Stonyplain
TableMountain
TrinidadHead
Tsukuba
Uccle
ValentiaObservatory
Valparaisoa
WallopsIsland
Walsingham
Yarmouth
Alajuela b
AscensionIsland b
Barbadosa b
J. JIA

Country

NH high latitude
CAN
CAN
GBR
NOR
CAN
FIN
NH midlatitude
890
TUR
631
ESP
580
CAN
30
CAN
4
NLD
251
CAN
976
DEU
-19
USA
66
HKG
19
USA
196
USA
1550
IRN
456
CAN
96
POL
28
JPN
21
USA
491
CHE
304
CZE
123
USA
4
CAN
26
JPN
766
CAN
2285
USA
20
USA
31
JPN
100
BEL
14
IRL
240
USA
13
USA
200
CAN
9
CAN
Tropics
899
CRI
79
SHN
32
BRB

Latitude

Longitude

82.5°N
80.0°N
60.1°N
78.9°N
74.7°N
67.4°N

62.3°W
85.9°W
1.2°W
11.9°E
94.9W
26.6°E

39.9°N
40.4°N
50.2°N
58.7°N
52.1°N
44.2°N
47.8°N
32.8°N
22.3°N
29.7°N
34.7°N
32.5°N
49.9°N
52.4°N
26.2°N
41.4°N
46.5°N
50.0°N
46.2°N
43.9°N
43.0°N
53.5°N
34.4°N
40.8°N
36.0°N
50.8°N
51.9°N
41.5°N
37.9°N
42.6°N
43.8°N

32.8°E
3.5°W
104.7°W
94.1°W
5.1°E
79.7°W
11°E
115.3°W
114.1°E
95.4°W
86.6°W
51.7°E
119.4°W
20.9°E
127:6°E
71.4°W
6.5°E
14.4°E
119.1°W
60.0°W
141.3°E
114.1°W
117.7°W
124.1°W
140.1°E
4.3°E
10.2°W
87°W
75.4°W
80.6°W
66.1°W

9.9°N
7.9°S
13.1°N

84.2°W
14.4°W
59.4°W
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a

Heredia b
Hilo b
Malindi b
Maxaranguape (Natal) b
Nairobi b
Paramaribo b
Samoa b
SanCristobal b
SepangAirport b
Tecamec b
Watukosek (Java) b

1176
2994
-6
14
1795
7
77
8
17
2272
50

Broadmeadows
Irene b
LaReunionIsland b
Lauder
MacquarieIsland
Ushuaia

109
1524
24
370
7
17

Davis
Marambio
Neumayer
Syowa

18
198
38
22

CRI
USA
KEN
BRA
KEN
SUR
ASM
ECU
MYS
MEX
IDN
SH midlatitude
AUS
ZAF
REU
NZL
AUS
ARG
Antarctic
ATA
ATA
ATA
JPN

10°N
19.4°N
3.0°S
5.5°S
1.2°S
5.8°N
14.2°S
0.9°S
2.7°N
19.3°N
7.5°S

84.1°W
155.0°W
40.2°E
35.2°W
36.8°E
55.2°W
170.5°W
89.6°W
101.7°E
99.1°W
112.6°E

37.7°S
25.9°S
21.0°S
45.0°S
54.5°S
54.8°S

144.9°E
28.2°E
55.4°E
169.6°E
158.9°E
68.3°W

68.5°S
64.2°S
70.6°S
69.0°S

77.9°E
56.6°W
8.2°W
39.5°E

stations with less than 30 ozonesonde profiles; b stations originally from SHADOZ

Table 4.2: Satellite retrievals of ozone that were actively assimilated in the MACC reanalysis.
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Sensor

Satellite

Provider

Version

Type

GOME
MIPAS
MLS
OMI
SBUV/2
SBUV/2
SBUV/2
SCIAMACHY

ERS-2
ENVISAT
AURA
AURA
NOAA-16
NOAA-17
NOAA-18
ENVISAT

RAL
ESA
NASA
NASA
NOAA
NOAA
NOAA
KNMI

V02
V003
V8
V8
V8
-

Profiles
Profiles
Profiles
Total columns
Partial columns
Partial columns
Partial columns
Total columns

J. JIA

Improvement of the SCIAMACHY Limb-Nadir Matching retrieval

5 Improvement of the SCIAMACHY Limb-Nadir
Matching retrieval
5.1

Introduction

The Limb-Nadir Matching method is a residual method (Sect. 3.1) that is developed for tropospheric trace gas retrieval using the SCIAMACHY instrument. The advantage of the LimbNadir Matching residual retrieval is that the total columns of the trace gases derived from
SCIAMACHY nadir measurements and the stratospheric columns calculated from SCIAMACHY limb profiles not only have spatial and temporal coherence but also are measured
by the same instrument. Thus the inter-instrument calibration that is normally required for,
e.g., OMI/MLS is avoided. Hence the instrumental systematic errors are reduced. Sierk et al.
(2006) performed the SCIAMACHY Limb-Nadir Matching approach on ozone and NO2. The
plausible preliminarily results motivated the development of the SCIAMACHY Limb-Nadir
Matching retrieval for tropospheric NO2 and lead to the establishing of tropospheric NO2 data
sets (Sioris et al., 2004; Beirle et al., 2010; Hilboll et al., 2013).
The Limb-Nadir Matching retrieval of tropospheric ozone, however, is quite challenging
compared to the one of tropospheric NO2. On one hand, most of the ozone in the atmosphere
is formed in the stratosphere by the photolysis of O2 with the absorption of UV radiation,
whereas the TOCs only constitute a minor amount (~10 %) of the total ozone columns. The
separation of the tropospheric ozone thus requires extremely accurate information on both
stratospheric and total ozone columns. On the other hand, stratospheric ozone has its concentration maxima at ~18-25 km (depending on latitude). The highly variable stratospheric
ozone together with appropriate meteorological conditions induces frequent STE activities.
Consequently, the tropospheric ozone amount can vary largely with the stratospheric intrusions. The Mediterranean summer ozone pool is an emblematic example to present the influences of ozone STEs. In the case of NO2, the stratospheric NO2 is mainly produced by the
photolysis of N2O. The column density of the stratospheric NO2 (< 5x1015 molec/cm2) is
quite small compared to the amount of the tropospheric NO2 over the polluted areas which
easily reach 1016 molec/cm2 and more. Besides, stratospheric NO2 is concentrated at around
J. JIA
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30 km. As this is far away from the tropopause, STEs of NO2 rarely occur. In the Limb-Nadir
Matching retrieval, the stratospheric NO2 columns can be easily extracted to retrieve accurate
tropospheric NO2 columns.

Figure 5.1. The seasonality of SCIAMACHY Limb-Nadir Matching TOCs V1.0 in 2003.

The first quantitative interpretation of tropospheric ozone retrieval results using the SCIAMACHY Limb-Nadir Matching method was described by Ebojie et al. (2014). The study reported that the tropospheric ozone results (hereafter V1.0) agreed with ozonesonde results to
within 3 DU (by averaging all the available data between January 2003 and December 2011).
The global distributions showed the expected seasonal and spatial patterns (Fig. 5.1) also
seen by other instruments, e.g., OMI/MLS and TES. However, several issues are identified in
the V1.0 data in the matter of both data amount and data quality (Fig. 5.2):
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Figure 5.2. Issues in the V1.0 dataset. Left panel: the amount of quality-controlled measurement points per 2.5°× 2.5° grid box from the TOC calculation for 7 years (2005-2011). Middle panel: yearly averaged comparison results between V1.0 tropospheric ozone and ozonesonde measurements in 2004. The size of the dots represents 1σ standard deviation (0.2 - 24
DU). Right panel: V1.0 zonal mean (2.5° interval) climatology calculated from data in 2004.

1. A severe lack of data over the tropics and mid to high latitudes can be observed from
the 7-year data amount analysis (left panel in Fig. 5.2).
2. Compared to the 3 DU difference with ozonesonde by averaging all the available data
in 9 years, the yearly comparison results (not to mention the monthly results) showed
more than 10 DU overestimations at the northern high latitudes, especially over
Europe and the east coast of Northern America. Some underestimations are also observed in the tropics (middle panel in Fig. 5.2).
3. V1.0 failed to catch the well known biomass burning pattern properly (right panel in
Fig. 5.2). The biomass burning induced autumn tropospheric ozone plume in the
Southern Hemisphere extends too far in north-south direction in V1.0. Furthermore,
unrealistically high values at southward of 60°S are observed in the zonal mean climatology.
In this chapter, various improvements of the Limb-Nadir Matching approach for tropospheric
ozone retrieval are presented. To eliminate the existing issues in V1.0 and increase the data
quality, the retrieval is modified in three steps. First, the CTH information is used in a more
J. JIA
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sophisticated way in the data screening process to increase the data amount involved in the
retrieval. Secondly, the TPH information is calculated more accurately by optimizing the
TPH-Limb collocation scheme temporally and spatially. Error analysis showed that the
stratospheric ozone columns induced most of the error in the tropospheric ozone retrieval
(Ebojie et al., 2014). Thus, in the third step, the limb ozone retrieval algorithm is improved to
minimize the error contribution. The TOC results obtained after the first and second optimizations are referred to as V1.1. The results after the third step are referred to as V1.2.
In Sect. 5.2, the retrieval algorithm used in V1.0 Limb-Nadir Matching retrieval is briefly described. The three optimization steps are described in detail in Sect. 5.3 - 5.5, respectively.
The Limb-Nadir Matching TOCs V1.0, V1.1 and V1.2 results and the latest validation results
are presented in Sect. 5.6. Finally, the conclusion of this chapter is given in Sect. 5.7.

5.2

Ozone Limb-Nadir Matching algorithm

Figure 5.3. Example of SCIAMACHY swath for limb (large black rectangles) and nadir
(small gray rectangles) observations in orbit 06541, UTC 01:13:14, on 01 June 2003.

This section describes the TOC retrieval algorithm by subtracting stratospheric ozone columns from the total ozone columns. First, the nadir and limb data sets are screened through
data quality-controlling processes (Sect. 5.2.1). Second, SCIAMACHY nadir measurements
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and ECMWF TPH are collocated to each limb measurement temporally and spatially (Sect.
5.2.2). For a typical SCIAMACHY Limb-Nadir matching, one limb pixel ideally (if no nadir
data is screened) matches to ~12 nadir measurements (Fig. 5.3). We calculate one total column by averaging the selected geographic-fitted nadir measurements for every single SCIAMACHY limb measurement. In the next step, the screened limb profiles must be combined
with (subtracted by) the collocated TPH data to calculate the stratospheric ozone columns
(Sect. 5.2.3). The TOCs are then retrieved by subtracting the stratospheric columns from the
total columns. The full procedure is depicted in Fig. 5.4.

5.2.1 Data quality control
Two parameters are used to screen both nadir and limb data in the Limb-Nadir Matching retrieval:
Clouds are a non-negligible factor for data quality. They affect the albedo, increase light
paths (within clouds) absorption by the cloud, and cause a shielding effect. The cloud parameters contained in nadir and limb data sets are retrieved using different algorithms. The
ones included in nadir data are default products determined by using SACURA, while the
ones in limb data are retrieved by using SCODA algorithm (detailed in Chapter 4). To minimize the cloud influences, the 'cloud fraction' parameter is used to filter the nadir data with
the aim of minimizing uncertainties induced by using the ghost vertical columns (ColdeweyEgbers et al., 2005). The 'cloud fraction' parameter is limited to CF<0.3, indicating that the
nadir pixels with a cloud coverage larger than 30 percents will be identified as cloud contaminated pixels and will get rejected. One should keep in mind that the ozone values of nadir
pixels with a cloud coverage <30 percents can still possibly be dominated by the cloudy part,
and can cause underestimations of TOCs. This topic is not resolved in this thesis. Influences
of using 'cloud fraction' <0.3 to screen data need to be further investigated. A limb measurement is defined to be 'clean' when the TPH is higher than the cloud top height (CTH) since
the altitude layers below TPH are not used in the course of retrieval. However, the retrieval
uncertainties in the higher layers caused by the effective albedo of clouds might still be nonnegligible.
Solar zenith angle (SZA) affects the sensitivities of the satellite measurements. A threshold of
J. JIA
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1

SZA: solar zenith angle

2

Cloud fraction: cloud coverage ratio in a pixel

3

Cloud free: the relative CTH is lower than the tropopause height

Figure 5.4. Flow chart of calculating TOCs from SCIAMACHY measurements. Measurement quality control is shown in the dashed boxes. Collocation processes are marked in blue;
changes from V1.0 to V1.1 are marked in green. Changes from V1.1 to V1.2 are marked in
yellow.

80° is set in nadir data (Weber et al., 2005), and the limb data with SZA larger than 80° are
eliminated according to the investigation.

5.2.2 Nadir-Limb, TPH-Limb collocation
The spatial collocation of the SCIAMACHY nadir and limb data is quite straight forward.
For each limb measurement, the nadir pixels are matched by checking if the four corners of
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the nadir scan are all inside the limb scan using the crossing number (CN) algorithm (Jordan,
1887). The CN method is further described in Ebojie (2014). The nadir measurements that are
partially within the limb measurement are weighted based on the distance of its center to the
nearest limb corner. After that, the nadir data that are confirmed to be totally or partially contained in the limb footprint are averaged to derive the corresponding total ozone column
value. The temporal collocation between the nadir and limb data is achieved by selecting the
measurements from the same orbit.
The method to determine the TPH from each Limb measurement used in V1.0 of the tropospheric ozone retrieval is illustrated in Fig. 5.5. The collocation is carried out at four corners
C1, C2, C3 and C4 of the limb pixel. The global gridded TPH data retrieved from ECMWF
P/T/wind information are provided at 00, 06, 12 and 18 UTC each day. At each corner of the
limb pixel, the TPH grid that contains the geolocation of the corner is chosen at the four (00,
06, 12 and 18) UTC time (marked as black stars). Among the four chosen data, the one from
the UTC time that is nearest to the SCIAMACHY local passing time (blue dot) is chosen as
the corresponding TPH value for the corner (marked in red). The collocated TPH for the particular limb measurement is eventually defined as the minimum value of the four corners.

Figure 5.5. Sketch of the TPH-Limb collocation for V1.0. The blue dot in between 06 UTC
and 12 UTC represents the overpass time of SCIAMACHY during the measurement.
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5.2.3 Calculating stratospheric ozone columns
The SCIAMACHY limb ozone retrieval is sensitive down to approximately 12 km and provides profile data between 10 and 80 km (Sect. 4.2). When calculating the stratospheric
ozone columns, the limb ozone profiles are first interpolated (TPH>10km) or linearly extrapolated (TPH<10 km) to the corresponding TPH. In the next step, the stratospheric ozone
column is convolved as follows:

Cstrato 
where

 N  Zi 1   N  Z i  
  Zi  Z i 1 
2
itph 1 
.

i 80



(5-1)

is the stratospheric ozone profile in number density, z represents the altitude and

i is the layer index. Eventually TOCs are retrieved by subtracting calculated stratospheric
ozone columns from the averaged total columns.

5.3

Data amount improvement

As it is already mentioned in Sect. 5.1, the V1.0 database shows a severe lack of data over the
tropics and high latitudes in the 7-year data set (left panel of Fig. 5.2). This shortage can also
be clearly observed in the monthly tropospheric ozone results (Fig. 5.7). One could argue that
this pattern is expected because these data-lack areas have high cloud-covering percentage
thus more nadir data would be rejected. However, the screening analysis showed that the
cloud screening in the limb data plays a key role in controlling the data amount compared to
the cloud screening in the nadir data. To maximize the global coverage of the monthly data, it
is quite important to avoid overly strict limb data screening criteria during the retrieval.
As is mentioned, a limb measurement is defined to be 'clean' when the TPH is higher than the
CTH. The CTH used in V1.0 was derived from the cloud flag information contained in the
limb data set. This information is retrieved by using the SCODA database (Sect. 4.2). However, the cloud flags in the limb data set mark the altitudes which are potentially affected by
the clouds rather than cloud heights themselves. Because of a vertical interpolation used in
the retrieval, a cloud might affect also vertical layers above its top height, resulting in a cloud
flagging of some altitude layers above the CTH as well. Using cloud flag to determine the
CTH in the previous study done by Ebojie et al. (2014) caused a positive bias of ~3.3 km
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Figure 5.6. Comparison between ECMWF TPH and: (left) limb cloud flagging height, (right)
SCODA CTH in 29 October 2006. All the data on the upper left side of the red dotted line
were rejected according to the data screening criteria. The tropics is defined as 20°S-20°N,
North/South Mid as 20-50°N/S, and North/South Pole as 50-90°N/S. Figure provided by K.
Eichmann from University of Bremen.

compared to the real SCODA CTH. This difference can be observed in the comparison with
TPH from ECMWF (Fig. 5.6) and causes over 50% of the limb data being eliminated by using the limb cloud flag information as a threshold.
In the new (V1.1 and V1.2) retrieval algorithms, the original SCODA CTH information is
used to avoid the overly strict data screening. After this change, a double amount of the data
is retrieved (right panels of Fig. 5.7). The data quality is quickly examined with the mean
standard deviations before and after the change (lower panels of Fig. 5.7). The mean standard
deviation is calculated as follows:
J. JIA
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Figure 5.7. 2.5°× 2.5° gridded monthly results from V1.0 (left panels) and V1.1 (right panels)
in October 2004. From top to bottom are: TOCs, the data amount included in averaging, and
the mean standard deviations of the TOCs.

m  

N.

(5-2)

where σ is the standard deviation of the sample measurements located in one grid cell and N
is the sample size. In this term the variances are weighted by their respective sample sizes
before taking the square root, so that the standard deviations with different sample sizes are
comparable. The ±2 DU differences between the highest and lowest values in the mean stan-
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dard deviations are determined in both V1.0 and V1.1 data. The quantitative validation results
using ozonesonde TOCs are presented in Sect. 5.6.

5.4

TPH optimization

Figure 5.8. Regional tropopause height and SCIAMACHY limb swath geo-locations on 20
June 2003.

Stratospheric ozone is mostly located in the lower stratosphere. A small change in the TPH
would cause a non-negligible change in the Limb-Nadir Matching retrieved TOCs. The TPH
induced error was reported to be ~0.1 DU (Ebojie et al., 2014). Compared to this value, the
TPH induced TOC variances reported in this study are ~3 DU (Fig. 5.10). This is possibly
because the former error was calculated with the TPH increased or decreased by 500 meters
(F. Ebojie, personal communication). In reality, the variation of the TPH is much higher than
500 meters both temporally and spatially, especially in the midlatitudes, where the variation
is often more than 1 km within a short horizontal distance. Figure 5.8 shows an example.
Within the footprint of a limb measurement (pointed with arrow), the ECMWF TPH changes
from 11 km to 15 km. Therefore the TPH optimization is necessary.
J. JIA
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Figure 5.9. Tropospheric ozone column changes by using TPH from 'Nearest' scenario and
from 'Linear' scenario for all the measurements in September 2002. Left panel showed the
differences along with latitude for each measurement; right panel presented the scatter plot of
the ozone values after 2.5° x 2.5° gridding.

The TPH-Limb collocation performed in V1.0 is described in Sect. 5.2.2. In V1.1 and V1.2,
the TPH-Limb collocation methodology is optimized both temporally and spatially. At each
corner of the limb swath, the TPH is derived by linearly interpolate the 4 UTC corresponded
TPHs to the SCIMACHY overpass time, instead of by choosing the nearest neighbour. The
SCIAMACHY overpass UTC time is obtained from the limb ozone profile.
Figure 5.9 shows the differences of the retrieved TOCs before/after the TPH temporal optimization. In general, the TPHs retrieved from the 'nearest' scenario are underestimated. The
underestimation for single measurements (left panel) can easily reach 10 DU in the midlatitudes. The influence is smaller (+ 2 DU) in the tropics, but is still much higher than previously reported. The influences to the final monthly gridded TOC data set is shown as well
(right panel). As is consistent with the single measurement results, the tropical value changed
+1~2 DU. The differences in the mid-/high latitudes are more diverged. In most grid cells the
differences are within 4 DU, while in 1/3 of the grid cells the changes are more than 7 DU.
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Figure 5.10. Differences between the minimum TPH and the averaged TPH at 14 orbits in 20
June 2003. In each orbit the measurement starts at northern high latitudes.

In V1.1 and V1.2 retrievals, the corresponding TPH for each limb measurement is defined as
the mean value of the four corners instead of the minimum value as in V1.0, to avoid the influence of the sudden TPH change in a short distance. The TPH differences between the
'minimum' and 'mean' scenarios are on average less than 1 km with several over 2 km spikes
(Fig. 5.10).
The total TPH differences before and after the temporal and spatial optimizations are shown
in Fig. 5.11. The optimized TPHs are in general higher than the old ones by averaging the
TPHs derived at 4 corners of the limb swath. The differences turn out to be larger with lower
tropopause height (<10 km). The differences are also larger in midlatitudes than in other regions. The averaged changes of TPHs in the northern midlatitudes are ~1 km more than the
ones in the southern midlatitudes.

5.5

Limb data improvement *

In this section the vertical ozone profiles retrieved from SCIAMACHY limb measurements at
IUP Bremen are discussed. The error budget typical for the limb ozone V2.5 data set was reported by Rahpoe et al. (2013). Previous validation activities done by Mieruch et al. (2012)
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Figure 5.11. Differences between the TPHs used in the measurements of V1.0 and newer versions in September 2002. Left panel shows the TPHs used in V1.0 (orange dots) and the optimized TPHs (blue dots) along the latitude. Right panel is the scatter plot of the TPHs. The
tropics is defined as 20°S-20°N, North/South Mid as 20-50°N/S, and North/South Pole as 5090°N/S.

with respect to other satellite instruments showed an agreement of better than 10% and often
within 5% between 20 km and 50 km, with a high bias below 20 km explained by the presence of high convective clouds. Tegtmeier et al. (2013) performed an intercomparison of vertically resolved monthly zonal mean ozone climatologies from 18 limb-viewing satellite instruments operated between 1978 and 2010, including SCIAMACHY observations. The
agreement was within 5% in the middle stratosphere. The climatologies derived from SCIAMACHY were found to show a positive bias of up to +10% in the tropical and midlatitude
upper stratosphere (5-1 hPa).
The current SCIAMACHY data set distributed by IUP Bremen is V2.9. The comparisons of
this data set to ozonesondes showed a systematic negative bias of up to ~15% of the ozone
concentrations between 15 km and 30 km in the northern high latitudes. The reason for that is
believed to be the instrumental stray light occurring at small relative azimuth angles (sun is
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close to the instrument field of view) typical for the measurements at high northern latitudes.
To eliminate the observed negative bias, a new version of SCIAMACHY ozone limb data,
V3.0, has been developed. As demonstrated by the validation with ozonesonde measurements,
significant improvements have been achieved.
In this section, we present a systematic study of the limb data quality. The validation results
comprising 10 years of SCIAMACHY limb data of versions V2.9 and V3.0 using globally
distributed data from ozonesonde are presented. The limb partial-columns are used for tropospheric ozone Limb-Nadir Matching retrieval. Therefore, the results of partial-column comparisons are presented. Apart from partial column comparisons, the vertical accuracy of the
limb ozone concentrations from both versions is investigated. The retrieval of V3.5 is still in
process thus is only briefly introduced. In Sect. 5.5.1 and Sect. 5.5.2 the algorithms used and
the limitations of both SCIAMACHY limb V2.9 and V3.0 retrievals are discussed. The
methodologies of the limb-sonde comparisons are presented in Sect. 5.5.3. In Sect. 5.5.4 the
statistical analysis of the pole-to-pole comparison results of V2.9 and V3.0 is shown, discussed and summarized. In Sect. 5.5.5, the up-coming V3.5 is briefly introduced. The conclusion and outlooks about the limb data are given in Sect. 5.5.5 and Sect. 5.5.6, respectively.
The comparisons of SCIAMACHY V2.9 profiles with other satellite data sets have also been
studied. The results are further described in Rahpoe et al. (2015) and will not be discussed
here.

5.5.1 SCIAMACHY limb V2.9 retrieval algorithm
The current SCIAMACHY limb retrieval (V2.9) uses combined spectral information from the
UV and visible spectral ranges to obtain vertical profiles of ozone (Flittner et al., 2000; Rohen et al. 2006). As the first step, the limb spectral radiances are integrated in

1

nm inter-

vals around the central points. Then they are normalized with a limb measurement at an upper
tangent height (often referred to as the reference tangent height):
, with

denoting wavelength and

the tangent height at the elevation step i.

The normalization removes the solar Fraunhofer structures and reduces the influence of the
lower atmosphere, e.g. due to multiple scattering and reflection from the surface. Furthermore,
it provides a kind of self-calibration of the instrument since the instrument calibration parameters do not differ much for different tangent heights. In the visible spectral range, the socalled triplet method (Flittner et al., 2000) is used subsequently to minimize the influence of
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the broad-band spectral features, e.g., Rayleigh and aerosol scattering. In this way the measurement vector, y, is obtained from the normalized radiances at 525 nm, 589 nm and 675 nm
as follows:
y TH i   ln  I n (589nm, TH i )  

1
ln  I n (525nm, TH i )   ln  I n (675nm, TH i )   .
2

(5-3)

Note that the central wavelength was at 600 nm (center of the Chappuis band) in the original
triplet method. It is moved to 589 nm because of large calibration uncertainties near the
boundary of SCIAMACHY channel 3 related to the dichroic mirror.
In the UV spectral range the method described by Rohen et al. (2006) is used. The measurement vector, y, is obtained from the normalized limb radiance profiles at eight single wavelengths (264, 267.5, 273, 283, 286, 288, 290.5, and 305 nm) with

1

nm spectral integration

(Sonkaew et al., 2009). These wavelengths are chosen to avoid strong Fraunhofer lines and
terrestrial airglow emissions. The SCIAMACHY limb ozone profiles are then retrieved by
using a nonlinear inversion scheme with the first-order Tikhonov regularization (Rozanov et
al., 2011). The relative change in the ozone concentrations with respect to a priori is retrieved.
The forward modelling is done with the radiative transfer model SCIATRAN (Rozanov et al.,
2014). In the V2.9 retrieval, the ECSTRA (Extinction Coefficient for STRatospheric Aerosol;
Fussen et al., 1999) aerosol database was used in the model; the surface albedo was from
Matthews (1983). The lowest and highest tangent heights used during the retrieval are around
12 km and 71 km, respectively.

5.5.2 SCIAMACHY limb V3.0 retrieval algorithm
In V3.0 retrieval approach, the extraterrestrial solar spectrum measured once per orbit by the
SCIAMACHY instrument is used instead of the reference tangent height to normalize the
measured limb radiances. The differential structure of the ozone absorption signature in the
short-wavelength wing of the Chappuis absorption band is exploited, and the DOAS technique (differential optical absorption spectroscopy; Platt, 1994) is employed to retrieve the
ozone vertical profiles instead of the computationally highly efficient triplet method. These
two changes were carried out simultaneously because:
1. the short- and long-wavelength wings of the Chappuis absorption band are measured
in different spectral channels of the SCIAMACHY instrument (see Sect. 2.4.2) and
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usage of the whole Chappuis band in combination with the solar spectrum normalization requires a very high quality of the inter-channel calibration;
2. the signal-to-noise ratio (SNR) decreases with increasing tangent height. Normalization using reference tangent height at high altitude will reduce the SNR at the corresponding tangent height. Because of the large SNR caused by using the whole Chappuis band, the signal is sufficient when the reference tangent height is used. However,
differential structure in channel 3 suffers from very low SNR, so this influence is
much larger when used without the solar normalization.
Differential limb spectra are obtained as

y  ln  I  L , TH i    Pn ,

(5-4)

where I is the sun-normalized radiance and Pn is a polynomial of order n (cubic in our case)
in  , whose coefficients are obtained by fitting the logarithms of the normalized limb radiance in the wavelength domain for each tangent height independently. A shift-and-squeeze
correction as well as scaling factors for Ring and water vapour absorption spectra are determined at each tangent height. The shift-and-squeeze correction is done with respect to the
limb-measured spectrum for both the modelled spectra and the measurement at the reference
tangent height (Rozanov et al., 2005).
Since the differential absorption structure of ozone in the short-wavelength wing of the
Chappuis absorption band is significantly weaker than the differences of the absorption between the three wavelength used in the triplet Chappuis band, the influence of interfering
weaker absorbers, namely – NO2 and O4, needs to be taken into account. The weighting function of the surface albedo is also included in the fit. The aerosol extinction coefficients retrieved from SCIAMACHY limb measurements (Ernst et al., 2012) are used in the forward
model. The mathematical inversion then proceeds in a manner similar to that used in the V2.9
retrieval (Rozanov et al., 2007). In the V3.0 retrieval approach, the full spectrum of the UV
band (229-306) with a zero-order polynomial is used instead of the selected wavelengths as in
V2.9. This however does not play any role in the comparison with the vertical profile of
ozone from ozonesondes discussed in this manuscript as the information from the UV range
does not have any significant influence on the retrieved ozone values below 30 km (influence
above ~35 km). The lowest and highest tangent heights used during this retrieval are around 8
km and 65 km, respectively.
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5.5.3 Validation methodologies
To validate the scientific ozone profiles retrieved from SCIAMACHY limb measurements,
ozonesonde data from WOUDC stations are used (Sect. 4.4). In order to select a reliable reference data set, only stations that have delivered more than 30 measurements between Jan
2003 and Dec 2012 are selected for the comparisons. Coincident SCIAMACHY limb profiles
are selected for each ozonesonde profile. The geographic distance between the ozonesonde
station and the footprint centre of the collocated SCIAMACHY measurement is required to
be within 5° in latitude and 10° in longitude. The time difference between ozonesonde and
collocated SCIAMACHY measurements should not exceed 24h. The coincident limb profiles
having a solar zenith angle larger than 80° are rejected. In general, an altitude range between
15 km - 30 km is selected for the partial-column comparison. This choice is motivated by larger uncertainties of the current limb retrievals below 15 km and increasing uncertainty in the
ozonesonde data above 30 km. The latter is mostly caused by the decaying pump efficiency at
lower pressures (Johnson et al., 2002).

5.5.3.1 Vertical profile comparisons
Convolution of ozonesonde data
Satellite data have a much coarser vertical resolution compared to the ozonesondes. To make
a quantitative comparison, the ozonesonde data are degraded to the vertical resolution of the
satellite data. To this end the a priori profiles and the rows of the averaging kernels from the
SCIAMACHY retrieval are resampled to the vertical grid of the sonde data. The elements of
the resampled a priori profiles and averaging kernels are denoted as Aij and X aj , respectively. The low-resolution ozonesonde profiles are obtained then as follows:

X si  X ai 



 j Z j



1

  j Aij 

X sj  X aj
X aj

 Z j  X ai ,

(5-5)

where i represents the satellite coarse grid, and j the fine grid of the ozonesonde; Z j is the
altitude interval, i.e., a halfway distance between the layers above and below j. Note that the
altitude information existed in ozonesondes is the geopotential height, while in SCIAMACHY measurements they are the geometric height. Therefore before any validation, the
ozonesondes geopotential height needs to be converted to the geometric height.
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Layer selection criteria
Two criteria were defined to screen proper vertical layers before the comparisons. Firstly, all
averaging kernels used for the convolution (see Eq. 5-7) must not have significant nonzero
elements above the maximum height of the corresponding ozonesonde measurement. Due to
a coarser altitude grid in V3.0, a wider vertical range is rejected when excluding one altitude
level, which results in a different upper altitude range in Fig. 5.12. Secondly, all layers below
the CTH, as detected by the SCODA algorithm, are rejected; altitude grid points where the
resulting vertical resolution is higher than 6 km are also not considered. Since the vertical
resolution is different between the two versions, some differences in the altitude range are
expected.
V3.0 profiles are retrieved at the measurement grid, which varies depending on the location
and time. To obtain a common altitude grid for the mean profile, all altitude levels which belong to a certain elevation step are averaged over the whole measurement time (Jan 2003 to
Dec 2011). Then each single profile is interpolated to the average altitude grid in each layer.
At each layer the selected ozone profiles are averaged, denoted as CSCIA and Cref . The relative mean difference at each layer is calculated as

D

CSCIA  Cref
Cref

 100% .

(5-6)

The corresponding standard deviation of the differences is given by

Dev 





2
k
1
AC
i

AC
i
 100% .





k  1 i 1

(5-7)

where k is the number of profiles included in the comparison and

AC i   CSCIA i   Cref i   / Cref .
AC  i   D 
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5.5.3.2 Partial-column comparisons
In addition to the vertical profile comparison, both SCIAMACHY limb ozone data and original ozonesonde measurements are integrated and compared as the stratospheric partial ozone
columns (hereafter SC). For each individual pair of SCIAMACHY-sonde profiles, the integration is started either from the first cloud-free level of SCIAMACHY limb data or from 15
km, whichever is higher, and ended at either the ozonesonde explosion position or at 30 km,
whichever is lower:
Cstrato  i

i  H max
tph

where

 N  Z i 1   N  Z i  

  Z i  Z i 1  .
2



refers to an individual SC,

density units (mol/cm3),

(5-10)
is the stratospheric ozone profile in number

represents the altitude in kilometers and i is the layer index.

5.5.4 Results and discussion
5.5.4.1 Vertical profile comparison results for V2.9 and V3.0
Average vertical profiles from the coincident SCIAMACHY and ozonesonde measurements
at the six selected stations for the period Jan 2003-Dec 2011 are compared in Fig. 5.12. The
stations Nairobi, Ankara, Praha, Eureka, Lauder and Marambio are chosen as representatives
of the latitude bins 20°S-20°N, 20-40°N, 40-60°N, 60-90°N, 20-60°S, 60-90°S, respectively.
The panels represent the results of V2.9 on the left-hand side and of V3.0 on the right-hand
side. For each station, the vertical comparisons are shown as vertical profiles (left panels) and
relative mean differences (right panels). The number densities for both sonde and SCIAMACHY limb data at each layer are obtained by averaging the filtered data (see Sect. 5.5.3.1)
over the entire time period. At Nairobi, V2.9 agrees with ozonesonde results to within 3% for
most cases below 30 km. There are good agreements at Ankara, Lauder and Marambio with
usually less than 5% relative differences. The differences become larger at Lauder below 18
km. A negative bias shows up at Praha and becomes stronger at Eureka, which has a higher
latitude (Fig. 5.12). Furthermore, the relative differences at these latitudes exhibit vertical oscillations of about 3% amplitude. The maxima of the relative differences are seen at around
22 km and 28 km. The oscillations are most probably caused by the fact that the radiance profiles, sampled by the SCIAMACHY instrument at different tangent heights, are not exactly
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Figure 5.12.
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Figure 5.12. Vertical profile comparisons at Nairobi (1.2°N 36.8°E), Ankara (40.0°N 32.8°E),
Praha (50.0°N 14.4°E), Eureka (80.0°N 85.9°W), Lauder (44.9°S 169.7°E) and Marambio
(64.2°S 56.6°W) averaged from Jan 2003 to Dec 2012. The four panels show the results for
the ozone profiles for V2.9 on the left-hand side and for V3.0 on the right-hand side. In the
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left subpanels, the red and blue curves represent the ozone number densities with 1 sigma
standard deviations for ozonesonde and SCIAMACHY limb data, respectively. The gray
lines show a priori information used in the SCIAMACHY retrieval. In the right subpanels,
the blue lines represent the relative mean differences of the ozone concentrations. The gray
solid lines depict 1σ standard deviations. The numbers on the right denote the number of
SCIAMACHY limb profiles used in the comparisons and the relative differences for each
layer.

aligned vertically (Brinksma et al., 2006). At these latitudes, the horizontal variations of the
stratospheric ozone are usually stronger as compared to other latitudes and thus the oscillations are more pronounced.
To give a global overview of the results, the altitude-versus-latitude cross sections of the relative differences for both versions are given in Fig. 5.13. They are calculated by contouring
the relative mean differences between SCIAMACHY limb data and correlative sonde data at
all considered sonde stations (61 stations in total). In general, the current V2.9 data well reproduce the ozone vertical distribution by following the shapes of ozonesonde data at each
station (upper panel of Fig. 5.13). The relative differences between V2.9 and ozonesonde data
are within 5% between 20 km - 30 km southward of 40° N. The good agreement seen at Nairobi holds for most of the cases in the tropical region. One exception is seen around the ozone
peak altitude (~ 26 km) in the near-equatorial northern tropics. This overestimation can be
clearly observed (see upper panel of Fig. 5.13) at Sepang Airport (Kuala Lumpur) and Hong
Kong stations with more than 10% relative differences in the upper stratosphere (25 km to 30
km). In the middle and high southern latitudes, V2.9 still represents the ozone vertical distribution very well by agreeing with ozonesonde data to within 5%, which is consistent with the
results of station Ankara, Lauder and Marambio in Fig. 5.12. In the Northern Hemisphere,
this consistent agreement degrades northward of ~40° N, showing stronger underestimation
with increasing latitude up to ~15%. The oscillations we see in Praha and Eureka in Fig. 5.12
can be observed, too.
The vertical profile comparison results from V3.0 data sets are presented in the lower panel
of Fig. 5.13 in the same way as for V2.9. In comparison to the current V2.9 data sets, V3.0
shows similar retrieval quality in most of the cases, with the exception of a slightly worse
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Figure 5.13. The altitude-versus-latitude cross section of the relative differences. V2.9 in the
upper panel and V3.0 in the lower panel. The improvement is mainly in the Northern Hemispheric high latitudes.

agreement at Nairobi (shown in the panel of Fig. 5.12), while the overestimations over
Southeast Asia (e.g., Kuala Lumpur, Hong Kong) in V2.9 are revised (Fig. 5.13). It is clearly
seen that the ozone concentrations at middle and high northern latitudes, e.g., Praha and
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Figure 5.14. V2.9 yearly vertical profile comparisons of the relative differences between
SCIAMACHY and ozonesondes at Eureka, Lauder, Marambio and Praha.

Figure 5.15. V2.9 seasonal vertical profile comparisons of the relative differences between
SCIAMACHY and ozonesondes from 2003 to 2011 at Eureka, Lauder, Marambio and Praha.
No/not enough corresponding measurements in DJF (December-January-February) for
Eureka, in JJA (June-July-August) for Marambio and in JJA and SON (September-OctorberNovember) for Praha.
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Eureka, are captured more accurately in V3.0 than in V2.9. For example, at Eureka the relative differences are reduced from ~13 to within 7.5%. The vertical oscillations can still be
observed but are much weaker. V3.0 agrees with ozonesonde within 10% globally, with a
significant improvement northwards of 40° N (Fig. 5.13). One exception remains below 18
km at southern high latitudes, where the relative differences vary strongly. The reasons for
this strong uncertainty can be the dynamically instable troposphere.
Fig. 5.14 and 5.15 show annual and seasonal relative differences for V2.9, respectively. The
relative mean differences at all tropical (not shown in the paper) and midlatitude stations
don't have much dependence on the year of measurements. However, the relative differences
drift from year to year at high latitudes of both hemispheres (see Fig. 5.14). The statistics of
the seasonal behaviour is presented in Fig. 5.15. No obvious seasonal influence can be identified in this comparison. Since V3.0 has similar seasonal and yearly behaviour (apart from the
reduced bias at Eureka and Praha) of the vertical profiles to that of V2.9, the results are not
shown.

5.5.4.2 Partial-column comparison results for V2.9 and V3.0
In addition to the vertical profile comparison, the results of partial-column comparisons are
presented in Figs. 5.16-5.18. Figure 5.16 depicts the time series of ozonesonde data sets (red
dots), SCIAMACHY data sets (green dots) and their differences (blue dots) at Nairobi and
Eureka. The ozone amounts are represented as daily averaged SCs in DU. The left panels represent the current V2.9, while the right ones represent the V3.0. Figs. 5.17-5.18 show the statistical results for the differences of SCs in DU between the ozonesonde and the SCIAMACHY data on a global scale. Fig. 5.17 shows a global overview of both absolute and relative averaged daily differences, while Fig. 5.18 presents scatterplots of the absolute differences for latitude bins. Note that the absolute differences in Fig. 5.17 are calculated as the
averages of the daily mean SCs differences while in Fig. 5.18 each dot represents the absolute
difference for a single collocation.
Similar conclusions to those for the vertical profile comparisons can be drawn from the partial-column comparisons. For the V2.9 data set, the seasonal variations in the time series
agree well with those from sonde data (left panels of Fig. 5.16). The drift of relative differences with time that is mentioned in Sec. 5.5.4.1 can be observed also in Fig. 5.16 at Eureka.
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So far there is no explanation about this drift. The agreement of daily mean differences is
mostly within 5 DU southwards from 40° N. The overestimation in Southeast Asia observed
in Fig. 5.13 corresponds to ~10 DU absolute differences as shown in Fig. 5.17. A general
overestimation in the Pacific Ocean can also be observed. In the northern middle and high
latitudes, a rapid decrease in the quality of the V2.9 ozone data results in, e.g., a median difference of 22 DU (over 10%) at Eureka. The underestimations are depicted by the purple and
pink dots in Fig. 5.17 and amount to about ~13 DU in Europe and Canada and more than 20
DU in the high northern latitudes.

Figure 5.16. Time series of stratospheric ozone partial-columns from SCIAMACHY V2.9
and V3.0 (left and right panels, respectively) limb data (green), ozonesonde data (red) (upper
panel) and their absolute difference in SCs (blue) in DU. The results are presented
unsmoothed.
J. JIA
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Figure 5.17. Comparison with all considered ozonesonde station data for the averaged daily
differences in partial-columns over the entire time period. The upper panels are the absolute
differences; The lower panels are the relative differences. In each panel, the color of the dots
depicts the mean difference/relative mean difference, while the size of the dots represents 1σ
standard deviation.

For V3.0, the seasonal variations in the time series are in good agreement with those from
sonde data; at Eureka a median difference in partial-columns decreases by 16 DU to only 6
DU (right panel of Fig. 5.16). The improvement northwards of 40° N changes the color in Fig.
5.17 from purple-pink to blue. V3.0 also improved the partial-column accuracy at most tropical stations (10 out of 12 stations with abundant measurements) with a remarkable ~5% improvement from more than 8 to within 4% over the tropical Pacific region.
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Figure 5.18.
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Figure 5.18. Scatter plots for the partial-columns from SCIAMACHY and ozonesonde data
within 20°S-20°N, 20-60°N, 60-90°N, 20-60°S, 60-90°S and 90°S-90°N latitude bins. Left
panels from V2.9; right panels from V3.0.
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A global improvement can be observed in the statistical results for different latitude bins (Fig.
5.18), illustrating better retrieval results for each single measurement. A striking improvement is seen in the high-latitude bin (60-90°N). With an improved linear slope of 0.94 vs.
0.85 and smaller standard deviation of σ = 7.4 DU vs. 13.7 DU, the V3.0 data set exhibits a
much better agreement with ozonesonde data at northern high latitudes. At the same time, the
correlations at other latitude bins also become higher in varying degrees. A very strong improvement can be observed also in southern midlatitudes (Fig. 5.18). Due to the relatively
low and centred ozone partial-column, a smaller correlation is obtained in the tropics for both
versions.

5.5.4.3 Discussions
The reasons for the underestimation found in V2.9 limb ozone data at higher latitudes can be
identified by analyzing the left panel of Fig. 5.19. The figure shows a comparison of ozone
vertical profiles from SCIAMACHY V2.9 data (blue solid line) and from ozonesonde (black
solid line) at Eureka for 22 March, 2006. A clear underestimation of the peak value near 17
km is observed in V2.9 data. This is a typical behaviour that explains the underestimation described above. As this artifact could not be reproduced in the synthetic retrievals, which include a full range of forward model parameters, it is most probably caused by instrumental
issues. One possible explanation is a presence of an increased external stray light when performing limb measurements at large solar zenith angles and small azimuth angles. In this geometry, which is typical for SCIAMACHY observations at high northern latitudes, the extraterrestrial solar radiance is believed to be reflected by some part of Envisat into the field of
view of the SCIAMACHY instrument.
The retrieval methodology used in V3.0 aims to reduce the underestimations in the northern
high latitudes shown by V2.9. In the V3.0 retrieval processor, signals from different wavelengths are exploited (Sect. 5.5.2). The spectral window used in the Vis wavelength region is
narrower compared to V2.9. On the one hand it uses weaker absorption features of ozone,
thus gaining less information from the spectra. On the other hand, by using the narrow spectral window and higher order of the closure polynomial the influence of the systematic errors
is reduced. The right panel of Fig. 5.19 shows the comparison of ozone vertical profiles from
SCIAMACHY V3.0 limb data with ozonesonde data presented in the same way as V2.9 reJ. JIA
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sults in the left panel. It is seen clearly that the ozone maximum at 17 km observed by the
sonde is now captured properly by SCIAMACHY. Furthermore, the V3.0 data set also better
reproduces the ozone maximum around 25 km in the tropics (Fig. 5.20), which corrects the
overestimation in Southeast Asia as seen from both vertical and partial-column comparisons.
General improvement in the Pacific and the South Atlantic Ocean regions can be observed in
the partial-column comparisons (Fig. 5.17). This may be partly due to the opposite sign of
differences at different altitudes. As shown in the sections above, the V3.0 is a success in
solving the underestimation at northern high latitudes.

Figure 5.19. Comparison of ozone vertical profiles from SCIAMACHY and from ozonesonde
at the Eureka station.

5.5.5 Progress of limb ozone V3.5 data set
After validating the limb ozone profiles, the limb data used in the tropospheric ozone retrieval was updated from the V2.9 to the V3.0 database in order to improve the retrieval accuracy. However, the newly retrieved TOCs showed unexpectedly high values. A striking result
is the over 30 DU TOCs in the tropical Pacific, where ozone columns are expected to be ~25
DU (e.g., Thompson et al., 2003). The V3.0 limb data was very soon found to have an under-
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Figure 5.20. Same as Fig. 5.12 but for the station SepangAirport (2.7°N 101.7°E).

estimation at around 35 km (left panel of Fig. 5.21), which was not present in V2.9 data. Statistical analysis shows that the ozone partial-column (30-40 km) differences to MLS at 69
ozonesonde station locations have a strong variation along with latitude. The underestimations are smaller over high latitudes whereas they reach maxima in the tropics (right panel of
Fig. 5.21). There is no obvious seasonal pattern of the differences.
This underestimation of V3.0 is believed to be caused by the lack of retrieval information at
~35 km. While the information from the UV range only influences the retrieved ozone values
above ~35 km, the Vis range is mostly responsible for the ozone information below 30 km.
Thus 35 km becomes the least sensitive retrieval altitude. For V2.9, this shortage can be
compensated by the broader visible spectral range. This is to say that the signal is stronger
when the whole Chappuis band is used, which results in a higher sensitivity around 35 km.
The usage of Huggins band is believed to improve ozone retrieval accuracy between 30 km
and 35 km. Therefore, it is included in the further developed limb ozone retrieval (e.g., for
V3.1-V3.5).
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Figure 5.21. Underestimations around ~35 km altitude in the SCIAMACHY limb V3.0 data
set. Left panel shows the vertical profile comparisons at the station Irene averaged from Jan
2003 to Dec 2011. Right panel shows the ozone partial-column differences between MLS and
SCIAMACHY V3.0 data from 69 locations of ozone sonde stations over the same time period as the left panel.

Figure 5.22. Vertical profile comparisons at the station Ascension Island (8.0°S 14.4°W). The
measurements are taken on March 9th, 2010.
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Figure 5.23. Same as Fig. 5.12 but for the comparison between ozonesonde and V3.0 (lefthand side) / V3.5 (right-hand side), averaged from Jan 2010 to Dec 2010.

Figures 5.22 and 5.23 illustrate the preliminary results of the newly developed V3.5 limb database in 2010 by comparing to ozonesonde and previous versions of SCIAMACHY limb
data. In Fig. 5.22, a profile example in the tropics is showed for different SCIAMACHY limb
data versions. A clear underestimation of the value near 35 km is observed in V3.0 data. This
feature is corrected in the V3.5 data. Once 35 km underestimation is fixed, it is crucial to
know if the profile accuracy of V3.5 stays at the similar level as V3.0. I have compared the
ozonesonde-collocated SCIAMACHY limb ozone measurements from both versions. Fig.
5.23 shows the comparison results at Praha as an example. The figure presents the profile accuracy at 12-28 km. All the limb layers have been improved in V3.5 compared with V3.0.

5.5.6 Conclusions of the limb ozone improvement
The improvements of the limb ozone vertical profiles are presented and discussed in Sect. 5.5.
As an important step of the improvement of the TOC retrieval, this section is concluded separately.
The two versions of SCIAMACHY limb ozone scientific data sets, namely the V2.9 and the
J. JIA
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V3.0, were extensively compared to ozonesonde measurements for the time period of 20032011, from 61 sonde stations. The two versions of SCIAMACHY limb data use different retrieval processors. The main differences are the retrieval of surface albedo, and that in the
visible spectral region, V2.9 uses a reference tangent height and the triplet method, while
V3.0 employs a solar spectrum as the reference and performs a DOAS-type fit. There are also
some changes in the UV band (Sect. 5.5.1 and Sect. 5.5.2); these however do not provide information at altitudes lower than 30 km. The retrieval differences are listed in Tab. 5.1.
V2.9 agrees well with the ground-based data within a latitude range of 90°S-40°N. The relative differences between the two databases are within 5% (SCIAMACHY is mostly overestimating) at 20 km - 30 km. It shows very good retrieval results in the tropics with a difference
of less than 3% for each layer. The partial-column comparisons show less than 5 DU absolute
differences with rather small standard deviation, with the exception of the tropical Pacific region, where overestimations of more than 10% are observed. These overestimations result
from a significant positive bias above 25 km (so far there is no explanation for the reason behind this bias). In the northern high latitudes, V2.9 shows an up to ~15% negative bias with
observable vertical oscillations, which is believed to be the consequences of the increased
external stray light. The ozone partial-columns are underestimated by 12 - 20 DU.
The V3.0 has been developed to reduce the underestimation in the northern high latitudes
identified in V2.9. As a result, the differences are reduced to within 10% for vertical profiles
and 5 DU to 10 DU for partial-columns northward of 40°N. At the same time, the overestimations of the ozone profile concentrations around the tropical Pacific are eliminated. V3.0
maintains the good retrieval results also southwards of 40°N, with deviations slightly larger
than 5% in the tropics and within 10% in the southern high latitudes.
The tropospheric ozone retrieved using V3.0 limb ozone data directly does not yield good
results. The reason is found to be an underestimation at ~ 35 km altitude, perhaps due to a
lack of spectral information. The Huggins band is believed to improve ozone retrieval accuracy between 30 km-45 km and is included in the further developed limb ozone retrieval. The
up-coming V3.5 fixes the underestimation while maintaining the good vertical accuracy in
V3.0.
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Table 5.1. Summary of the parameter differences between limb ozone data versions V2.9,
V3.0 and V3.5.

Parameters

Spectral
windows
(nm)

V2.9
264 – 265, 266.5 –
268.5, 272 – 274, 282
– 284, 285 – 287, 287
– 289, 289.5 - 291.5,
304 – 306, 306 – 308,
523.66 – 524.34,
587.74 – 590.34,
673.79 – 676.21

V3.0

289 – 306, 495 - 587

SNR
Clouds

Aerosols

(a) 264 – 274.9,
(b) 276.5 –287,
(c) 289 – 309.5,
(d) 325.5 – 331,
(e) 495 – 576

(averaging within the
sub-windows)

Radiance profiles in
UV, triplet in Vis

DOAS, 0-th order polynomial in UV, 3-rd order polynomial in Vis

Upper tangent height

Extraterrestrial solar
spectrum

Method

Reference

V3.1-3.5 *

15 – 140 preestimated constant
value
Ignored
LOWTRAN background aerosols
(global mean)

Estimated from the residual spectra
THs with clouds in
FOV are rejected
Retrieved from SCIAMACHY measurements (Ernst et al.,
2012)

DOAS, none polynomial
in wavelength range (a),
0-th order polynomial in
range (b) and (c), 1-st order polynomial in range
(d), 2-nd order polynomial in range (e)
(a-c) Upper tangent height
(d-e) Solar spectrum
(a) 20, (b) 40, (c-e) Estimated from the residual
spectra
THs with clouds in FOV
are rejected
ESCTRA (based on
SAGE II climatology)

* Recent test versions V3.1 to V3.5 are retrieved in a similar way as V3.5 with continuous
minor improvements in the retrieval.
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5.6

Results from the improved tropospheric ozone column retrieval

After the data amount improvement, TPH optimization and the limb data improvement, the
results of different tropospheric ozone versions are reported in this section. The three versions
of the tropospheric ozone results are validated with ozonesonde measurements. In Sect. 5.6.1,
the tropospheric ozone validation methodology is described. The validation results with
ozonesondes and the comparisons among the versions are given in Sect. 5.6.2.

Table 5.2. Summary of the retrieval differences among TOC data versions V1.0, V1.1, and
V1.2
Retrieval differences

V1.0

V1.1

V1.2

CTH used in limb data
screening process

Cloud flag

SCODA

SCODA

TPH at each corner of
the limb pixel

Nearest UTC

Linear interpolated
to SCIAMACHY
over pass time

Linear interpolated
to SCIAMACHY
over pass time

TPH for each limb
pixel

Minimum of the
corners

Mean of the corners

Mean of the corners

V2.9

V2.9

'modified' V3.0

Limb data

One should be informed that here the V1.2 TOCs are retrieved by replacing limb ozone data
from V2.9 to 'modified' V3.0. As mentioned above, V3.0 limb data underestimated ozone at ~
35 km, which will cause the retrieved TOCs being overestimated globally, especially in the
tropics (Sect. 5.5.5). However, the V3.5 limb ozone retrieval is still under development. Thus
in the V1.2 tropospheric ozone retrieval, before being imported to the retrieval process, V3.0
limb data is modified at the layer near 35 km by linearly interpolating the values at the layers
above and below. The differences of the retrieval of V1.0, V1.1 and V1.2 TOC data are
summarised in Tab. 5.2.
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5.6.1 Validation methodology of the tropospheric ozone vertical column
The SCIAMACHY Limb-Nadir Matching TOC data has been validated with different methods in previous studies. The SCIAMACHY monthly mean results have been directly compared to the ozonesonde monthly mean results (Ebojie et al., 2014). In this method, the
ozonesonde tropospheric ozone is integrated using the WMO (thermal defined) TPH. Another
way of comparison is to check single TOC result versus one ozonesonde profile (Bötel et al.,
2008). None of these methods considered the possibility of big differences between the TPHs
used in the satellite and ozonesonde measurements, in which case the two data sets are not
comparable. In this study, the geo-collocated SCIAMACHY and ozonesonde measurements
are compared only when their TPH differences are not larger than +1 km. My preliminary
results showed that the launch time is not a main influence for the validation results. Thus,
the satellite and ozonesonde data measured within one month are temporally collocated.
The details of the validation process are as follows: For each ozonesonde profile, the corresponding TPH is interpolated in the same way as for the optimized TPH_Limb collocation
(Sect. 5.5). The ozonesonde TOC is then calculated as the integration of the measurement
from the ground to the TPH. Please be reminded that the geopotential height included in the
ozonesonde data needs to be converted to the geometric height. Coincident SCIAMACHY
TOCs are selected for each ozonesonde profile. The geographic distance between the ozonesonde station and the footprint centre of the collocated SCIAMACHY TOC is required to be
within 5° in latitude and 10° in longitude. The TPH difference between ozonesonde and collocated SCIAMACHY measurements should not exceed +1 km. The coincident SCIAMACHY TOCs are averaged to be the daily result for each ozonesonde measurement. These
daily results are then averaged into monthly results for validation.

5.6.2 Comparisons of the tropospheric ozone column results
Quantified improvements in V1.1 and V1.2 can be concluded from the SCIAMACHY ozonesonde comparisons and zonal mean climatology.
Average column values from the coincident SCIAMACHY and ozonesonde measurements at
61 stations for the period Feb - Dec 2004 are compared in Figs. 5.24 -5.26. Figure 5.24 shows
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Figure 5.24. SCIAMACHY TOC comparison with ozonesonde in 2004. Left panels illustrate
the absolute monthly differences, while the relative differences are presented on the righthand side. In each panel, the color of the dots depicts the mean differences, while the size of
the dots represents 1σ standard deviation. The standard deviation is between 0.2 - 24 DU for
the absolute differences and between 1-90 % for the relative differences.

the global overview of the daily mean absolute (left panels) and relative (right panels) averaged daily differences between the ozonesonde TOCs and the SCIAMACHY TOC versions
1.0, 1.1, and 1.2. The V1.0 tropospheric ozone overestimations over the northern mid- and
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high latitudes are observed in both the absolute and relative comparisons. The bluish color
over the tropical Atlantic and South America indicates the negative biases of the SCIAMACHY TOCs. Due to the increased data amount and more accurate TPH information, in
V1.1, 4 more stations can be included for the comparison at northern high latitudes. The extremely high differences (over 20 DU, which equals to more than 40%) in V1.0 decreased to
within 15 DU. On the other hand, the negative biases in the tropics are enhanced, while the
positive biases around New Zealand (the southern high latitudes) also increases. These
changes are provoked by the increased data amount (see stations Maxaranguape and Lauder
in Figs 5. 32 and 5. 33). Thus the V1.1 results are more authentic to represent the TOCs retrieved using V2.9 limb data. In general, the absolute differences between the V1.0 and V1.1
SCIAMACHY TOCs and the ozonesonde TOCs mostly lies below 10 DU southward of 40°N.
Northward of 40°N, overestimated high ozone columns can be observed, which is consistent
with the underestimations of the V2.9 limb ozone data at the same latitudes (Sect. 5.5).
In comparison to the V1.0 and V1.1, V1.2 shows improved results globally. With the benefit
of the V3.0 limb ozone profile information, the overestimations of the TOCs at northern high
latitudes, and the underestimations in the tropics are reduced in V1.2. The TOC values
around New Zealand also agree well with ozonesondes as well (Fig. 5.24). The comparison
of V1.2 TOCs with ozonesonde measurements showed yearly mean absolute differences of
less than 5 DU globally. The relative differences are reduced from larger than 40% to below
10%.
The comparison results between the SCIAMACHY and ozonesonde TOCs are depicted as
time series at each ozonesonde station. Figures 5.25 and 5.26 show the results at the stations
Maxaranguape (also known as Natal), Ankara, Payerne, Eureka, Lauder, and Marambio in
2004 and 2008. These stations are chosen to represent the latitude bands 20°S-20°N, 20-40°N,
40-60°N, 60-90°N, 20-60°S, 60-90°S, respectively. The results at all other stations are listed
in the Appendix. Maxaranguape is located in northern Brazil, the very east of the south
American continent. In this region, tropospheric ozone is highly influenced by biomass burning. Every year from April to June fewer burning events happen compared to other months
(Crutzen and Andreae, 1990). Thus the TOCs have a minimum during these months while
they are above 40 DU in the other time period. Both V1.0 and V1.1 reproduced the seasonality at Maxaranguape. Nevertheless, TOCs are underestimated by ~10 DU in V1.0 and V1.1,

J. JIA

95

Improvement of the SCIAMACHY Limb-Nadir Matching retrieval

Figure 5.25. Time series of monthly averaged TOCs from SCIAMACHY V1.0, V1.1, V1.2
data and ozonesonde data in Maxaranguape/Natal, Ankara, Pyerne, Eureka, Lauder, and
Marambio in 2004. The location of the stations are marked in blue in the global map. The results are presented unsmoothed.

while V1.1 better follows the sonde structure than V1.0 (e.g., in July). V1.2 agrees with
ozonesonde results within ~3DU while the seasonality is the same as in V1.1. Ankara and
Payerne are located in the Middle East and central Europe, where the tropospheric ozone is
mostly influenced by anthropogenic emissions of ozone precursors. The highest TOCs show
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Figure 5.28. Same as Fg. 5.25 but for the year 2008.

up in late spring/early summer, when the photochemical reactions are most efficient. Correspondingly, ozone reaches its minima during winter. At Ankara, older versions V1.0 and
V1.1 underestimated ozone columns in summer while overestimated them in winter. Although V1.2 catches most of the seasonal patterns, all three versions show extreme overestimations during winter time. At Payerne, the TOCs retrieved from the older versions V1.0 and
V1.1 are 10-20 DU higher than those measured from ozonesondes. In the year 2004, oscillations of values in-between months are observed in March - July in V1.0. These oscillations
can be signs of insufficient data used in the analysis as they no longer exist in V1.1. V1.2,
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compared to the older versions (V1.0 and V1.1), significantly improves the agreement with
ozonesonde measurements to within 5 DU in yearly average. Nevertheless, the positive biases
can still reach ~10 DU in the ozone maxima months. Lauder is located in the southern rural
area of New Zealand. The region is not much influenced by industry. Hence, the ozone columns in boreal summer at this station can be considered as the background ozone level (~20
DU). The TOCs show sharp peaks (~35 DU) during boreal winter time of each year when
wide-spread biomass burning occurs in the Southern Hemisphere tropics near the end of the
dry season and generate CO and NMVOCs (Rinsland et al., 2002). Similar to the northern
midlatitudes, the ozone results from V1.0 and V1.1 exhibit ~ 5-10 DU higher biases compared to ozonesonde measurements in the southern midlatitudes. V1.2 shows better agreements in general, yet an overestimation of up to 10-15 DU can be observed during the ozone
maxima time period. At Eureka, because of the missing measurements from SCIAMACHY
during the polar night, only the summer month results can be retrieved. All the V1.0 data are
eliminated by the limb cloud-free criterion. Compared to ozonesonde results, V1.1 results
show an overestimation of ~15 DU on average. There is very good agreement (~3 DU) between V1.2 and the ozonesonde monthly results in both stations. Similar conclusions can be
drawn for Marambio at southern high latitudes.
To conclude, V1.0 TOCs exhibit ~10 DU underestimation in the tropical Atlantic, > 10 DU
overestimation at high latitudes, and variable overestimations at midlatitudes. V1.1 corrects
most of the unrealistic seasonal oscillations and provides much dense sampling. With the improvement of limb ozone data, the V1.2 TOCs (retrieved using V3.0 limb ozone data sets)
reaches very good agreement with ozonesonde measurements over the tropics and high latitudes. The column values are improved over the midlatitudes as well. But a positive bias is
still present in the local summer period when TOCs reach its peaks.
The zonal mean climatologies of the three tropospheric ozone versions are shown in Fig. 5.27.
In general, the SCIAMACHY Limb-Nadir Matching data well reproduces the TOC distribution, with spring-summer maxima in the northern hemisphere and the boreal autumn - winter
ozone peaks over the Southern Hemisphere. As is shown in the SCIAMACHY/ ozonesonde
comparisons, the zonal mean TOCs in V1.0 and V1.1 maintain larger than 40 DU northward
of 40°N through the whole year. This value is more than 10 DU (>25%) higher compared to
the ozonesonde measurements (upper and middle panels of Fig. 5.24). The biomass burning
provoked ozone plume in the Southern Hemisphere is observed to be extended in north-south
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Figure 5.27. SCIAMACHY Limb-Nadir Matching tropospheric ozone zonal mean climatology derived from February 2004 to December 2004 from 2.5° latitude bin. From top to bottom are V1.0, V1.1 and V1.2.
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direction in V1.0. In V1.1, the shape of the plume is similar to the result in V1.0, while underestimation of the tropical tropospheric ozone appears. This underestimation is because of
the overestimation of the V2.9 limb ozone data that is used in the retrieval. It exists in V1.0
as well, yet due to insufficient data this underestimation was not illustrated in the zonal mean
climatology. The decreased ozone peaks at northern midlatitudes, and properly displayed
biomass burning plumes at southern midlatitudes are observed in V1.2.
To give an intuitive global view of the results from different versions, the global distribution
of the yearly averaged SCIAMACHY TOCs are shown in Fig. 5.28. In spite of all three versions showing the well-known Southern Hemisphere burning provoked plume, the wave-one
tropical ozone structure and the relatively high northern mid-latitude ozone belt due to the
anthropogenic pollution, the yearly averaged global TOCs show different patterns among the
three versions (see Sect. 3.2). V1.0 has the most sparse sampling. The results become noisy at
higher latitudes (>45°). With improved spatial sampling, V1.1 highlights the over 55 DU
high ozone values northwards of 30°N. In V1.2, the biomass burning plume is quite properly
displayed. The high TOC values in the Northern Hemisphere and low TOC values in the tropics are reduced compared to V1.0 and V1.1. The orbit gap in V1.2 is caused by the lack of
V3.0 limb data (initial product).
The monthly averaged SCIAMACHY TOC results observed for October 2004 are presented
in Fig. 5.29. A typical global tropospheric ozone distribution in boreal autumn should exhibit
at least three patterns: a clear ozone plume in the Southern Hemisphere due to biomass burning activities in Australia, Southern Africa, and South America; relatively low ozone values
in the Northern Hemisphere due to the weaker solar radiation and lower concentration of precursors; and the wave-one pattern in the tropics. In V1.0, none of the three patterns can be
observed clearly. Few tropical data can be used to identify the wave-one pattern. There are
insufficient data in the northern high latitudes (northward of 50°N) as well. The biomass
burning provoked high ozone values can be observed, but with no clear shape in spatial coverage. The massively increased data amount in V1.1 helps to get a global impression of the
SCIAMACHY Limb-Nadir Matching tropospheric ozone using V2.9 limb data. In V1.1, the
tropical wave-one pattern and the southern biomass burning pattern – although still broad –
are clearly presented. It provides a chance to observe the overestimated high ozone columns
in the northern high latitudes, which is consistent with the underestimations of the V2.9 limb
ozone data at these latitudes. With the benefit of the V3.0 limb ozone data, these overestima100
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Figure 5.28. Yearly TOC results in 2004. From top to bottom are V1.0, V1.1 and V1.2.

tions are significantly reduced in V1.2. The biomass burning plume is now very properly observed as an advantage of using the new limb ozone data as well, since the new (V3.0) limb
partial columns were not only improved for the Northern Hemisphere but also for the southern midlatitudes (see Sect. 5.5.4.2).
Similar conclusions can be drawn from the seasonal comparison results of V1.0 and V1.2 in
NH autumn (third row in Fig. 5.30). In the other seasons, while keeping the main features
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Figure 5.29. Monthly TOC results in October 2004. From top to bottom are V1.0, V1.1 and
V1.2.

(details are given in Sect. 3.3) and reducing the northern mid-/high latitude values, more
structure details are exhibited in V1.2.
In spring, a stronger and larger ozone plume can be observed over the Southeast Asia region
centred over the Arabian Sea (AS). This feature is depicted in Fig. 5.31 in details. Over this
region, big differences can be observed in each season. Compared to V1.0, the low ozone
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Figure 5.30. Seasonal TOC results of V1.0 (left panels) and V1.2 (right panels) in 2004. From
top to bottom are spring (MAM), summer (JJA), autumn (SON) and winter (DJF).
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values over the Tibetan Plateau in SON and DJF can be better observed in V1.2. The high
photochemically produced ozone from anthropogenic activities in the Middle East and the
Indo-Gangetic Plain in MAM and JJA are more properly revealed as well. The Arabian Sea
spring maximum can be very well shown in V1.2. The clear pattern inspired the investigation
of the spring maximum phenomenon. The related results are further presented in Chapter 6.
In general, the seasonality in Southeast Asia is much better structured in SCIAMACHY V1.2.

Figure 5.31. The seasonal averaged regional TOC results from V1.0 (upper panels) and V1.2
(lower panels) in 2008.

In summer, the Mediterranean ozone pool is well captured in V1.2. This ozone pool is caused
by STE and reported by Zanis et al. in 2014. The ozone outflow at the Central Atlantic Ocean
from Central Africa, which is believed to be mainly triggered by the biomass burning and the
lightning during the summer monsoon (Bouarar et al., 2011), is also properly revealed.
In winter, the ozone maximum is observed in the southern Atlantic region. It can be explained by the fire induced ozone being transported downwind from Western Africa, together
with upper tropospheric ozone produced from lightning NOx and subsidences from the
Walker circulation (e.g. Thompson et al., 2000; Fishman et al., 2003). V1.2 shows smoother
ozone distribution with lower values in the northern midlatitudes compared to V1.0.
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5.7

Conclusions

The Limb-Nadir Matching method is a residual method that is developed for TOC retrieval
using the SCIAMACHY instrument. In this method the stratospheric ozone columns retrieved
from the limb measurements are subtracted from the collocated total ozone columns acquired
from nadir measurements by using the tropopause height data. Along with the fact that the
TOCs are only ~10% of the total ozone columns, the accuracy of the retrieved TOCs is quite
challenging. The original TOCs exhibit an underestimation of ~10 DU in the tropical Atlantic,
more than 10 DU overestimation in the high latitudes, and variable overestimation in the midlatitudes. The biomass burning provoked ozone plume during the burning season in the
Southern Hemisphere is displayed with unrealistic propagation. A three-step optimization is
applied to the original retrieval approach.
Firstly, CTH data needed in the retrieval is switched to using the SCODA database to screen
cloud-free limb data instead of using the cloud flag information available in the limb ozone
data sets. This yields a significant data amount increase of ~100% for the finally retrieved
TOC data sets.
Secondly, the ECMWF TPH implemented in the retrieval is optimized temporally and spatially for each collocated SCIAMACHY limb ozone data. On average, the original strategy to
derive the limb-collocated TPH (nearest UTC time and lowest values) induces an underestimation of ~3 DU of the gridded (2.5° x 2.5°) TOCs. The underestimation can exceed 7 DU
for individual grid boxes and can easily be larger than 10 DU for individual TOCs. An improvement is achieved by the chosen interpolation scheme for matching TPH data and limb
measurements. The new TPH for the matching limb measurement is calculated as the mean
value of the TPH values at the four corners of the measurement footprint. At each corner the
corresponding TPH is calculated by linearly interpolating ECMWF data from the UTC time
to the SCIAMACHY overpass time.
Thirdly, SCIAMACHY V3.0 limb ozone scientific data set is implemented instead of the
previous V2.9 data set after extensive comparisons with ozonesonde measurements for the
time period of 2003-2011. The new V3.0 has been developed to reduce the underestimation
(up to ~15% negative bias with observable vertical oscillations in the vertical structure, corresponding to 12 - 20 DU bias in stratospheric ozone partial-columns in the 20-30 km range) in
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the northern high latitudes that was identified in V2.9. The retrievals between limb ozone
V2.9 and V3.0 are substantially different. In the visible spectral region V2.9 uses a reference
tangent height and the triplet method, while V3.0 employs a solar spectrum as reference and
performs a DOAS-type fit. As a result, the differences between the satellite retrieved tropospheric ozone and the ozonesondes are reduced to within 10% for vertical profiles and 5 DU
to 10 DU for stratospheric partial-columns (in the 20-30 km range) northward of 40°N. The
V3.0 limb ozone data cannot be used for Limb-Nadir Matching directly due to a negative bias
existing at an altitude of ~ 35 km caused by a lack of spectral information from the Huggins
band. The up-coming V3.5 fixed the underestimation while maintaining the good vertical accuracy of V3.0. However, V3.5 is still under investigation, thus the V3.0 limb ozone data set
is implemented in the present study with a linear interpolation correction at 35 km.
After the optimization in CTH and the TPH, the resulting data amount of the retrieved TOCs
is increased by a factor of two as compared to the original retrieval. This version (V1.1) of
TOCs correct most of the artificial oscillations encountered before and shows a more clearly
overview of the achievements and disadvantages in using V2.9 limb ozone data.
The TOCs retrieved using V3.0 reduced the negative and the positive biases over tropics and
high latitudes, respectively. The column values are also optimized over the midlatitudes by
decreasing the positive biases. However, a positive bias still occurs in the local summer period when ozone reaches its peaks. The V1.2 results agree with ozonesonde measurements
within 5 DU in the annual global mean. The biomass burning pattern is properly observed.
More details are successfully captured, including the Mediterranean ozone pool, the ozone
outflow from Central Africa, as well as the spring ozone maxima over the Arabian Sea (AS)
during the pre-monsoon period.
In the following chapter, the V1.2 TOC captured regional pattern, the spring ozone maxima
over the AS during the pre-monsoon period, is interpreted.
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6 Tropospheric ozone observed over the Arabian Sea

6.1

Introduction

Inspired by the clear seasonal variation of TOCs over the AS observed in the V1.2 SCIAMACHY TOC product, in this chapter, I assessed the tropospheric ozone maximum observed
over the AS. 7 years (2005-2011) of Tropospheric Ozone Column (TOC) data products from
different satellite instrumentations: SCIAMACHY limb-nadir matching TOC (Ebojie et al.,
2014) and the OMI/MLS TOC (Ziemke et al., 2006) showed an enhancement of TOC similar
in magnitude as TOC's enhancements observed during the follow events: 1) the well-known
biomass burning plume in the Southern Hemisphere that was transported over the South Atlantic, the coast of South Africa, along the Indian Ocean and towards Australia, 2) TOC attributed to anthropogenic sources in the Northern Hemisphere, and 3) the Mediterranean
summer ozone pool (Fig. 6.1). A spring (or so called pre-monsoon, see Sect. 6.3) TOC
maximum of ~42 DU on monthly average was identified from the study of the seasonality of
the TOC.

Figure 6.1. 7 years composite average for TOC retrieved from (left) SCIAMACHY LimbNadir Matching V1.0 and (right) OMI/MLS.
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Spring maxima in TOC is not unique over AS but rather a well-known large scale phenomenon in the Northern Hemisphere. Nevertheless, the origin and mechanisms explaining this
phenomenon are still a matter for debate (e.g. Monks, 2000, 2015 and references therein).
The increase of tropospheric pollutants, presumably increase of longer lived VOCs which are
ozone precursors, during winter, may play an important role by influencing the two major
contributors to tropospheric ozone concentrations: the STE intrusions and the photochemical
production process (Holton et al.,1995; Penkett et al., 1998; Monks, 2000). In a remote region
like AS, an intuitive hypothesis is that long range transport (LRT) of ozone from more polluted regions or from STE may be the drivers. This is because of the longer ozone lifetime in
spring and the weak local production over remote areas (Wang et al., 1998b).

Figure 6.2. Average ozone (left) columns (ppbv and DU) and (right) vertical profiles of
monthly averaged ozone mixing ratios (ppbv) during different months observed from the balloon ascents above the station Ahmedabad (23.03°N, 72.54°E) during 2003-2007 (Figs. 4(b)
and 6 in Lal et al., 2014).

In previous studies using ozonesonde measurements above the west coast of India and the
data from two campaigns (the 1998 and 1999 INDOEX – INDian Ocean EXperiment campaigns and the ICARB – Integrated Campaign for Aerosols, Gases and Radiation Budget
campaign which was conducted during March-May 2006), the AS lower tropospheric ozone
during pre-monsoon season was confirmed to be significantly influenced by LRT of the con108
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tinental anthropogenically influenced outflows from the Middle East, Western India, Africa,
North America and Europe (Lal and Lawrence, 2001; Chand et al, 2003; Srivastava et al.,
2011, 2012; Lal et al., 2013, 2014). In addition, by comparing the INDOEX ozone measurements from both sides (northern and southern) of the ITCZ (InterTropical Convergence Zone),
the influence of the ITCZ functioning as a sink for ozone was determined by the observed 4
times higher TOC values on the northern side of AS compared to the southern side (Chand et
al., 2003). The seasonal variation of tropospheric ozone at Ahmadabad (23.03°N, 72.54°E)
was reported to have an averaged maximum of ~44 DU in April during the years 2003–2007
(Fig. 6.2) (Lal et al., 2014). The possibility of the STE influencing the ozone mixing ratio up
to ~10 km altitude was also discussed (right panel of Fig. 6.2). However, the mechanisms explaining this phenomenon need to be better understood.
Here, the TOC enhancement over the AS is investigated and interpreted by using TOC data
products from several satellite remote sensors (i.e. SCIAMACHY Limb-Nadir Matching,
OMI/MLS and TES), MACC (Monitoring Atmospheric Composition and Climate) reanalysis
data (Inness et al., 2013) and simulations from the global tropospheric CTM MOZART-4
model (Model for Ozone and Related Tracers) (Emmons et al., 2010). This study focuses on
the analysis of the regional contribution to LRT, the influence of the meteorological conditions, the local chemistry and STE, and the inter-annual variability of the spring ozone
maxima. In Sect. 6.2, the regional distribution and the time series of tropospheric ozone and
its precursors are investigated. Meteorological and photochemical sources of ozone plumes
due to LRT, local chemistry and STE are discussed in Sect. 6.3. The role of accumulation of
pollutants is also highlighted in this section. In Sect. 6.4 the impact of El Niño on the interannual variability is identified. Finally, conclusions are given in Sect. 6.5.
6.2

Observation of a pre-monsoon enhancement in TOC data products

Satellite retrieved TOCs have a better spatial and temporal coverage compared to ozonesonde
measurements. However in situ measurements of ozone from ozonesondes are considered
more accurate. Combining the two types of measurements provides an opportunity to investigate data-sparse regions such as the AS. Figure 6.3 shows the regional distribution of the
TOC and two of its photochemical precursors: NO2 and CO. Seasonal cycles of TOC, CO
and NO2 over the AS are shown in Fig. 6.4.
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A seasonal pattern of TOC is observed in both OMI/MLS and TES. An offset of ~5 DU exists between the two investigated TOC data products. Regarding the SCIAMACHY LimbNadir Matching TOC, as referred in Sect. 5.6, only V1.2 can reproduce the ozone seasonality
over AS. Since the V1.2 data set currently covers only 2 years, it is not suitable to be presented in the time series in the present manuscript. A maximum of TOC over AS is observed

Figure 6.3. Plots of the TOCs (DU), NO2 (molec/cm2) and CO (x1018 molec/cm2) as a function of season in 2008. Shown are from top to bottom DJF, MAM, JJA and SON.

(~42/47 DU) in every April during the years 2005–2012, followed by monsoon/summer minima of ~20 DU. TOC recovers to ~35 DU in the post monsoon autumn but drops down
slightly during the winter monsoon. This seasonal pattern is consistent with the results from
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the sonde station Ahmedabad (Fig. 6.2) and depends on the meteorological conditions (Sect.
6.3.1). The ozone precursors, CO and NO2, show a different behaviour than ozone. As NO2
has a short lifetime (2-8 hours, Beirle et al., 2011), the tropospheric NO2 data products retrieved from observations of SCIAMACHY or other related instrumentation in space show
high values over anthropogenic sources and relatively low values, often below the detection

Figure 6.4. Trace gas time series over the AS (10-20°N, 60-70°E) from 2004 to 2012. The
blue (solid and dashed) curves represent OMI/MLS ozone, red is TES ozone, magenta is IASI
CO, and black stands for SCIAMACHY NO2. The vertical columns are given in DU for
ozone and molec/cm2 for NO2 and CO. The region used for this time series calculation is
marked with a red rectangle in Fig. 6.3.

limit, over the remote regions. Over the AS, tropospheric NO2 columns are small being
around 1014 molec/cm2. This small concentration originates from ship emissions and continental outflow (Richter et al., 2004). Higher values can be observed during the winter monsoon from transport off the Asian coast. CO has a longer life time than ozone (~2 months in
average for CO and ~23 days for tropospheric ozone, Novelli et al., 1998b; Young et al.,
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2013). Due to the relatively long lifetime of CO and ozone, both trace gases show a similar
transport pattern. For instance, the biomass burning plume originating from Southern Africa
in boreal autumn in the Southern Hemisphere can be observed as well for CO as for ozone.
However, in comparison to ozone, the spatial pattern of CO is known to be more driven by
emission than dynamical processes (Logan et al., 2008), which is not directly emitted itself,
but produced due to the photochemical production. Thus, the time series of the data products
for tropospheric CO reveal a similar winter maximum as NO2, and it also shows a smaller
peak in spring time as TOC. The spring peaks of CO are observed one month earlier than that
those of TOC. This shift can be caused by the combustion emission of CO in Southern Asia
(Fig. 6 in Duncan et al., 2003).

Figure 6.5. Ozone partial columns (TOC in the left panels and 0-8 km column of tropospheric
ozone in the right panels) from MACC reanalysis data in April 2006 (upper panels) and 2010
(lower panels).
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In this thesis, MACC reanalysis data is used to provide vertical information of ozone. This
choice is motivated by the fact that OMI and MLS satellite ozone data were actively assimilated in the MACC reanalysis and constrain tropospheric ozone (Tab. 4.2). Figure 6.5 shows
MACC results of ozone partial columns between 0 km and the TPH, determined from
ECMWF retrieval as introduced in Sect. 4.3, and between 0-8 km, respectively. In a normal
year (for instance in 2006, upper panels), the enhanced ozone during pre-monsoon is ~30 DU
out of ~40 DU (~3/4) originating from the lower troposphere (0-8 km). Because of this result,
possible origins will be discussed in the following section (Sect. 6.3) by analysing 4 various
altitude ranges: 0-4 km, 4-8 km, 8-12 km and 12-18 km.

6.3

Potential origins of the AS pre-monsoon ozone pool

6.3.1 Influence of meteorology
The AS region is defined in this study as 10-20°N, 60-70°E on the west side of the subcontinental India. This location is influenced by the tropical/subtropical air mass exchanges
and the sea breeze circulation (e.g., Lawrence and Lelieveld, 2010). The climate of AS can be
devided into 4 different seasons, due to the seasonal variation of the ITCZ: winter-spring
monsoon (Dec-Feb), pre-monsoon transition (Mar-May), summer monsoon (Jun-Aug), and
post-monsoon transition (Sep-Nov). The strong westerly wind related to the summer Somali
jet can be observed in the NCEP 10 meter sea surface wind data (Fig. 6.6) when the ITCZ is
at its northernmost position. This condition causes strong precipitation, higher cloud cover
frequency and increased air humidity over AS (David and Nair, 2013). The wind and strong
precipitation 'wash' the air masses and remove soluble pollutants. A summer monsoon minimum for the trace gases such as shown in Fig. 6.4 may be expected. The destruction of ozone
by reactive halogens is another potential sink for the ozone in the marine boundary layer
(Dickerson et al., 1999; Ali et al., 2009). During the pre-monsoon transition, surface winds
are westerly at the northern AS with an anticyclonic pattern centred over the middle AS. At
this time, the AS is most of the time cloud-free and dynamically steady. This cloud-free anticyclonic condition possibly causes subsidence of air masses and results in accumulation of
pollutants (Sect. 6.3.2). The ITCZ located at the southern part of the AS can become the
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Figure 6.6. 10 meter sea surface wind on January (upper left), April (upper right), July (lower
left) and October (lower right) over AS at 2008. Figure provided by Anne Blechschmidt from
the University of Bremen.

'border' that stops the pollutants (in this case, tropospheric ozone) diffusing to the Indian
ocean with ozone depletion on the surface of cloud droplets in the convective region
(Lelieveld and Crutzen, 1990).
It is worth mentioning that the solar radiation over the AS, unlike in the middle/high latitudes
where it is strongest in summer, reaches its maximum during pre-monsoon (Weller et al.,
1998; David and Nair, 2013). One could argue that a maximum solar radiation can cause
stronger photochemical reactions and thus an increased ozone concentrations. The contribution of the photochemical production will be investigated in Sect. 6.3.3.
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6.3.2 Long range transport mechanism and air mass accumulation

Figure 6.7. HYSPLIT trajectory model results for air masses at AS with source location at 2,
4, 7 and 15 km. The results are from the 120 hr backward trajectories.

It is established in the previous studies that LRT plays an important role in the AS premonsoon ozone pool (Lal and Lawrence, 2001; Chand et al, 2003; Srivastava et al., 2011,
2012; Lal et al., 2013, 2014). For example, the satellite data products for CO and TOC are
highly correlated (Fig. 6.4). Trajectory models are used to investigate the LRT pathways of
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Figure 6.8. HYSPLIT trajectory model results for air masses at AS with source location at 2,
4, 7and 15 km. The results from the 240 hr forward trajectories.

the air parcels. Figures 6.7 and 6.8 show an example of the HYSPLIT backward and forward
trajectory results for air masses over AS at 2, 4, 7 and 15 km in April 2008. In the lower troposphere (0-8 km), the sources are identified as the Middle East, India and North Africa,
which are consistent with the previous studies. The higher tropospheric ozone (12-18 km) is
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found in air which was uplifted and transported from the North Indian Ocean and Southeast
Asia. The air masses in the lower troposphere subsides 4-5 km locally within a high pressure
system within 10 days. This confirms the conclusion on accumulation of pollutant which was
derived from the wind field information in Sect. 6.3.1 (see Fig. 6.6). This theory was also
proved by Srivastava et al. (2011) from the TPSCF (Total Potential Source Contribution
Function) results. One explanation for the larger TOC over the AS in comparison to surrounded regions is the lower humidity which provide less favorable condition for ozone depletion by OH radicals (Fig. 6.13). This is further discussed in Sect. 6.3.3. In addition to the
sources, here I also investigate the areas that are influenced by the AS ozone pool (Fig. 6.8).
The ozone-rich air over the AS is transported back to India (lower left panel). HYSPLIT also
simulates transportation to the Red Sea through the Gulf of Aden in the lower troposphere
(upper panels), which is expected because of the mountains aside acting as a barrier for pollution transport. The elevated tropospheric air masses are also transported towards the Pacific
Ocean via China (lower right panel).

Figure 6.9. Regional separation for tracer tagging with distributions of the spring mean emission rate (µg/m2/s) of NO (including anthropogenic, biomass burning, and soil emissions) at
the surface used in the model simulations during 1997–2007. Figure provided by Xuewei
Hou from Nanjing University of Information Science and Technology.
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To quantify contributions to LRT from different source locations, the tagged tracer simulation with MOZART-4 CTM (Sudo and Akimoto, 2007; Hou et al., 2014) during 1997-2007
was used. Figure 6.9 shows the seven tagged regions. Europe, Africa and the Middle East are
combined into one hot spot as the closer western region (named 'Euro'). India, Bay of Bengal
and AS are presented together as the closer eastern region (named 'India'). Note that when
evaluating the contribution from this region, the influence from pollutant accumulation over
the AS should always be considered. The Indian ocean is included in the 'Rest' region. 'NA'
and 'SA' represent North America and South America respectively. The regions are divided
due to the time consumption of the model calculation. For further studies, another arrangement can be considered.

Figure 6.10. Averaged LRT contributions to the AS tropospheric ozone concentration from
different source regions to 4 atmospheric layers over the AS in April 1997-2007. PBL (planetary boundary layer) is defined as the region from surface to the top of the boundary layer. FT
(free troposphere) is defined as extending to the tropopause above the BL.
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The source region distribution varies for different altitude ranges (Fig. 6.10). In the 0-4 km
layer, ~30% of the transported ozone comes from the 'Euro' region. The 'India' region is the
biggest source region that contributes 50%, of which 60% comes from the boundary layer. In
the 4-8 km layer, the influences of the boundary layers are much smaller, while 'Euro_FT'
contributes ~10% more than to the 0-4 km layer. The far-away source regions ('NA', 'SA' and
'IndoA') become non-negligible (~10% each). The contribution from 'IndoA' increases with
height. Since the Indian ocean is included, an increased contribution from 'Rest' with altitude
is expected. In conclusion, the main contributor to LRT is 'Euro_FT' with 30% contribution
in average, followed by the 'India' region with over 20% contribution. The inputs from faraway source regions are similar, with ~10% each. The influence from East Asia is negligible.
Note that the air masses in the higher altitudes are normally quickly removed by the strong
advection (Fig. 6.11). The contributors in the lower altitudes (<12 km) have more influences
on the ozone accumulation.

6.3.3 Local chemistry
This section addresses two questions: (1), What is the role of the photochemistry for TOC
above AS? (2), Has more ozone been photochemically produced during the long accumulation time in the middle (4-8 km) or lower (0-4 km) troposphere?
The ozone budget is calculated in the MOZART-4 model (Fig. 6.11) within the 1997-2007
time period. Photochemistry plays a very different role in the four altitude ranges. In the 0-4
km layer, water vapour acts as a source of OH radicals and depletes ozone. Compared to the
photochemical production, this depletion process dominates (Nair et al., 2011). Thus a net
reduction of ozone in chemistry was observed. In the higher layers (8-12 km, 12-18 km), photochemical production becomes a major source of ozone, while advection being the major
sink. Zahn et al. (2002) estimated that the annual net ozone production rates over AS are 17.6
x1010 molecules cm-2 s-1, by using the CARIBIC (Civil Aircraft for the Regular Investigation
of the atmosphere Based on an Instrumented Container) aircraft data from 10-11 km altitude.
However, Livesey et al. (2013) showed in MLS data that such maximum of ozone amount
around 215 hPa (~ 11 km) in pre-monsoon season is most likely a zonal pattern. In the 4-8
km layer, the budget is rather small with a net inflow by advection. The net chemistry is less
than -0.1 ppbv per day, indicating a negligible sink.
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Figure 6.11. Averaged ozone budget in pre-monsoon from MOZART-4 at four layers over
AS region. The ozone partial columns (ppbv) calculated from MOZART-4 is presented as
black dots. Figure provided by Xuewei Hou from Nanjing University of Information Science
and Technology.

The O3-CO correlation has been broadly used to indicate tropospheric O3 sources (Fishman
and Seiler, 1983; Kim et al., 2013). A positive O3-CO correlation denotes considerable
chemical production of O3. A negative correlation, on the other hand, can originate from
chemical O3 loss or deposition, or can suggest that the air mass is either transported from the
stratosphere, or moved by advection from the free troposphere. Figure 6.12 shows the O3-CO
correlation at 4-8 km in April using MACC data. The left panel is a typical correlation result
with strong negative correlations over AS (See also appendix Fig. A1). This correlation suggests that a chemical production of ozone is most likely not the cause for the observed ozone
enhancement. Some ozone production is expected (e.g., year 2006 in the right panel), but this
kind of situation is rare.
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Figure 6.12. O3-CO correlations calculated for 4-8 km column abundances with 3 hr temporal
interval in April 2008 (left panel) and 2006 (right panel) from MACC reanalysis data.

The averaged specific humidity in-between 4-8 km was used to investigate evidence for the
impact of HOx removal on ozone in clean air conditions (Fig. 6.13):
OH + CO + O2 HO2 + CO2

(R 24)

HO2 + O3  OH + 2 O2

(R 25)

Net CO + O3  CO2 + O2
Unlike the humid lowest troposphere, the air masses over the AS at 4-8 km are rather dry
compared to the surroundings. This can be explained by adiabatic lifting and expansion of
marine boundary air followed by condensation and removal for H2O. The lifting is stronger
over land than over ocean due to the temperature differences. This is also one of the reasons
that Southeast Asia has strongest convection. The dry air at 4-8 km can cause the depletion
contribution from OH radicals to be smaller, thus it is more suitable for ozone accumulation.
Hence the AS ozone columns in the 4-8 km altitude region are expected to be higher than its
surroundings.
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Figure 6.13. Specific humidity (kg/kg) at 4-8 km in April 2006 from MACC reanalysis dataset.

6.3.4 Stratosphere-troposphere exchange
The ozone concentrations in the extra-tropical lower stratosphere show a maximum in late
winter/early spring as driven by the Brewer-Dobson circulation (e.g., Fortuin and Kelder,
1998; IPCC/TEAP, 2005). Fadnavis et al. (2010) indicated ozone stratospheric intrusion during winter and pre-monsoon season over the Indian region (5-40°N, 65-100°E) by using both
satellite and model data. One stratospheric intrusion was observed over AS during the
ICARB campaign (Lal et al., 2013) in 5 May 2006 (Fig. 6.14). However, it is not clear yet
how much and how deep the influence can be. In our study, the STE contribution simulated
by MOZART-4 tagged tracer method is comparable with the ones transported from 'Euro_FT'
in each altitude range. The STE origin might be a reason for the strong negative O3-CO correlation since the chemical loss and deposition are excluded (Sect. 6.3.3).
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Figure 6.14. Potential Vorticity from ECMWF data.

6.4

ENSO and Interannual variation

Two spring anomalies are depicted in 2005 and 2010 where ozone is ~5 DU lower compared
to other years (upper panel of Fig. 6.4). The decrease in 2010 is most likely to be the anomaly
of the lower troposphere ozone as observed in Fig. 6.5. The two following facts suggest the
anomaly to be dynamical: (1), the ozone reduced in a similar amount at continental surroundings; (2), similar to ozone, a lower CO maximum appeared in 2010 (lower panel of Fig. 6.4).
The El Niño events, as driven by the persistent Walker Circulation, affect the temperature,
humidity and biomass burning emissions, thus influence the trace gases including ozone. Particularly, the tropospheric ozone anomaly related to El Niño events during the year 19971998 was intensively studied (e.g. Chandra et al., 1998; Sudo and Takahashi, 2001). The tropospheric ozone increased (up to 25 DU in the burning season) over the equatorial western
Pacific due to a reduced convection and growing burning emissions, whereas decreased (4-8
DU) over the eastern Pacific because of the change in meteorological conditions. By using a
model simulation, Zeng and Pyle (2005) reported that the tropospheric ozone concentration at
specifically the equatorial region 40-70°E decreases with similar amount as over the eastern
Pacific during El Niño events. Ziemke et al. (2010) showed that the ENSO related response
of tropospheric ozone over the western and eastern Pacific dominated interannual variability.
An Ozone ENSO Index (OEI) was formed to represent the ENSO impact. The OEI was calculated by subtracting the eastern and central tropical Pacific region tropospheric ozone
J. JIA

123

Tropospheric ozone observed over the Arabian Sea

(15°S-15°N, 110-180°W) from the western tropical Pacific-Indian Ocean region (15°S-15°N,
70-140°E) with the fact that the zonal variability of tropic stratospheric ozone is only ~1 DU.
Figure 6.15 shows the OEI index that is produced from OMI/MLS data for the related time
period (dark red curve). I performed a 'correction' of OMI/MLS TOCs over the AS by adding
the OEI index. The ozone spring maxima anomalies at pre-monsoon season in 2005 and 2010
(blue curve) can no more be seen after the 'correction'. This indicates that the El Niño induced
dynamics might contribute to the interannual variability over pre-monsoon AS ozone. Since
OEI contains both chemical (fire) and dynamical influences in the burning season, ozone
peaks (in the red curve) can be observed in the winter of 2006 and 2009 when strong fires
happened in Indonesia.

Figure 6.15. Tropospheric ozone time series 'corrected' with OEI over AS (10-20°N, 60-70°E)
from 2004 to 2012. The blue curve represents OMI/MLS ozone, dark red is OEI calculated
from OMI/MLS and red stands for OMI/MLS ozone with OEI 'correction'.

The dynamical influence of El Niño can be found in two aspects. El Niño can induce an increase of Sea Surface Temperature (SST) thus strengthen the water vapor upwelling to the
middle troposphere, and then reduce the life time of ozone. It also possibly triggers changes
in STE flux as mentioned by e.g. Neu et al. (2014). Moister air masses are observed from
MACC reanalysis data in April 2010 (appendix Fig. A2). This confirms the assumption of the
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SST influence over AS. A STE flux variation can be caused by both El Niño and La Niña
events. In this case La Niña events (in 2011) didn't contribute as much as El Niño events (in
2005 and 2010). The impact of El Niño is mainly expressed by the SST anomaly instead of
the STE anomaly.

6.5

Conclusions

The 7 years composite averaged values for TOC presented here exhibit a seasonal pattern and
have values similar to those in the Southern hemispheric biomass burning plume. A disciplined tropospheric ozone seasonality with a ~42 DU maximum at the pre-monsoon season
was shown in the satellite based OMI/MLS and TES observations as well as in the MACC
reanalysis model. The seasonal feature is found to be strongly related to the meteorological
conditions.
Previous studies illustrated the importance of LRT to the pre-monsoon ozone enhancement
and confirmed the source locations to be the Middle East, West India, Africa, North America
and Europe. Here various regional contributions to the AS pre-monsoon ozone through LRT
were analysed by dividing the global range into 7 regions using the MOZART-4 tagging
tracer simulation method. In the lowest 4 km, the sources from India contributed ~50% of the
transported AS ozone amount. The free troposphere of the Middle East, Africa and Europe
(so called 'Euro_FT') started to play a major role from 4 km altitude and higher. The contribution is on average 30%. The Indian region is still the second important source region at 4-8
km with ~20%. Its contribution is slowly replaced by the further-away source regions at
higher altitude range. It is worth mentioning that South America plays a more important role
compared to North America, yet there is no explanation for this result so far.
In addition, the vertical pollutant accumulation in the lower troposphere, especially at 4-8 km,
is important to the AS spring ozone pool. The suitable meteorological conditions were discovered from wind field data from NECP and specific humidity data from MACC. First, the
cloud-free anticyclonic condition that is observed from the wind field data can cause air to be
transported upside down. This point is supported by the forward model results of HYSPLIT
showing that from ~7/8 km on the air circles down over the AS region for around 10 days
without diffusion. Second, at 4-8 km the air over AS is much dryer than the surroundings.
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This is most probably due to relatively lower temperature over the sea which caused that the
moisture cannot be lifted up as high as over land. The dry air conditions induce the accumulation of ozone with a longer life time thus cause the AS ozone to be outstanding from the sub
continental regions.
The averaged spring ozone budget was calculated using MOZART-4 to improve our understanding of the additional local chemical activity. Ozone is photochemically produced at high
altitudes (8-18 km) and is removed by advection. In the lowest 4 km ozone is depleted by OH
radicals. Positive ozone budgets from advection and convection can be observed, which supported the LRT and accumulation mechanisms. At 4-8 km, despite the weak ozone destruction from OH radicals, the net chemical budget is negligible. This suggests a low photochemical production, which is also supported by the negative O3-CO correlation. According
to the simulation results and the O3-CO correlation, a net contribution from STE can also influence the local ozone amount.
The two spring ozone interannual anomalies are believed to be influenced by the dynamical
variations (SST anomaly) during the El Niño events.
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7 Conclusions and outlook
Tropospheric ozone is one of the most important green-house gases and one of the most important components of photochemical smog. Monitoring satellite-based tropospheric ozone
columns (TOCs) is of critical importance in order to gain knowledge on phenomena affecting
air quality and the greenhouse effect. This thesis is focused on the improvement and interpretation of satellite-based TOCs retrieved from SCIAMACHY measurements using LimbNadir-Matching method.

Improvement of the Limb-Nadir-Matching retrieval
The Limb-Nadir Matching method is a residual method that is developed for TOC retrieval
using the SCIAMACHY instrument. In this method the stratospheric ozone columns retrieved
from the limb measurements are subtracted from the collocated total ozone columns acquired
from nadir measurements by using the tropopause height data. Along with the fact that the
TOCs are only ~10% of the total ozone columns, the accuracy of the retrieved TOCs is quite
challenging. A three-step optimization is applied to the original retrieval approach.
1) Cloud top height (CTH) data needed in the retrieval is switched to using the SCODA
database to screen cloud-free limb data. Previously, the cloud flag information available in the limb ozone data sets was applied. The CTH data plays a crucial role in selecting the uncontaminated limb ozone profiles. This selection directly influences the
accuracy of the stratospheric ozone columns as well as the total data amount of retrieved TOCs. The cloud flag information that was originally used corresponds to a
CTH ~3.3 km larger than the SCODA CTH values. For a cloud flag equal to 0, the
limb data is guaranteed to be cloud-free in the respective vertical field of view of
~2.7-3.3 km. Using the SCODA CTH instead of the cloud flag yields a significant
data amount increase of ~100% for the finally retrieved TOC data sets while the low
standard deviation of the measurements remains preserved.
2) The ECMWF tropopause height (TPH) implemented in the retrieval is optimized
temporally and spatially for each collocated SCIAMACHY limb ozone data. TPH is
an imperative information which is required to gain the exact stratospheric ozone column by interpolating existing limb profiles down to the altitude of the tropopause. A
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variation of 500 m in the TPH induces an error of the stratospheric ozone of only ~0.1
DU. However, this range of variation is only suitable in the tropics. In the mid- and
high latitudes, the TPH variation is often more than 1 km within a short horizontal
distance. On average, the original strategy to retrieve the limb-collocated TPH (nearest UTC time and lowest values, details presented in Sect. 3.2.2) induces an underestimation of ~3 DU of the gridded (2.5° x 2.5°) TOCs. The underestimation can exceed
7 DU for individual grid boxes and can easily be larger than 10 DU for individual
TOCs. An improvement is achieved by the chosen interpolation scheme for matching
TPH data and limb measurements. The new TPH for the matching limb measurement
is calculated as the mean value of the TPH values at the four corners of the measurement footprint. At each corner the corresponding TPH is calculated by linearly interpolating ECMWF data from the UTC time to the SCIAMACHY overpass time.
3) A new version of the SCIAMACHY limb ozone scientific data set (V3.0) is implemented instead of the previous V2.9 data set after extensive comparisons with ozonesonde measurements for the time period of 2003-2011. The V2.9 limb ozone data underestimate ozone by up to ~15% vertically in the northern high latitudes, which
equals to 12 - 20 DU for stratospheric ozone partial-columns in the 20-30 km altitude
range. The new V3.0 has been developed to reduce the underestimation. The retrieval
between limb ozone V2.9 and V3.0 are substantially different. In the visible spectral
region V2.9 uses a reference tangent height and the triplet method, while V3.0 employs a solar spectrum as reference and performs a DOAS-type fit. As a result, the
differences between the satellite retrieved tropospheric ozone and the ozonesondes are
reduced to within 10% for vertical profiles and 5 DU to 10 DU for stratospheric partial-columns (in the 20-30 km range) northward of 40°N. The V3.0 limb ozone data
cannot be used for Limb-Nadir Matching directly due to a negative bias existing at an
altitude of ~ 35 km caused by a lack of spectral information from the Huggins band.
The up-coming V3.5 fixed the underestimation while maintaining the good vertical
accuracy of V3.0. However, V3.5 is still under investigation, thus the V3.0 limb
ozone data set is implemented in the present study with a linear interpolation correction at 35 km.
The original TOCs exhibit an underestimation of ~10 DU in the tropical Atlantic, more than
10 DU overestimation in the high latitudes, and variable overestimation in the midlatitudes.
The boreal autumn biomass burning provoked ozone propagation pattern in the Southern
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Hemisphere of this version displays an unrealistic distribution pattern due to the incorrect determination of diffusion.
After the optimization in CTH and the TPH, the resulting data amount of the retrieved TOCs
is increased by a factor of two as compared to the original retrieval. This version (V1.1) of
TOCs correct most of the artificial oscillations encountered before and shows a more clear
overview of the achievements and disadvantages in using V2.9 limb ozone data.
The TOCs retrieved using V3.0 reduced the negative and the positive biases over tropics and
high latitudes, respectively. The column values are also optimized over the midlatitudes by
decreasing the positive biases. However, a positive bias still occurs in the local summer period when ozone reaches its peaks. The V1.2 results agree with ozonesonde measurements
within 5 DU in the annual global mean. The biomass burning pattern is properly observed.
More details are successfully captured, including the Mediterranean ozone pool, the ozone
outflow from Central Africa, as well as the spring ozone maxima over the Arabian Sea (AS)
during the pre-monsoon period.
In summary, the Limb-Nadir Matching retrieval improvement scheme developed in this thesis leads to a much more accurate TOC product measured by SCIAMACHY.

Tropospheric ozone maxima over the AS
The 7-year averaged values for TOC presented over the AS exhibit a seasonal pattern and
have values similar to those in the Southern hemispheric biomass burning plume. A distinct
tropospheric ozone seasonality with ~42 DU maximum in the pre-monsoon season was
shown in the satellite based SCIAMACHY Limb-Nadir Matching, OMI/MLS and TES observations as well as with the MACC reanalysis model. The seasonal feature is strongly related to the meteorological conditions. The potential sources are investigated and reported:


LRT is of importance for the pre-monsoon ozone enhancement. Various regional contributions to the AS pre-monsoon ozone through LRT are analysed using the MOZART-4 tagging tracer simulation method. For this purpose, the global map is divided
into seven regions. The source from India contributed ~50% of the transported AS
ozone amount in the lowest 4 km, and ~20% in the 4-8 km altitude range. The free
troposphere of Middle East, Africa and Europe play the main role in altitudes above 4
km with an averaged contribution of ~30%.
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In addition, the vertical pollution accumulation in the lower troposphere, especially at
4-8 km, is important for the AS spring ozone pool. NCEP wind field data were used to
analyse suitable meteorological conditions for the generation of the ozone pool. It was
discovered that during anticyclonic conditions tropospheric ozone levels increase due
to air being transported from higher altitudes downwards. Furthermore, as observed
from MACC specific humidity data, the air over AS is much dryer than in the surroundings at altitudes of 4-8 km. This dry condition induces a longer lifetime of the
accumulated ozone thus causing the AS ozone to exceed the ozone amount above the
sub continentals.



The additional local chemical activity was investigated by calculating the averaged
spring ozone budget using MOZART-4. At 8-18 km altitude, ozone is mainly photochemically produced and removed by advection. In the lowest 4 km, ozone is depleted
by OH radicals. At 4-8 km, despite the weak ozone destruction from OH radicals, the
net chemical budget is negligible, suggesting a low photochemical production of
ozone.



Due to the simulation result and the correlation between ozone and CO, it can be concluded that a net contribution from STE may also influence the local ozone amount.

Two identified spring ozone interannual anomalies are believed to be influenced by the dynamical variations during the El Niño events.

Outlook for future studies
Based on the work presented in this thesis, the following prospects for future research are
identified.
Regarding the TOC retrieval using the SCIAMACHY Limb-Nadir-Matching method:


The retrieval method of the limb ozone may be further improved based on the results
of V3.0 and V3.1. An optimized version needs to be chosen from the developed versions with the help of validation. Validation has been applied to the recent versions
V3.2 to V3.5 showing continuous minor improvements in the retrieval. These efforts
will continue.



The chosen limb ozone data shall be implemented into a further improved Limb-Nadir
Matching method to retrieve the TOCs. Because the limb data is still under optimiza-

130

J. JIA

Conclusions and outlook

tion and a final version is not available yet, in this thesis no report on the final retrieval error of the new V1.2 TOC data set could be included. With a fixed new limb
data set, it will become possible to quantify the biases and retrieval errors of the correspondingly generated TOCs. With a longer data set time span (August 2002-April
2012), the global tropospheric ozone variations can be updated from the ones reported
by Ebojie et al. (2016) as well.
Regarding the application of the TOC data set:


Ziemke et al. (2010) used the correlation between TOC and the ENSO index (upper
panel in the left side of Fig. 7.1) to investigate the Ozone ENSO Index that shows the
ENSO related response of tropospheric ozone over the western and eastern Pacific. I
have investigated the correlation relationship between tropospheric ozone and tropospheric NO2. Both data sets are retrieved by the SCIAMACHY Limb-Nadir Matching
method (lower panel in the left side of Fig. 7.1). The global correlation distribution
map of tropospheric ozone and NO2 shows the potential to distinguish sources, e.g.,
urban pollution (red boxes), biomass burning (green boxes), or lightning (blue box).
In addition, the correlation results can help to understand the behaviour of other trace
gases (purple boxes), e.g., long range transport of tropospheric NO2 over the Indian
Ocean (Kunhikrishnan et al., 2004), by using TOC data from SCIAMACHY. Following this framework, it is possible to further exploit the potential of combining tropospheric ozone with its precursors.



The negative correlation of tropospheric ozone with CO over AS in April hints at the
possible influence by STE, chemical deposition, or lightning. The positive correlation
with NO2 over the Tibetan Plateau may indicate a possible influence of lightning in
producing ozone besides the influence of STE. The influence of lightning on tropospheric ozone values over AS and over Tibetan Plateau needs to be better understood.
Further investigation is possible by performing simulations with/without the impact of
lightning using models such as MACC.

Regarding a continuous limb data record, thus a continuous Limb-Nadir Matching TOC data
record:


While most of the limb/occultation instruments mentioned in the present thesis have
unfortunately stopped working due to their limited lifetime, there are currently still
three limb instruments in orbit – the limb-scattering Odin-OSIRIS, the limb-emission
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Aura-MLS, and the latest launched limb-scattering OMPS. The OMPS (Ozone Mapping and Profiler Suite) is the next generation of back-scattered Ultraviolet radiation
sensors as a part of the NASA project JPSS (Joint Polar Satellite System). OMPS is
proposed by Ball Aerospace and Technology Corporation as the ozone measurement
component of the National Polar-Orbiting Environmental Satellite System (NPOESS)
in 1998 (Jaross et al., 2014). It is desired to measure global ozone, aerosols and reflectivity. The first OMPS instrument is currently onboard the Suomi NPP (Suomi
National Polar-orbiting Partnership, launched on 28 October 2011) spacecraft with a
13:30 local equator crossing ascending node. The following OMPS instruments will
be included on the future JPSS-1 and JPSS-2 satellites which are planned to be
launched in 2017 and 2021, respectively. OMPS contains three spectrometers: a
downward-looking nadir mapper (OMPS-NM), a nadir profiler (OMPS-NP) and a
limb profiler (OMPS-LP) (Wu et al., 2014; Seftor et al., 2014; Jaross et al., 2014).
The OMPS-LP views the Earth's limb through three vertical slits and with three telescopes. Unlike most limb scatter sensors that scan vertically through the atmosphere
at different tangent heights, OMPS-LP collects the limb radiance simultaneously
from all altitudes. Nevertheless, the experience gained from the SCIAMACHY limb
retrieval will certainly benefit the OMPS-LP data processing to achieve better data
quality in the next decades. This will lead to a better understanding of stratospheric
ozone. The simultaneous monitoring in nadir and limb mode with OMPS-NM and
OMPS-LP may yield the next generation of Limb-Nadir Matching retrieved TOC
product with better sampling compared to SCIAMACHY Limb-Nadir Matching.
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Figure 7.1. Satellite based TOCs collocated with other parameters for the years 2003-2011.
Upper panel in the left side: OMI/MLS TOCs collocated with ENSO index; Lower panel in
the left side: SCIAMACHY TOCs (V1.0) collocated with SCIAMACHY tropospheric NO2
columns. Right panels are the time series of TOC (red curve) in DU and tropospheric NO2
column (blue curve) in molec/ cm2 at different locations. The green curve in the right lowest
panel represents the lightning flash rate from LIS/OTD database.
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Figure A1. O3 and CO partial column (4-8 km) time series at 21°N, 60°E over AS at April
2008 from MACC reanalysis data. The plot is a 'point' example of Fig. 6.11.

Figure A2. same as Fig. 6.13 but for the year 2010.
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Figure A3. Time series of monthly averaged tropospheric ozone columns from SCIAMACHY V1.0, V1.1 V1.2 data and ozonesonde data in the year 2004 (left panels) and 2008
(right panels) at all available stations (in alphabetic order).

136

J. JIA

Appendix

Figure A3. Continue

J. JIA

137

Appendix

Figure A3. Continue

138

J. JIA

Appendix

Figure A3. Continue

J. JIA

139

Appendix

Figure A3. Continue

140

J. JIA

Appendix

Figure A3. Continue

J. JIA

141

142

J. JIA

List of abbreviations

List of abbreviations
ACCO - Above cloud column of ozone
ACE - Atmospheric chemistry experiment
Ar - Argon
AS - Arabian Sea
CARIBIC - Civil Aircraft for the Regular Investigation of the atmosphere Based on an Instrumented Container
CCD - Charge coupled device
CCD method - Convective cloud differential method
CF - Cloud fraction
CFC - Chlorofluorocarbon
CH4 - Methane
CN - Crossing Number
CO - Carbon monoxide
CO2 - Carbon dioxide
COPD - Chronic obstructive pulmonary disease
CS - Cloud slicing
CTH - Cloud top height
DCC - Deep convective cloud
DJF - December-January- February
DOAS - Differential optical absorption spectroscopy
DOF - Degree of freedom
DU - Dobson unit
ECC - Electrochemical concentration cell
ECSTRA - Extinction Coefficient for STRatospheric Aerosol
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ECMWF - European Centre for Medium-Range Weather Forecasts
ENSO - El Nino-Southern Oscillation
Envisat - Environmental satellite
EOS - Earth Observing System
ERS - European Remote Sensing satellite
ESA - European Space Agency
FORLI-O3 - Fast Optimal Retrievals on Layers for IASI ozone product
FURM - Full Retrieval Method
GDAS - Global Data Assimilation System
GMES - Global Monitoring for Environment and Security
GOME - Global Ozone Monitoring Experiment
GOMOS - Global Ozone Monitoring by Occultation of Stars
GVC - Ghost vertical column
HALOE - Halogen Occultation Experiment
H2O - Water vapor
HYSPLIT - HYbrid Single-Particle Lagrangian Integrated Trajectory
IARC - International Agency for Research on Cancer
IASI - Infrared Atmospheric Sounding Interferometer
ICARB - Integrated Campaign for Aerosols, Gases and Radiation Budget campaign
INDOEX -INDian Ocean EXperiment campaign
IR - Infrared
ITCZ - InterTropical Convergence Zone
IUP - Institute for Environmental Physics in University of Bremen
JJA - June-July-August
JPSS - Joint Polar Satellite System
LIS/OTD - Lightning Imaging Sensor/ spaceborne Optical Transient Detector
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LNM - Limb-Nadir Matching
LOS - Line of Sight
LRT - Long Range Transport
MACC - Monitoring Atmospheric Composition and Climate
MAM - March-April-May
MetOp - Meteorological operational satellite
MIPAS - Michelson Interferometer for Passive Atmospheric Sounding
MLS - Microwave Limb Sounder
MOZART - Model for OZone and Related chemical Tracers
MR - Modified Residual
MW - Microwaves
N2 - Nitrogen
N2O - Nitrous oxide
NCEP - National Center Environmental Prediction
NMHC - Non-Methane Hydro Carbon
NN - Neutral Network
NNORSY - Neutral Network Ozone Retrieval System
NOAA - National Oceanic and Atmospheric Administration
NOx - Nitrogen oxides
NPOESS - National Polar-Orbiting Environmental Satellite System
O2 - Oxygen
O3 - Ozone
OE - Optimal Estimation
OEI - Ozone ENSO Index
OH - Hydroxyl radical
OMI - Ozone Monitoring Instrument
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OMPS - Ozone Mapping and Profiler Suite
OMPS-NM - Ozone Mapping and Profiler Suite nadir mapper
OMPS-NP - Ozone Mapping and Profiler Suite limb profiler
OPERA - Ozone ProfilE Retrieval Algorithm
OSIRIS - Optical Spectrograph and InfraRed Imager System
PMD - Polarization Measurement Devices
PSC - Polar Stratospheric Cloud
RF - radiate forcing
ro-vibrational - rotational-vibrational
RRS - Rotational Raman Scattering
RSM - Reference Sector Method
RTM - Radiative transfer model
SACURA - SemiAnalytical CLoUd Retrieval Algorithm
SAGE - Stratospheric Aerosol and Gas Experiment
SBUV - Solar Backscatter Ultraviolet
SCs - Stratospheric partial ozone columns at 20-30 km altitude range
SCIAMACHY - SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY
SCODA - SCIAMACHY Cloud Detection Algorithm
SHADOZ - Southern Hemisphere ADditional OZonesondes
SNR - Signal-to-noise ratio
SO2 - Sulfur dioxide
SON - September-October-November
SST - Sea Surface Temperature
STE - Stratosphere troposphere exchange
Suomi NPP - Suomi Polar-obriting Partnership
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SZA - Solar zenith angle
TCO - Total column of ozone
TEM - Tropospheric Excess Method
TES - Tropospheric Emission Spectrometer
TOC - Tropospheric Ozone Column
TOMS - Total Ozone Mapping Spectrometer
TOR - Tropospheric ozone residual
TPH - Tropopause height
TTO - Tropical Tropospheric Ozone Columns
UV - UltraViolet
Vis - Visible
VMR - Volume mixing ratio
VOCs - Volatile organic compunds
WFDOAS - Weighting Function Differential Optical Absorption Spectroscopy
WHO - World Health Organization
WOUDC - World Ozone and Ultraviolet Radiation Data Centre
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