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Abstract  
 
Carbon monoxide (CO) plays an important role in the Earth’s atmosphere. Through its reaction 
with the hydroxyl radicals (OH) (Logan et al., 1981), CO affects the lifetime of atmospheric 
methane (CH4), and non-methane hydrocarbons (NMHCs). A main product of this oxidation is 
carbon dioxide (CO2). Therefore, containing no direct green-house potential, CO still has an 
indirect effect on the global warming. Concerning radiative forcing, it is estimated that the 
emission of 100 Tg of CO is equivalent to the emission of 5 Tg of CH4 (Wild and Prather, 2000). 
Due to its lifetime of about 1-3 months, CO is an important tracer of air-masses in the atmosphere. 
CO is also one of the most important health hazardous pollutants, which can cause diseases of 
different degrees of complexity.  
The nadir near-infrared measurements of scattered and reflected solar radiation by SCanning 
Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) instrument on 
board the ENVISAT satellite contain information about CO concentration in all atmospheric 
layers including the boundary layer, closest to the location of main CO sources. However, the 
retrieval of CO total column from the radiometric measurements in this spectral region is 
complicated as the CO overtone lines are weak, and overlapped by strong absorptions of water 
vapour and methane. Moreover, several known instrumental issues, like an ice layer on the 
detector and degradation of the detector pixels with time, additionally complicate the retrieval of 
CO vertical column from the of SCIAMACHY measurements in channel 8. In the scope of this 
work, the WFM-DOAS (Weighting Functions Modified Differential Optical Absorption 
Spectroscopy) retrieval algorithm, developed at the University of Bremen, have been improved in 
order to establish the retrieval of a multi-year CO dataset from SCIAMACHY nadir 
measurements.  
The modifications have led to an improved CO fit quality, i.e., to an overall much smaller fit 
residual.  An error analysis and sensitivity studies based on the simulated measurements have 
shown that the error is generally less than 10%, which is comparable to the required precision for 
space-based CO measurements. However, due to high instrument noise, the error of the real 
measurements has been found to be much higher and considerably less stable.  
The retrieved CO columns have been validated by comparison with ground-based Fourier 
Transform Spectroscopy (FTS) measurements. A good agreement within 10-20% was found for 
nearly all considered stations. Furthermore, high correlation between the SCIAMACHY CO and 
CO from independent space-based total columns measurements performed by the MOPITT 
(Measurements of Pollution in the Troposphere) instrument onboard the Terra satellite indicates a 
good performance of the SCIAMACHY CO measurements globally. The overall difference of 
about 10% can be well explained by the moderate sensitivity of the thermal-infrared MOPITT 
measurements to lower atmospheric layers. 
To determine the SCIAMACHY potential for a quantitative estimation of CO sources, a detailed 
analysis of the obtained CO dataset has been has been carried out on country level. Due to the 
presence of strong anthropogenic sources and prevailing west wind conditions, a positive 
difference of CO concentration is expected from the west to the east side of the United Kingdom. 
The analysis shows that SCIAMACHY is able to capture the positive 5% west-to-east CO 
gradient over the UK. These results are consistent with the direct airborne measurements during 
the AMPEP campaign, which estimated the CO concentration enhancement from the west to the 
east coast of the UK to be about 10-100 ppb, corresponding to the total column enhancement of 1-
10% within the 1 km boundary layer. Different filtering criteria, including explicitly developed 
wind filtering algorithm, were applied to the SCIAMACHY CO total columns in order to estimate 



the influence of different meteorological conditions on the absolute value of gradient. In many 
cases, the filtering resulted in a considerable reduction of data points, which often led to 
insignificant gradient. The presence of clouds and the lower data quality over water as well as 
overall data availability over the relatively small UK region are discussed as possible limitations 
of such an analysis. From this study we have learned that the estimation of emissions over 
relatively weak anthropogenic sources with state-of-the-art satellite measurements is rather 
difficult. 
Over much stronger sources, such as a large biomass burning events, the quantitative potential of 
SCIAMACHY CO data is expected to be much higher due to much higher levels of CO signal and 
respectively more available (“good”) satellite measurements. To use this fact for further 
quantitative investigation, the SCIAMACHY simultaneously measurements of CO, nitrogen 
dioxide (NO2) and formaldehyde (HCHO) over well-known biomass burning events in 2004, were 
analysed in the scope of the well-established bottom-up emission estimation Excess Mixing 
Ratios (EMR) method. The EMR method, previously used exclusively with local measurements, 
has been adapted for usage with the SCIAMACHY space-based global atmospheric columns. In 
general, the calculated SCIAMACHY excess ratios (ER) of ΔCO/ΔHCHO and ΔCO/ΔNO2 show 
reasonable agreement with the values obtained during different field measurements over a number 
of similar biomass burning events in the past. Principally, this definite behaviour of ratios reflects 
the fact that fires in different ecosystems produce a different relative amount of emitted 
pollutants. In many cases, much higher ΔCO/ΔNO2 values were obtained, which can be mainly 
related to the strong diurnal variability of NO2 and comparably low NO2 in the troposphere at the 
time of SCIAMACHY measurements time (10:00 local time). However, as the overall behaviour 
of both SCIAMACHY ratios is as expected behaviour from the literature references, it can be 
speculated that even much higher ΔCO/ΔNO2 might have some natural origin, indicating a strong 
overestimation of the emission factors currently used in the global inventories.  
Additionally, the information content of the SCIAMACHY CO total column and the magnitude of 
total column error were analysed with the help of an assimilation procedure (Tangborn et al., 
2009). The results of this study have demonstrated that the valid CO total column errors are 
probably overestimated and typically are about two times smaller than the errors estimated on 
basis of the retrieval statistics. 
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Introduction 

State of the art 
 
Carbon Monoxide (CO) is a widely distributed and most commonly occurring air pollutant. 
Due to its high reactivity, which allows CO to react much faster with haemoglobin than O 2 
(Sirs, 1976), CO is one of the most important health hazards. In turn, many CO sources are 
anthropogenic and can mainly be found over regions with high population density. 
Therefore, it is extremely important to know the levels of CO concentration at and around 
regions with high population density such as cities. Whereas in the free atmosphere the 
dangerous concentration levels of CO (300-600 parts per million (Dutra, 1963)) are rare, 
its high chemical activity makes carbon monoxide important for atmospheric, and, in 
particular, for tropospheric chemistry. Through its reactions with hydroxyl radicals (OH) 
(Logan et al., 1981), CO indirectly affects the lifetime of atmospheric methane (CH4), and 
non-methane hydrocarbons (NMHCs). As the main product of CO oxidation, carbon 
dioxide (CO2) is produced. Therefore, containing no direct greenhouse potential, CO still 
has an indirect effect on the global warming. It was calculated to be comparable to 
additional direct emissions of 5 Tg of methane (Wild and Prather, 2000). In the presence of 
NOx species, the oxidation of CO leads to the production of tropospheric ozone (O 3), 
which is itself a dangerous tropospheric pollutant. Additionally, CO has a relatively long 
chemical lifetime in the troposphere (~1-3 months). It is can be transported over long 
distances in the atmosphere, increasing its dangerous potential by affecting the chemistry 
of remote areas.  
The importance of CO in Earth’s atmosphere had already been recognized in the past as 
CO was extensively measured in the last several decades both from the ground and 
airplanes, as well as from space. In spite of many existing measurements of CO, the 
complexity and variability of its sources combined with the uncertainty in the transport 
pathways complicate our understanding of the magnitude and extent of its influence on the 
global variability. In addition, background concentrations of atmospheric carbon monoxide 
vary widely around the world and throughout the year, ranging from as low as 30 ppb up to 
around 200 ppb, which complicates the evaluation of the global budget of CO. Therefore, 
it is still unclear how global CO emissions will evolve in the future. Various scenarios 
predict either a renewed decrease or a continued increase, depending mostly on the 
development in Asia. Furthermore, analysis of ice cores suggests that the abundance of CO 
in the atmosphere gradually decreased over the last two millennia prior to the industrial 
revolution, perhaps indicating a reduction in biomass burning emissions (Ferretti et al., 
2005). Historical emission inventories point out that anthropogenic sources of CO and 
hydrocarbons (as well as other ozone precursors) have grown dramatically during the last 
100 years (van Aardenne et al., 2001).  
To resolve the uncertainties in CO concentration globally, continuous global remote 
sensing observations with good sensitivity to the sources and transport layers are required.  
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The first space-based CO measurements were performed for several weeks in the year 
1984 and 1994 with the help of the correlation radiometer instrument MAPS on board of 
the Shuttle spacecraft (Reichle, 1999). Since then, several different space based 
instruments with different spectral ranges and viewing geometries were launched with the 
aim to capture the global CO variability. The Fourier Transform Spectrometer (FTS) IMG 
on the ADEOS platform (from 1996, with measurements from October, 1996 till June, 
1997), the MOPITT correlation spectrometer on board TERRA (from 2000 onwards)  
(Drummond, et al., 1992, 1996) and shortly after that, in 2002, the grating spectrometer 
SCIAMACHY on board ENVISAT (Bovensmann et al., 1999) and the AIRS spectrometer 
on board AQUA (Aumann et al., 2003) were launched into a sun-synchronized Earth 
orbits. Later, in August 2004, the measurements of the FTS instrument TES (Beer et al., 
2006), and the microwave radiometer MLS on Aura for limb emission measurements 
(Waters et al., 1993), and FTS instrument ACE on board SCISAT for occultation 
measurements (Bernath, et al., 2005) were started. In 2005, the Cross-Track scanning 
Infrared Sounder instrument (CrIS), with a 14 km circular pixel, was launched on the NPP 
platform. Since October 2006, the IASI FTS on Metop (Chalon et al., 2001) provides CO 
measurements in the thermal-infrared spectral range with a spatial resolution of 25x25 
km2. Several geostationary instruments have been proposed for CO measurements in the 
future: GIFTS and GeoTROPE-R as well as MAPLE, which is aimed to continue the 
MOPITT mission. 
Useful space-based measurement techniques for atmospheric trace species should fulfil at 
least two main requirements. First, the spectral resolution of measurements should be good 
enough to resolve the spectral signature of the molecules under consideration. Second, the 
measurements need to be sensitive to the atmospheric layers, at least those where the main 
sources of the considered gas are located. Most of the already launched space-based 
instruments were designed to measure CO in the thermal-infrared spectral region near 
4.7μm (within the Earth emission spectrum). Such measurements are able to provide 
information on the vertical CO distribution. However, because the level of unit optical 
depth for the thermal-infrared measurements in this spectral window is reached in the 
upper tropospheric layers, the sensitivity of such measurements to the boundary layer is 
limited. With its measurements of the reflected solar light in the near-infrared spectral 
region around 2.3 μm, SCIAMACHY is currently the only instrument able to measure the 
atmospheric CO column with nearly equal sensitivity to all atmospheric layers, including 
the Planetary Boundary Layer (PBL), which is closest to the CO ground sources. 
Additionally, SCIAMACHY with its 8 spectral channels covers a wide spectral range from 
ultraviolet/visible (from 240 nm) to near-infrared (up to about 2400 nm) measuring many 
atmospheric gases simultaneously, and providing unique information about chemistry of 
the pollutants source.  
At the same time, the horizontal resolution of satellite measurements plays an important  
role too. Particularly due to the presence of clouds, which represent a special drawback for 
nadir-viewing instruments, the spatial resolution should be high enough to find gaps 
between clouds. The spatial resolution of SCIAMACHY for CO measurements is rather 
low and each pixel covers an area of 120x30 km2. The MOPITT instrument has a finer 
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resolution of 22x22 km2. Nevertheless, these measurements need to undergo special cloud-
filtering routines to identify sufficiently cloud-free scenes, and this usually results in a 
significant reduction of the number of useful data points. To deal with clouds, the usage of 
the microwave CO absorptions may be an interesting alternative to the near-infrared and 
thermal-infrared measurements. However, this spectral region contains only weak CO 
features, which cannot be considered for nadir viewing geometry of the state-of-the-art 
remote sensors due their low signal-to-noise. 
 

Outline of the thesis 
 
The outline of this thesis is as follows: in Part I an overview of the fundamentals about the 
CO molecule in the atmosphere is given, with the aim to introduce important aspects of the 
research point. This includes chapter 1 focusing on CO sources and lifetime in the 
atmosphere. The processes occurring during the interaction of light with atmospheric 
matter are described in chapter 2 and 3, and provide the physical basis of the remote-
sensing measurements of SCIAMACHY, which are then introduced in more details in 
chapter 4.  
Part II describes the Weighting Functions Modified Differential Optical Absorption 
spectroscopy (WFM-DOAS) method used for the retrieval of CO total columns from 
SCIAMACHY near-infrared measurements of reflected solar light in channel 8. The 
theoretical basis of the retrieval algorithm is given in chapter 5. Chapter 6 presents the 
improved techniques developed in the scope of this thesis, which were introduced in order 
to generate a consistent multi-year CO data set from SCIAMACHY nadir measurements. 
Due to several instrument issues in the channel 8, this retrieval proved to be challenging, 
as demonstrated in the same chapter 6. The weak CO overtone absorption features in the 
near-infrared spectral region are overlapped by strong absorption lines of water vapour and 
methane. The strong noise of the SCIAMACHY channel 8 detector, makes the signal of 
CO hardly recognizable. In addition, some spurious water was trapped under the isolating 
blanket of the instrument during the ENVISAT start. As a result, an ice layer has 
condensed on the SCIAMACHY channel 8 detector. The ice layer has been found to 
change the transmittance characteristics of the instrument, and affects the instruments slit 
parameter. Moreover, this layer is not constant in time and was proved to grow 
continuously. In addition, several decontaminations of the instrument must be performed to 
free the detector from the ice layer and increase the overall transmittance. On the other 
hand, the irregular dynamic of the ice layer results in unstable spectral characteristics of 
measurements, which are accompanied by difficulties of separation of CO spectral lines 
from overlapping methane, water vapour and noise terms. The latter fact represents a 
serious limitation for the trace-gas retrieval in channel 8 of SCIAMACHY. In the scope of 
this work, a correction scheme was developed which helps to improve the CO retrievals. 
This correction is based on the normalization of the retrieved CO column by the column of 
simultaneously retrieved methane, and use the fact that methane has a similar variation 
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with the transmittance changes but is significantly more stable (long lived) in the 
atmosphere. 
Due to the degradation of the detector material, the detector pixels can change their state 
from “good” to “bad” or “dead”. The latter cannot be used for the retrieval and must be 
excluded. In order to do this, two approaches have been tested. The first method is to use 
the dynamical pixel mask, which is available from the instrument calibration activity for 
each 100 orbits. This method, however, has been found unsuitable because it the selection 
of useful pixel can significantly influence the quality of the retrieved CO total column. The 
second approach is to keep the selection of the “bad” and “dead” pixel mask constant. The 
latter approach was selected as more appropriate and was used for the improved version 
0.6 of WFM-DOAS algorithm.  
Taking into account these and some other minor improvements, a new version (0.6) of the 
retrieval algorithm WFM-DOAS has been compiled. To check the sensitivity of the new 
version of the retrieval algorithm, several tests of this retrieval were performed on 
simulated measurements. The estimations show that the systematic error is in the range 
from less than 1% up to 5% and depend mostly on the variation of a surface albedo and the 
selected a-priori vertical CO profile. This small bias is still acceptable for capturing the 
variation of CO sources with common variability of 10% of total column. However, the 
previous estimations of error due to the instrument noise of SCIAMACHY channel 8 
detector (e.g., Gloudemans, 2005) was found to be much higher that theoretical precision. 
The results of the sensitivity analysis are presented in the chapter 7. 
After these performance tests, the SCIAMACHY data has been processed with the new 
version of WFM-DOAS retrieval algorithm. Thus, Part III deals with the CO results 
obtained from the SCIAMACHY radiometric measurements with the help of the improved 
WFM-DOAS retrieval algorithm. The resulting three-year data set (2003-2005) of CO 
measurements shows good agreement with the distribution of various known CO sources, 
and underlines the fact that these sources can well be identified with the help of 
SCIAMACHY measurements. To assess a global data set quality, comprehensive 
comparison with the global CO total column measurements from MOPITT instrument on 
board Terra satellite were performed on global and regional scale, as are discussed in the 
chapter 8. The results of a validation study, where comparisons of are made with CO 
obtained from the ground-based stations (Dils et al., 2006b) are presented in chapter 9. 
Better correlations with Fourier Transform Infra-Red spectrometer (FTIR) measurements 
of CO total columns was found for the improved version 0.6 of WFM-DOAS retrieval 
algorithm than for the previous versions and in comparison with other existing 
SCIAMACHY CO retrievals, e.g., from SRON ILML and from Heidelberg IMAP retrieval 
algorithms for the year 2003. For the year 2004, an increase of the number of 
SCIAMACHY CO measurements qualified as “good” has registered as well as smaller 
deviations of satellite CO total columns from the ground-based FTIR total columns 
measurements. The number of “good” measurements has increased mainly due to 
introduction of alternative cloud filtering criteria, which is based on the simultaneously 
retrieved methane total column rather than PMD information, as applied in the previous 
retrieval versions.  
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To assess the potential of the retrieved CO data set to be used for CO emission estimation, 
several different application exercises with the retrieved SCIAMACHY CO data set have 
been performed in Part IV. The discussion of SCIAMACHY CO above cities presented in 
chapter 10 shows that, despite some instrument issues, the pattern of high-populated areas 
could be well recognized on the one-year global average of WFM-DOAS version 0.6 CO 
results. Subsequently, the CO spatial pattern was analysed on country level (chapter 11), 
where a relatively isolated sources region, the United Kingdom, has been selected in order 
to provide some quantitative estimation of the differences between the CO levels on the 
west and the east side of the UK by using the method of spatial gradients (Khlystova et al., 
2009). From this application, we have learned that in order to obtain significant 
information about CO emissions from particular natural sources with the help of 
SCIAMACHY CO measurements, the retrieved data still needs to be averaged over time 
and/or space.  
Mainly to increase the statistics of the analysis, the obtained SCIAMACHY CO product  
was investigated over the large biomass burning sources. It has been found, that good 
correlation exists between SCIAMACHY CO but also HCHO and NO2 with number of fire 
counts obtained from the AATSR measurements. The number of good measurements over 
such large pollution event has appeared to be high and the statistical distribution of 
retrieved trace gases columns was close to normal. Therefore, an attempt to obtain 
quantitative information from SCIAMACHY measurements was undertaken.  Usually, to 
derive quantitative information about emissions from an averaged space-based data set, 
emissions inversion methods are applied. By means of such methods, the amount of 
emission is fitted to the measurements in an iterating procedure.  In chapter 12 it is shown, 
that the information about emissions may be also extracted by mean of modified bottom-up 
emission estimation method, which is based on the measurements alone and does not 
require any a-priori atmospheric information. Thus, the Emission Mixing Ratio method is 
applied to the SCIAMACHY simultaneous global measurements of CO, HCHO and NO2 

and quantitative metrics, the Emission Ratios, were calculated. The results were compared 
to the literature values. The good agreement suggests that the SCIAMACHY simultaneous 
measurements of several tropospheric constituents contain useful quantitative information 
about the emissions and may well become a good alternative for the estimation of 
emissions over large-scale sources, where local measurements may be too expensive and 
risky. This study is discussed in the chapter 12. Chapter 13 presents the results of the 
application of traditional emissions inversion methods the retrieved SCIAMACHY CO 
data set in the scope of the assimilation framework (Tangborn et al., 2009).  
Finally, the conclusions section provides the main results of this work and gives the 
perspective of future development. 
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1. The role of CO in the Earth’s atmosphere 
In the first section, the composition and structure of the Earth’s atmosphere is briefly 
described. An attention is focused on the role of the CO molecules in the Earth’s  
atmosphere and particularly in the troposphere as these aspects are the basis for the 
research performed for this thesis. The content of this chapter is based on the basic 
atmospheric chemistry and atmospheric physics literature (Seinfeld, 1991, Seinfeld and 
Pandis, 1998, Wallace and Hobbs, 2006) as well as specific publications on atmospheric 
CO by Khalil and Rasmussen (1990), and Kanakidou and Crutzen (1999).  
 

1.1 Vertical distribution of CO and other gases in the Earth’s 
atmosphere 
 
In the Earth’s atmosphere, air pressure, temperature and density demonstrate a systematic 
dependence on altitude. In terms of temperature, the atmosphere can be divided into 
several layers characterized by a uniform change with increasing altitude. Figure 1.1 
illustrates a typical atmospheric temperature profile at middle latitudes extending from the 
ground to an altitude of 120 km (U.S. Standard Atmosphere, 1976). The four principle 
layers of the atmosphere are the troposphere, the stratosphere, the mesosphere and the 
thermosphere, separated at the top of each layer by the tropopause, the stratopause and the 
mesopause, respectively. The troposphere is the lowest layer of the atmosphere. It extends 
from the surface up to the tropopause, at about 10-15 km (depending on the latitude and 
the time of the year). As height increases, thought the troposphere, air temperature 
decreases, at least when averaged over a large horizontal area and periods of several days 
or longer. The maximum temperature occurs at the Earth’s surface. The downward vertical 
gradient of the temperature results in the upward transfer of heat (and atmospheric 
constituents) by convection currents. Quantitatively, this tropospheric gradient is described 
by values of the lapse rate, which is about 6.5 K per kilometre. This value is the result of 
several different physical processes acting simultaneously. Thermal convection is 
responsible for the 9.8 K/km decrease, whereas, the latent heat released, when water 
vapour in the upwelling air changes phase to liquid or ice, cause an opposite effect of 
about 3.3 K/km.  
Above the tropopause the temperature assumes to drop to a minimum of typical 
temperature values of 217 K. Then, in the stratosphere, the temperature starts to increase 
again and reaching a maximum near 50 km height, where the average representative value 
is T=271 K (melting point of ice). This local maximum of temperature can be explained by 
active photochemistry at this altitude and absorption of additional energy from sunlight by 
ozone. The inverse temperature gradient results in stable temperature structure of 
stratosphere, which suppresses the vertical mixing. However, the transport processes 
between the troposphere and stratosphere, such as the Brewer-Dobson transport or the deep 
convection, can significantly influence the vertical distribution of the chemical species at 
these altitudes.  
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Figure 1.1: The atmospheric temperature profile (US Standard Atmosphere, 1976). 
 
In the mesosphere, the temperature decreases again with altitude, with minimum at the top 
of the mesosphere, the mesopause, at an altitude of 80-100 km above ground. It is the 
coldest part of the atmosphere with the temperature falling as low as 190 K (-83°C) in 
extreme cases. At still higher levels, the air becomes warmer, and this trend continues to 
highest levels at about 200 km, where the average temperature is typically 1000 K. 
However, at higher altitudes, the air is thin and so, even though the temperature is high, 
there is actually very little heat (energy). 
The bulk of dry air is made up of relatively stable nitrogen (78% by volume), oxygen (21%) 
and noble gases, as well as more variable minor gases, which build up the remaining 1% of 
the atmosphere. However, atmospheric molecules that are present in very small amounts 
can exert a major influence on conditions at the Earth’s surface.  
The largest fraction of the atmospheric gases is accumulated in the troposphere, where most 
of the sources are located. Thus, the troposphere contains about 90% of the total 
atmospheric mass and can be denoted as layer with large variability of species. The average 
tropospheric abundance of the most important trace gases is made up of slightly variable 
CO2 (~385 ppbv, currently increases on average by about 0.4% per year), CH4 (present 
values of 1.7 ppbv), N2O (350 ppbv), CFCs (0.2-0.3 ppbv), and highly variable O3 (10-100 
ppbv), water vapour, which varies between 0.00001% at the poles and up to 3-4% in the 
tropics (Seinfeld and Pandis, 1998; Jacobson 2002), and CO with typical background 
mixing ratios in average 120 ppbv at 45° latitude (Godish, 2003). In general, the global CO 
burden (on average by about 360 Tg) is more uncertain than those of CH4 or CO2 due to its 
relatively short lifetime and variable emission patterns. Its ambient levels vary from about 
60 ppb (summer) to 200 ppb (winter) in the higher northern latitudes, and between about 30 
ppb and 65 ppb at the South Pole. Over the polluted areas, carbon monoxide mixing ratios 
could attain up to the 2-10 ppmv. Observations suggest that the average CO abundance in 
the atmosphere varies over the years, depending mainly on the strength of its sources 
(Zander et al. 1989, Khalil and Rasmussen, 1994, Bakwin et al., 1994, Novelli et al., 1998, 
Labuschagne et al., 1999, Yurganov et al., 2005, Yurganov et al., 2009).  
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Figure 1.2: The vertical distribution of Carbon Monoxide (CO) in the atmosphere. Left: the 
CO number density profile, right: the volume mixing ratio profile. US Standard Atmosphere 
1997 profile (UST) shown in black, the tropical (TRO) in red, mid-latitudinal winter (MLW) 
in magenta, mid-latitudinal summer (MLS) in blue, sub-arctic winter (SAW) in cyan, and 
sub-arctic summer (SAS) profiles in green. 
 
Although the molecules in the atmosphere move around individually, as a consequence of 
frequent collision, a small mean free path, and a large density, a microscopic volume of air 
can be considered as a single, identifiable entity. Therefore, often, to address the 
concentration of particular species in the atmosphere, concept of air parcels (packages) is 
used for calculations. It is convenient to think about a parcel of air that contains a fixed 
number of molecules and moves about as a cohesive unit. The units are equivalent to the 
amount of the molecules in a volume are used for representation of atmospheric amount of 
species. Following this concept, the number of molecules per unit volume at the ground is 
equivalent to the 2.55�1025 molecules/cm3. For remote measurements, it is convenient to 
use a vertical column amount, which is the vertical profile integrated over altitude (in 
molecules/cm2), as seen from space or from the ground. 
Figure 1.2 shows the vertical density and mixing ratio profiles of CO for different 
atmospheric conditions. All shown profiles demonstrate the decrease in concentration with 
altitude. Somewhat higher levels of CO in the stratosphere can be produced by the oxidation 
of the stratospheric methane (Seinfeld and Pnadis, 1998). In the mesosphere and lower 
thermosphere, enhanced CO concentrations are due to the photolysis of carbon dioxide 
(Nicolet and Peetermans, 1973). In addition, the transport processes significantly affect the 
vertical CO profile. In the tropical tropopause layer, high CO levels in the stratosphere are 
possible due to convective transport from lower altitudes. Upward transport in the summer 
polar regions, and downward transport in the winter high latitude regions of the northern 
hemisphere affect the strong gradient in CO concentration between upper stratosphere and 
the mesosphere (Clerbaux, et al., 2005).  
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1.2 Sources of atmospheric CO  
 
Carbon monoxide has both natural and anthropogenic sources. Like many pollutants, CO 
can be directly emitted from combustion of fossil- and bio-fuels as well as from large 
biomass burning events occurring every year during the dry season in the tropics (for the 
southern hemisphere – from October to March; for the northern hemisphere – from May to 
August), and at the end of wintertime over the boreal regions of Siberia and Alaska. Large 
CO amounts emitted from such fires can be explained by particular atmospheric conditions, 
when the smouldering phase dominates through the whole combustion process, production 
of main carbon components shifts towards incomplete CO and thus, its production could 
significantly exceed the production of completely oxidised CO2 (Loboert and Warnatz, 
1993). Yearly, more than 50% of global CO emissions occur in the tropical African 
savannah during the burning events (Olivier, 1996, 2001). Andreae and Merlet (2001) 
estimated that the mean CO emissions from vegetation fires in savannah and tropical forests 
correspond to 342 Mt CO per year, while the total CO emissions for all non-tropical forest 
fires is only 68 Mt CO per year. However, in the last few decades, the Asian agricultural 
slash-cultivation, burning of agricultural residuals and forest fires for agricultural land use 
have been recognized to be a comparably large source of CO in the northern hemisphere 
(Streets et al., 2001, Streets et al., 2003).  
The global CO burden is less certain than those of methane and nitrous oxide (IPCC, 2001). 
The values given in the Third Assessment Report (TAR) (IPCC 2001) do not provide any 
uncertainty of its source estimates and the given values usually represent the mean of 23 
different chemistry-transport models based on one particular scenario (e.g., A2p for IPCC 
2001). The general uncertainty of TAR values is described in a separate part of the report. 
However, an earlier report (Second Assessment Report (SAR), IPCC 1996) provides the 
variability range for each source type. Thus, the total global emission estimates of CO 
global sources by Prather et al. (1995) for IPCC 1996 vary from 1800 to 2700 Mt of carbon 
(MtC) per year in the decade before 1994 and given in TAR as a value of around the 2780 
(Table 1.11). More than a half of the current CO emissions originate from anthropogenic 
activities, and the northern hemispheric burden is roughly twice that of the southern 
hemisphere. 
The most important anthropogenic sources are technological combustion processes, which 
dominate in the northern hemisphere, including transport, industrial burnings, and refuse 
incineration producing approximately 650 MtC per year. Biomass burning dominates in the 
southern hemisphere, and includes the burning of agricultural waste, savannah burning, and 
deforestation fires. The CO emissions from biomass burnings were estimated to be in 
average about 700 MtC/y. However, biomass burnings are the most uncertain of CO sources 
and their CO production vary significantly depending on the burning conditions. The values 
from SAR give relatively large range from 300 to 700 MtC per year for the biomass burning 
sources variability. 

                                                   
1 1 Terra gram = 1 Million Tons (both used here because the values in SAR are given in MtC/y, in TAR – Tg/y). 
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The natural sources of CO, different hydrocarbon oxidation processes, are as well very 
uncertain. As can be seen in Table 1.1, the biogenic direct CO emissions are 150 Tg/y 
(TAR) with variation (given in SAR) between 60 to 160 MtC per year. The ocean’s CO 
emissions are about 50 Tg/y (TAR) and vary in range estimated in SAR from 20 to 200 MtC 
per year. The oxidation of CH4 results in 800 Tg/y (TAR) with variation given in SAR from 
400 to 1000 MtC per year. The average CO emissions from the oxidation of NMVOCs are 
approximately 430 (TAR) and vary in range from 200 to 600 MtC per year (SAR). Largely, 
the oxidation of CH4 and NMVOCs may be considered as an anthropogenic source because 
many of the emissions are of an anthropogenic nature. Figure 1.3 shows the detailed, 
geographically explicit EDGAR database (Olivier et al., 1996, 2000) estimates of CO 
emissions. 
 

Sources 
Category  
 

CO source 
strength 
(SAR) 

CO source 
strength  
 (TAR) 

Oxidation of CH4 100-400 800 
Oxidation of isoprene 200-600 270 

Oxidation of industrial NMHC  - 110 
Oxidation of biomass NMHC - 30 
Oxidation of acetone - 20 
Sub-total in situ oxidation - 1230 
Vegetation 60-160 150 
Oceans 20-200 50 
Biomass burning 300-700 700 
Fossil & domestic fuel 300-550 650 
Sub-total direct emissions  1550 
Total sources 1800-2700 2780 
Sinks   
Surface deposition 250-640 - 
OH reaction 1500-2700 - 

Total sinks 1750-3340 - 
 
Table 1.1: IPCC Second Assessment Report (SAR, 1996) and Third Assessment Report 
(TAR, 2001) values for global carbon monoxide emission estimates in Tg CO/year. 
 
The oxidation processes of hydrocarbons (C5H8)n represent the most important natural 
(chemical) source of CO and the second largest source globally which are responsible for 
about 20% of global CO emissions. The source of these NMHCs (Non-Methane Hydro- 
Carbons) are vegetation emissions, biomass burning (with direct and indirect CO 
emissions), and mixed fossil and biological fuel burning combustion processes, as well as 
industrial oil production processes. Most important products of such oxidation processes are 
formaldehyde (HCHO) and acetaldehyde (CH3CHO), which have relatively long lifetimes 
(compared to the other products of NMHCs oxidation), and can be further oxidise with 
production of CO.  
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Figure 1.3: Global distribution of the CO sources (per 1°x1° grid box) according to the 
EDGAR 32FT2000 database (Olivier et al., 2000).  
 
Therefore, the budgets of CO and hydrocarbon components are closely linked. Methane 
oxidation processes (Levy, 1974) also lead to the production of HCHO and then CO. 
However, due to the relatively long lifetime, methane is well mixed and relatively uniform 
distributed around the globe. Therefore, methane oxidation contributes rather to the 
background HCHO and CO concentrations in the atmosphere. 
The major sink of CO is the reaction with the hydroxyl radical. In the atmosphere, this 
reaction is responsible for the consumption of up to 70% of total OH concentration 
(Thompson et al., 1992). By means of its effect on the hydroxyl radical (OH) budget CO 
may affect concentrations of other greenhouse gases such as methane and carbon dioxide. It 
is estimated that emitting 100 Tg of CO is equivalent to the radiative forcing of the 
emission of 5 Tg of methane (Wild and Prather, 2000).  
Besides the model estimations, several efforts have been made to estimate the CO global 
budget based on measurements. Among them are two studies mentioned in the TAR IPCC 
2001 report by Bergamasschi et al., (2000), where model inversions were used to derive CO 
sources and the estimation by Hauglustaine et al., 1998, which were based on the top-down 
modelling (IPCC 2007 does not contain detailed information about CO sources). More 
recent inversion studies of Petron et al., (2002) and Palmer, et al., (2003) provide the 
estimations for different regions of the World for a particular time or events. However, the 
results of all different approaches vary significantly and still do not lead to consistent 
picture of the global CO budget.  
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1.3 Role of CO for the oxidation capacity of the troposphere 
 
Pressman and Warneck (1970) discovered that, although the emissions of CO had been 
steadily increasing over a 50’s and 60’s, there was no repercussion on its tropospheric 
concentration. Levy (1974) proposed the reaction path for the formation of OH radicals in 
the troposphere and suggested that they could be a major sink for CO. As a significant 
amount of energetic photons can penetrate down to the troposphere, this can be considered 
as an oxidizing media, which supports the initiation of many photochemical reactions. The 
most important of these reactions is the destruction of tropospheric ozone with formation of 
the O(1D) radical: 

320nm 3
3 2O h O( P) O3

2h O( P) Om 3320320nm   (1.1a) 
1

2O( D) O1
2O( D) O1     (1.1b) 

The O(1D) can react with H2O, present in large amounts in troposphere, to form the main 
oxidizing agent – the OH radical. As proposed by Levy, two hydroxyl radicals can be 
produced this way: 

1
2

O( D) H O 2OH
2

H O 2OH
2

   (1.2) 

However, only few percent of the O(1D) atoms produced by the reaction (1.1b) react with 
H2O. Most of them are deactivated to the ground state O(3P) by inert molecules, O2 or N2 

(denoted as M) 

                               1 3O( D) M O( P) M3M O( P) M3                  (1.3) 
and recombine back to O3 through the reaction with O2. However, the rate of the reaction 
(1.2) is about 10 times higher than the quenching with N2 or O2 and about 10% of all O(1D) 
radicals react with H2O. As two OH radicals are produced, the net production is 0.2 
molecules of OH radicals per ozone photo-dissociated molecule. OH is the most important 
oxidation agent in the troposphere. OH does not react with oxygen. For this reason it can 
survive to react with most atmospheric trace species like CO, CH4 and higher hydrocarbons, 
like H2S (hydrogen sulfide) and SO2 (sulfur dioxide). The rate of such oxidations depends 
on the mixing ratio of the pollutants, the reaction rate coefficients (which also change with 
temperature and/or pressure), the reaction efficiency, and external conditions such as 
temperature and pressure. The main OH sinks are shown in Figure 1.4. 

 
Figure 1.4: Sinks of hydroxyl radical (OH) in the continental boundary layer (Thompson et 
al., 1992). 
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CO will react with the OH radical, resulting in the production of a hydrogen atom (H). The 
latter can react with O2, producing the reactive HO2 radical. Important here is the presence 
of NOx. During daytime conditions, the NO2 can dissociate into NO and O. The presence of 
O2 then leads again to the reaction (1.3). Overall, the catalytic cycle is then 

2

2 2

2 2

2

2 3

2 2 3

CO OH CO H (1.5)

H O M HO M (1.6)

HO NO NO OH (1.7)

NO h NO O (1.8)

O O M O M (1.9)

Net : CO 2O h CO O (1.10)
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This cycle terminates when OH and NO2 react to form nitric acid or when the HO2 reacts 
with itself. In the latter case, the NOx concentration is low and therefore the destruction of 
ozone dominates over the generation and ozone is actually lost.  The destruction sequence 
has the net result: 

2 3 2

O2
2 2

3 2 2

(1.11)

(1.12)

Net : (1.13)

OH CO HO CO

HO O OH 2O
CO O CO O

2 (1COCO 2
O2 HOO2

2

3 2O OH 2O3

3 2 23 2 2O CO O3 22

3 2
 

The chemical conversion of CO to CO2 in the lower atmosphere is an important sink of CO. 
The processes, leading to the formation of CO in the atmosphere, cause also an increase of 
CO2. The reaction path (1.13) is not the only conversion path of CO to CO2 and the detailed 
CO to CO2 conversion scheme can be found in Appendix A2 in Figure A.2 of. Figure 1.5 is 
a schematic representation of all discussed chemical processes. 
  

 
Figure 1.5: The tropospheric ozone formation (adapted from Buchwitz (2000)). 
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1.4 CO atmospheric lifetimes  
 
The residence time of individual molecules in the atmosphere can vary largely depending 
on the local removal processes. In other word, the lifetime of trace species can be estimated 
if the oxidation potential of all active species is taken into account. Besides OH, these are, 
for example, the hydroperoxy radical HO2 and peroxy radical RO2 (where R is an alkyl), 
nitrate, NO3 radical, oxygen atom O(3P). However, according to Khalil and Rasmussen 
(1990), and Kanakidou and Crutzen (1999), the reaction of CO with an OH radical can be 
considered as the major sink for removing CO from the atmosphere.  
To define the residence time (lifetime) of a trace constituent, a parcel of air under steady-
state conditions is usually considered. Generally, the rate of accumulation of the species in 
the unit volume is the sum of the differences of i) rates of inflow and outflow and ii) rate of 
emission and rate of removal in the considering parcel of air. This balance is then assumed 
to hold in the whole atmosphere, and the change in the total mass is given by  

in out

dQ
(F F ) (P R)

dt in out
(F F ) (P R)

in out
         (1.14) 

where the total mass of a substance in a volume of air denoted by Q, P is the rate of 
production of the species from source, and R is the rate of removal of the species, Fin and 
Fout the mass flow rates of the substance in and out of the air volume. Under the steady-state 
conditions, when the amount of the substance in the volume is not changing with time 
(dQ/dt=0), all the sources in the volume must be precisely balanced by the sinks.  The 
average residence time or lifetime of the trace gas in the atmosphere is defined as a ratio of 
the amount of species in the atmosphere, Q (in kg) to the rate of its removal (in kg/s -1) from 
the atmosphere R: 

Q Q
R P
Q Q
R P

    (1.15) 

The rate of removal (rate coefficient for the removal reaction) of CO from the atmosphere is 
given by R1.5[OH][CO], where R1.5 is the CO+OH reaction rate coefficient, which is equal to 
(1.5x10-13)(1 + 0.6P) cm3/molecules·sec (DeMore et al., 1987, JPL-15, 2006), and takes into 
account the decreasing atmospheric pressure and decreasing CO concentration with altitude.  
The terms [CO] and [OH] are the concentrations of these species. The total average amounts 
of CO and OH that are consumed in the CO+OH reaction can be estimated by considering 
the reaction (1.2), (1.3), and (1.5.1), Assuming as in (Khalil and Rasmussen (1990) that O3 
concentration of 1x1013 molecules/cm3, for water vapour of 3x1017 molecules/cm3, and for 
CO about 2x1012 molecules/cm3 (100 ppb), the concentration of O(1D) and OH are found to 
be 1.2x10-1 and 1.2x106 molecules/cm3, respectively. Considering the whole atmosphere as 
a single “box” in which temperature and the tracer are homogeneously distributed, the 
lifetime of tracer (here CO) can be calculated as (Jöckel et al., 2003) 

1 1

Q 1
k [OH][CO] k [OH]

Q 1
k [OH][CO] k [OH]

   (1.16) 
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Figure 1.6: Spatial and temporal variability diagram for some atmospheric constituents. 
Adapted from Wallace and Hobbs, (2006).  
 
The most uncertain factor in the expression (1.16) is the concentration of OH. In the 
troposphere, the concentration of OH is extremely variable and strongly depends on the 
chemistry of H2O and O3. If CO reacts with HO2, the OH can regenerate, making the 
reaction of CO with OH faster than the other reactions. Generally, CO reacts slower with 
HO2 than with OH. However, the rate of both reactions is a strong function of temperature, 
which introduces additional uncertainty in the estimated lifetime. Consequently, the average 
atmospheric lifetime of CO can be calculated to be about 2 month with variation between 1 
to 4 months, which reflects the latitudinal and seasonal uncertainty of CO and OH sources 
(Bortner et al., 1973, Khalil et al., 1990). During winter at high and middle latitudes, CO 
has a lifetime of more than one year, but during summer at middle latitudes, this value may 
be close to the estimated mean of about 2 months. In the tropics, the average lifetime is 
shorter because of high OH concentration. 
The relative lifetime of several tropospheric species is given in the Figure 1.6. For the entire 
mixing of CO through the atmosphere about one year is required. This is much longer than 
the time needed to destroy CO chemically. Therefore, the lifetime of CO is optimal to make 
this gas an effective pollution tracer in the atmosphere globally, as well as an important 
indicator of local vertical and horizontal air mass transport. For this reason, the atmospheric 
diffusion models (Malberg, 2007) often use CO as a tracer for the distribution of locally 
emitted pollutants in order to predict the influence of the local sources on global pollution.  
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1.5 CO latitudinal distribution and seasonal variability  
 
To demonstrate the latitudinal distribution of CO concentration, the measurements of 
several Climate monitoring and Diagnostics Laboratory (CMDL) stations were considered. 
The stations located over ocean were selected to cover several latitudes from north to south 
with a 20-degree latitude step. For each selected station, the mean CO concentration over 
several years (10-15, depending on number of available measurements) has been calculated. 
Since no significant CO sources are expected over ocean, Table 1.2 demonstrates the 
distribution of average background CO concentration. As can be seen, the background CO 
levels vary strong with latitude. This variability suggests much stronger emissions in the 
northern hemisphere than in the southern hemisphere.  
The interhemispheric gradient – i.e., the contrast of CO amount between the northern and 
southern hemispheres was calculated to be about a factor 2 (Khalil et al., 2000) with 
maximum in the northern hemisphere during winter months. This interhemospheric 
distribution of CO is affected by two factors: the natural variability of the background 
concentration and by the unequal distribution of global CO sources between the 
hemispheres. The strength of the CO sources such as biomass burning is significantly higher 
than the changes due to the natural variability. Thus, the interhemospheric gradient mainly 
reflects the seasonality of the large CO sources, which suppress the natural balance between 
summer and winter background concentrations. Because most of the CO sources are located 
in the northern hemisphere, the average CO concentrations there are usually higher that in 
southern hemisphere. 
  
 

Station ID Latitude 
(°) 

Average  CO 
   (ppb) 

ALT (Alert, Nunavut, Canada) 82N 148 
BAR (Barrow, Alaska, USA) 71N 148 
SHM (Shemya Island, Alaska, USA) 52N 145 
MID (Sand Island, Midway, USA) 28N 125 
POCN10 (Pacific Ocean) 10N 95 
POCN05 (Pacific Ocean) 5N 78 
SEY (Mahe Island, Seychelles) 4S 85 
ASC (Ascension Island, UK) 7S 75 
POCS25 (Pacific Ocean) 25S 57 
EIC (Easter Island, Chile) 27S 59 
CRZ (Crozet Island, France) 46S 55 

Table 1.2: CO mixing ratio at several selected CMDL stations. The stations were selected 
in the relatively clean regions over Pacific or Atlantic Ocean. Information was obtained 
from GLOBALVIEW-CO (2008). 
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The highest concentrations in both hemispheres are observable during winter and the lowest 
concentration during late summer (Khalil and Rasmussen, 1990). This behaviour reflects 
the seasonal changes in the photochemical activity of the atmosphere. Thus, there is the 
reverse of seasons between the hemispheres: when the amplitude of the seasonal cycle is the 
highest in the northern hemispheres, there is a minimum in the southern hemisphere.  
At the equator, the CO variation is small. This behaviour of CO distribution is closely 
connected to the seasonal variation of OH concentrations. At the middle and high latitudes 
diminished solar radiation, H2O and O3 during the winter cause a decrease of OH 
concentration in winter and consequently cause the slow down of the CO removal 
processes. In summer, the opposite is the case. However, not only the seasonality in OH 
concentrations, but also the seasonality of CO sources plays a role. The concentration of CO 
is generally higher over the populated continental areas as a result of fossil-fuel 
combustion. The regions of topical forests also release CO directly from biomass burning, 
as well as indirectly, as a product of the oxidation of the directly emitted isoprenes and 
hydrocarbons. Numerous efforts have been made in the past to determine the CO temporal 
trends in the atmospheric gradient (Khalil and Rasmussen, 1990, Yurganov et al., 2005, 
Velazco et al., 2006). This, however, is still a challenging task due to the relatively large 
fluctuations of CO concentration and the uncertain influence from the sources surrounding 
area.  
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2. Infrared spectroscopy  
The trace-gases present along the light path absorb the light at wavelengths, which are 
unique to the respective molecular structure, allowing the identification of the species and 
the estimation of the concentrations from the depth of the observed absorption lines. In this 
chapter, attention will be focused on mechanisms of absorption of near-infrared light by the 
CO molecules in the atmosphere. However, the description of processes responsible for the 
appearance of absorption features belong to the fundamental theoretical physics, which will 
be considered here only briefly in order to explain their relevance for the spectroscopic 
technique WFM-DOAS applied further in this work for determination of CO concentration 
from SCIAMACHY measurements. The content of this chapter is largely adapted from 
standard textbooks (Haken and Wolf, 2000; Herzberg, 2008). 
 

2.1 Basics of the CO spectroscopy 
 
The electromagnetic radiation entering the Earth’s atmosphere may be considered as an 
ensemble of waves of different wavelengths propagating at the speed of light, and the 
energy carried by them can be partitioned into the contribution from various wavelengths. 
Traditionally, the electromagnetic spectrum is divided into different regions, as shown in 
Figure 2.1. Depending on the wavelength, the interactions between radiation and 
atmospheric matter may lead to three different (basic) energy conversions: change of the 
rotational energy of the molecule, change of its vibrational state and electronic transitions. 
The energy of photons, which are responsible for the CO spectral features in the 
SCIAMACHY channel 8 near-infrared region (2265-2380nm), is small compared to the 
energy of highly energetic ultraviolet (UV) or visible photons, and the combination of 
rotational and vibrational transitions of higher order (overtones) are observable in this 
spectral channel 8 of SCIAMACHY. 
 

 
Figure 2.1: The diagram shows the entire (?) spectrum of electromagnetic waves. The near 
infrared region (or the region of short wave radiation) is situated between the visible and 
infrared regions. Due to the biological structure of the eye, only the part in the relatively 
small spectral range from 400-700 nm (light) is visible. 
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The measurements of the molecular absorptions are usually performed with the help of a 
spectrometer, which transforms the time-resolved radiation field into its frequency-
dependent spectrogram (with the help of, for example, a diffraction grating). The 
spectrogram contains the information about all constituents absorbing in the measured 
spectral range and can be analysed using spectroscopic methods. Quantitatively, such 
methods are based on the fact that the information about the amount of absorbing species 
can be extracted from the shape (here, mainly the depth) of the spectral lines. The formation 
of the spectral lines is a subject of quantum mechanics and observable CO feature in the 
SCIAMACHY spectral region are the results of vibrational-rotation transitions of CO 
molecules. Therefore, the basic concepts of such transitions will be briefly outlined here 
with special emphasis on the spectroscopy of the CO molecule which, being a diatomic 
molecule, represents the simplest and best understood case in molecular spectroscopy 
 

2.2 Rotational and vibrational states  
 
The main mechanisms responsible for the appearance of the spectral absorption features in 
the near-infrared spectral range are vibrational and rotational transitions of molecules. Due 
to the large differences between the energies of the vibrational and rotational movements of 
molecules, both can be assumed to be independent, following the Born-Oppenheimer 
approximation. The latter allows the separation of the wave function of a molecule into its 
vibrational and rotational components. The Schrödinger equation is then solved for each 
transition, and the total energy is finally calculated as a sum of the rotation and vibration 
energies. 
The quantum restrictions for the kinetic energy of a rotator can be found from a solution of  
the time-independent Schrödinger equation. The permitted rotation energy levels of 
molecular are given by 
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In the equation (2.1), EJ is the energy of the Jth rotational energy level, and J is the 
rotational quantum number with integer values 0, 1, 2, 3,…, and I is the moment of inertia. 
Pure rotational lines lie in the extreme infrared and millimetres region. According to the 
selection rule, ΔJ can have only integer values ±1 (equidistant lines).  
The vibrational energy for the molecule as a quantum system can be calculated by initially 
considering the parameters of a classical vibrator with continuous values of energies. Then 
the Schrödinger equation can be solved assuming a function for the potential energy to find 
the permitted energies levels. Following the rules of the classical model, the harmonic 
oscillator can describe the vibrational levels of the molecule. For a diatomic molecule (e.g. 
CO), the bond between two nuclei is assumed to behave as a spring, which obeys Hook’s 
Law, where the potential energy is represented by 
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Figure 2.2: Schematic representation for the first two vibrational-rotational energy states 
and transitions of a rotating anharmonic oscillator. The P and R branches are 
consequences of transitions with  1���J and 1���J  respectively.  
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where q is the internuclear distance q=r-re, and k is a force constant. The quantization of 
vibrational energy can be derived from the solution of the time-independent Schrödinger 
equation. According to the principle of quantum mechanics, such harmonic oscillator 
possesses only discrete energy levels 
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where �  is the quantum number of vibration which can only take integer values 0,1,2,… 
Even in its lowest vibrational state (� =0), the molecule has some energy greater than zero.  
In contrast to the simple harmonic oscillator model for diatomic molecules, which assumes 
a symmetric potential function described by equation (2.2), real molecules are better 
described by an asymmetric potential well. At very high values of q=r-re, when the nuclei 
are separated by a great distance, molecules can dissociate. Hence, curve of vibrational 
energy becomes asymmetrical at large amplitudes associated with high values of � . In this 
case, the potential well can be represented by an analytical function 
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where eD  is the depth, and �  is a measure of the curvature of the well. This function is 

called Morse potential. Solving the Schrödinger equation with Morse potential as a 
potential, the systems allowed vibrational energy levels are found to be 
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where the quantity 
ee
 is the vibrational constant, ν is the vibrational quantum number, xe is 

the first anharmonicity constant. This anharmonicity affects the number of allowed 
transitions so, that extended selection rules include additional absorptions with 

2, 3,..2, 3,.. , and explains the existence of overtone bands additionally to the 
fundamental absorption bands. Transitions from the ground state =0 to the =1 state is 
called the fundamental transition. The transition =0 to the =2 is the first overtone. 
Correspondingly, a transitions from 0 to 3 is the second overtone and so on. Another 
difference between the harmonic and anharmonic model is that the levels of the harmonic 
oscillator are equidistant, while for anharmonic case, the vibrational spacing decreases with 
increasing values of . The fact that the spectral band origin is shifted is also a 
consequence of the anharmonicity. Due to the asymmetry of the potential well, the 
equilibrium inter-nuclear separation is different for each vibrational state and increases with 
increasing . However, at the low end of the energy scale, at level � =0 and possibly � =1, 
the parabolic function is a good approximation.  
A pure vibrational spectrum of a gas is rarely observed. If one wants to describe the 
behaviour of the real molecules adequately, more complex models are required. These 
models assume that the rotational transitions coincide with vibrational transitions. For each 
value of , the molecule can be in many rotational levels and the total energy of the 
molecule will be the sum of its vibrational and rotational energies: 
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where B is the rotational constant, introduced for convenience as 
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When a diatomic molecule, like CO, absorbs a photon of infrared light, there can be a 
simultaneous change in vibrational and rotational energy. However, according to the 
selection rule, not all transitions are permitted and only changes in the quantum numbers of 

11 and 1���J  are allowed. Because usually nearly all CO molecules reside in 
their ground vibrational state (the ratio of population in =1 to that in =0 is only 3.26 	 
10-5 at 300K), the vibrational transition 0 10 1  predominates. Therefore, in the 
atmosphere, the band will be observed more readily in absorption than in emission 
(McCartney, 1983). On the other hand, a large number of rotational states are occupied 
within the ground vibrational state, and therefore, several rotational transitions ( 1���J ) 
can coincide with one vibrational transition. Figure 2.2 shows a number of rotational-
vibrational energy levels of CO. The peaks in the IR spectrum that arise from 1���J  
transitions are called P-branch transitions and 1���J  are called the R-branch transitions. 
The  0��J  transition is regularly not allowed according to the selection rule.  
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The molecular transitions can be also considered in terms of statistical physics, which uses 
the concept of degrees of freedom in three-dimensional space to explain the molecular 
motions. Three coordinates assigned to an atom or the centre of mass of a molecule can then 
describe any of its translational motion in 3-dimensional space. The particle is said to have 
three degrees of freedom. Considering a set of two particles, e.g. two nuclei of diatomic 
molecular, where each particle has 3 degrees of freedom, the whole system has six degrees 
of freedom (just sum of all degrees of freedom). From them, two degrees of freedom are 
accounted for by the rotation around the centre of mass, three degrees of freedom are just 
translations of the entire unit in the x, y, and z directions, and the remaining degree of 
freedom is associated with the vibrational excitation of the molecule. Finally, one of the 
rotations about the linear molecule axis is hidden because it does not involve any change of  
energy (moment of inertia equal zero). The Figure 2.3 shows schematically all degrees of 
freedom.  
Limited number of molecules can absorb an unlimited number of photons. This is possible 
because molecules can exchange the energy with the surroundings and be transformed back 
to the initial state by collisions or chemical reactions.  
 

 
Figure 2.3: The degrees of freedom of the diatomic molecule.  
 

2.3 Width and intensity of spectral lines 
 
As it was shown earlier in this section, in an idealised case, each molecular/atomic 
transition results in the spectral signature, identical for each absorbing molecule or atom. 
Since each transition corresponds to a discrete energy change, it should therefore result in 
an infinitesimally narrow spectral line represented by the Dirac delta function
 . However, 
the spectral line width is not infinitesimally small. Depending on several parameters of the 
surroundings, the spectral signature of molecule or atom can change its depth or 
broadening.  
The depth or intensity of spectral lines depends on its microscopic property like i) the 
transition probability, ii) the population of the lower state of a transition, as well as on its 
macroscopic iii) concentration in a considered sample.   
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The broadening of spectral lines is cause by uncertainty in the energy states involved into 
transitions, by the random motion of atom or molecule relative to the measuring instrument, 
and by collisions between the considered particle and the surroundings. The natural line 
broadening is important in nuclear spectra, but is rarely significant for molecular 
spectroscopy. The Doppler line broadening due to the random motion of the molecules is 
causes by a Doppler shift to higher frequencies for the particles moving towards the 
measuring device, and to lower frequencies for particles moving away from it, resulting in a 
range of frequencies of the measured line. These motions are completely random and a 
velocity component along any direction of observation has a Gaussian distribution of 
magnitude about the average velocity value. Doppler broadening varies directly with the 
square root of the temperature (and independent of pressure) and is often called temperature 
broadening.  
Since collisions between molecules in the gaseous phase change the separation between two 
energy levels of the molecules, the absorption line will be uncertain with a width that is 
pressure dependent. The consequential broadening effect is mainly related to the infrared 
spectral region, where it results in the Lorentz function shape (Levy, 1971) of spectral lines 
with broad “wings” often extending far beyond the centre wavelength. The collision 
broadening varies with pressure and temperature, and therefore often referred as pressure 
broadening.  
As the shape of the spectral line depends on pressure and temperature, which are both a 
strong function of altitude in the Earth’s atmosphere, the shape of the line vary depending 
on the altitude of measurements. Thus, the Lorentz broadening is more important at lower 
altitudes, whereas the Doppler broadening half-width decreases slowly with the altitude up 
to the tropopause (in conformance with the lapse rate), and then remains nearly constant in 
the stratosphere. In the middle altitudes, from 20 to 70 km, both broadening mechanisms are 
of similar magnitude, and the effective lines shape can be expressed in the form of the 
Voigt function, which is the convolution of Doppler and Lorentz functions.  The absorption 
cross-section σ connects the microscopic line parameters like the lines strength and shape 
with the macroscopic value of absorption/emission: 
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In the formula (2.7) the f (P, T) is the line shape function, Sj(T) is the line intensity (or 
depth), and T and P are the temperature and pressure, respectively. The absorption 
coefficients are usually measured in the laboratory for the variety of pressure and 
temperature parameters.  
Figure 2.4 shows the calculated transmittance for the CO molecule. The spectral 
transmittance of CO is shown for two important spectral regions: near infrared (first 
overtone) and thermal-infrared (fundamental). 
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Figure 2.4: Transmittance of carbon monoxide at 900 hPa and 280 K temperature. Shown 
are the fundamental 1-0 (bottom) and overtone 2-0 CO rotational-vibrational bands. The 

spectroscopic data was taken from the HITRAN 2000 database (Rothman et al., 2005). 
 
In the part of the electromagnetic spectrum of SCIAMACHY channel 8, the combination of 
vibrational and rotational transitions of the first CO overtone is observed. In the Earth’s 
atmosphere, these relatively weak CO lines are overlapped by strong methane and water 
absorptions with strong dependency of cross sections on pressure and temperature. In 
practice, the observed spectral features must be additionally convoluted with the 
spectrometers slit function of finite width. All these make the retrieval of vertical columns 
exceptionally challenging. However, the advantage of CO measurements in this near-
infrared region is their sensitivity to all atmospheric layers, including the boundary layer 
(the measured radiation can penetrate much deeper into the atmosphere and thus, the 
measured light will contain the absorption features of gases located near the boundary 
layer), where the main sources of CO are located. In contrast, thermal-infrared emissions 
intensities peak at higher tropospheric layers and may cause the underestimation of surface 
sources. The measurement of weak CO lines in near-infrared spectral region has an 
additional advantage due to the minor saturation potential of these lines. This characteristic 
is especially important for the detection of strong sources. Thus, in the thermal-infrared 
region, strong fundamental lines of CO can easily saturate and lead to the underestimation 
of absorber concentrations over its strong sources.  
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3. Radiative transfer in the Earth’s atmosphere 
 
In order to retrieve information about atmospheric constitutions from the reflected or 
backscattered solar radiance measured at the top of atmosphere by the remote sensing 
system, the measured radiance has to be compared to modelled top-of-atmosphere radiance 
provided by forward radiative transfer models. For this, forward models should be able to 
reproduce the effects of the atmosphere on the retrieved quantities in the spectral region of 
interest. Usually, such models are very comprehensive and can simulate the effect from a 
variety of changing atmospheric parameters on the local atmospheric state. The radiative 
transfer model SCIATRAN, used in this work, is one of these universal models and allows 
elaborative calculation in the wavelength region of SCIAMACHY measurement. To 
perform appropriate comparison (fitting) with the measurements, one needs to make a 
decision about all parameters relevant for the particular experiment set-up. The aim of this 
chapter is to give a short overview of radiative transfer parameters that must be taken into 
account in the selected spectral window around 2.3 μm in the channel 8 of SCIAMACHY 
for the retrieval of CO total columns. The content of this chapter is largely adopted from 
standard textbooks (Sobolev, 1975; Liou, 2002; Petti, 2006; Rieke, 1994, Rees, 1990). 
 

3.1 Relevant atmospheric processes 
 
3.1.1 Molecular absorption and Beer-Lambert law  
 
The measured at the top of atmosphere reflected solar radiance contains the information 
about many processes, changing its wavelength dependent intensity. Figure 3.1 represent 
the spectrum of solar radiation reaching the Earth’s surface for the case of an overhead sun 
(the red curve) together with the spectrum of solar radiation incident upon the top of the 
atmosphere (the blue curve). The difference between the areas under two curves represents 
the depletion of the incident radiation along its way through the atmosphere, and is the 
result of the combined effects of backscattering and absorption by clouds and aerosol, and 
backscattering by air molecules, as well as by the absorption by air molecules. On Figure 
3.1, nearly all area of backscattered radiance curve (with maximum at the visible spectral 
range) can be identified with discrete absorption bands, the most important of these being 
the water vapour bands in the in the near infrared spectral region. Molecular absorption 
takes place when radiation of a given energy interacts with a molecule or atom, causing a 
transition of its state and a loss of the incident radiation energy. In the Earth’s atmosphere, 
solar radiation is mainly absorbed by trace gases, which occur in very small quantities also 
exhibit absorption spectra. Thus, the absorption of a thin atmospheric layer is strongly 
depending on the molecules or particles number density and their absorbing potential, 
which is themselves depends on the quantum-mechanical properties of atmospheric 
constituents (described in the previous section). 
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Figure 3.1: The solar irradiance spectrum (red) and Earth radiance spectrum (blue) with a 
shape modified by absorption of trace gases and scattering in the atmosphere. 
 
Different molecules are responsible for the absorption of radiation at different wavelengths. 
For example, the radiation within the range from 120 nm to 300 nm (UV) is absorbed by O2 
and N2 immediately at the higher atmospheric layers, photo-dissociating these molecules. In 
contrast, radiation with the larger wavelengths (e.g., in infrared) will be absorbed by gases 
like H2O, N2O, CO, CO2, CH4. The absorption by molecules is described by absorption 
cross-section σ, which is a unique characteristic for each molecule. Multiplied with the 
concentration of respective molecules, cross-section gives the absorption coefficient α, and 
for the mixture of gases represented by the sum of its components as  
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The absorption coefficient depends on physical medium and on the wavelength of radiation. 
The Beer-Lambert law gives the connection between the optical density τ, integrated over 
the finite light path, and the concentration of species:  
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The logarithm from a both parts of the equation (3.2) predicts a linear relationship between 
the optical density and the logarithm of transmittance, t, which is the ratio of transmitted to 
incident radiance  
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However, in case if spectral measurements are made with brad instrument function, which 
does not let to resolve individual spectral lines, the linear dependency (3.3) is  no longer 
valid. 
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Figure 3.2: Zenith transmittance of the cloud and aerosol free atmosphere for conditions 
corresponding to US Standard Atmosphere at 1 km. Each upper panel depicts the 
absorption contribution due to a single atmospheric constituent. Monochromatic (grey) and 
convoluted with Gaussian function, FWHM 0.2 nm transmittance (black) are depicted. The 
contribution from scattering on particles is not considered. 
 
The overall transmittance of the cloud-free atmosphere is primarily controlled by absorption 
due to various gases. When absorption is strong, the transmittance is small; when absorption 
is weak or absent, the transmittance is close to 100%. Figure 3.2 depicts the vertical 
transmittance of the entire cloud and aerosol free atmosphere as a function of wavelength 
from 700 nm to 2400 nm, for the here considered near-infrared spectral region. For the 
monochromatic case, the total atmospheric transmittance due to all constituents can be 
presented as a product of the transmittance due to the individual constituents. However, the 
beam of radiation can be attenuated in the medium not only by the absorption but also by 
scattering. 
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3.1.2 Scattering of the solar radiation  

3.1.2.1 Molecular scattering 
In addition to absorption by atmospheric gases, the radiation entering the atmosphere 
undergoes molecular and particle scattering. By this process, a particle on the way of 
electromagnetic radiation continuously reemits the energy from incident wave in other 
direction, defined by the scattering phase function. Generally, in radiative transfer theory, 
the scattering parameter is expressed by the extinction coefficient, βe, the single scattering 
albedo (ratio of scattering coefficient to the overall extinction coefficient), and the 
scattering phase function.  
Depending on the wavelength on radiation and on the size on scattering particles, as well as 
on their composition, shape, and number of suspended particles, scattering may differently 
affect incoming radiation. The effect is of scattering is therefore described by different 
processes, depending on concrete scattering conditions. The relation between the size of 
these particles and the wavelength of the incident radiation play an important role. The 
scattering on the spherical particles comparable in size with the wavelength of incident 
radiation is well described by the Mie theory. At the other hand, if the particle is very large 
compared to the wavelength of radiation, the laws of geometrical optics can be used to 
evaluate the scattering parameters. Many particles in the atmosphere fall in-between of two 
extremes cited above. In the absence of clouds, the solar radiation is largely scattered by 
gases that controls the overall opacity of the atmosphere. At a short wavelengths (visible or 
shorter), molecules of air have the capacity to significantly scatter electro-magnetic 
radiation. This type of scattering is related as a Rayleigh scattering. The scattering cross-
section of a molecule of air is approximately λ -4 and thus, the extinction of radiation via 
scattering is much stronger in the UV/Visible spectral range than it is in the infrared band.   
 

3.1.2.2 Aerosol extinction  
Atmospheric aerosols affect the Earth's radiation budget directly through interactions with 
solar and terrestrial radiation and indirectly as cloud condensation nuclei. The most 
abundant are the particles of dust, salt, water, and other materials suspended in the air. Their 
size, defined as radius of a spherical particle, varies between 0.01 to 10 μm. In such cases, 
the more general Mie theory could be used to derive the scattering parameters like the 
direction of scattering, the attenuation and scattering function. However, because the 
aerosol particles in the atmosphere have very different shapes that usually do not 
correspond to a perfectly spherical profile, for computation of their scattering and 
absorption properties sophisticated and more complex methods are required. Thus, in 
contrast to Rayleigh scattering, the extinction coefficient for aerosols scattering cannot be 
derived analytically.  
The contribution from aerosols is also difficult to generalize, as their concentration in 
atmosphere is very variable. However, there are several experimental estimations which 
give the wavelength dependence of aerosol extinction to be λ-α, with α in the range [0, 1.5] 
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depending on the considered wavelength range and aerosol scenario (Hess et al., 1998). 
Following these wavelength dependency, it is safe to say, that the contribution from the 
background aerosols to the total optical thickness is rarely more than a few tenths of a unit 
at visible wavelengths and tends to be even smaller at infrared and longer wavelengths. 
Thus, in the spectral window relevant for the retrieval of CO from the SCIAMACHY 
measurements, aerosol optical depth only reaches comparatively large values in association 
with strong pollution episodes, like fires, volcanoes, or dust storms.   
 

 

3.1.2 Surface reflection 

When measuring the reflected solar radiation one needs to consider the influence of surface 
reflection on measured radiometric quantity. Generally, surface reflection is expressed 
through the albedo (planetary albedo), which is defined as an average ratio of reflected to 
incident radiant flux density. Thus, the incident flux density or the irradiance 
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where Ω is the solid angle mentioned in the beginning of this section and θ and θ’ are the 
angles of reflected and incident directions (this dependency reflects the difference in area 
when the flux cross the surface under different angle).  
If the surface is Lambertian, the reflected radiance is isotropic and therefore independent of 
the viewing geometry. In this case ρ=πL/E. However, most natural surfaces are highly 
irregular and inhomogeneous. They are neither Lambertian nor specular (Petti, 2003). 
Viewed from a significant altitude, such surfaces appear very rough, and the light from the 
sun is not reflected in a single direction but rather is scattered in a variety of directions, 
depending on the local slope of the surface, wavelength (Figure 3.3 gives examples), and 
the angle of incident radiation. This complicates theoretical description of the surface 
reflection function. Therefore, their properties are commonly described in a more empirical 
way, e.g., via direct measurements of radiation reflected or absorbed at various 
wavelengths. Seen from high altitude by the large SCIAMACHY pixel, surfaces appear 
rather smooth and the details of the particular surface are averaged over the area of 
measurements and can be largely ignored. In this case, the most interesting quantity is the 
integrated reflectance provided with the help of the same viewing geometry, which is, 
however, difficult to access without simultaneous retrieval or measurements of the surface 
reflection parameter.  
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Figure 3.3: The typical spectral reflectance of various materials in the visible and near-
infrared regions. The wavelength region of whole SCIAMACHY channel 8 indicated by a 
dark grey vertical region and CO retrieval window as a light grey vertical region (line). 
The spectroscopic reflectance is reproduced from ASTER Spectral Data Library through 
courtesy of the Jet Propulsion Laboratory, California Institute of Technology, Pasadena, 
CA (copyright 1999, CIT) and the Digital Spectral Library 06 of the US Geological Survey. 
 

3.2 Radiative Transfer Equation 
 
To express the interaction of light with matter in most quantitative form, the radiative 
transfer equation is used. Considering the passage of radiation of wavelength λ through a 
layer of air with infinitesimal thickness ds, measured along the direction of propagation, the 
reduction in the intensity I is due to the absorption and scattering can be written as sum of 
three components 

abs scat emis
dI dI J J

abs scat emis
dI J J

b tt   (3.5) 

Following the Kirchhoff law, the atmosphere both absorbs and emits radiation and the 
absorptivity of matter is equal to the emissivity of the same matter under the condition of 
the local thermodynamic equilibrium (LTE). Therefore, it is expected that the thin layer of 
air will emit radiation of the amount  
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where B is a Plank function for black body radiation. The net change in the radiant intensity 
is therefore  
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Or, rearranging the (3.7), 
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The latter is the Schwarzschild equation, which is the most fundamental description of 
radiative transfer in a non-scattering medium. This equation expresses the fact that the 
radiation along a particular line of sight either increases or decreases with the distance of 
propagation of this radiance through this media, depending on whether the I at the particular 
point is greater or less than B. 
Additionally, in the result of scattering, the beam could be directed into the line of sight 
from the other direction in the media. Therefore, it is common to generalize all the sources 
of radiation in the media in so called source function J, which is the sum of directed 
scattering and independent from the direction emissions over the line of sight in the media.  
In the considered part of the solar spectrum, the source function can be neglected because 
the emission part is small (Buchwitz, 1999). Additionally, neglecting the scattering, (3.8) 
could be rewritten as 
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giving the Beer-Lambert law 
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where s is the slant path and τ the slant optical density. This equation is related to one 
particular wavelength and the integration can be made only if the coefficient of absorption 
is independent of temperature. In the latter case, the simple analytical solution will be 
enough for the calculation of the atmospheric parameters. However, as the scattering is 
important, and the temperature dependence of absorption coefficient is relevant for the 
selected wavelength region, the comprehensive radiative model SCIATRAN needs to be 
used for the retrieval.  
 

3.3 Radiative Transfer Model SCIATRAN  
 
Information on atmospheric parameters can be obtained only indirectly from the remote 
measurements of the reflected or Earth-emitted solar radiance. Extraction of particular 
atmospheric parameter is however impossible without knowledge of implicated atmospheric 
state over the location of measurements. To solve this intricacy, the knowledge of 
atmospheric parameters are simulated with the help of the so called forward models. Such 
models are aimed to provide a set of simulated radiances calculated on base of different 
parameters of the atmosphere. As it will be shown in the next chapter, the retrieved 
atmospheric parameter is then obtained by comparison, in sense of minimization of 
difference, between the simulated and the measured radiances.  
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In this work, for the interpretation of measurements of SCIAMACHY, the Forward 
Radiative Transfer Model (RTM) SCIATRAN has been used (Rozanov et al., 2002). This 
model has been developed at the University of Bremen for the retrieval of atmospheric 
constituents from global nadir radiance measurements of the SCIAMACHY satellite 
instrument. With the help of the SCIATRAN model, the solar radiation can be modelled at 
all altitude levels and for all viewing directions, considering many atmospheric and surface 
parameters, like Rayleigh scattering, scattering and absorption due to aerosols and clouds, 
and surface reflection. For practical purposes, the standard output is limited to the top-of-
atmosphere radiance and related quantities. The output includes the simulated radiance in 
the broad spectral range 240-2400 nm, for a solar zenith angles less than 92° and near-nadir 
viewing geometry with a line-of-sight angle of ±35°.  
To provide the simulated top-of-atmosphere radiances, which are comparable to main 
SCIAMACHY measured quantity, SCIATRAN numerically solves the monochromatic, 
scalar integro-differential radiative transfer equation with boundary conditions for vertically 
inhomogeneous atmosphere in pseudo-spherical geometry using the Finite Difference 
Method (Barkstrom, 1976, Rozanov et al., 1997). A simulated SCIAMACHY nadir 
spectrum of the sun-normalized radiance (for a constant solar flux π), generated with 
SCIATRAN, is shown in Figure 3.4. 
Additionally, to the radiances, SCIATRAN provide a capability to calculate the weighting 
functions of the radiance with respect to atmospheric parameters, like trace gas 
concentrations, pressure, temperature, aerosols and surface reflectivity (derivatives of the 
radiance with respect to atmospheric parameters). This weighting functions approach allows 
a calculation of the influence of atmospheric processes on the parameters of interest and is 
much faster than the calculation using time-consuming perturbation schemes. This is an 
important step that allows the development of the WFM-DOAS algorithm. With respect to 
molecular absorption processes, two calculating approaches are possible: the time 
consuming, accurate “line-by-line” approach, and alternatively, the fast one using the 
correlated-k (c-k) distribution scheme (Buchwitz et al., 2000).  
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Figure 3.4: Simulated SCIAMACHY sun-normalized radiance as measured in nadir mode 
calculated with SCIATRAN. Convolution with 0.3 nm FWHM Gaussian slit function 
assuming US Standard Atmosphere, multiple scattering, SZA 60°C, albedo 0.1, standard 
aerosols scenario, no clouds. The spectral region of SCIAMACHY channel 8, which is used 
for CO retrieval, is marked by the red bar.  
 
 
3.4 Measured radiometric quantity  
 
The SCIATRAN radiometric output quantity conforms to the values obtained from a typical 
remote-sensing system. Generally, the fundamental value measured by such system is the 
integral of the monochromatic radiance (monochromatic energy transferred by 
electromagnetic radiation (monochromatic radiance) in a specific direction through a unit 
area per unit time (denoted by Lλ)) over specified finite spectral range: 
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In (3.11) Φ is the radiant flux, Ω is the solid angle, θ is the angle between the surface 
normal and the specified direction, A is the area of the source. Each optical system receives 
a portion of the power from the effective source, limited by the range of the directions 
determined by the geometry of the optical system’s field of view (FOV). On the other hand, 
the total power emitted per unit surface of the source is the integral of the radiance over the 
solid angle and characterises the total energy captured by the measuring system.  
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Figure 3.5: Geometry for computing the power received by a remote sensing detector. 
Extreme rays accepted by the optical system define the field of view (FOV). Adapted from 
Rieke (1994). 
 
The measurement geometry of the simple measuring optical system is demonstrated in 
Figure 3.5. According to this representation, the range of directions of radiation accepted by 
the optical system is determined by the solid angle Ω, which subtends the entrance aperture 
as viewed from the source. In many cases, the entire source lies within the field of view 
(e.g., the sun seen from the Earth orbit) and the full projected area of the source is used for 
generation of the measured signal. For the spherical source of radius R, this area is πR2 and 
the solid angle subtended by the detector system is Ω=a/r2, where a is the entrance aperture 
area, and r is the distance from the source.  
Each optical system has inefficiencies due to absorption and scattering of incoming energy 
as well as due to the aberration and diffraction on its elements. All these effects are often 
combined into one general term, the transmittance, which is defined as the fraction of the 
incident radiation in the wavelength range Δλ (the average transmittance over effective 
wavelength λ0) to the radiation that passes through the system reaching the detector. In each 
real system, the transmittance is wavelength dependent and limited to a certain narrow 
spectral range (for example, by placing the band pass optical filter (slit)). So, the measured 
radiance is always convoluted with instrument slit function: 

'( ) ( )L L f d'( )'L f d( )'( )L( )    (3.12) 

Considering the transmittance of the complex system, one need to take into account the 
optical parameters of each element on the path of the radiation from the entrance slit up to 
the detector. The overall transmittance is defined as a supplement of spectral transmittance 
of all spectrally active elements on the optical path. The total power effectively generating 
the main measured signal of each optical system is defined as a product of several terms: i) 
spectral radiance of the source, ii) the transmittance of the media between source and the 
detector, including the transmittance of all optical elements of the system, iii) the source 
area within the field of view, iv) the spectral response, and v) the detector quantum 
efficiency. Subsequently, the resulting value is integrated over the solid angle Ω. 
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4. Satellite instruments 
 
This chapter gives a brief introduction to the important spectral and orbital parameters of 
the SCIAMACHY instrument as well as a discussion of the viewing geometry. The channel 
8 detector of SCIAMACHY will be considered in more details with reference to its features 
and the issues that influence the retrieved CO total columns. Finally, because MOPITT CO 
will be used further for comparisons, the measurement principle of MOPITT will be 
described to demonstrate the alternative widely used techniques for CO measurements from 
space. 
 

4.1 SCIAMACHY onboard ENVISAT 
 
SCIAMACHY (Scanning Imaging Absorption spectrometer for Atmospheric 
CHartographY) is a passive remote sensing moderate-resolution imaging spectrometer. It 
was proposed by an international team of scientists (Burrows et al., 1988). It was launched 
onboard the ENVironmental SATellite (ENVISAT) on March 1, 2002, into a sun-
synchronized orbit 800 km above the Earth’s surface. SCIAMACHY is one of ten 
instruments onboard ENVISAT (Figure 4.1). Altogether, they cover a spectral range from 
200 nm to 10 cm in different spectral windows for investigating the atmosphere, the land 
surfaces, and the ocean. ENVISAT has a total weight of 8140 kg (including the fuel with an 
initial weight of about 300 kg).  
 
 

 
Figure 4.1: The ENVISAT’s instruments Payload (ESA). 
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Figure 4.2: The ENVISAT flight geometry. 
 
ENVISAT flies on a sun-synchronous orbit, which combines the altitude and the inclination 
in such a way that the satellite passes the equator always at the same local solar time, at 10 
o’clock. ENVISAT has an orbit period of 100.59 minutes corresponding to approximately 
14 orbits per day. ENVISAT has an inclination angle of 98.55°, which means that 
ENVISAT always moves against the Earth rotation and passes close to the poles. A 
complete global coverage is achieved within three days. Global coverage in nadir is 
obtained in 6 days, taking into account interlacing nadir and limb modes. The orbit has a 
repeat cycle of 35 days with respect to the position at the Earth’s surface. Orbit drifts due to 
solar and lunar gravity perturbations can be corrected with the help of In-Plane and Out-of-
Plane control manoeuvres.  
SCIAMACHY’s field of view (FOV) is defined by the path length within the instrument 
and the dimensions of the optical devices. The incoming radiation enters the instrument via 
one of three ports corresponding to three different viewing geometries: nadir, limb and 
solar/lunar occultation. In nadir mode the atmospheric volume beneath the spacecraft is 
observed. The nadir mirror scans across the satellite track and each full scan covers an area 
on ground of approximately 30 km along track by 960 km across track. The spatial 
resolution in the nadir scan mode is determined by the combination of the scan speed and 
the integration time of the detectors. The scan speed along track is determined by the 
spacecraft speed of approximately 7 km s−1. The across-track speed is determined by the 
nadir scan mirror rate, resulting in a scan speed of approximately 240 km s−1 on ground. 
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The effective spatial resolution varies dependent on orbital position and spectral region, 
influenced by signal-to-noise (S/N) and data rate limitations. Onboard co-adding results in a 
spatial resolution in nadir of approximately 30 km along track by 120 km across track for 
all 8000 detector pixels.  
The optical unit of the instrument is organised into two layers (Figure 4.2). To collect light 
from a wide ground scene, mechanical scanning is applied. After passing the instrument slit, 
the light goes through a mirror system: elevation and azimuth scan mirrors (ESM, ASM). 
Then it is directed via the telescope to the spectrometer entrance slit and dispersed into 8 
wavelength intervals. The wavelength resolution of the SCIAMACHY detectors (as listed in 
Table 4.1) is affected by the width of the detector entrance slit, which is normally known 
before the start of any remote system or after its calibration in orbit and usually results is a 
Gaussian-like slit-function. Table 4.1 shows the optical parameters of the SCIAMACHY 
spectrometers channels. Due to its bright spectral region, SCIAMACHY measurements 
allow the retrieval of several chemical atmospheric trace gases like O3, BrO, OClO, ClO, 
SO2, H2CO, NO, NO2, NO3, CO, CO2, CH4, H2O, N2O, as well as aerosols, and cloud 
properties.  
 
 

Channel Spectral range 
(nm) 

Resolution 
(nm) 

1 240 - 314 0.24 
2 309 - 405 0.26 
3 394 - 620 0.44 
4 604 - 805 0.48 
5 785 - 1050 0.54 
6 1000 - 1750 1.48 
7 1940 - 2040 0.22 
8 2265 - 2380 0.26 

 
Table 4.1: General parameters of the SCIAMACHY spectral channels. 
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Figure 4.3: The optical configuration of SCIAMACHY level 1 and level 2.  
 

4.2 SCIAMACHY channel 8 detector  
 
To cover the radiances in a relatively large spectral range, several different types of detector 
material were employed in the development of the SCIAMACHY detectors assembly. For 
the channels 1-5, silicon (Si) photodiodes with 1024 pixels per channel were used. In the 
near-infrared channels 6-8, InGaAs semiconductor material detectors were employed, which 
were explicitly developed for SCIAMACHY by EPITAXX, New Jersey (Figure 4.4). To 
register the relatively weak near-infrared photons, such semiconductor materials are an 
ideal selection due to their sensitivity can be extended by doping them in other proportions 
or with other materials. To extend the sensitivity of SCIAMACHY near-infrared detectors 
in channel 7 and 8 beyond 1.7 μm wavelength, the InGaAs detector material was doped by 
the additional amount of indium. Such injections, however, can lead to a changes in the 
lattice constant of the detecting InGaAs layer and cause different negative effects, like for 
example the appearance of a Random Telegraph Pixel, which is observable as the different 
signal measured on the detector by illuminated it with the same intensities. Another 
example is the appearance of relatively high noise/leakage that saturates the detector pixel 
and observable as an extremely high value measured by concerned pixel compared to the 
values measured by the neighbouring (good) pixels. Such pixels do not bring any useful 
information and must be ignored in any retrieval of atmospheric quantities. 
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Figure 4.4: The RETICON (left) and EPITAXX (right) linear detector arrays. (photo: 
SRON). 
 
Each pixel of the photo-detector array in SCIAMACHY channel 8 represents an 
independent quantum well able to gather the conductivity electrons, produced by interaction 
of detector material with the photons of energies larger than the band-gaps, and save them 
until the read-out process. To be detectable, incoming photons must change the property of 
the semiconductor detector material. Usually, this is the reverse bias voltage (Va), applied to 
its ends to keep a conductive current in the material. Free electrons created by the photons 
in the conductive area of the semiconductor, will create an electric current with the 
direction reversed relative to the applied bias and initiate the registered signal. In case of 
SCIAMACHY, a reverse bias of -2 mV is applied.  
The energy of the photons in the 2 μm spectral region is relatively low, and the barrier 
between the valence and conductive levels (detector conductive gap) is small. As a result, 
even small energies can initiate the current. For example, thermal photons can push the 
electrons to leave their valence state. The conductivity of the semiconductor is a strong 
function of temperature and some electrons are raised across their reserved energy band 
gaps as a result if the detector temperature, exciting the conductivity indistinguishable from 
that due to photoexcitation. This effect is related to as a thermal noise (or dark current). In 
order to reduce this noise, the temperature of the detector should be decreased to the 
optimum for each concrete detector material (Bratt, 1977; Sclar, 1984; Rieke, 1994). The 
detector material used for SCIAMACHY near-infrared channels needs to be cooled down to 
temperatures below 150 K for acceptable dark current and signal-to-noise performance. The 
modest cooling power demand of the InGaAs based detector system allows the use of a 
passively cooled deep space radiator on SCIAMACHY, avoiding the additional electrical 
power consumption and causing no mechanical vibrations (like it is the case in the 
traditional Stirling engine cooler). Essential for the achievement of low dark current and 
noise is the custom designed multiplexer (MUX) chip for the readout of the InGaAs 
detectors at near-zero bias voltage (Hoogeven et al., 1999). 
From the monitoring of SCIAMACHY’s performance, several effects in channel 8 became 
evident (Kleipool et al., 2004; Buchwitz et al, 2005; Gloudemans et al., 2005; Lichtenberg 
et al., 2005; Buchwitz et al., 2007). Here, a short overview containing a summary of the 
most important effects affecting the quality of CO measurements is presented. 
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4.2.1 Ice on the detector 
 
Prior to its launch, the ENVISAT satellite frame absorbed some amount of water and a 
small fraction of it is trapped by the SCIAMACHY instrument isolation blankets and 
freezes out onto the near-infrared detectors. This leads to important complications in 
channel 8, which were recognized as a slowly increasing ice layer with up to 400 μm 
thickness (Kleipool et al., 2004a, b; Gloudemans et al., 2005). This ice layer directly affects 
the total measured signal, reducing it up to 50% (Lichtenberg et al., 2005). Additionally, 
several consequent effects were identified during the monitoring activities (Lichtenberg et 
al., 2005). The most important of them were analysed by Gloudemans et al., (2008) and are 
described below.  
The scattering of the light on the ice layer changes the slit function, extending its wings. 
The scattering depends on the thickness and the structure of the ice, which is not uniform 
over the detector array. One possibility to determine a correction for this broadening of the 
slit function is to use the in-flight measurements from SCIAMACHY’s Spectral Light 
Source (SLS), which clearly show the presence of broadened wings over time. However, 
this spectral lamp does not illuminate the whole slit and the overlapping line wings in the 
SLS spectra complicate the use of these measurements to correct for the broadening of the 
slit function (Kleipool et al., 2004a, b). In addition, because the ice layer is not uniform 
over the whole channel, the correction at all wavelengths within channel 8 is difficult.  
The transmittance loss is partially reduced by heating the detector every 3–6 months for a 
period of typically one week (approximately 100 orbits) to temperatures of up to 267 K to 
remove the ice layer. However, after each of these decontamination periods the 
transmittance characteristic of the instrument behaves differently. 2003 was the year with 
the largest changes of the channel 8 ice layer. Additionally, the varying ice layer on the 
channel 8 detector changes the SCIAMACHY slit function, which leads to an incorrect 
interpretation of the retrieved column quantity. A correction scheme for this effect was 
developed for the WFM-DOAS retrieval algorithm. This technique will be discussed in the 
“Improved Retrieval Techniques” section of this work. 
 
 
4.2.2 Degradation of detector pixels 
 
The near-infrared wavelength range in channel 8 is sampled by 1024 detector pixels, a 
significant fraction of which has turned “dead” or “bad” during the life time of 
SCIAMACHY (Kleipool, 2004b). Natural degradation of the detector material with the time 
and numerous decontaminations lead to the instability of the detector’s pixels performance. 
As a result, several detector pixels cannot be considered for scientific retrieval anymore, 
either because the output is negative or too high. Such pixels ranked in the so-called Bad 
Pixel Mask (BPM) and their values are excluded from the retrieval procedure. 
Unfortunately, there exist a strong dependence of the retrieved quantities on the selection of 
pixel mask. In the scope of this work, an approach has been developed that allows retrieving 
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three years of SCIAMACHY CO measurements independently from the changes of the 
detector pixels performance.  
 
4.2.3 Dark current 
 
The thermal motions of the detector material itself adds the so-called dark current “signal”, 
which is present all the time, independent from the detector illumination. The level of the 
total dark signal varies with temperature. Due to the fact that at dayside of the orbit, the 
optical bench of the instrument is heated up, and cooled at the other side, the temperature of 
the optical bench varies within an orbit. This leads to a variation of the dark current on the 
SCIAMACHY detectors.  
Accurate corrections for these effects are mainly performed during the calibration 
procedure, which is important for the quality of the measured and retrieved values. 
Especially in the near-infrared channel of SCIAMACHY, with relatively weak signal, this 
correction intended to enhance signal-to-noise performance. The dark signal is measured 
upon entering the eclipse near the South Pole, where the contribution of the thermal 
background signal is the largest. Normally, the measured values is subtracted from the total 
measured signal during the calibration routine. However, since in channel 8 of 
SCIAMACHY the dark current is influenced by the thickness of the ice layer, the dark 
current is not constant and varies over the time (Kleipool, 2004b). Additionally, there is the 
orbital variation of the dark current. Both lead to the effect that the dark current cannot be 
absolutely excluded by calibration procedure. Moreover, because sometimes the dark 
current intensity is close to the total measured intensity, the subtraction usually leads to 
very small signal-to-noise ratios (Gloudemans al., 2008).  
 

4.3 MOPITT onboard Terra 
 
The MOPITT (Measurements Of Pollution In The Troposphere) instrument (Drummond and 
Mand, 1996) is the gas filter correlation radiometer onboard the Terra platform which has 
been monitoring global tropospheric CO since March 2000. The spacecraft is flying on a 
sun-synchronous polar orbit at an altitude of 705 km. It makes 14-15 daytime and night-
time passes per day, crossing the equator around 10:45 descending and 22:45 ascending 
local time. MOPITT uses across-track scanning method with a swath of ~600 km. Each 
swath consists of 29 pixels with a horizontal resolution of 22×22km2 per pixel. It achieves 
near-complete global coverage in 3 days (Drummond et al., 1996).  
MOPITT was designed to measure CO concentrations in the thermal-infrared and in the 
near-infrared spectral regions. The MOPITT thermal band signals use a set of CO 
absorption lines near 4.6μm and the solar band CO absorption lines near 2.3μm. However, 
the near-infrared signals are not currently exploited in the operational CO retrievals (Deeter 
et al., 2003). Both spectral regions are challenging for space measurements due to the 
contribution of other species in these spectral regions, which are considerably stronger than 
that of CO.  
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To resolve the relatively dense spectral lines of CO and to maintain a good sensitivity and 
high signal-to-noise ratio, MOPITT uses the principles of the correlation radiometry, CR 
(Drummond, 1989). CR offers the opportunity for high spectral resolution as well as high 
signal to noise ratio. Following the requirements of CR, the MOPITT instrument contains a 
gas cell which acts as a high-spectral-resolution optical filter. Varying either the cell 
pressure or the optical path length, it is possible to change the opacity of the gas cell at the 
wavelength of the target gas (CO in the cell). The radiation passing through the cell will be 
modulated at the wavelength of CO absorptions. The cell opacity at other wavelengths 
remains constant. Combining the radiances, it is possible to get both “Difference”, D, and 
“Average”, A, signals. The A signal is low at the line position of  the target gas and high 
everywhere else. Thus, A provides the information about the background radiances, which 
depend on the surface albedo (surface temperature) and the contaminant absorbers. D has 
two peaks as a result of the subtraction of two signals on two different pressure levels. It is 
high only at the line positions of the target gas and zero everywhere else. With increasing 
pressure in the correlation gas cell the double peaks of the D signal move outwards from the 
line centre indicating a part (two points for each cell modulation) of the spectral line on one 
particular pressure. Taking into account a known pressure profile (e.g., from the model), 
one can relate the resulting part of the signal to one particular altitude. MOPITT is able to 
discriminate between several atmospheric layers: the surface, 850, 700, 500, 350, 250, and 
150hPa. 
The maximum likelihood optimal estimation technique (Rodgers, 2000), used to retrieve the 
MOPITT CO is a statistical combination of the measurements and a priori information. The 
retrieved profiles are characterized by their averaging kernels, which give information on 
the vertical resolution of the measurements. Because the NIR channels of MOPITT are not 
used, the CO total column is provided by integrating the vertical information from the TIR 
channels. Unfortunately, the problem of retrieving the target gas profile (and total column) 
solely from the measured signals is underconstrained, meaning that there is no unique target 
gas profile, which can be inferred from the signals alone. The maximum likelihood 
technique therefore incorporates a priori information (i.e., statistical information about the 
known patterns of variability of the target gas) to compensate for the fact that the measured 
signals simply do not contain sufficient information to definitely determine the target gas 
profile (or total column). In this work, only the daytime MOPITT CO vertical columns 
products with less than 50 % a priori contribution are used in order to insure a consistent 
and good quality of the data set (Emmons et al., 2004).  
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5. The WFM-DOAS retrieval algorithm 
Typically, each remote measurements technique is associated with retrieval software to 
extract the desired information (in this case abundance of atmospheric gases) from the raw 
data. Such retrieval algorithm generally relies on a forward radiative transfer model, 
spectroscopic database and a minimization scheme. From the existing algorithms, the 
WFM-DOAS algorithm developed at the University of Bremen for the retrieval of 
information on atmospheric gases from SCIAMACHY nadir near-infrared measurements is 
a significant modification of the DOAS approach. The WFM-DOAS fit parameters are 
directly the vertical columns. WFM-DOAS uses a linear least squares minimization scheme 
assuming a linear dependency of logarithm of the measured radiance and vertical column of 
trance gas and represent a relatively fast and accurate retrieval technique.  In this chapter, 
main principles of the WFM-DOAS retrieval algorithm used in the scope of this thesis for 
CO total column retrieval are presented as described in the most important publications: 
Buchwitz 2000, Buchwitz et al., 2000, Buchwitz et al., 2004. 

 

5.1 Standard DOAS  
 
The retrieval of vertical column from the measured radiometric quantity in the UV/Visible 
spectral region is typically based on Differential Optical Absorption Spectroscopy (DOAS) 
techniques, introduced in 1979 by Perner and Platt (1979). The main idea of this method is 
to determine the total amounts of atmospheric trace gases from remote sensing 
measurements of radiation using the principles of absorption spectroscopy. It has been 
demonstrated earlier (in chapter 3) that the absorption by trace constitutions along the path 
of the light in the atmosphere follows the Beer-Lambert law. The reflected solar radiation 
measured at the top of the plane-parallel atmosphere can be expressed as 
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In (5.1), the parameter τa is the slant optical thickness, and ρ is the albedo of the surface. 
Due to the difference in wavelength dependencies of smooth broadband scattering (decrease 
of intensity by Rayleigh scattering proportional to λ-4 and of aerosol extinction proportional 
to λ-1) and narrow band gaseous absorption, it is possible to separate the influence of both 
processes: 
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residual optical density of other processes. The latter can be approximated by low order 
polynomial. Taking into account the geometry of the incoming and outgoing light, with θ 
and θ’ are the deviation angles of the beam from normal and E0 is the incoming irradiance, 
and with L0 as  
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Figure 5.1 The geometry of the reflected radiance. 

 
in a plane-parallel atmosphere, and angles θ and θ’ as shown in Figure 5.1. Assuming that 
the albedo term also shows only broad band spectral features, the Beer-Lambert law can be 
written as 
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the polynomial, which includes all terms with smooth wavelength dependence. To express 
the vertical column information from the optical density, we define the optical density as 
the product of wavelength dependent absorption cross section σ(λ) and number density n(z) 
over the path length (s2-s1) as 
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This value S is called the slant column. However, most interesting for remote sensing is the 
vertical column 
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which can be obtained via division of the slant column by the air mass factor A, 

 /V S A/S A/               (5.8) 

Value A includes all related absorption effects along the path of the light. The wavelength 
dependent air mass factor is usually approximated by a constant value taking into account 
scattering properties in the respective wavelength rage. In a very simple case without 
absorption on the light path, A defines only the geometrical path as 
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With this notation, the standard DOAS equation can be written as follows 

ln ( ) ( ) ( )I VA P) ( ) ( )) ( )( )   (5.10) 

However, in the near-infrared spectral region the absorption cross-section of absorbers is a 
function of temperature and pressure. The linear DOAS equation is therefore not applicable 
in the near-infrared spectral region. This limitation can be handled by using a weighting 
functions modified DOAS (WFM-DOAS) approach with linearization points.  

 

5.2 Linearization and weighting functions 
 
In general, the sun-normalized radiance is rather a function of the number density vertical 
profile n(z) than the vertical column. On the other hand, the number density is a function of 
the temperature and pressure, so that the same vertical column can be obtained by 
integration of number density over very different profiles. However, expanding the lnI(λ) in 

a Taylor series1 with respect to the absorption coefficient ( , )a z, ),  as the linearization point, 
and neglecting the linearization error, one can write a first order approximation as 
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where the absorption coefficient aλ is the product of number density vertical profile n(z) and 
the absorption cross-section σ(λ). 

( , ) ( , ) ( )( , ) ( , ) ( )a z z n z        (5.12) 
Assuming that the variation of the absorption coefficient is only due to the variation of the 
number density profile, and replacing the partial derivatives terms in equation (4.11) with 
the height dependent weighting function, wλ, we can rewrite (5.11) as 
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To calculate the integral in equation (5.13), one needs to know how the number density 
profile changes with height. Moreover, as the weighting function is under the integral, we 
need to know the dependence of weighting function from the vertical profile instead of 
already introduced dependence between lnI(λ) and the vertical number density profile. The 
latter can be established by consistent perturbation of the vertical profile with subsequent 
radiative transfer calculations, which is however a very time consuming way. Therefore, for 

                                                   
1 Mathematically, each function f(x) can be expanded into the Taylor series 
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differentials of any order of this function around the linearization point a must be fulfilled, and the 
convergence of the selected part of the series to its function is required in order to shorten the 
series at linear members.  
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numerical calculation of the integral in (5.13), a simplification must be made about the 
change of the vertical column with height. In the retrieval technique described here, the 
solution is to scale an a-priori profile is simply scaled with a constant value C 

( ) ( )( )n z C n z .    (5.14) 
Consequently, the same scaling can be applied to the vertical column   

V C V     (5.15) 
Also, the profile can be scaled relative to the column 
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and (5.13) can be rewritten as 
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with the columnar weighting function 
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and  

ln , ln , ( , ) ( ), ln , ( , ) ( )I V I V W V V P   (5.19) 

Latte expression suggests the local linear relation between the logarithm of sun-normalized 
radiance and vertical column of absorber. This linearity is an important result, which makes 
possible the development of a fast non-iterative retrieval schema. 
In the case of several interfering absorbers having their spectral signatures in the considered 
spectral range, the additive property of absorptions can be used (Smith, 2002), and the 
linearization can be made over all absorbers simultaneously. Introducing the additional 
weighting functions for each considered parameter respectively, we have 
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Equation (5.20) has now the form most appropriate for remote sensing applications. The 
most right term is related to the summation of effects such as Rayleigh scattering, aerosol 
extinction, and surface albedo, showing broadband spectral dependence, whereas the 
weighting functions contain spectral features of the absorbers in the considered spectral 
range.  
 

5.3 The WFM-DOAS retrieval algorithm 
 
Obtaining information about atmospheric properties from remote measurements is always 
an indirect procedure. Information about the atmospheric state is derived from some 
measured radiometric quantity. In general, as the number of parameters describing the 
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mentioned processes is always finite, and the number of measurements is finite too, it is 
safe to say that the algorithm allows the calculation of a limited set of values through the 
limited set of parameters. This statement is expressed mathematically by 

)U(Y G�     (5.19) 
where Y≡(yi) is the vector of the measured values with i=1,…N. G is the operator of the 
direct problem solving – the realization of the mathematical model and the representation of 
the approximation of the reality. U=(uj) for j=1,…,M, is the vector of parameters of the 
forward model, which contains all atmospheric parameters which are necessary to solve the 
direct problem. The latter usually includes, in addition to the atmospheric parameters, the 
solar zenith angle, value of incident flux, and spectroscopic parameters for computing the 
volume coefficient of the molecular absorption.  
Equation (5.19) is the formal statement of the inverse problem. The solution of the inverse 
problem is the determination of the components of the parameter vector U with the 
specified concrete values of observations in vector Y. Usually, some of the parameters like 
solar zenith angle are already known and need not be retrieved. For the parameters to be 
retrieved, we select a vector Xk, with k= 1,..,K, where K<M. Now the inverse problem can 
be formulated as the most probable interference Y(X) = G(X, U|X), which for the general 
case may have no solution. This is mainly because neither the model nor the measurements 
represent the true state of the atmosphere. We can only minimize the difference between 
both vectors. Therefore, the inverse problem in atmospheric remote sensing is equivalent to 
finding a set of parameters of the direct problem so that its solution would be as close as 
possible to the observational results. For the most general case, the Euclid metrics can be 
applied as a definition of the distance between any two vectors, V(1) and V(2), which are 
used for all spectral points i simultaneously:

� ���
�

N

1i

2)2(
i

)1(
i

)2()1( )vv(
N
1)V,V(fRES     (5.20) 

From the physical point of view, it is the distance between the observational results and the 
forward mode solution, averaged over the entire observational data set. The problem 
formulated in this manner constitutes the essence of a least-squares technique (LST), firstly 
proposed by C.F. Gauss. For the case of the overdetermined problem (number of 
measurements greater than the number of unknowns), this problem reduces to a system of 
(usually) solvable linear equations, called the linear least-squares problem (Press et al., 
1992). The proximity of observations and model is defined in the least-square sense by the 
fit parameters. The process of finding the solution is based on the minimization of the 
difference between the measured and modelled values 
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Thus, by its definition, WFM-DOAS is a least-squares method based on scaling pre-selected 
vertical profiles (a single CO profile is used for WFM-DOAS version 0.6). The fit 
parameter values are determined by minimizing (in least-squares sense) the difference 

between observation ln obs
i
I  and WFM-DOAS model modln

i
I , i.e., fit residual RESi, for all 

spectral points i simultaneously. A derivative, or weighting function, with respect to a 
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vertical column refers to the change of the top-of- atmosphere radiance caused by a change 
(here: scaling) of the pre-selected trace gas vertical profile. As water vapour is highly 
variable and the water vapour absorption lines are relatively strong, WFM-DOAS has been 
implemented as an iterative scheme with respect to the water vapour vertical column fit. 
Multiple scattering is fully taken into account. The modelled value for each measured pixel 
in this particular case corresponds to equation (4.19) and can be defined as: 
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Thus, the logarithm of a linearized radiative transfer model plus a low-order polynomial is 
fitted to the logarithm of the ratio of a measured nadir radiance and solar irradiance 
spectrum, i.e., the observed sun-normalized radiance. The WFM-DOAS reference spectra 
are the logarithm of the sun-normalized radiance and its derivatives computed with a 
radiative transfer model (Buchwitz, 2000) for assumed (e.g., climatological) “mean” 
columns V . The fit parameters are the desired trace gas vertical columns Vj and the 
polynomial coefficients. An additional fit parameter also used (but for simplicity omitted in 
the equations given above) is the shift (in Kelvin) of a pre-selected temperature profile. This 
fit parameter has been added in order to take the temperature dependence of the trace gas 
absorption cross-sections into account. The index i is refers to the detector pixel number 
with a centre wavelength λi. The components of the vectors V, denoted Vj, are the vertical 
columns of the trace gases which have absorption lines in the selected spectral fitting 
window (in our case: CO, CH4, and H2O).  
The least-squares problem stated as the reduced system of linear equations can be written in 
vector-matrix notation as 
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where y is the m-dimensional vector of measurements and x is the n-dimensional vector of 
fit parameters and RES is a fit residual vector. The solution is  
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where Cx = (AT·A)−1 is the covariance matrix of solution x. With χ2=||y-Ax||2The errors of 

the retrieved columns, ˆ
j
V , are estimated as follows:  
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where (Cx)jj  is the j-th diagonal element of the covariance matrix, m is the number of 
spectral points in the fitting window and n is the number of linear fit parameters (Press et 
al., 1992).  
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5.4 Correlated-k method 
 
Exact line-by-line calculations of large numbers of spectral transmittances are very tedious 
and require a significant amount of computer time. Therefore, for much faster calculations 
(up to 800 times (Buchwitz et al., 2000), the correlated-k (c-k) method was applied instead 
of the time-consuming line-by-line calculation. This method is especially interesting if the 
measuring instrument does not resolve the individual absorption lines.  
The k-distribution method for the computation of radiative transfer is based on the grouping 
of gaseous spectral transmittance according to the absorption coefficient kλ. In a 
homogeneous atmosphere, spectral transmittance is independent of the ordering of k for a 
given spectral interval, and over a narrow spectral range, the rapidly oscillating absorption 
coefficient kλ attains the same value many times (at slightly different wavelengths), each 
time resulting in identical intensity I and radiative flux. This fact allows the transformation 

from the wavelength space into the g-space ( , ,
g

k g k,
g

k g k,
g

k ). This transformation allows 

the integration over monochromatic transmittance to be approximated by a finite sum with 
significantly less terms than required for the originally high structured kλ (Buchwitz et al., 
2000).  
 

5.5 Look-up tables approach 
 
Despite correlated-k method, the RTM simulations are still not fast enough to process large 
amount of SCIAMACHY measurements. Therefore, in order to avoid time-consuming on-
line radiative transfer simulations, a fast look-up table scheme has been implemented 
(Buchwitz et al., 1999, Buchwitz, 2000). The tables contain pre-calculated spectral 
radiances and their derivatives with respect to the trace gas concentrations and temperature 
profile changes. The US Standard atmospheric vertical profile was used as an input 
parameter. The calculations were made with the help of the SCIATRAN radiative transfer 
model for the set of different values of the solar zenith angle, surface elevation or surface 
pressure and water vapour concentrations. The latter is a very variable atmospheric 
constituent, which has interfering spectral features in almost all spectral regions. The non-
linearity caused by water vapour variability can be reduced by the calculation of the 
corresponding reference spectra for 0.5, 1.0, 1.5, 2.0, and 4.0 scaled water profile (initial 
profiles were taken from he US Standard atmosphere, like for all other gases). The 
calculated values were gathered into tables which provide the forward model quantities for 
each corresponding set of iterative parameters in the look-up table.  
The selection of most suitable values from the look-up tables during the retrieval procedure 
is as follows: the initial water profile is scaled with 1.0, the fitting procedure is undertaken, 
and the ratio of the retrieved and initial water vapour column is compared with the main 
aim to find an optimal scaling factor. Then, the retrieval procedure is repeated with the 
water vapour profile scaled with the next closest scaling factor. In practice, only one 
iteration is required. However, the possible steps from the starting scaling factor 1.0 can be 



 
 
II The Retrieval Algorithm 57 
 

to the values 0.5 or 1.5, which are relatively rude changes comparable to the natural 
variability. Furthermore, following the procedure of the retrieval, the other parameters can 
be found in the look-up table by corresponding references, which in this case play the role 
of a search criteria, e.g. the corresponding measured solar zenith angle, surface elevation. 
At the end of this procedure the reference spectrum will be selected, which is then used for 
the further retrieval. 
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6. Improved retrieval techniques: WFM-DOAS version 0.6 
 
The improvements in WFM-DOAS algorithm made in the scope of this work are presented 
in this chapter. The first retrieval of CO vertical column for near-infrared nadir satellite 
observations have been performed with WFM-DOAS retrieval version 0.4 (Buchwitz et al., 
2004), which was suitable only for the test retrievals, the improvements made here include 
the correction of the effects due to the inconsistent throughput characteristics and changing 
instrumental slit function (version 0.5). Being mainly addressed to the ice layers build-up 
on the detector in the channel 8 of SCIAMACHY, those improvements, however, were not 
enough for the retrieval of several-years CO data set from SCIAMACHY measurement, 
because of strongly changeable detector’s pixels characteristic. Therefore, further correction 
concerning the pixel variability was made, which is together with some additional minor 
corrections, like these of using constant sun-spectrum and new calibration version L1 data, 
resulted in the version 0.6 of the WFM-DOAS retrieval algorithm. The results of these 
improvements were published in (Buchwitz et al., 2006) and (Buchwitz et al., 2007). 
 

6.1 WFM-DOAS spectral fit 
 
For the analysis performed in this chapter, the quality of the spectral fit has been often 
considered as the main quality criteria. Figure 6.5 show the example of the WFM-DOAS 
version 0.6 spectral fit in 2324.2-2335.0 nm. The top panel shows the measured sun-
normalized radiance (black symbols) and the fitted WFM-DOAS linearized radiative 
transfer model (red line). The bottom panel shows the (total) fit residual, i.e., the relative 
difference between the measurement and the WFM-DOAS model after the fit. The RMS 
relative difference between the measurement and the model is 0.0127, corresponding to a 
difference of 1.27%. The second panel shows details of the CO fit. The red line is the scaled 
CO weighting function, i.e., the scaled derivative of the sun-normalized radiance with 
respect to a change of the CO column. The scaling factor is the retrieved CO column. The 
symbols denote the CO fit residual, which is defined as the scaled CO weighting function 
(red curve), plus the total fit residual (bottom panel). The retrieved CO column is 3.82x1018 
molecules/cm2 ± 20%. The green vertical lines indicate the spectral position of the detector 
pixels not classified bad or dead by the Pixel Mask (BDPM) used for WFM-DOAS version 
0.6. The following two panels show details of the CH4 and water vapour spectral fits. 



 
 
II The Retrieval Algorithm 59 
 

 
Figure 6.5: Example of a WFM-DOAS CO fit for a scene with significantly elevated CO due 
to biomass burning over Mozambique, Africa, measured on 27 October 2003 (orbit 8663). 
 

6.2 Ice-issue corrections 
 
Shortly after the start of ENVISAT, a significant loss of transmission in SCIAMACHY 
channel 8 (and 7) was discovered (Lichtenberg et al., 2005). The investigations reveal that 
this loss is due to a growing ice layer on the top of the cylindrical lens covering the 
detector. This ice layer could not evaporate because the water is trapped under the isolating 
blankets of the instrument. Only channel 8 and 7 were found to be affected because for their 
regular functionality, they must be cooled to the 145 K, while the other channels can 
perform well at higher temperatures (different detector material). The presence of the ice 
layer complicates the retrieval of the trace gases because the in-orbit spectrometer slit 
function of SCIAMACHY is different from the one measured on-ground and changes with 
time due to scattering of the light in the ice layer (Lichtenberg et al., 2005, Gloudemans et 
al., 2005; Buchwitz et al., 2005).  
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Figure 6.1: Ratios of CO columns (black symbols) and methane columns (red symbols) 
retrieved using different spectrometer slit functions. Here Δλ is the spectral distance from 
the centre wavelength of a detector pixel, C is a constant selected such that the (numerical) 
integration of f over the wavelength gives unity, FWHM is the selected full width at half 
maximum (here: 0.24 nm), and EXP is a parameter that mainly determines the relative 
contributions of the wings, i.e., the shape of the slit function for |Δλ| larger than 
0.5×FWHM. 
 
A correction scheme has been developed in the scope of thesis in order to compensate for 
ice layer influence on the CO total column. This correction is based on the fact that the 
main effect of the ice layer on the measured spectroscopic features is a broadening of the 
absorption line’s wings at (nearly) constant full width at half maximum (FWHM) 
(Gloudemans et al., 2005, and references given therein). As it is demonstrated in Figure 6.1, 
such broadening effect may be modelled using the slit function f(Δλ) given in the 
annotation of the Figure 6.1. The form of this function has been determined by applying 
WFM-DOAS to the in-orbit nadir measurements using several different values of parameter 
EXP for a given values of FWHM parameter. Figure 6.1 shows the typical response of the 
retrieved columns caused by a changing slit function. As can be seen, the response is 
similar for CO and CH4 but not exactly identical. The value EXP=2.7 has been then selected 
for the further retrieval, as this results in better quality of the spectral fits, i.e. the smallest 
fit residual for both retrieved column. This value corresponds to nearly unity of the 
columnar ratio for CO and CH4.  
In addition, the absorption due to the ice layer results in a transmittance reduction (optical 
throughput), which leads to a reduced signal-to-noise ratio in channel 8 of SCIAMACHY 
affecting the retrieved total columns. The amount of these absorptions changing with time 
due to the changing thickness of the ice layer on the detector, making the throughput 
characteristic rather unstable. 
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Figure 6.2: The temporal distribution of the uncorrected CO column (in red) and 
simultaneously retrieved methane column (blue) are shown together with the green line 
denoting the scaled instrument throughput characteristics (the values in range from 0 to 1), 
where the black correspond to the corrected CO total column. The uncorrected CO and 
methane columns are correlated with the independently measured channel averaged 
relative optical throughput determined from ratios of solar spectra. The scaling of CH4 
total column (with factor 1.35) and of the transmittance characteristic (with factor 2.6) is 
only for the reasons of simultaneous representation. 
 
It was found that the temporal behaviour of the simultaneously retrieved methane column 
correlate with the channel 8 transmittance characteristic as demonstrated in Figure 6.2. 
Thus, the variation of the throughput is primarily due to the changing thickness of the ice 
layer on the channel 8 detector. The column change because of the ice-induced slit function 
change. As can be seen on Figure 6.2, the uncorrected CO column (in red) correlates also 
with the channel 8 transmittance. Both gases, CO and CH4, absorbing in the same spectral 
window, suffer from the same instrument issues. Using the fact that in the atmosphere the 
methane concentration is much less variable, a simultaneously retrieved methane column is 
used to define a so-called “methane correction factor”, which is the ratio of an assumed (a-
priori) methane column and the retrieved methane column. The a-priori methane column is 
computed using a single (scene independent) methane profile (U.S. Standard Atmosphere, 
1976) taking into account the surface elevation of the corresponding ground pixel. The 
assumed methane column is 3.6×1019 molecules/cm2 for a ground pixel with a surface 
elevation equal to sea level (corresponding to surface pressure of 1013 hPa). It should be 
noted, that the CO product units are therefore the molecules/cm2. Following the idea of this 
quality criterion, successful measurements are those, where the methane correction factor 
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has values close to 1.0. In the opposite case, the disturbances due to clouds, aerosols, 
surface reflectivity, calibration issues, etc., are considered too large to be corrected for and 
the measurement is indicated as having the quality “bad”.  
The methane correction helps to reduce the time dependent biases caused by the ice-issue 
(i.e., slit function change), to improve the retrieval for partially cloud covered scenes and to 
make the retrieval less sensitive to aerosol and albedo variability. The accuracy of this 
method was estimated (using the simulated measurements) to about 10-20% (Buchwitz et 
al., 2006). However, the variations of CO (here, weak absorber) in the Earth’s atmosphere 
are typically larger than variations of CH4 (much stronger absorber). Consequently, this 
approach to correct the CO column using the retrieved CH4 column is not perfect. Under the 
real measurement conditions in the atmosphere, the correction will typically result in a 
correction towards higher CO columns. Applied correction may not be large enough. This is 
most probably the reason why the corrected CO shown in Figure 6.2 in black for the time 
period day 190 to day 310 still appears to correlate to a certain extent with the throughput 
curve.  

 

6.3 Selected pixel mask 
Due to the lattice mismatch between the light detecting InGaAs layer and the InP substrate 
of the detector material, the detector of SCIAMACHY channel 8 contains a significant 
number of pixels with reduced performance (Lichtenberg et al., 2005). With time, certain 
detector pixels may became “bad” or “dead” and it has been found that the number of “bad” 
and “dead” pixels in channel 8 continuously increases with time. For example, pixel could 
be disconnected from the readout or spontaneously and unpredictably jump between two or 
more levels of dark current leading to different detected signals for the same intensity, 
include excessive noise or too high leakage current leading to saturation of the detector 
(Lichtenberg et al., 2005). In the case of a “dead” pixel, the changes are irreversible. In 
contrast, “bad” pixel (e.g., stuck pixel) could regenerate and return to their normal 
performance (Kleipool et al., 2007). 
Both, the “dead” and “bad” pixels need to be excluded from the retrieval. For this, all 
effects on the pixels were quantified on-ground and arranged into a Bad and Dead Pixel 
Mask (BDPM) where they were classified either good or not useful (dead or bad) - a binary 
mask which indicates if a single pixel shall be considered for retrieval or not (0 or 1). 
However, it was established that the BDPM is changing also during the flight, most likely 
due to the impact of high-energy protons (Kleipool et al., 2007). Therefore, dynamic pixel 
masks are provided every 100 orbits (Kleipool et al., 2007). However, the changes can be as 
the pixel’s damage as well as its regeneration, but in average, the number of “bad” and 
“dead” pixels in channel 8 of SCIAMACHY’s increases nearly linearly with time (Kleipool 
et al., 2007). Due to additional “bad” and “dead” pixels in 2004 and 2005, processing of 
year 2004 and 2005 spectra with the previous version pixel mask, which had been used for 
year 2003 with the WFM-DOAS algorithm version 0.5, was not possible.  



 
 
II The Retrieval Algorithm 63 
 

 
Figure 6.3: Dependence of the retrieved CO column on the choice of the Bad and Dead 
detector Pixel Mask (BDPM). CO columns have been retrieved from orbit 8663 from 27 
October 2003 using four different BDPMs, namely the pixel mask  used for WFM-DOAS 
version 0.6 and three other pixel masks generated by SRON (see main text), valid for 
December 2003, December 2004, and December 2005. 
 
There are basically two options to deal with this a) use a time dependent pixel mask, 
changing it for every 100 orbits (e.g., generated at SRON1), or b) use of a static pixel mask 
optimized for the time period of interest (here: 2003–2005). Here, applicability of both 
approaches has been investigated.  
It was found that the retrieved CO column depends strongly on which detector pixels are 
considered in the fit and which are not. Figure 6.3 illustrates the difference between the 
averages CO (retrieved with three different SRON pixel masks) in 10 degrees latitude bands 
relative to the CO column retrieved using the WFM-DOAS version 0.6 pixel mask. Figure 
6.3 confirms the fact that the choice of the BDPM has a significant impact on the retrieved 
CO column. However, this effect stays unclear: the pixel mask for the year 2004 can result 
in negative differences in the columns, whereas the pixel mask for the year 2005 result in 
the much higher positive differences between the retrieved CO columns. Additional test has 
been performed in order to find out any additional pixel dependent variability. For this, test 
retrievals were performed excluding consequently each pixel from the BDPM v0.6. Figure 
6.4 the difference in CO total column global distribution for one day in 2003 with BDPM 
version 0.6 (upper panel) and the same day but retrieved with excluding of one pixel (pixel 
512, which generally good performance) from BDPM version 0.6 (lower panel).  

                                                   
1 http://www.sron.nl/_rienk/updatesronserver/BDPMs/DataBase/SelectedMasks.php 
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Figure 6.4: SCIAMACHY CO total column retrieved with WFM-DOAS version 0.6 for the 
day 20031027 using the top) processor version 0.6 pixel mask , and bottom) the same as at 
the top, but with the pixel 512 being additionally marked as dead. 
 
As can be seen, the difference on both panels on Figure 6.4 is inhomogeneous. Notable are 
the variations over the longitude region of 60 to 120 degree, whereas over the other areas 
the CO total column values seem to have changed only marginally. The dependency on the 
single pixel in the selected BDPM is not exactly clear because no of the known patterns 
could explain the changes over the particular locations, as shown on Figure 6.4. However, 
the inhomogeneous spatial distribution of differences could indicate on some dependency 
on the conditions over the measured scene. This pixel dependency of the global pattern of 
the retrieved CO total column underlines the importance of the comparisons and validation 
of resulting CO data set with independent measurements (chapter 8, 9) and point out the 
significance of the usage of the constant pixel mask for the retrieval. 
Taking into account the disadvantages of usage of dynamic pixel mask, it was decided to 
choose the constant approach as the most appropriate. The optimized three years pixel mask 
was created in the scope of the described corrections. It is the most important improvement 
in the version 0.6 compared to WFM-DOAS version 0.5. However, the approach is not 
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trivial and the selection of constant pixel mask was made in several steps. First, one of the 
available dynamic pixel masks was selected at the end of the year 2005. Then, a series of 
the test retrievals were performed with this pixel mask for different days through the years 
2005, 2004 and 2003. Each fit residual was analysed in details, and all pixels with the 
systematically too high or to low values were additionally marked as bad and finally 
excluded from retrieval. (Overall, a performance of two pixels was found bad and these 
pixels were additionally excluded from the original BDPM). The resulting pixel mask was 
used with the WFM-DOAS version 0.6 retrieval to process several selected days through 
the year 2003, 2004 and 2005. Because no complication were observed over these test runs, 
the resulting pixel mask was fixed and three years of CO data from SCIAMACHY channel 
8 measurements were processed using establish constant pixel mask. 
   
6.4 Optimized spectral fitting window  
 
Selection of the spectral window is critical for the resulting values of total columns. 
Because of several instrument issues in channel 8 of SCIAMACHY, this selection requires 
careful analysis of real data especially for the retrieval of weak absorbers such as CO with 
superimposed much stronger absorption features of methane and water vapour and 
potentially calibration errors on the order of the depth of the absorption lines (1–3%). Tests 
have shown that the change of the spectral window can significantly influence the retrieved 
CO total column. Thus, the change of the spectral window from 2359.0-2370.0 nm for the 
version 0.4 (Buchwitz et al., 2000) to 2324.2-2335.0 nm for the version 0.5 (Buchwitz et 
al., 2006) resulted in the change of the retrieved CO total column by nearly a factor of two 
lower (eliminating the need of using the scaling factor 0.5 used for previous version 0.4).  
For simulated measurements, such a large dependence of the retrieved column on the fitting 
window has not been found. The reasons for this strong dependency could be the stronger 
sensitivity of the spectral features in the end of the channel to the residual calibration error, 
the low signal-to-noise ratio, which is due to the slowly decreasing solar irradiance with 
increasing wavelength and therefore, decrease of the measured intensity. Much stronger 
water absorption lines in the old spectral window also adversely affect the retrieved CO 
total column as water is a highly variable spectrally interfering gas and accurate fitting of 
the much smaller CO lines in presence of strong water vapour absorption lines is more 
difficult. In addition, uncertainties in the water vapour spectroscopic line parameters result 
in less accurate CO columns in case of stronger interfering water lines. Furthermore, the 
sensitivity of the instrument is lower at the end of channel 8 than at the centre because of 
the drop of the detector pixel quantum efficiency at longer wavelength.  
Since the updated version of calibrated SCIAMACHY L1 spectra as well as the updated 
spectroscopic parameters have been used for the improved version 0.6 of the WFM-DOAS 
retrieval algorithm (as will be described in the next section), the effect of changing of the 
spectral window on the retrieved WFM-DOAS version 0.6 CO total column has been 
investigated. As a test criterion, the quality of the CO spectral fits was considered. Results 
of this investigation showed, that the window 2324.2-2335.0 nm, is the best choice as well 
for the new version 0.6 because it results in better fit parameters (e.g., smaller RMS). Thus, 
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only slightly modified version 0.5 spectral window of 2324.4-2335.0 (reduction due to one 
“bad” pixel at the beginning of the window) has been used for the version 0.6 of the WFM -
DOAS retrieval algorithm. 
 

6.5 Updated spectroscopic parameters  
 
The reference spectra, that are fitted by WFM-DOAS retrieval algorithm to the  measured 
spectrally resolved radiances, were calculated prior to the fitting procedure with the help of 
SCIATRAN forward model using HITRAN database of cross-section parameters, measured 
independently (mainly laboratory). The uncertainties in the spectroscopic parameters can 
introduce errors in the retrieved trace gas column. The investigation of accurate absorption 
parameters is an ongoing work and, the updates of the spectroscopic parameters are made 
available at regular intervals.  
The version 0.6 of the WFM-DOAS processor benefits from the usage of the updated 
HITRAN database version 2004 (Rothman et al., 2005). The most important absorbers in 
the selected retrieval spectral window are CH4, H2O (vapour), CO. However, also minor 
absorption feature of OH, O3, N2O, NO, NH3 as well as several halogens, HI, HF. In the 
spectral window selected for FM_DOAS retrieval, several important spectroscopic 
parameters have been changed since the previous version HITRAN 2001. Thus, in the 
considered here near-infrared spectral region, the CO first overtone lines intensities have 
been updated using the measurements of Brault et al., 2003. A complete update for water-
vapour lines position and intensity was made in the range 1.2-20μm (Toth, Coudert et al., 
1999). The updates for CH4 lines however, mostly related to the wavelengths range beyond 
the region considered for the WFM-DOAS retrieval. The usage of HITRAN 2004 updated 
version results in the slight improvement of the quality of the spectral fits of the WFM-
DOAS retrievals comparing to the fit quality obtained using the previous HITRAN version 
2000/2001 (Rothman et al., 2003). The difference is however small and is less than 1%. 
 

 
Figure 6.6: Representation of all significant absorbing gases in the selected spectral 
window as by HITRAN 2004 (IUPAC STP). Compared with the version 2001, the lines of 
H2O and OH have been changed in the updated version HITRAN 2004 (Rothman et al., 
2005), which are however, less significant in the considered spectral region. 
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6.6 Improved calibration 
 
The described here version 0.6 of WFM-DOAS retrieval algorithm benefits from the usage 
of updated calibration. The calibration has been performed by ESA using official ESA 
calibration tools, which include all individual steps needed to convert electronic signal from 
detectors (SCIAMACHY Level0 in Binary Units - BU) into a wavelength-calibrated 
spectrum in physical units of photons/s/cm2/nm/steradian (Lichtenberg et al., 2005). For the 
version 0.6 of WFM-DOAS CO processor, the version 5 (5.01-5.04) of the SCIAMACHY 
calibration is used. Compared to the version 4, used for the previous versions of the WFM-
DOAS algorithm, this version of calibration provides several improvements regarding the 
measurements in channel 8 of SCIAMACHY. These are i) the improved non-linearity 
effect, ii) improved dark signal, and iii) minimised effect of the ice layer (Kleipool, 
2004a,b). Together, these corrections lead to the increase of quality of the WFM-DOAS 
spectral fits. However, due to the large background signal and unforeseen growth of ice 
layer, not all effects on channel 8 could be fully accounted for by calibration procedure. 
Therefore, correction of such effects is performed as a part of the retrieval, as described 
earlier in this chapter. However, some other effects cannot be corrected in general. For 
example, because the true slit function and its variation depend on hardly predictable 
changes of the ice layer (e.g., ice layer location), these parameters cannot be accurately 
known. In addition, the strong thermal background in channel 8 is attenuated by the ice 
layer just like any other signal on the detector, leading to a variation of the dark signal on 
the timescale of a few orbits. Therefore, even the correction which uses a dark current 
measurements as close as possible to the trace gas measurements could still not take all 
variations into account (Gloudemans et al., 2005).  
 

 
6.7 Quality flags 
 
The WFM-DOAS algorithm version 0.6 CO column data product provides a quality flag for 
each measurement that indicates a (potentially) successful measurement. The RMS of the fit 
residual has to be better than 0.02 (0.025 for WFM-DOAS version 0.5). This relatively 
strong RMS criteria results in less scatter of the overall CO data, and been proved to result 
in better comparisons with the independent FTS CO total column measurements (Dils et al., 
2006b) and MOPITT CO measurements (Buchwitz et al., 2007). To analyze the effect of 
these quality criteria on the retrieved CO total column, the time series of CO columns over 
the Sahara located outside major source region with relatively high surface albedo and low 
cloud cover were considered (Figure 6.6). It was found that especially during the last third 
of 2005 the scatter of the RMS of the fit residual increases from a typical range of 0.01–
0.015 to 0.01–0.03. As “quality good” is only assigned to a measurement if the RMS is 
below 0.02, this means that many more measurements are rejected in 2005 compared to 
2003 and 2004.  
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Figure 6.6: SCIAMACHY (in black) columns as measured over the Sahara (800 km radius 
around 25 deg latitude and 10 deg longitude) during 2003–2005 and averaged over 25 days. 
The grey dots are the individual SCIAMACHY measurements. The grey vertical lines show the 
standard deviation of the daily data.  
 
The individual fits at various points in time were analyzed in order to find out if one or 
more individual detector pixels are causing the observed increase of the RMS. No 
significant degradation of any of the individual detector pixels classified as “good” in the 
pixel mask used for WFM-DOAS version 0.6 retrieval has been found. Therefore, it can be 
concluded that the noise level of the entire spectrum increases rather than the noise of a few 
detector pixels. In general, the 2005 is the year with the largest number of bad and dead 
detector pixels. Smaller degradation in the detectors pixel and lower RMS in the year 2004 
may result in 2004 being on average the best of the three years. Additionally, measurements 
to be indicated as “good”, the absolute error of the corrected CO column has to be less than 
1.2×1018 molecules/cm2 and the CO column error has to be less than 100%. The CO 
corrected column has to be positive and less than 1.0×1019 molecules/cm2. The ground pixel 
must be a forward scan pixel. The size of the back scan pixel is different and therefore both 
values cannot be mixed in one retrieval. 
 
 

6.8 Cloud filtering  
 
Prior to the application of the methane correction, the CH4 total columns are analyzed with 
the aim to reject the measurements with CH4 column amount smaller than 70% and higher 
than 130% of the mean CH4 column. This approach uses the fact that in the atmosphere the 
amount of CH4 is less variable than that of CO.  
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Figure 8.20: SCIAMACHY CO column average for the period from May 1, 2004 to April 
30, 2005. Top: all points marked as “good” by WFMD-QUAL, and bottom – the same as 
on the top, but additionally the PMD-CF filter is applied. 
 
Thus, the approach to ignore the measurements with too low methane column is intended to 
remove the cloudy measurements from the CO data products. This cloud filtering procedure 
belongs to the WFM-DOAS v0.6 quality criteria and will be denoted here as WFMD-QUAL 
cloud filtering. The WFMD-QUAL cloud flag does not depend on the cloud mask product 
from SCIAMACHY Polarization Measurements Devices, PMDs1 (i.e., the quality flag is 
independent of the pixel being classified as cloud contaminated or not). In comparison to 
the previous version of WFM-DOAS retrieval, where the cloud filtering was performed 
using the PMDs information, the introduction of this PMD independent cloud filtering in 
the version 0.6 of WFM-DOAS retrieval resulted in  significant increase (about ten times 
larger than for the previous versions) of the number of pixels being classified as useful. 

                                                   
1 The SCIAMACHY Polarization Measurements Devices (PMD) are the additional channels 
with low spectral resolution (about 50nm), but high spatial resolution of 7.5 x 30 km2 

(across and along track respectively). 
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However, the approach based on of SCIAMACHY PMDs could be considered as an 
independent Cloud Filtering (PMD-CF) criterion and could be applied to the version 0.6 
data set additionally.  
As demonstrated on Figure 6.7, the application of the PMD-CF criteria to the CO WFM-
DOAS CO total column products results in reduction of the amount of CO measurements 
qualified as “good”. The difference in the amount of data points before and after the 
application PMD-CF filtering could be explained by the presence of scenes with relatively 
low altitude clouds. Thus, if the cloud located on the lower atmospheric layers,  the amount 
of methane in the measured column over such scenes is still sufficient for the scene to be 
qualified as “good” by the WFMD-QUAL criterion. The PMD information does not 
contain any information on cloud altitude, and it sorts all scenes with cloud fraction up to 
10-20%, independently on clouds altitude and measurements scene location. As can be 
admitted on Figure 6.7, mainly, the sorted by PMD-CF measurements are the 
measurements over water. Over water, the presence of measurements qualified as “good” 
is principally possible due to the existence of clouds (albedo of water in near-infrared 
spectral region does not excide the values of 0.01-0.01). However, because no significant 
sources of CO and CH4 are present over water, the loss of column under the cloud is 
relatively small. Thus, the simulated studies with different vertical profiles show that 
neglecting atmospheric boundary layer without significant sources result in a small error 
not exceeding 10%. Weighting both facts, the influence of low clouds on the measured 
column values and the number of available measurements, it was decided to accept low 
clouds measurements in order to improve the statistics of the available data set.  
 

6.9 Summary of improvements 
 

Table 6.1 represent the summary of the main improvements made in the WFM-DOAS 
retrieval algorithm version 0.6. 

Table 6.1: Summary of main improvements in WFM-DOAS algorithm Version 0.6. 

Parameters Changes relative to the older algorithm versions 
Fitting window Smaller spectral window (2324.2–2335.0 nm) than for 

previous version 0.5 

Pixel Mask (BDPM) Optimized for the time period 2003–2005 

Calibration version of 
Level 1 spectra 

L1 version 5 instead of version 4 

Spectral parameters HITRAN 2004 instead of  HITRAN 2000/2001 

Quality flag The root-mean-square (RMS) of the fit residual has to 
be better than 0.02 for WFM-DOAS version 0.6 
compared to 0.025 for WFM-DOAS version 0.5; 
introduced in v0.6 CH4 filtering criteria. 
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7. Sensitivity and error analysis 
 
A sensitivity analysis of the improved WFM-DOAS version 0.6 algorithm has been 
performed. For this, the simulated SCIAMACHY measurements were used and the same 
scheme as for the previous versions of WFM-DOAS algorithm (Buchwitz, 2000) has been 
applied.  
 

7.1 Averaging Kernels 
 
One of the most important characteristics of the space-based measurement retrieval is its 
vertical sensitivity. Quantitatively, the instrument/retrieval vertical sensitivity can be 
described by the Averaging Kernel (AK) function. The term originates from the inverse 
theory described in Rodgers, (1971) and defines the relation between the retrieved 
quantities and the true atmospheric state. The Averaging Kernel matrix defined as follows:  

r

t

x
AK

x

rrx

xtx
,    (7.1) 

and characterises the sensitivity of the retrieved state xr with respect to the true state xt. The 
original AK formulation requires the vertical information, which is however, not achievable 
for SCIAMACHY channel 8 measurements. Therefore, Buchwitz, (2004), introduced an 
alternative formulation for column retrievals of SCIAMACHY. Using this formulation, AK 
can be calculated as: 

rp rur

t tp tu

V - VdV
AK z = =

dV V - V
    (7.2) 

where t and r denote the true and retrieved vertical columns correspondingly. The indices p 
or u stand for the perturbed and unperturbed columns respectively. The calculation of AK 
accounts for the fact, that the true values are unknown and therefore, the averaging kernel 
has to be computed by applying the WFM-DOAS retrieval method to synthetic radiance 
spectra, for which the a-priori column is known. By changing the a-priori  column by a 
known amount at several heights and then, comparing the true and retrieved perturbed 
columns one can get the information about the differences in the sensitivity to concentration 
change at one particular altitude layer. Making the same calculations for all atmospheric 
layers consequently over the completely atmospheric vertical column the AK characteristic 
curve can be computed. The results of the calculation are shown in Figure 7.1, where each 
plot corresponds to one of four different albedo scenarios and shows the sensitivity function 
for solar zenith angles in the range from 20° to 85°.  
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Figure 7.1: SCIAMACHY WFM-DOAS CO column averaging kernels for different albedos: 
for albedo value 0.01 (top left), 0.03 (top right), 0.1 (bottom left), and 0.3 (bottom right). 
The calculation were made for the spectral window 2324-2335 nm. No significant 
differences expected for the two of different retrievals versions, version 0.5 and version 0.6.  

 
As can be seen, the sensitivity function gives a nearly constant value close to unity in the 
troposphere, for a wide range of solar zenith angles (SZA). The form of the sensitivity 
function assumes almost constant rate of absorption over the altitude in the considered 
spectral interval. In Figure7.1, slight decrease in sensitivity for solar angle larger than 60° 
can be admitted in lower atmospheric layers. There no shortage of molecules, like on the 
upper layers, but due to the intensive scattering and absorption in lower atmospheric layers 
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there is very little radiation left to be measured from space. With increasing albedo this 
sensitivity decrease became insignificant.  
The fact that the values of the sensitivity function for SCIAMACHY CO measurements are 
equal unity means that the reflected and measured at the top of atmosphere light contains 
the nearly uniformly distributed information about all atmospheric layers. Comparing to the 
other space-based techniques, this vertical sensitivity characteristics makes SCIAMACHY 
unique for study of the distribution of local CO sources, mainly located at the ground. In 
contrast, for the most space-based instruments that measure CO in thermal-infrared spectral 
region (e.g., MOPITT, AIRS, IASI, etc.) the vertical sensitivity characteristic differs 
significantly, especially for lower atmospheric layers. For example, the MOPITT instrument 
makes measurements of the emitted radiation at 4.7 μm thermal-infrared spectral region (for 
the current MOPITT operational retrieval only the thermal-infrared band is used). The peak 
of these thermal-infrared weighting function is located at higher altitude and therefore the 
light measured in the thermal-IR spectral region contains only limited information about the 
ground layers. Typical example of Averaging Kernel for MOPITT thermal-infrared 
channels CO retrieval is shown in Figure 7.2.  
 

 
Figure 7.2: Typical Averaging Kernels for MOPITT CO thermal-infrared measurements 
(adapted from Drummond et al., 1989). 
 

7.2 Instrument noise error 
 
The retrieval of trace gas in the near-infrared region of SCIAMACHY channel 8 is 
complicated due to the low atmospheric signal compared to the instrument dark current 
(sum of the detector dark signal and instrument thermal background). In principle, dark 
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current is a reproducible value, which can be subtracted from observed signal to obtain the 
measurements of atmospheric part only. For this, an instrument model is usually developed, 
which is able to simulate all deterministic instrument noise terms, like wavelength dependent 
transmission of the optics, dispersion by the grating, conversion of the wavelength grid to 
detector pixels, detector quantum efficiency, analogue-to-digital conversion, and the thermal 
background and the dark current (Gloudemans et al, 2008).  On the other hand, in order to 
evaluate the influence of the noise on the retrieved total column, the modelled noise value can 
be added to the simulated spectrum (e.g., simulated with SCIATRAN) and the resulting 
simulated measurements then can be retrieved with the help of the retrieval algorithm, e.g., 
WFM-DOAS. Comparison of the retrieved total column with the total column used in the 
forward modelling provides an insight into the retrieval and measurements precision. Such 
studies on the simulated measurements were already performed by Buchwitz, (2000) and 
independently for alternative SCIAMACHY CO retrieval procedure, the Iterative Maximum 
Likelyhood Method IMLM) by Gloudemans et al, (2005). Their results showed that the 
theoretical single measurement precision for SCIAMACHY channel 8 CO is typical in the 
range 2-17% (and 0.5-6% for simultaneously retrieved CH4 total column) for the part of the 
channel (2350-2389 nm) and is even better for the first part of the channel (2324-2335 nm). 
It is in a good agreement with an independent model calculations that show that the precision 
for CO (and CH4) total column measurements of about 10-20% (1-2%) is required in order to 
retrieve a meaningful CO (CH4) column (Gloudemans, et al., 2008 and references therein).  
Unfortunately, the ice layer variation on the SCIAMACHY near-infrared channel 8 detector 
causes an additional and less predictable variation of the dark current. Thus, the thermal 
background contribution changes with the change of the ice layer, which also absorbs 
photons. The scattering of light on the ice layer change the form of spectral lines of gases. 
In addition, the signal varies within an orbit due to the variation of the thermal background 
through the optical bench heating up the detector when the instrument is on the dayside. 
Due to these variations, the dark current cannot be known and therefore, cannot be fully 
excluded by the calibration procedure. Consequently, the ice layer on the detector could 
introduce significant uncertainty for the retrieved CO total columns. Depending on the 
strength of the atmospheric signal and surface albedo, dark signal contribution varies from 
about 45% for the short wavelength part of the channel 8 up to 75% in the long wavelength 
part (Gloudemans et al., 2005). This contribution can be even higher for the scenes with 
lower surface albedo.  
The standard deviation of the SCIAMACHY retrieved CO total column over regions with 
no CO sources can be a good representation of the influence of the rest instrument noise on 
a retrieved CO total column. For example, over Sahara the CO total column standard 
deviation in 2003 and 2004 is about 30%, whereas for the year 2005, it can reach 60%. Over 
the regions with large biomass burning, the deviation is even higher. However, the usage of 
standard deviation as error estimation for CO total column is limited by its natural 
variability. As it was shown in the study of Tangborn et al., (2009), the error calculated 
with the help of the standard deviation for CO total columns is often overestimated. 
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7.3 Sensitivity to atmospheric aerosols 
 
Aerosols affect the retrieved CO total columns by changing the amount of scattering and 
absorption on the pathway of light in the atmosphere, changing the overall intensity and the 
relative depth of the spectral lines. The influence of aerosols is also important because CO 
and aerosol have common sources (fires), and therefore the increase of aerosols 
concentration (as well as the increase of diversity of aerosol particle types) often coincides 
with the increase of CO concentrations. Main properties of aerosols, like a particles 
concentration, size distribution, and chemical composition vary strongly depending on the 
geography and meteorological conditions of the measured scene. For example, number 
densities vary from 10-100 particles/m3 in remote marine locations to up to 105 particles/m3 
for highly polluted areas (Hess et al., 1998). Therefore, several scenarios were tested and 
the error in the retrieved CO vertical column due to aerosol was estimated. For this, the 
WFM-DOAS algorithm was applied to the simulated measurements obtained by 
SCIATRAN calculations under different aerosol conditions. 
The look-up table used in this study has been generated using a single background aerosol 
scenario with the maritime aerosol in the boundary layer (90%), background stratospheric, 
and normal mesospheric aerosols in the boundary layer (10%), with tropospheric visibility 
of 23 km, relative humidity of 80% (Shettle and Fenn, 1979). Besides this default scenario, 
several typical atmospheric aerosol scenarios (Hess et al., 1998) were tested: (i) “OPAC 
background” consist of continental clean aerosol in the boundary layer and free troposphere 
(99.988% water soluble), (ii) “OPAC urban” with continental polluted aerosol in the 
boundary layer (31.399% water soluble and 68.6% soot), and (iii) “OPAC desert” consist of 
desert aerosol (93.19% mineral dust and 6.81% water soluble) in the boundary layer and the 
continental clean aerosol type in the free troposphere. Mie phase function was used instead 
of the default Henyey-Greenstein parameterization. Additionally, several extreme scenarios 
were tested: (i) strongly enhanced aerosols in the boundary layer (“OPAC Urban BL”) with 
tropospheric visibility of about 3 km and relative humidity of 99%, (ii) enhanced in the 
boundary layer “OPAC background BL”, and (iii) enhanced in the free troposphere and 
background layers “OPAC desert BL + FT” scenarios. The values presented in the Table 7.2 
were calculated for albedo value of 0.1. Furthermore, the test with different albedo values 
were performed for the “OPAC background” scenario (for albedo values 0.3 and 0.03), but 
similar results were obtained (not shown in the table). The results of a simulated retrieval 
are shown in the Table 7.1. 
As one can see, for almost all selected aerosol scenarios, including strongly perturbed cases, 
the error in the CO column is less than 1%. Additionally, the error of the corrected CO as 
the ratio of retrieved CO column to the simultaneously retrieved methane column was 
calculated with the help of the following formula:  
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Aerosol scenarios δH2O 
[%] 

δT 
[%] 

δCH4 

[%] 
δCO 
[%] 

ε(CO/CH4) 
[%] 

Avrg. Cont. lowtrn 0.15 -0.01 -0.01 0.03 0.04 
Avrg. Contin. Urban  -0.21 -0.04 -0.39 -0.32 0.07 
Avrg. Contin. Urban BL 0.08 -0.03 -0.26 -0.15 0.11 
Avrg. Contin. Bgnd.  -1.16 -0.05 -0.69 -0.76 -0.07 
Avrg. Contin. Bgnd. BL  -2.03 -0.05 -0.51 -0.85 -0.34 
Avrg. Contin. Bgnd. ALB 0.03 -1.16 -0.05 -0.69 -0.76 -0.07 
Avrg. Contin. Bgnd. ALB 0.3 -0.42 -0.03 -0.32 -0.25 0.07 
Desert  0.01 -0.03 -0.24 -0.15 0.09 
Desert BL + FT -2.83 -0.06 -0.25 -0.75 -0.50 
No Aerosols 0.22 -0.03 -0.30 -0.17 0.13 

Table 7.1: Vertical column retrieval errors resulting from applying WFM-DOAS v0.6 to 
spectra generated using various aerosol scenarios. Scenarios were selected in SCIATRAN 
and correspond the common OPAC classification (Hess et al., 1998; Quinn et al., 1998). 
 
The same as the CO error, this error does not exceed 1% and confirm that even under 
extreme aerosol scenario the error due to aerosols is smaller than the instrument noise in 
channel 8 of SCIAMACHY.  
 
 
7.4 Sensitivity to surface albedo 
 
Surface albedo affects the measured radiation in two different ways. Primary, it regulates 
the overall level of the spectrum changing the general amount of photons reaching the 
detector. Normally, the albedo effect results in an appearance of broadband structures that 
can be taken into account by the polynomial in WFM-DOAS main equation (5.22). 
However, due to the scattering in the atmosphere, albedo could also affect the relative depth 
of the absorption lines. Second effect is much more complex, and can be calculated only 
when the scattering parameters are accurately known.  
In order to investigate how does albedo affect the retrieved CO total column the updated 
version 0.6 of the WFM-DOAS algorithm was applied to the simulated SCIAMACHY 
measurements obtained with the help of the SCIATRAN radiative transfer calculations. The 
error for the retrieved vertical CO column as well as the error for simultaneously retrieved 
parameters were calculated, and presented in the Table 7.2. Because the albedo sensitivity 
in the used for WFM-DOAS version 0.6 retrieval near-infrared spectral region is less 
significant than for example in the visible spectral region, the look-up tables were 
calculated using only one constant Lambertian albedo of 0.1. As one can see from the Table 
7.2, the most important error produced under this assumption is expected for the ground 
scenes with low surface albedo. 
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Albedo δH2O 
[%] 

δT 
[%] 

δCH4 

[%] 
δCO 
[%] 

ε(CO/CH4) 
[%] 

0.3 2.02 0.03 0.66 0.95 0.29 
0.2 1.41 0.02 0.43 0.64 0.21 
0.1 0.15 -0.01 -0.01 0.03 0.04 
0.05 -1.79 -0.05 -0.63 -0.88 -0.25 
0.03 -3.94 -0.10 -1.3 -1.87 -0.58 
0.003 -20.06 -0.44 -6.36 -9.29 -3.13 

Table 7.2: Vertical column retrieval error as a function of surface albedo for simulated 
measurements in the spectral region of 2324.2-2335.0 nm. For an albedo of 0.1 the errors 
are only very small because the reference spectra are calculated for albedo 0.1. 

However, for each type of surface scenes, the albedo error proved to be significantly lower 
than the error caused by the instrument noise. Comparing to the previous version of WFM-
DOAS algorithm, which used the second part of the SCIAMACHY CO window from 
2357.0 to 2370.0, the values of error dependent from the albedo in the new spectral window 
are not identical, however very similar.  

 

7.5 Sensitivity to vertical profiles 
The used look-up tables have been generated assuming US Standard Atmosphere vertical 
profiles of pressure, temperature, and trace gas volume mixing ratios. In order to estimate 
the systematic errors in the vertical column due to the variation of the assumed vertical 
profiles, simulated spectra were generated taking into account several different profiles and 
retrieved with the help of improved version 0.6 of the WFM-DOAS retrieval algorithm.  
The results are shown in Table 7.4. As can be concluded considering the values in this 
table, the retrieval errors mainly reflect the difference in temperature and water vapour 
profiles of the various atmospheres compared to the US Standard (USS) reference 
atmosphere (Temperature at sea level: USS 288.1 K, SAW 257.2 K, TRO 299.7 K; H2O 
columns in g/cm2: USS 1.43, SAS 0.21, TRO 4.18). The systematic biases of the CO total 
column and of the corrected CO total column can be as large as nearly 5%.  
 
 
Atmospheric profile 

δH2O 
[%] 

δT 
[%] 

δCH4 

[%] 
δCO 
[%] 

ε(CO/CH4) 
[%] 

Sub-arctic summer (SAS) -3.54 1.06 -0.14 -1.13 -0.99 
Sub-arctic winter (SAW) 0.89 7.34 0.24 1.24 1.00 
Mid-latitude summer (MLS) 0.55 1.24 0.76 0.72 -0.04 
Mid-latitude winter (MLW) -12.32 3.64 0.03 -0.33 -0.36 
Tropical (TRO) -0.68 1.28 2.13 -3.51 -5.52 
Table 7.4: Vertical column retrieval errors resulting from applying WFM-DOAS to spectra 
generated using various model atmospheres. 
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8. Retrieved carbon monoxide data set 
 
In this chapter, all SCIAMACHY spectra1 for years 2003, 2004 and 2005 have been 
processed using the improved retrieval algorithm WFM-DOAS version 0.6. The inter-
annual and seasonal variability is described for the three years of retrieved CO data set. The 
evaluation of the spatial distribution and regional pattern is presented. The sensitivity 
analysis of SCIAMACHY measurements to the global CO sources is performed over the 
local pollution sources, such as the regions with high population density and single cities. 
To assess the quality of the measured CO total column, comparisons with independent 
measurements of MOPITT instrument on global and local scale are carried out. The results 
described here were published in (Buchwitz, M., Khlystova I., et al., 2007). 
 

8.1 Single pixel CO retrieval  
 
Consider the individual pixel of the SCIAMACHY measurements in channel 8. Figure 8.1 
shows the nearly rectangular block of the single nadir state which corresponds to about one 
minute of measurements. Each (east to west) scan consists of eight ground pixels. Each 
pixel covers an area of about 30 km along track times 120 km across track. Along the 
flight direction of ENVISAT which is from north (-east) to south (-west), the instrument 
makes 12 scans along flight direction. The gaps before (towards top right) and after 
(towards bottom left) are due to the limb observations. The individual SCIAMACHY state 
for CO measurement shown in Figure 8.1 shows the area near Los Angeles and San Diego 
for 26th October 2004. SCIAMACHY CO is plotted on top of a MODIS/Terra reflectivity 
map. Extended smoke plumes originating from fires located near San Diego were observed 
on this day and indicated on Figure 8.1 by the most southward located red square. Only the 
SCIAMACHY ground pixels that were (automatically) classified as “good” by the WFM -
DOAS version 0.6 retrieval algorithm are shown. Due to the low reflectivity of water in the 
near infrared, which results in low signal and low signal-to-noise ratios and therefore in 
worse spectral fits, the fraction of ground pixels over water classified successfully is in 
general significantly lower compared to the fraction of measurements over land. As can be 
seen for this scene where all of the measurements over water were classified “bad” (there 
are also some gaps over land, mostly due to clouds that are identified using the 
simultaneously retrieved methane columns).  

 

                                                   
1 Level 1b version 5 data which was taken from ESA/DLR is converted to level 1C by the ESA 
SciaL1C tool (standard calibration).  
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Figure 8.1: Single overpass CO columns as measured by SCIAMACHY on 26 October, 
2003, over Southern California, USA. The MODIS image has been obtained from 
earthobservatory.nasa.gov. 
 
Figure 8.1 shows only those ground pixels for which the CO measurements have been 
classified as successful by the WFM-DOAS version 0.6 quality flag. As can be seen, the 
highest CO columns are measured near San Diego close to the fires. Despite the large 
footprint size and the imperfect match with the location of the fires, Figure 8.1 shows that 
the elevated CO resulting from the fires can be detected using single overpass data.  
For further analysis of the CO results, all single measurements of SCIAMACHY were 
arranged on the regular grid with resolution of 0.5°x0.5° (the gridding algorithm is 
described in APPENDIX C). The single grid box is not equal to the single SCIAMACHY 
measurements pixel, and the gridding represents the composite average of all coincided 
pixels crossing the grid box. The advantage of gridding is the convenience for comparisons 
with other measurements and model data sets. 
 

8.2 Global CO distribution 
 
Figure 8.2 depicts the averaged SCIAMACHY CO data set retrieved with updated version 
0.6 of the WFM-DOAS algorithm over the years 2003-2005. The inter-hemispheric gradient 
is well recognizable and suggests the presence of more intense sources in the northern 
hemisphere. The well-known biomass burning emission regions in equatorial Africa and 
South America are clearly visible (Figure 8.2) on the composite average for the CO pattern. 
It meets the classification “good” defined in Chapter 6. Emission regions in south and 
Southeast Asia with apparently considerable anthropogenic pollution sources are clearly 
recognizable as well. 
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Figure 8.2: Years 2003-2005 averaged SCIAMACHY CO. 
 
The three-year average in Figure 8.3 shows the globally averaged data set separately for the 
years 2003, 2004 and 2005, from top to bottom. The same as for the three-year average, the 
year-to-year spatial distribution pattern reveal the well-known CO source regions, as well as 
the inter-hemispheric gradient. The spatial distribution of the SCIAMACHY CO year to 
year, exhibits a good spatial correlation (with a correlation coefficient of 0.6-0.8) between 
the years. The equal scale used for all three plots allows the comparison of absolute values. 
Comparably higher values were obtained for the year 2003. However, the difference to the 
other year’s averages vary depending on region and reach up to 30%.  
To find the reason for this difference, detailed comparison with the independent CO data set 
retrieved from the MOPITT thermal-infrared measurements (Deeter et al., 2003, 2004, 
Emmons et al., 2000) has been performed. The MOPITT instrument onboard the Terra 
satellite platform is able to measure atmospheric CO amounts with different sensitivity to 
different atmospheric layers. The principle of the MOPITT measurements and CO retrieval 
were briefly described in chapter 4. For the current comparison, the vertical column product 
obtained by the integration of the vertical profile retrieved from the MOPITT measurements 
(daytime) in the thermal-infrared spectral region was used.  
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Figure 8.3: Year 2003 (top), 2004 (middle), and 2005 (bottom) average for the 
SCIAMACHY WFM-DOAS version 0.6 CO column data products. Data points with quality 
“good” have been averaged. 
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Figure 8.4: The collocated measurements of SCIAMACHY and MOPITT for the years 2003 
(top), 2004 (middle), and 2005 (bottom). 
 
Perfect agreement between both sensors cannot be expected. This is due to different 
overpass times (10:00 and 10:30 for the SCIAMACHY and MOPITT, respectively), 
different footprint sizes (SCIAMACHY pixel size 30x120 km2, MOPITT 22x22 km2), and 
different altitude sensitivities. Especially the different altitude sensitivity does strictly 
speaking not allow a direct comparison, as SCIAMACHY is also sensitive to the boundary 
layer whereas the sensitivity of MOPITT is close to zero in the boundary layer. 
Unfortunately, the SCIAMACHY measurements do not allow to retrieve height resolved 
CO information. Therefore, it is not possible to apply the MOPITT averaging kernels to the 
SCIAMACHY retrievals to consider the different altitude sensitivities of the two sensors.  
A comparison of the collocated measurements (Figure 8.4) shows that despite the 
differences in the vertical sensitivities, good agreement exists between the spatial 
distribution of maximum and minimum CO concentrations of both space-based 
measurements. The correlation coefficient for global collocated measurements can reach 
relatively high values of 0.7 for the years 2004 and 2005; and 0.6 for the year 2003. The 
same colour-scale used for all plots in Figure 8.4 allows the direct comparison of absolute 
values. The difference found for the years 2004 and 2005 is less than 10%, which can be 
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well explained by the differences in the vertical sensitivity of both instruments, and the 
ability of SCIAMACHY to see a complete atmospheric column, including the boundary 
layer, which is often inaccessible for thermal-infrared measurements of MOPITT. However, 
the exceptionally high SCIAMACHY CO total columns in 2003, which can exceed 20% for 
this year, cannot be explained by this sensitivity difference. Higher SCIAMACHY CO 
levels in 2003 were also registered during the comparison of SCIAMACHY CO columns 
with ground based measurements of CO total column (the validation study, described in 
chapter 9). At the same time, a good spatial correlation between the year 2003 
SCIAMACHY CO data set and SCIAMACHY CO measurements for other years as well as 
the MOPITT CO values for all three years suggests that this difference is related to the 
SCIAMACHY instrument issues and is additive in its nature (e.g., shift which is nearly 
similar for all locations). Particularly the regeneration of the pixel through the time could 
also result in global data set shift. Thus, in order to eliminate the pixel dependent effects in 
the retrieved CO column, the pixel mask was selected at the end of 2005 and, after the 
correction described in chapter 6, was used for the retrieval of all three years. However, the 
pixel performance may also regenerate with time. Especially noticeable is the regeneration 
effect of the so called stuck pixel, which regenerates after the multiple heating of the 
detector (this fact is confirmed by laboratory experiments made with similar detector 
materials (Hopkinson, 1997). Due to the frequent decontaminations of SCIAMACHY 
channel 8 in the year 2003, the stuck pixel could regenerate, and instead of ineffective 
stuck-pixel values, provide measurements of good quality for the same pixel. Unfortunately, 
it is not possible to identify stuck pixels with the same method as the “dead” and “bad” 
pixels, because their values are not extremely high or low – they are usually in the range of 
the mean measured values (Edmonds et al, 2001). Therefore, at the wavelength of the stuck 
pixels no significant information will be measured in 2003, but after its regeneration, the 
same pixel could start to measure again, changing the CO total columns.  
Unfortunately, such detector pixel behaviour affects the retrievals CO total column. Under 
these circumstances, the comparison and validation of SCIAAMCHY CO columns with 
other CO measurements are especially important. However, it is difficult to find 
measurements with equivalent parameters. Thus, the MOPITT measurements are less 
sensitive to the sources layers of atmospheric, and ground-based measurements in genera 
are very sparse. Additionally, despite the evident difference in SCIAMACHY global CO 
values in year 2003 from the other years and that measured by MOPITT, it is difficult to 
relate the offset only to the instrument issues in 2003. Simultaneously, evidence exists in 
literature that describes the year 2003 as an extremely hot year (Richter et al., 2004 and the 
references therein), with large and intensive biomass burning admitted over the remote 
areas of Siberia and Alaska (Guerova et al., 2006 and the references therein). In such 
years, the boundary layers CO could be significantly higher and, as MOPITT sensitivity to 
the boundary layer is limited, it may well be possible that SCIAMACHY captured 
intensive sources variability in the boundary layer. 
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8.3 Inter-annual variability 
 
The availability of three years of CO column measurements allows for investigating inter-
annual variability over the years 2003, 2004, and 2005. Figure 8.5 shows the three year’s 
global time-series of the average SCIAMACHY CO product. The daily data was smoothed 
over the period of 25 days. The gridded data product has been used for this time-series 
analysis.  

 
Figure 8.5: Global time-series of averaged three years SCIAMACHY CO total columns. 
 
The CO natural variability strongly depends on the availability of sun light and 
concentration of OH radicals (main CO sink). In winter, less sunlight leads to a lack of OH 
concentration in the northern hemisphere, and to an increase of CO lifetime and 
concentrations. In summer, when the sun is active and enough OH can be produced, the CO 
lifetime is minimal, and consequently the CO concentration decreases. This natural cycle 
behaviour is inverted in the southern hemisphere (and therefore is difficult to see on the 
mixed global time-series plot in Figure 8.5). Additionally, in many regions of the World, 
the strong CO pollution can be observed at the beginning of the agricultural season with 
intensive burning of biomass related to land slash-cultivation practices. These intensive 
sources additionally affect the CO concentration particularly over the northern hemisphere 
enforcing the strong inter-hemispheric gradient. It is expected, that due to the higher 
number of sources and much stronger sources in the northern hemisphere, the northern 
hemispheric seasonal behaviour will dominate in the global seasonal behaviour shown on 
Figure 8.5. 
Figure 8.6, where the time series over both hemispheres were considered separately, shows 
that the maxima of SCIAMACHY CO total columns can be observed in spring and minima 
in autumn for the northern hemisphere for each of the three years with available CO data. 
Similar (anti-correlated due to the hemispheric difference) behaviour in the SCIAMACHY 
CO was observed for the southern hemisphere, where the maxima are expected in autumn 
and minima in spring. 



 
 
III Retrieval Results 87 
 

 

 
Figure 8.6: The resulting tree-year data set for the years 2003-2005 is represented as an 
average total column time series for both hemispheres.  
 
As shown in the upper part of Figure 8.6, the difference between the maxima in the northern 
hemisphere could be about 5-10%. Somewhat larger deviations, of about 10-15%, can be 
admitted for the maximum of 2005 in the southern hemisphere, which, however, may be 
exceptionally strong due to the smaller number of available data points. Best agreement 
between SCIAMACHY and MOPITT CO columns was found for year 2004. It is mostly 
due to the relatively constant slit function behaviour – only one decontamination in July 
2004. A small offset is only present in the beginning of the year, and may well be due to the 
sensitivity differences of MOPITT and SCIAMACHY. The validation studies also indicate 
the smallest difference in 2004. Therefore, the values for 2004 are the best to be directly 
used to quantification applications. In general, excluding the unusually high CO total 
column values at the beginning of 2003 in the northern hemisphere, and at the end of 2005 
in the southern hemisphere, the values measured by SCIAMACHY well correlated with the 
MOPITT CO values and reflect the expected CO seasonal behaviour.  
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8.4 Latitudinal distribution 
 
To investigate the latitudinal distribution of SCIAMACHY CO total columns, the retrieved 
CO product, averaged over 0.5° latitude, has been plotted for each of the three years, as 
shown in Figure 8.8. The latitudinal distribution of variance in the year 2004 corresponds 
closely to the CO variance in years 2003 and 2005, suggesting that the same processes 
determine the latitudinal distribution in each of these years. Maxima in variance are located 
near the equator, where they reproduce the influence of the strongest tropical CO sources, 
like Southern American and African Evergreen forest fires, happening every year at almost 
the same locations. Similar latitudinal behaviour of CO variability was reported in the 
literature (e.g., Khalil and Rasmussen, 1988). However, comparison of the SCIAMACHY 
CO products between the years reveals somewhat different absolute values. Most notable is 
the positive offset in the year 2003. The rather homogeneous distribution of this offset over 
the whole globe shows that the enhanced values in 2003 were observed in both 
hemispheres, most probably independent on position and strength of the sources.  
 

 
Figure 8.8: The latitudinal distribution of CO total columns averages as measured by 
SCIAMACHY and retrieved by WFM-DOAS algorithm version 0.6. 
 
 

8.5 Seasonal variability  
 
The SCIAMACHY CO three-month global averages for the year 2004 in Figure 8.7 
demonstrate the seasonal variability of the CO total columns. Largely, the spatial pattern 
observed with SCIAMACHY is consistent with what is known from previous 
measurements, e.g., from MOPITT (e.g., Bremer et al., 2004).  
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Figure 8.7: Year 2004 seasonal averages of the SCIAMACHY WFM-DOAS version 0.6 CO 
column data product. The seasonal variation of CO in 2004 globally and the corresponding 
distribution of fire events, registered by the AATSR instrument for: DJF – from December 
to February, MAM – from March to May, JJA – from June to August, SON – from 
September to November. 
 
 
Thus, the pattern in Figure 8.7 shows the seasonality of CO originating mainly from 
biomass burning in Africa and South America and reduction of the inter-hemispheric 
gradient towards autumn. Strong sources in Asia also correspond well to the pollution at the 
beginning of the agricultural season, in March-April. Fires are also the reason of increase 
over Southern America at the end of August and the beginning of September, which 
correspond to the start of agricultural season in southern hemisphere. On the background of 
the seasonal sources, also the strong permanent sources can be recognized, like those over 
northern China. 
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8.6 Regional pattern  
 
In addition to these large-scale features, a considerable fine structure can be recognized on 
global SCIAMACHY CO total column retrieval maps. For example, the July/August 
average shows a narrow band of elevated CO extending from Alaska and Canada over the 
Atlantic Ocean to close to Europe. The left plot on Figure 8.8 shows that the high CO is 
due to fires in Alaska and Canada in July 2004, and the two panels on the right show that a 
similar pattern has also been observed with MOPITT. The agreement between the 
SCIAMACHY and the MOPITT CO columns is very good, even over water.  
 

 
Figure 8.8:  The SCIAMACHY CO measurements over North America during the second 
half of July 2004 showing elevated levels of CO originating from fires in Alaska and 
Canada (left). The two panels on the right hand side show the same scene but using only 
the SCIAMACHY measurements where MOPITT data are also available (top) and the 
MOPITT CO columns at locations where SCIAMACHY data are also available (bottom). 
 
A good agreement was found between SCIAMACHY and MOPITT CO measurements also 
over other regions. For the regional comparison with MOPITT, six regions including 
strong source regions such as South America, South Africa, and South East Asia, were 
selected as shown in Figure 8.9, and a regional data selection was made for the years 2003, 
2004, and 2005 (Figure 8.10). The mean difference between the regional daily averages is 
typically less than 10%, the standard deviation of the difference is typically less than 20% 
and the linear correlation coefficient is between 0.52 and 0.66. A similar regional 
comparison for the same six regions has been shown in Buchwitz et al. (2006) for the 
WFM-DOAS version 0.5 CO data set. Figure 8.11 demonstrates the year 2003 comparison 
for both retrieval algorithm versions. As can be seen, in contrast to the previous CO 
product version 0.5 with very high CO columns and with exceptionally large scatter for 
example over Europe in summer 2003, the CO product version 0.6 data set does not show 
this exceptional behaviour. Additionally, as it is shown in (Dils et al., 2006a), the new CO 
product corresponds better to the values observed by the ground based FTIR 
measurements. 
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Figure 8.9: The selected regions. 
 

Figure 8.10: The regional comparisons of SCIAMACHY CO and MOPITT total column 
CO for years 2003, 2004, and 2005. 
 
The increasing number of data points is obvious on each figure for version 0.6 and is due 
to the improvements described in chapter 6. These improvements result in a better quality 
of the overall data set and increase the number of measurements qualified as “good” by the 
algorithm’s quality criteria. Consequently, more orbits have been processed by WFM-
DOAS version 0.6, essentially increasing the data availability. The difference in the 
amount of comparable data points in the comparison plots can be also explained by the 
additional number of collocated measurements available for the comparison with MOPITT. 
However, for 2003 and 2005, the agreement is not that good with SCIAMACHY CO being 
typically somewhat higher compared to MOPITT. One probable reason for this difference 
could be the strong anthropogenic pollution sources at the ground. Due to the different 
altitude sensitivities of SCIAMACHY, which is sensitive to the boundary layer, and 
MOPITT, which has low boundary layer sensitivity, one would expect that especially over 
CO source regions the SCIAMACHY columns are higher. To investigate whether the local 
anthropogenic sources cause the difference between SCIAMACHY CO columns and 
MOPITT CO total columns, the spatial maps of highly populated regions was considered, 
as shown on Figure 8.12.  
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Figure 8.11: The comparison between the versions 0.6 (left) and version 0.5 (right) 
regional SCIAMACHY CO time-series for the year 2003. 
 
For the Middle East, SCIAMACHY measures higher CO over Beirut and Haifa and over 
other regions, which are, however, not confined to well defined source areas. For China 
and India SCIAMACHY measures higher CO in the region south of Beijing and along the 
Ganges (however more northward compared to the maxima of the population density map). 
Similar results are shown in Buchwitz et al. (2006) for WFM-DOAS CO version 0.5 year 
2003. For India, the most localized enhanced values measured by SCIAMACHY compared 
to MOPITT were observed over Pune. For Europe, however, the picture is not very clear 
except for the Po valley, where the SCIAMACHY CO values are higher.  
Notable is that fact that the difference between the SCIAMACHY and MOPITT CO 
columns are occasionally smaller than the expected difference if the lower layers CO were 
completely lost by the MOPITT measurements. Over regions with no significant sources, 
the difference between SCIAMACHY and MOPITT CO total columns is expected to be 
small. This is also confirmed by Figure 8.13, which shows the CO columns as measured by 
both sensors over a relatively clean region far from local sources (Sahara). For such a 
relatively clear and spatially homogeneous region, a good agreement between both sensors 
can be expected as differences due to different overpass times, different spatial resolution 
and different altitude sensitivity only play a minor role under these circumstances. The CO 
columns as measured by both sensors agree very well with one exception: at the beginning 
of 2003, where the SCIAMACHY CO is systematically higher by about 20%.  
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Figure 8.12: Regional results obtained from averaging three years of data. Elevated CO 
over highly populated areas is visible for a number of regions and cities, e.g., along the 
Mediterranean Sea (such as Izmir, Iskenderun, Beirut, Haifa), the region between Baghdad 
and Basra, as well as the populated areas of India and China (see the population density 
maps added on the left hand side of Figure).  
 
Over the source regions, somewhat smaller difference between SCIAMACHY and 
MOPITT CO total columns could be partially explained by atmospheric vertical transport, 
which is especially strong under particular meteorological conditions or over the regions 
with inverse tropospheric temperature conditions. An example was shown by Pfeister et 
al., (2004) during the summer of 2003 when the boundary layer was exceptionally hot, the 
wind was weak, and therefore, the MOPITT thermal-infrared measurements were able to 
capture the high CO concentration near the ground.  
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Figure 8.13: Comparison of SCIAMACHY and MOPITT CO columns as measured over the 
Sahara (800 km radius around 25 degrees latitude and 10 degrees longitude) during 2003–
2005. The grey diamonds are the individual SCIAMACHY measurements. The gridded CO 
data product has been used to produce this comparison plot. The thick black line has been 
obtained from the daily data by averaging using a 25 days running mean. The green 
diamonds correspond to the daily mean MOPITT CO columns. The thick green line 
corresponds to their average (25 days running mean). 
 

8.7 Simultaneously retrieved CH4 and H2O 
 
In addition to CO, the spectral window used for the CO retrieval by the WFM-DOAS 
algorithm version 0.6 of SCIAMACHY measurements contains the absorption lines of 
methane and water vapour. As the spectral features of all three gases (CO, CH4, and H2O) 
overlap, the weights of their parameters have to be fitted simultaneously. However, if the 
absorption features of gases overlap with some systematic and instrument noise structures 
or if some unknown wavelength-dependent components are present in the selected spectral 
window, the fit residual will contain a systematic bias. The overall fit error, which is 
defined with the help of the covariance matrix of the retrieved parameters (Press et al., 
1992), will be systematically higher. To analyse the importance of all parameters in 
channel 8, Buchwitz (2000) has performed a significance analysis for all parameters that 
may be relevant in the considered spectral window and concluded that the systematic 
effects in channel 8 could be minimized by only including water vapour, methane and 
temperature parameters into the WFM-DOAS retrievals state vector. However, the cited 
study was performed on simulated measurements, and therefore provides no information 
about real measurements potentially containing significant noise components. Normally, 
the noise on the near-infrared detector is mainly characterized by the deterministic terms 
(Hoogeveen et al., 2001). However, due to several issues in channel 8, the real instrument 
parameters like the slit function or the real pixel performance are unknown and the 
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therefore, the instrument issues, like that of SCIAMACHY channel 8, could significantly 
influence the uncertainty of trace gas retrievals. In this case, the simulated measurement 
analysis cannot provide sufficient information of the instrument effect on the retrieved 
quantities and the analysis of the real measurements needs to be performed. 
The retrieval fit residual may be useful for the identification of the possible instrument 
related effects. As an example, the WFM-DOAS fit residual for four pixels (each related to 
different measurements conditions) over the orbit 08663 is presented in Figure 8.14 
(wavelength dependent root mean square). This figure shows that over a cloud-free water 
scene (i.g., ground pixel number 1142), the intensity of measured radiance is lower and, as 
expected, the noise is higher and the residual amplitude increases. The increase in the 
residual variability can be observed for measurement pixels with high solar zenith angles 
(e.g., n. 186). The minimum of the fit residual variability was found over a cloudy land 
pixel (n. 1069), which corresponds to the case of high levels of the measured signal and 
low noise (10-20 pixel were analysed for each of the mentioned conditions, showing 
similar residual occurrence). It is noticeable that for all four cases the fit residual as a 
function of wavelength demonstrates rather systematic behaviour. Thus, the maxima and 
minima of the residual can be found at nearly the same wavelength, independent of the 
property of considered scene (cloud/no clouds/water etc.). Moreover, it was found for 
many similar cases that, the fit residual function demonstrates considerable cross-
correlation with other WFM-DOAS fit parameters, suggesting that the used model (which 
does not include the real instruments noise terms) does not capture all variations from the 
real measurements. Of cause, considering only the fit residual, it is impossible to find a 
reason for the presented variability. However, it can be clearly seen that this variability has 
systematic structure. Taking the average of the residuals for many different conditions, one 
may obtain a correction function, which can be subtracted from the initial spectra prior to 
the retrieval procedure - such technique is known from the literature. Nevertheless, in the 
case of the CO retrieval from SCIAMACHY in channel 8, this method will not bring any 
sufficient improvement because found systematic features in the residual partially overlap 
with the spectral features of the considered absorbers and because the strength of 
systematic variations may differ significantly even for the scenes with similar conditions. 
In addition to the fit residual, the spatial variability of the retrieval parameters may help to 
understand the influence of instrument issues on the retrieved values of total columns. In 
particular, the spatial distribution of the simultaneously retrieved gases could indicate the 
location in which the gas concentration strongly deviates from the expected and thus 
possibly provide an explanation for the deviations.  
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Figure 8.14: The fit residual for four selected pixels along orbit 08663 (October 27, 2003). 
Four pixels are presented. From top to bottom: cloud-free pixel over land (769), cloud-
covered pixel over land (1069), cloud-free pixel over water (1042), and cloud-free pixel 
over high latitude location (186). 
 
Figure 8.15 (top) demonstrates the simultaneously retrieved water vapour averaged over 
year 2004. Only the measurements with the quality “good” were used for the plot. For 
comparison, the independent water vapour product retrieved with the help of Air Mass 
Corrected Differential Optical Absorption Spectroscopy (AMC-DOAS) from 
SCIAMACHY measurements in the visible spectral region around 700nm is represented in 
the middle panel of Figure 8.15. The AMC-DOAS algorithm uses the O2 simultaneous 
retrieval to compensate for cloudiness to some degree (Noel et al., 2004). The official H2O 
data set was validated with the assimilated global water vapour provided by the European 
Centre for Medium-Range Weather Forecast (ECMWF) and good agreement was found 
(Noel et al., 2004). Due to the fact that the water vapour concentration in the atmosphere is 
very variable, being controlled by the cycle of evaporation and precipitation, the precision 
of SCIAMACHY H2O measurements in channel 8 could be sufficient to capture its 
variability. Good agreement was found in the spatial distribution patterns of the official 
SCIAMACHY water vapour product and water vapour retrieved from channel 8, both 
averaged over year 2004, as Figure 8.15 may contend. The correlation for collocated data 
points reaches values of up to 80% (R = 0.83). The deviation from the mean for channel 8 
H2O 2004 average is 27%, and of the official water product it is 19.5%.  
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Figure 8.15: SCIAMACHY channel 8 simultaneously retrieved water vapour columns 
averaged over year 2004 (top) and the water vapour product retrieved by AMC-DOAS in 
channel 4 of SCIAMACHY (middle). Additionally, the averaged retrieval error (bottom) for 
the CO measurements qualified as “good”.  
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However, the difference was found in the absolute values of official water vapour product 
and water vapour simultaneously retrieved in CO fit window. Thus, the channel 8 H2O 
total columns are in average nearly two times lower than the columnar values of the 
official SCIAMACHY H2O product. However, one can notice that the spatial variation of 
CO vertical column error does not correlate with the variability of CO overall error 
variability shown in Figure 8.15 in the bottom panel. The latter fact suggests that the main 
retrieval error is not directly related to the errors of the simultaneously retrieved water 
vapour column. Furthermore, the error analysis performed by Buchwitz (2000) has shown 
that even if in look-up tables the assumed water vapour column differs from the real 
column by about 50%, the consequential error in the CO vertical column will be less than 
3%, which is much less than the overall CO retrieval error, as shown in Figure 8.15 
(bottom). 
The vertical column of the simultaneously WFM-DOAS v0.6 retrieved methane is used for 
normalization of the CO total column  
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which is important in order to compensate for the instrument effects as described in 
chapter 6. However, if the natural methane variability dominates in the spatial pattern of 
the simultaneously retrieved methane, the correction (8.1) will lead to the systematic 
underestimation of the CO total column over strong methane sources. Therefore, the global 
pattern of simultaneously retrieved CH4 total column needs to be considered in more detail 
to analyze the effects that can be cancelled by taking the ratio (8.1). Figure 8.16 shows the 
spatial distribution of the simultaneously retrieved methane total column (top), uncorrected 
CO total column (middle), and corrected CO total column (bottom), each averaged over the 
year 2004 with the same quality criteria applied. As one can see, the distribution of the 
enhanced levels of the channel 8 methane reflects the topography pattern and probably 
indicates the known aerosol problem in the methane column retrievals over the Sahara, 
similar to that found for the official SCIAMACHY methane product (Schneising et al., 
2008).  
Moreover, this distribution does not correspond to the spatial distribution of known 
methane sources and sinks (top on the Figure 8.17). For example, high methane levels are 
present over the coastal areas west of California, the west coasts of the Sahara, of Australia 
and of Northern Africa, as well as over the Arabic Peninsula and the west coast of Mexico 
where no methane sources are expected. To determine the origin of these effects, the 
simultaneously retrieved methane maps were compared to the spatial distribution of the 
number of measurements qualified as “good” and averaged over the same period of time. 
Many similarities were found between both quantities (Figure 8.16). This reveals the fact 
that the spatial features might be caused by an effect changing both quantities over the 
same locations.  
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Figure 8.16: The SCIAMACHY channel 8 simultaneously retrieved methane column (top), 
the uncorrected CO column (middle) and the corrected SCIAMACHY WFM-DOAS v0.6 CO 
product (bottom). 
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Figure 8.17: The methane mixing ratio product retrieved from channel 6 of SCIAMACHY 
(top) and the methane total column retrieved from SCIAMACHY channel 8 (bottom). 
 
As the data count pattern mostly reflects the variation of albedo of the surface (the logic 
behind latter agreement seems to be clear - the higher the albedo, the more measurements 
can be qualified as “good” due to better signal-to-noise ratio), a comparison with 
Terra/MODIS-derived Land Surface albedo product for measurements in the 2130 nm 
near-infrared wavelength region has been carried out to verify the observed relationship 
(Figure 8.18). As expected, the data count pattern corresponds well with the albedo 
variability. The MODIS data does not provide albedo values over water. However, the 
good agreement between the data counts map over land and the MODIS albedo also 
suggests the correlation between the patterns to be as over land as over water.  
Taking the ratio of both the uncorrected CO and the simultaneously retrieved CH4 in 
channel 8, it shows that the corrected CO product does not contain an albedo related 
pattern anymore. This fact indicates that the uncertainties in both total column products 
due to the albedo could be minimized by taking the ratio of both gases total columns.  
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Figure 8.18: The number of measurements plot shows the average amount of pixels for the 
year 2004 (top) and an example of surface reflection in the near-infrared spectral region. 
The data was taken from MODIS instrument channel 2130 nm for September 2001 
(bottom). 
 
However, also notable is the difference between the values over both hemispheres. In the 
southern hemisphere, the features of uncorrected CO show weaker correlation with the 
number of measurements (which are even recognizable on the same scale on CO 
uncorrected map in the middle of Figure 8.16) than in the northern hemisphere. Such inter -
hemispheric differences can be explained by the difference in the distribution of the 
amounts of both gases: weaker sources of CO in the southern hemisphere, and therefore 
weaker spectral variability with the change of albedo. Additionally, the presence of dense 
clouds could play an important role, increasing the light paths and the role of multiple 
scattering. Thus, under cloudy conditions, the methane or water spectral absorptions lines 
could more rapidly saturate with increasing cloud albedo. Under a further increasing light 
path, the CO concentration will seem to grow, whereas CH4 will stay the same, and thus, the 
methane normalization will lead to an overestimation of the CO total column. Therefore, in 
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the WFM-DOAS retrieval, the cloud-contaminated measurements are excluded first with 
the help of methane cloud filtering (as described in the chapter 6), and then, the 
normalization for corrected CO total column is applied. 
The new cloud-filtering criterion was introduced into the WFM-DOAS retrieval algorithms 
version 0.6, which is based on the simultaneously measured methane total column (WFMD-
QUAL cloud fitter), as described in the section 6.6. However, as shown in Figure 8.17, the 
SCIAMACHY channel 8 retrieved methane could be significantly affected by instrument 
issues. Therefore, the question arises how the variability of the methane retrieved in channel 
8 may be related to the global cloudiness. To answer this question, direct comparison 
between the daily spatial distribution of SCIAMACHY channel 8 CH4 retrievals and cloud 
parameters obtained with the help of FRESCO+ algorithm (Koelemeijer et al., 2001, Wang 
et al., 2008) were performed.  
Figure 8.19 shows the methane total column retrieved from channel 8 measurements (top), 
as well as FRESCO+ SCv5 cloud top-height (middle), and cloud pressure (bottom) 
(Koelemeijer et al., 2001, Wang et al., 2008) for January 15, 2004. The methane map in 
Figure 8.19 only contains measurements qualified as “good” by the WFM-DOAS version 
0.6 algorithms quality criteria. Comparing the methane map, with the FRESCO+ cloud 
fraction product (on the middle panel of Figure 8.19), it was found that if neighbouring 
scenes with available CH4 measurements are differently covered by clouds, the distinct 
gradient of the methane levels is often found at their border (e.g., orbit 2 over Australia, 
orbit 6 over the Arabic Peninsula and part of Eurasia, orbit 10 over South America). By this 
means, lower methane levels can be found over the cloud and higher ones over cloud-free 
scenes. This behaviour is similar to the shielding effect observed for O2 columns (Wagner et 
al, 2008). 
Additionally, as can be seen on the lower panel of Figure 8.19, the relatively low altitude of 
clouds can often explain the presence of “good” measurements over scenes  identified as 
cloudy on the middle plot of the Figure 8.19. The amount of methane there is still sufficient 
for the measurements to be qualified as “good”. In fact, the cloud top pressure map on the 
bottom of Figure 8.19 confirms that the “good” measurements over clouds mainly 
correspond to high FRESCO+ cloud top pressure values, which denote low clouds. 
Particularly in the southern hemisphere, the amount of low dense clouds seems to be much 
higher than in the northern hemisphere for January 15, 2004. The presence of large amount 
of dense clouds with top pressure values not lower than 800hPa (FRESCO+ cloud top 
pressure) well explains the higher amount of available “good” measurements in the southern 
hemisphere.  
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Figure 8.19: SCIAMACHY channel 8 simultaneously retrieved methane (top), and 
FRECSO+SCv5 cloud coverage (middle) and cloud top pressure (bottom) for January 15, 
2004. 
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8.8 Summary and conclusions 
 
The three-year data set (2003–2005) of global CO columns retrieved from the spectral 
near-infrared nadir observations of SCIAMACHY has been presented. It was shown that 
despite a number of instrument related issues reasonable to good CO columns can be 
retrieved. It was also shown that elevated levels of CO correlate with population density 
and can even indicate the location of individual cities. Comprehensive comparison with the 
CO column data product from the MOPITT instrument has shown a good agreement, 
typically within 20%, with the best agreement found for the year 2004. The instrument 
issues can explain the enhanced CO levels in 2003. However, as the correlation with other 
years is high, this data may be still useful for different applications, as shown in the 
section “Case Studies” of this work. Additionally, the regional comparison shows a higher 
correlation between SCIAMACHY and MOPITT CO total columns for the version 0.6 
WFM-DOAS algorithm than for the older version 0.5. Comparison of global inter-annual 
time series of both instruments also shows that a reasonable agreement can be found. Both 
measurements were able to capture the natural seasonal variability of CO concentrations. 
However, despite a high correlation, higher maxima of the inter-hemispheric behaviour 
were found for the SCIAMACHY CO product. The higher maxima are especially 
noticeable in the southern hemisphere. This difference could be due to the difference in the 
vertical sensitivity of both sensors, which was not investigated here due to absence of 
altitudinal information for the SCIAMACHY CO total column. Dependent changes of the 
SCIAMACHY instrument could also be the reason for this difference. To analyse it in 
more details, the detailed comparison with other reference data such as local ground based 
FTIR measurements was performed (Chapter 9). To determine the influence of the partially 
unknown instrument characteristics on the retrieved quantities, the simultaneously 
retrieved parameters were analysed. In particular, the spatial variability of simultaneously 
retrieved methane and water vapour were considered. A good agreement in spatial 
variability was found between the simultaneously retrieved water vapour in channel 8 and 
the official SCIAMACHY water vapour product. It was also found that the uncertainty in 
the simultaneously retrieved water vapour parameters does not strongly affect the CO total 
column error. The spatial map of one year averaged methane total columns was proven to 
contain the effect of albedo and aerosols features, which are minimized by the developed 
methane correction. In order to determine the usability of the WFM-DOAS v0.6 embedded 
methane cloud filtering procedure, daily data of retrieved methane were compared to the 
FRESCO+ cloud fraction and the FRESCO+ cloud top pressure products. The results have 
shown that data over low clouds mainly resides over water scenes and has an acceptable 
quality for any statistical application.  
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9. Validation 
 
In order to determine the quality of the new SCIAMACHY WFM-DOAS version 0.6 CO 
total column data set comparisons with independent ground-based measurements are 
needed. The term validation, as used in this thesis, refers to comparisons with independent 
measurements of the same quantity as the ones retrieved from the satellite spectral data, i.e., 
CO total columns. The ground-based measurements from the up-looking Fourier-Transform 
InfraRed (FTIR) stations, which are part of the Network for the Detection of Atmospheric 
Composition Change (NDACC), provide a unique opportunity to compare the 
SCIAMACHY retrieved CO data set with the correlative (close in space and time, 
independent) values of total columns measured from the ground. Dils et al., (2006b) have 
collected and compared these ground-based CO total column data with the SCIAMACHY 
satellite retrievals. Their validation exercise was based on seven European FTIR stations, 
covering the years 2003 and 2004. To quantitatively verify the extent of improvement of the 
CO v0.6 product compared to the older version 0.5, the validation procedure has been 
applied to the version 0.6 of the SCIAMACHY CO product, and to the oldest version 0.5 
(Dils et al., 2006a, Dils et al, 2006b). In the following, the validation method is described 
and the validation results are discussed as presented in Dils et al., 2006b. 
 

9.1 Validation criteria and methodology 
 
The CO total column amount retrieved from SCIAMACHY nadir observations in its near-
infrared channel 8 has been compared to the correlative data from European FTIR 
spectrometers. These are operated at various stations of the NDACC (formerly called 
Network for the Detection of Stratospheric Change, NDSC). A uniform data set was 
obtained based on a common retrieval strategy developed during the UFTIR project 
(http://www.nilu.no/uftir) for all collaborating stations of the network. The comparable 
values in both cases are the total columns, which are measured from the top of the 
atmosphere (by SCIAMACHY) and from the ground (FTIR). 
The FTIR spectrometers provide the daytime solar absorption total column measurements of 
CO for clear sky conditions. The comparisons were based on cloud free data, with a solar-
zenith angle (SZA) less than 85°, and a fitting error less than 60%. Prior to the comparison, 
the FTIR measurements were converted to daily averages. Therefore, locations with strong 
daily variability may exhibit differences/ biases between SCIAMACHY and FTIR if the 
time of a significant number of FTIR measurements differs a lot from the SCIAMACHY 
overpass time at about 10:00.  
Due to the inherently different properties of SCIAMACHY and FTIR measurements, the 
comparison is not trivial and several assumptions were made about the difference in time 
and space of measurements, altitude of the station, the difference in the measured air mass 
and the difference in the retrieval parameters and vertical sensitivity.  
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Figure 9.1: The distribution of ground-based stations of the quasi-global network of 
Fourier-transform infrared (FTIR) spectrometers. Black dots: all stations of the NDACC 
network where the CO columns are measured and which were used for the validation of 
version 0.5 of SCIAMACHY CO. The altitude (in meters) of each particular station is given 
in the round brackets. 
 
As the amount of FTIR measurements is limited to the measurements during clear -sky 
conditions, the comparison has been made with a fitted third-order polynomial interpolated 
through the FTIR data points rather than with the FTIR data themselves. It has been shown 
that for CO the overall deviations of the single ground-based values from the 3rd order 
polynomial vary from 7% to 9.5%. Because the station’s area is much smaller than the 
SCIAMACHY ground pixel size, the mean altitude over the whole SCIAMACHY ground 
pixel may deviate, resulting in significant deviation of satellite CO columns from FTIR 
polynomial. To reduce this difference, the satellite total columns have been normalized 
using operational ECMWF pressure data set to the mean volume mixing ratio values. For 
the conversion, it was assumed that the resulting mixing ratio profile is constant. The CO 
total column was normalized as follows 
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where F is equal to 2.12118x1011, which converts pressure into total column values 
(molecules/cm2), P is the ECMWF pressure in Pa. The profile correction factor F was 
derived from the ratio of the calculated TM4 modelled. However, as CO has a relatively 
variable profile, this assumption is coarse and the error of such an approximation may well 
be around 20%. To compensate for this error, the profile correction factor was applied to 
each SCIAMACHY derived CO Volume Mixing Ratio (COVMR), obtained with (9.1) by 
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where the normalization is the ratio of the CO mixing ratios above the station altitude 
related to the CO mixing ratios at the ground. 
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The calculated factor F, however, appeared to have a seasonality and therefore it was 
calculated for each day with available SCIAMACHY measurements. In the studies of Dils 
et al., (2006a, 2006b) it has also been shown that there are significant differences in the 
correction factor from station to station. This variation of the normalization factor is below 
1% for stations near the ground, but for stations at relatively high altitude, the factor can be 
high. Thus, the values for Jungfraujoch, Zugspitze, and Izana respectively are 0.79, 0.85, 
and 0.91 (see Figure 9.1 for station location and altitude). In addition, such normalization 
does not account for the differences in altitude inside of each considered SCIAMACHY 
ground pixel, and, the profile correction, made with the help of the TM4 model with a 
spatial resolution of 2°x3° (which is even larger than the SCIAMACHY ground pixel) was 
found to be relatively crude. Furthermore, as the large SCIAMACHY pixel samples not 
only the location over the station but also the valleys around the station, it often has 
significantly higher concentrations of pollutants for low altitude pixels compared to the one 
at the mountain site. The latter may result in an apparent bias between the FTIR and 
SCIAMACHY measurements. For the current comparison the spatial area of 2.5°x10° 
(large grid) and 2.5°x5° (small grid) were sampled around the station latitude and 
longitude.  
The vertical sensitivity of both measurements is very similar and the FTIR measurements 
show an almost uniform sensitivity close to unity from the ground to the stratosphere. As 
the associated smoothing errors for both data sets are negligible compared to the observed 
differences between them, the data set can be compared without the application of their 
averaging kernel functions. 
 

9.2 Validation results 
 
The validation is performed in two steps. Historically, version 0.5 was the first one that was 
compared to the FTIR measurements (Dils et al., 2006a), followed by version 0.6 (Dils et 
al, 2006b). To show the progress in the WFM-DOAS retrieval from version 0.5 to 0.6, it is 
reasonable to compare the results of the validation for both versions of the WFM-DOAS 
algorithm. However, several important differences between the validation procedures of the 
0.5 and 0.6 versions must be kept in mind. The validation of version 0.5 is available over 
the 11 stations for year 2003, whereas the validation of version 0.6 was made over seven 
stations for the years 2003 and 2004. The number of considered stations affects the overall 
conclusions made on the validation results.  However, regional results are comparable since 
the general validation procedure stays the same. 
The comparison of the FTIR CO values with the SCIAMACHY version 0.5 CO products 
showed that the seasonal amplitude of CO varies strongly, with the maximum variation of 
amplitude at about 50% at the end of the local spring. Obvious differences between the 
Southern and Northern hemisphere’s data were identified for version 0.5.  
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Figure 9.2: Weighted monthly mean vmrs for CO at 6 stations as a function of time for the 
year 2003, for the WFM-DOAS v0.5 (red square symbols) and v0.6 (black circles) 
algorithms together with the daily averaged FTIR measurements and corresponding 3rd 
order polynomial fit (blue). The large grid was chosen for the spatial collocation criterion. 
 

 
Figure 9.3: As Figure 9.2 but for the year 2004 (only version 0.6).  
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Figure 9.4: As Figure 9.2 and 9.3 but for Izana. Left: 2003, right: 2004. 
 
In the southern hemisphere, the variability is much stronger than in the northern hemisphere 
while the number of data points is smaller. The overall scatter  of SCIAMACHY CO around 
the bias-shifted FTIR polynomial is 22.4 %, for total columns averaged over the large grid 
(longitude ±2.5° latitude ± 10°), and is 27% for the small grid (longitude ± 2.5°, latitude 
±5°) (Dils et al., 2006a). This difference is due to the number of averaged measurements, 
which is higher for the larger grid, providing better statistics. The scatter found for the new 
version 0.6 has decreased to 20.5%, and the overall correlation coefficient increased from 
0.52 to 0.86. The number of measurements with strongly biased CO values from the 
satellite retrieval was reduced. Overall comparisons show that the SCIAMACHY CO 
version 0.6 data has definitely improved. Figure 9.2 shows CO total column comparison at 
six selected stations (Dils et al., 2006b). 
In addition to the analysis of the version 0.6, the study of Dils et al., (2006b), provides the 
re-analysis of the year 2003 for the version 0.5 (but only for the limited number of stations), 
which allows a direct comparison of the versions 0.5 and 0.6 results. The noticeable aspect 
of the improved SCIAMACHY CO version 0.6 data is that the inconsistently large summer 
CO values seen previously in WFM-DOAS v0.5 over Europe (over three stations: 
Zugspitze, Jungfraujoch, Kiruna) have been reduced. Additionally, the apparently consistent 
underestimation of early year 2003 data was almost vanished, with some deviations still 
being observed over the Izana station (which is the most southern station in the latter 
comparison). Here CO v0.6 data appears too high at the beginning of the year 2003 and in 
the period from September to October 2003. The situation improved for the year 2004 at 
Izana, but even then, the same period of September-October comparison shows higher 
SCIAMACHY CO values (Figure 9.4).  
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CO (LG) bias σ (%) R N 

v0.5 2003 -2.42 ± 0.85 22.3 0.52 19293 

v0.6 2003 9.17 ± 0.58 20.5 0.86 29553 

v0.6 2004 0.49 ± 0.67 21.0 0.83 20132 

CO (SG)     

v0.5 2003 -2.72 ± 1.27 27.9 0.43 9166 

v0.6 2003 7.94 ±0.88 22.9 0.83 13639 

v0.6 2004 0.24 ± 1.01 23.5 0.76 9141 
 
Table 9.1: The result of the comparison of SCIAMACHY CO and FTIR station CO data. The 
large grid (LG) and small grid (SG) CO averages are represented. Bias is the calculated 
weighted bias (in %), σ is the weighted standard error of ensemble of the individual 
weighted biases, R is the overall correlation coefficient, and N is the number of 
measurements. 
 
The results of the validation for the version 0.6 SCIAMACHY CO are summarized in Table 
9.1. One can see that the scatter and the correlation coefficient for the whole year 2004 are 
almost identical with the ones from year 2003, whereas the overall bias is different. All 
individual stations, except NyAlesund, also show higher SCIAMACHY CO values for 
2003. The reason for this difference in unclear, but it is most likely due to the ice layer 
problems of SCIAMACHY channel 8, which were much more severe in 2003 compared to 
2004. However, because no of the considered stations is located in the regions with 
strongest CO sources, it cannot be excluded that this difference has partially a natural 
origin.  
 

9.3 Summary and conclusions 
 
The retrieved SCIAMACHY CO data set has been validated by comparison with a network 
of ground-based Fourier transform InfraRed (FTIR)  measurements from the European 
Fourier-transform infrared Network for the Detection of Atmospheric Composition Change 
harmonized (NDACC) stations. The results of the validation are described in detail in Dils 
et al., 2006b, and show that the SCIAMACHY WFM-DOAS version 0.6 CO total column 
data product has significantly been improved compared to the earlier version 0.5 (Dils et al., 
2006a). Large systematic differences between the satellite and the FTIR data, which have 
been observed for version 0.5 (e.g., a significant low bias at the beginning of 2003 and a  
high positive bias during mid 2003 at several stations), have not been observed anymore 
due to the implemented retrieval algorithm improvements. The correlation with the FTIR 
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data has been improved from about R=0.5 (for version 0.5) to better than R=0.8 (for version 
0.6). The validation covers the years 2003 and 2004 and was based on seven European 
FTIR stations. As shown in Dils et al., 2006b, the WFM-DOAS version 0.6 CO satellite 
data captures the seasonal cycle of CO and the station-to-station average differences are in 
good to reasonable agreement with the FTIR observations. The best agreement has been 
found for 2004, where the average difference is close to zero. For 2003, a positive bias of 
about 10% has been found, indicating a possible systematic overestimation of the satellite 
CO data set. This is most likely due to the ice layer problems of SCIAMACHY channel 8, 
which were much more severe in 2003 than in 2004, where the ice layer was relatively 
stable. For both years, a scatter of 20% relative to the FTIR data has been found. This is 
close to the expected random error of the SCIAMACHY WFM-DOAS version 0.6 CO 
retrievals. 
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10. SCIAMACHY CO above cities  
 
The case studies presented in the next three chapters were designed specially to 
demonstrate the modification with the version 0.6 SCIAMACHY CO data set. Starting 
from the scale of single city, we go through the examples of SCIAMACHY CO data set on 
the country level and then on the level of large sources such as biomass burnings. Each of 
the examples is supported by detailed discussions of error and detection limits of 
SCIAMACHY. Comparisons with other measurements are considered, which provide 
insight into the information content of the considered here SCIAMACHY CO data set.  
 

10.1 Detection limits of SCIAMACHY CO measurements 
 
Especially for air quality measurements it is important to know to what extent it is possible 
to see elevated CO levels with SCIAMACHY corresponding to heavily populated regions 
including individual cities as is possible with, for example, the SCIAMACHY NO 2 
measurements. Figure 10.1 shows year 2004 SCIAMACHY CO over Europe, northern 
Africa, and the Middle East compared to tropospheric NO2. The tropospheric NO2 has been 
retrieved at the University of Bremen also using a DOAS algorithm (Richter et al., 2004). 
Various polluted regions in Europe are clearly visible in the NO2 (London area, Ruhr area 
in western Germany, Po valley in northern Italy) as well as individual cities (e.g., Madrid, 
Barcelona, Paris, Rome). For CO the picture is not so conclusive although elevated CO is 
also visible over a number of regions where also NO2 is high (e.g., London area, Ruhr area, 
large parts of the Netherlands and Belgium, Po valley, the area around Rome, Lisbon, 
Casablanca, Izmir, Kuwait, southern Iraq). Of course, a one-to-one relationship between 
the CO and the NO2 over relatively weak sources is not to be expected because of 
differences of the two gases with respect to their sources, atmospheric lifetimes, and 
corresponding dilution and transport.  
Additionally, a difference exists between CO and NO2 single measurements precision. The 
single measurement precisions (random errors due to instrument noise) are, for best cases 
(e.g., high albedo, high sun, high tropospheric NO2), about 10% for both CO and 
tropospheric NO2 (the absolute errors are typically larger). For CO this corresponds 
roughly to a column change of 2×1017 molecules/cm2 (assuming a typical total column of 
2×1018 molecules/cm2). For tropospheric NO2 this corresponds to about 2×1015 
molecules/cm2 (assuming a tropospheric column of 2×1016 molecules/cm2).  
Since the cities represent relatively small spatial area, the question arises: what are the 
expected signals and is it strong enough to be captured by SCIAMACHY. For both CO and 
NO2 the University of Cologne, Germany, produces daily air quality forecasts available on 
the EURAD web page1 for various spatial regions. This forecast is based on the systematic 
measurements (hourly) in many cities in Europe. For NO2 near surface concentrations of 
                                                   
1 http://www.eurad.uni-koeln.de 
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100μg/m3 roughly corresponding to 100 ppbv are often reached. For CO the concentration 
changes are below 1000μg/m3 corresponding to 1000 ppbv. These values are typical, for 
example, for the most polluted streets in Bremen, but these are not a typical average 
concentration for the footprint size of SCIAMACHY.  
To compare the detection potential of SCIAMACHY for CO and NO2, we assume similar 
source strength for both NO2 and CO corresponding to an increase of the volume mixing 
ratio (VMR) in the range 10–100 ppbv. An increase of the VMR of 100 ppbv in the lowest 
1 km of the atmosphere corresponds to a vertical column change of about 2×1017 
molecules/cm2, which roughly corresponds to the single measurement precision of the 
SCIAMACHY CO measurements but is significantly larger than the estimated error for 
NO2. This discussion shows that the detection of enhanced levels of the two pollutants due 
to cities with SCIAMACHY is considerably more challenging for CO compared to NO2. 

 
Figure 10.1: Comparison of SCIAMACHY CO (left) and NO2 (right) measurements 
(Richter et al., 2004) over Europe for 2004. 
 
Furthermore, there are two additional complications: the footprint size of the CO 
measurements is typically twice as large as the footprint size of the NO2 measurements and 
the lifetime of CO is much longer (about two month) compared to NO2 (hours to days). 
These considerations may explain why the CO shown in Figure 10.1 appears to be 
significantly noisier compared to NO2.  
To estimate the precisions for yearly averaged values of column, the number of 
measurements needs to be considered. SCIAMACHY achieves global coverage in about 
six days, i.e., each location is revisited about every six days (depending on latitude). This 
results in about 60 measurements per location each year. Assuming that 30% of these 
measurements are useful (negligible cloud cover) this results in 18 measurements per year. 
Assuming that the retrieval precision improves with the square root of the number of 
measurements added gives an improvement of about a factor of 4 resulting in a precision 
of about 5×1016 molecules/cm2 (2.5% of a typical column of 2×1018 molecules/cm2) for a 
yearly average. This shows that due to the relatively small number of measurements for a 
given location per year the improvement due to averaging helps but only marginally. For 
Europe Figure 10.1 suggests that SCIAMACHY does not observe enhanced levels of CO 
over several major cities such as Madrid or Paris. A zoom into Figure 10.1 however 
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reveals that CO over Paris is enhanced compared to its surroundings. For Madrid this is not 
so easy to see because the colour scale is not appropriate for Madrid and surroundings. 
Figure 10.2 shows a zoom into the region around Madrid using a more appropriate colour 
scale showing that CO near Madrid is in fact enhanced. Figure 10.2 however also 
illustrates some problems related to the detection of elevated CO for individual cities such 
as the large footprint size and problems due to inhomogeneous scenes with, for example, 
large changes of the topography. These effects might explain why the largest CO values 
are not measured exactly in the grid box in which Madrid is located but in an adjacent grid 
box. 
 

 
Figure 10.2: A zoom into the region around Madrid in central Spain. The top left panel 
shows a zoom into the region around Madrid in central Spain. The colour scale has been 
optimimized for Madrid and surroundings. Each coloured square corresponds to the 
average CO column within a 0.5 degree latitude by 0.5 degree longitude grid box. The 
triangle shows the location of Madrid and the black rectangle shows the size of a 
SCIAMACHY ground pixel. The spatial extent of Madrid and an image of Madrid and its 
surroundings are shown in the top right and bottom panels, respectively. Both maps have 
been obtained from http://maps.google.es. The size of a SCIAMACHY ground pixel is shown 
as a black rectangle in the top left panel and as a white rectangle in the bottom panel. 
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As shown in Buchwitz et al. (2000) a retrieval precision of 10% is theoretical possible for 
single SCIAMACHY CO column measurements. The theoretical precision of WFM-DOAS 
version 0.6 is however approximately a factor of two worse, i.e. about 20%, as only a subset 
of the CO lines located in SCIAMACHY’s CO channel 8 are used. The main reason for this 
is that a quite large number of detector pixels are not useful (the so-called “bad” and “dead” 
pixels) and this number is increasing with time (details are given in Gloudemans et al. 
(2005) and Buchwitz et al. (2007). A 20% increase of the CO column due to a local source 
corresponds to a column increase of 0.4×1018 molecules/cm2 for a typical northern 
hemispheric column of 2×1018 molecules/cm2. This corresponds to an increase of the CO 
mixing ratio of approximately 100 ppb assuming that the regional CO mixing ratio vertical 
profile enhancement is restricted to the lowest kilometre of the atmosphere. Whereas 1000 
ppb is often exceeded near polluted street with high traffic density, a typical average value 
for a moderately polluted city in western Europe is much lower, on the order of 100 ppb 
(due to dilution and/or transport). Taking into account the large ground pixel size of the 
SCIAMACHY CO measurements (120 km × 30 km), a column enhancement of several 
percent over a moderately to highly polluted urban area can be expected, which is typically 
below the noise level of individual measurements. Assuming a single measurement 
precision of 30% (instrument noise plus retrieval error) and that the precision improves with 
the square root of the number of measurements added, this shows that approximately 100 
measurements need to be averaged to detect regional CO enhancements on the order of 
about 3%.  
In many cases, the maxima of CO intensity can be found not directly over the city, but 
several kilometres away from it. The reason for this could be the regionally dominant 
meteorological conditions. In general, the intensity of air pollution depends on two factors: 
the amount of emissions and the meteorological conditions at the location, where emissions 
take place. With other words, the high pollution levels can be reached even with the 
relatively small amount of emissions if the conditions of the surroundings hold the 
pollutants inside of the small area or close to the surface. The explanation of this behaviour 
could be found in the important laws of thermodynamics, which define the meteorological 
conditions over the vertical motion of air masses in the atmosphere. Following their rules, 
under stable atmospheric conditions (reverse temperature gradient), the convection and 
turbulence are inhibited, while they are enhanced if the air is unstable. Consequently, when 
pollutants are emitted into stable air, they are not transported upward, and remain in a stable 
layer of air that acts as a lid in the troposphere. Malberg (2007) has calculated the relative 
distance of SO2 distribution under different meteorological conditions. The results of his 
study show that the stability condition can force the maximum of pollution to be transported 
several kilometres away from sources. This in general important finding could also be 
relevant for the satellite measurements and help to understand the cities pattern seen by 
SCIAMACHY in more details. 
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10.2 CO spatial pattern above cities 
 
Figure 10.3 shows gridded  SCIAMACHY CO columns for 2004 over several cities along 
with population density, EDGAR anthropogenic CO emissions (Olivier et al., 2005), and 
number of SCIAMACHY CO measurements per 0.5 degree by 0.5 degree grid cell. The 
second panel of the same figure shows population density estimated for the year 2000 
(CIESIN/CIAT1, 2005) and the third column shows EGDAR anthropogenic CO emissions 
(EDGAR 3.2 Fast Track 2000 data set (32FT2000) (Olivier et al., 2001)). In order to 
highlight the elevated CO near the cities an appropriate colour scale had to be selected for 
each city. If the colour in a given grid cell corresponds to the lowest value of the colour 
bar this means that the corresponding CO value for this grid cell is equal to or below the 
lowest value of the colour bar (similar for the highest colour bar value). Additionally, 
Figure 10.4 shows the typical cities patters over Asia, and particularly, over China. 
As can be seen, the measured CO is elevated around or near the cities. The SCIAMACHY 
CO clearly correlates with population density and anthropogenic CO emissions. A perfect 
correlation however cannot be expected due to the long lifetime of the atmospheric CO of 
typically two months. The number of SCIAMACHY measurements per grid cell depends 
on the region but is typically around 100. Figure 10.4 shows more examples, this time 
urban areas in China. Over China population density and CO columns are very high over 
large regions making it often virtually impossible to discriminate most of the cities, 
especially over large regions located to the south and east of Beijing (see Figure 10.4 
bottom panel for an overview about China). Elevated CO has also been observed over 
many other cites (not shown here) such as San Francisco (USA), Brussels (Belgium), and 
Raipur (India). However not over all large cities clearly elevated CO relative to their 
surroundings can be observed when averaging the year 2004 measurements. Examples  are: 
Mexico City (Mexico), Teheran (Iran), Moscow (Russia) and Paris (France). This is very 
likely due to the low CO retrieval precision in combination with the poor sampling of the 
satellite data which results from the large ground pixel size with correspondingly high 
probability for significant cloud contamination. Simultaneously retrieved methane (CH4) 
columns are used to identify and partially correct the CO columns for cloud shielding 
effects and other reasons. If the retrieved methane column is below a given threshold the 
measurements are considered too cloud contaminated and are not used for the averages 
shown here. Otherwise a scaling factor based on the retrieved methane column is computed 
and the retrieved CO column is scaled using this factor to partially correct for the shielding 
effect of clouds. This correction assumes similar vertical profiles for CO and CH4 and will 
result in an underestimation of the corrected CO column in case of a local source with 
correspondingly higher CO mixing ratios close to the Earth’s surface below the cloud top.  

                                                   
1 CIESIN/CIAT, 2005 
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Figure 10.3: SCIAMACHY carbon monoxide (CO) during 2004 (first column) and related 
information over various cities and surrounding areas. Each row corresponds to a certain 
urban area. From top to bottom: Los Angeles (USA), Madrid (Spain), Rome (Italy), 
Pretoria and Johannesburg (South Africa), and Sydney (Australia).  
 
This in combination with the relatively poor sampling of the satellite data and the long 
lifetime of CO may result in not all cities being clearly detectable in the year 2004 
average. In this context it also has to be pointed out that only half of the SCIAMACHY 
measurements on the Earth’s sun-illuminated day side are used for the nadir mode which 
further reduces the sampling frequency by a factor of two. For future CO monitoring 
satellites, smaller ground pixel sizes and higher revisit times of measurements are needed 
in order to significantly improve the spatio-temporal resolution and coverage. 
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Figure 10.2: As Figure 10.3 but for China. Shown are the areas around the cities Urumqi 
in north-west China, Wuhan, and Chengdu and Chongqing. The bottom row provides an 
overview of the entire country. 
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11. CO over an isolated anthropogenic source region: UK 

11.1 Motivation 
 
Carbon monoxide has natural and anthropogenic sources. The anthropogenic sources are 
mainly represented by the fossil fuel burning processes associated with car traffic, industry 
and domestic heating (Olivier et al., 2001). Since anthropogenic CO sources are located 
close to highly populated areas, they are supposed to have a substantial and harmful effect 
on living organisms by reducing the level of oxygen in their blood. As the anthropogenic 
sources are extremely variable in time, the quantitative conclusions from their local 
measurements are complicated. To access the emissions over a large territory or time, 
sparse local measurements are extrapolated with the help of statistical methods (bottom-up 
emission estimation methods), which, however, introduce a serious limitat ion to the 
information content in the field of estimated emissions. To achieve better coverage of 
sources in time and space, satellite measurements may prove useful to provide more 
comprehensive emission estimates.  
The analysis of the anthropogenic sources with the help of the satellite measurements is 
complicated due to the relatively small size of anthropogenic sources and their closeness to 
each other, which are difficult to resolve with the help of the large satellite footprint size. In 
case of SCIAMACHY with a footprint size of 30x120 km2, and the alternating limb/nadir 
measurements with a full global coverage of about 6 days, the analysis of local sources is 
principally very challenging.  
A first step into this direction is made in the scope of this work. In this chapter the method 
of spatial gradient has been applied to the SCIAMACHY satellite CO measurements. Based 
on this study, another publication has already been submitted by Kopacz et al., (2010), 
where SCIAMACHY CO is being used for quantification of CO emissions applying the top-
down method for inverse emissions modeling. The CO spatial gradient study was performed 
over the relatively isolated anthropogenic sources of the United Kingdom for the years 
2003–2005 using the SCIAMACHY WFM-DOAS version 0.6 CO total column data 
product. The method of spatial gradient is often used for the analysis of sets of local 
measurements of atmospheric concentrations, and is able to provide an insight into the 
atmospheric mass budget (O'Sullivan et al., 2007). Moreover, this method can be related to 
the mass-balance methods that incorporate the gradient measurements, which, however, 
need to be performed frequently, together with additional information about vertical and/or 
horizontal wind components, temperature and humidity fluctuations to estimate the 
emissions fluxes (O'Sullivan et al., 2007, Polson et al., 2007). The gradient method used 
here is a useful generalization that allows the consideration of relatively irregular satellite 
measurements for the estimation of the net export of CO from the upwind coasts of UK. The 
ECMWF model was used to get the wind direction information for each particular day with 
available SCIAMACHY CO measurements over the UK. The concentration gradient was 
analyzed over different time periods using different filtering criteria, while the significance 
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of the gradient was tested for each filtering scenario. The results of this study were 
published in Khlystova et al. (2009).  
 

11.2 CO emissions over the UK 
 
The main pollution sources over the UK are road transport, industry and the energy 
production sector (Olivier et al., 2001). In Figure 11.1, the pie plot of all anthropogenic 
sources over the UK is presented. It can be noticed that the largest of all UK sources is the 
road transport. The spatial distribution of source strength over the UK is represented in the 
Figure 11.2, where the gridded EDGAR anthropogenic CO emission (EDGAR 3.2 Fast 
Track 2000 data set (32FT2000) (Olivier et al., 2001)) data set was plotted on the latitude-
longitude map. As can be seen from Figure 11.2, the strongest CO sources are mainly 
located over the large cities, which were additionally denoted on Figure 11.2 by transparent 
diamond symbols. The values that completely lie over water represent the emissions of 
ships. Their values are relatively low and are assumed not to influence the following 
analysis. 

 
Figure 11.1: EDGAR CO emissions per sources category from EDGAR 32FT database 
(Olivier et al., 2001). 
 

11.3 Local CO measurements over UK 
 
Regional emissions of CO can be detected and quantified by measuring the gradients of 
atmospheric CO concentration around the CO source region of interest (O'Sullivan et al., 
2007, Polson et al., 2007, Chou, 1993, Dyer et al., 1970). The most promising regions for 
such an application are those with relatively strong CO sources, and relatively stable 
meteorological conditions (wind direction) and which are well isolated from the 
surrounding CO sources. 
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Figure 11.2: Spatial distribution of the anthropogenic CO emissions over the UK for the 
year 2000 according to EDGAR 32FT information (Olivier et al., 2001).  
 
The United Kingdom is one of such a region and satisfies these requirements at least to a 
certain extent. Significant longitudinal gradients of CO were measured during the AMPEP 
(Aircraft Measurements of the chemical Processing and Export fluxes of Pollutants) 
campaign (Fowler and Gallagher, 2007). The AMPEP results showed that the longitudinal 
CO increase from the west to the east coast of the United Kingdom could reach up to 100 
ppb. Measurements in and around the UK1 obtained from aircraft during the AMPEP 
campaigns show that, depending on time and meteorological conditions, the CO mixing 
ratio in the boundary layer is about 10–100 ppb higher downwind (typically eastward) of 
the UK compared to the typically relatively clean Atlantic background concentration of 105 
ppb. Among the problems with the aircraft measurements are: (i) there is no information on 
CO above and below the aircraft, (ii) flights are sparse (few days per  year), (iii) very stable 
and well defined meteorological conditions are required, and (iv) it takes a long time to fly 
around UK. The SCIAMACHY CO measurements may help to overcome the limitations of 
the aircraft measurements or may at least provide important additional information. 
 

11.4 SCIAMACHY CO spatial gradients over the UK  
 
The 10–100 ppb enhancement in the CO concentration which was detected by the AMPEP 
airborne campaign can be translated into a 1–10% enhancement in the CO vertical column 
over the vertical extent of 1 km, right through the planetary boundary layer. For a typical 

                                                   
1 The official name of the UK is the "United Kingdom of Great Britain and Northern 
Ireland". However, the whole studied geographical region is the area of British Isles, 
including the Republic of Ireland. 
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CO background column of 2×1018 molecules/cm2, this corresponds to a CO gradient of 0.2-
2×1017 molecules/cm2 or 10% across the 10 longitude degrees over the selected regions of 
UK. This raises the question whether the precision (noise error) of the CO measurements 
from SCIAMACHY is good enough to detect such a gradient.  
The single measurement random error due to instrument noise of the SCIAMACHY CO 
column retrieval is about 20%. Assuming that the precision improves with the square root 
of the number of added measurements, 400 measurements need to be averaged to improve 
the precision by a factor of 20 and reach 1%. This indicates that, if several hundred 
measurements spread over the UK are available, it should be possible to detect a gradient of 
the order of a few percent. On the other hand, the UK is not the easiest target for satellite 
measurements as the UK’s CO emissions are only moderate (compared to, e.g., China) and 
because the surrounding water has low reflectivity in the 2.3μm spectral region used for CO 
retrieval. Low reflectivity results in low signal and correspondingly lower signal-to-noise 
ratios compared to measurements over land, where the data quality is typically much higher.  
As a first step for this analysis, the averages for each of the three years of the 
SCIAMACHY CO gridded data product version 0.6 were considered in order to find out if 
the expected CO gradient over the UK can be observed with SCIAMACHY. In Figure 11.3, 
the yearly averages of CO gridded columns for the year 2003, 2004 and 2005 are shown for 
a selected region of latitude from 50°N to 59°N and longitude from 10°5’ W to 3°5’E. The 
longitudinal gradient (or slope) was determined (linear fit over averaged latitudinal means) 
and is depicted below for each map. An increase with longitude was detected for each of the 
three years. The corresponding gradient of 5.6%, 5.1%, and 1.1% per 10-degree longitude 
was registered for the years 2003, 2004, and 2005 respectively. In general, 315 days of good 
SCIAMACHY data (the criteria noted in one of earlier chapters) were averaged for the year 
2003. For 2004 and 2005, it was 316 and 339 days, respectively. The value of the standard 
deviation is depicted as green bars for each of the averaged 0.5° longitude mean (in general, 
26 longitude points). The gradient is positive for each of the three years and noticeable on 
the CO maps as over the whole region, including both land and water, as well as over land 
only. 
 

11.5 Wind direction filtering 
 
The local wind conditions are important criteria which need to be taken into account for 
any quantitative estimation of local emissions. Usually, to apply the mass balance methods 
(or the method of spatial gradient, which is a part of it) to local measurements of the 
longitudinal gradient (and consequently to calculate the emission fluxes), it is required that 
the meteorological conditions during the measurements stay approximately constant. 
Otherwise, the atmospheric dispersion models need to be used to select the measurements 
with potentially similar conditions for the further quantitative estimations (Polson et al., 
2007, O'Sullivan et al., 2007). The application of the dispersion model can have one more 
important advantage because it helps to take into account the influence of the surface 
elevation and obstructions of surface on the pollutants distribution (Ottino et al., 1989).  
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Figure 11.3: Yearly averaged SCIAMACHY CO spatial distribution over UK for the year 
2003, 2004, and 2005 (top) and the relevant longitude gradient, calculated for the averaged 
latitudinal box with the step 0.5-degree longitude (from west to east) is depicted under each 
CO map. The number at the top left corner indicates the value of longitude gradient.  
 
However, in absence of such a model, one can go the other way. For example, one can 
apply a classification of the days with different meteorological wind conditions and 
considering the average over the days with similar conditions. In the lat ter case, one needs 
to neglect the topography of the considered area, which is a useful simplification when 
considering the satellite measurements with relatively coarse spatial resolution.  
Generally, the wind conditions over the British Isles are defined by its location at the 
convergence zone between the warm southwest antitrades and the cold polar easterlies. 
Convergence of warm and cold air masses at this latitude produces cyclonic low pressure 
and the development of rain-bearing depressions, which sweep across the Atlantic and 
influence the climate of the UK. The prevailing winds are from west and mild southwest 
(The World Factbook-UK). 
This fact may explain why the averaging of all SCIAMACHY CO data over the UK results 
in a positive gradient. Often the conditions over British Isles are influenced by polar air 
masses with a north-westerly or northerly airflow. Including the measurements over these 
days in the overall average should not influence the value of gradient. However, the 
situation is different for the days with strong east winds, when their presence in the overall 
mean could result in an underestimation of gradient values as high CO concentration may 
be transported from east to west.  
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Figure 11.5: Example of the wind field over the UK for 11 January 2004 at 12:00 at the 
level 51 (~900hPa).  
 
To perform a consistent analysis, all days with available SCIAMACHY CO measurements 
were classified in order to separate the days with different wind conditions: the days with 
western, eastern, southern and northern directions. To perform this filtering, the wind data 
from the European Centre for Medium Range Weather Forecasts (ECMWF) with a spatial 
resolution 1.5°x1.5° (T106), a temporal resolution of 6 hours (at 0:00, 9:00, 12:00, 15:00, 
18:00, 21:00), and with 60 levels of altitude was used. The ECMWF wind field data sets 
represent the so-called “analyses”, i.e., a combination of observations and numerical 
calculations. Measurements from the satellites, radio sounders, and weather stations are 
assimilated into a meteorological model that gives an estimate of the state of the 
atmosphere at a given time. A sample plot for January 11, 2004, with a typical west wind 
condition is represented in Figure 11.5. For this, the ECMWF wind information was 
obtained from vertical level 51 corresponding to 908 hPa or about 1 km altitude and 12:00 
UTC. This is close to the overpass time of SCIAMACHY at about 10:00 a.m. local time 
which used for filtering. 
Three different approaches were tested to classify the days of the considered year 2004 
according to the prevailing wind direction. The first method, the Mean Wind Vector, 
MWV, method, is an automatic filtering approach used to calculate the mean wind vector 
over the UK and to select the predominant wind direction according to the special criteria 
based on mean angle and mean speed. Additionally, a statistical approach was developed to 
validate the result of the mean vector filtering without visual inspection of the three year 
data set. The visual inspection was used to verify the automatic filtering results. 
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11.5.2 Mean Wind Vector (MWV) filtering approach  
 
For the MWV wind filtering, daily mean wind vectors over the UK were computed using 
ECMWF wind field information. Two parameters can be set as the criteria for this fi lter: 
the required average angle and the average strength of the wind vector. The corresponding 
mean wind vector was classified as west (from west) if its direction pointed to the (from 
west) east within the angle of ±40 degrees (similar in the case for the east wind, as well as 
for south and north directions which are however not used in the current study due to the 
notably small amount of data available for such conditions). The classification is 
illustrated schematically in Figure 11.6. Only the days with the wind strength greater than 
3 m/s were marked as days with a clearly defined wind direction. The calculation was 
performed with the help of (11.1) for each day in the year 2004 over the selected region of 
latitude from 50 to 59 degrees, and longitude from -10 to 2 degrees1.  
 

 
 
Figure 11.6: The schematic representation of the meteorological wind vector direction 
filtering. The angle runs clockwise from the top (zero value). Blue triangles define the 
ranges for the four wind directions. 
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1 The standard mathematical function of C language (atan2(U,V)) was used. As an output, this 
function produces an angle (α) is in the range from -180° to 180° (meteorological notation). 
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Where F denotes the wind field with two components, U – is the meridional component 
wind, and V – the zonal component. S is the calculated speed of the wind. The vertical 
component W was neglected. Figure 11.7 shows the resulting CO time series plot, where the 
days were marked relative to their classification. Here, the green lines denote the days with 
existing measurements over the UK and the grey line stands for existing global 
measurements (no measurements over the UK). On the y-axis, the mean CO total column 
value over the entire selected region is represented. The symbols have different colours 
defined by the filtering classification: the blue symbols are for days with wind vector from 
west, the red symbols denote wind from east. The green symbols show the average 
concentration for the days where the classification result is undefined (wind too weak or has 
no dominant direction, like in the case of swirls). As expected, most of the days were 
classified as days with the wind from west: the MWV filter detected on the average about 
140 days for the year 2004 with such condition. On the other hand, the number of the red 
triangles identifying the days with winds from east is small, and reveals the fact that the 
long periods with the wind from east are not a typical meteorological situation for the 
selected region. The amount of days with the prevailing south and north wind directions 
were too small to allow the significant analysis of the longitudinal gradient.  
In Figure 11.8 the CO (gridded) columns averages over the west and the east days are 
plotted separately (on top) with the corresponding gradient plotted under each CO map. As 
the available data is relatively sparse (only 68 days of data were available for the east wind 
conditions and 253 for the west wind), the standard deviation for each longitude box is 
large, and the calculated value of longitudinal gradient is highly uncertain. Corresponding 
to the number of days (and measurements), the significance of the estimated value is 
slightly better for the days with the west wind than for the east wind conditions.  
 
11.5.2 Statistical Wind Filter Approach 
 
The statistical wind filter (SWF) was developed as an alternative automatic approach to 
filter the days with different wind directions. The same criteria for the angle (Figure 11.6) 
and wind speed as for the MWV approach have been applied.  The SWF procedure 
represents a statistical analysis of the wind vectors instead of building the mean wind 
vector. Thus, the direction of each wind vector F = (U, V) was examined inside of the 
selected region. If the number of the west (east) directed vector were larger than 70% of all 
wind vectors, the day has been classified as a day with predominantly west (east) wind 
conditions. The results of SWF demonstrated that there are only very few deviations in the 
results of this filter approach and the MWV approach. Particularly, two more days were 
sorted out by statistical approach for southern and northern directions, which were 
specified as turbulent (“unspecified”) instead of being specified northern and southern 
during the MWV filter. Thus, SWF was used here as a helpful and fast validation of the 
result of automatic MWV filtering results. However, because the results of both filtering 
are quite similar, for further discussion the MWF has been considered as the main filtering 
approach. 
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Figure 11.7: The time series of MWV wind filtering results for the year 2004. The Y-scale 
is the SCIAMACHY CO column average over the region, and the pixels denote the wind 
conditions: blue diamonds stand for wind from west, red rectangles for the wind from east, 
green triangles for undefined wind conditions like swirls or south/north directed wind. The 
green lines show that the SCIAMACHY CO data exist over the UK region, and the grey 
ones denotes that measurements for this day exist globally, but do not exist over the 
selected region of UK.   
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Figure 11.8: SCIAMACHY CO averaged over days 2003-2004 with west wind direction 
(left) and east winds (right). 
 

11.6 Detailed gradient analysis 
 
The availability of three years of CO column measurements allows for investigating the 
gradient using the whole 3-year data set over the UK. Using more measurements is 
significant in order to reduce the statistical error and achieve a better precision of the 
calculated gradient. Thus, more precise analysis was performed to get the uncertainty of 
the estimated gradient for SCIAMACHY CO over UK taking into account all 
measurements from 2003 to 2005. Additionally, in order to increase the statistical value of 
the data, and to avoid the errors of gridding procedure, the non-gridded data product was 
used for the analysis. Figure 11.9 shows the averaged over latitude for CO columns as a 
function of the longitude over the UK. These columns have been obtained by averaging all 
CO columns measured during 2003-2005 where the standard WFM-DOAS version 0.6 
quality flag, which is a part of the CO data product, indicates a “good” measurement (here 
“all”). To further increase the significance of the CO longitudinal gradient over UK, the 
spatial averaging was added, and all SCIAMACHY data has been gridded 1°×1° instead of 
0.5°×0.5° as in the previous, coarse estimation.  
The map displayed at the top left corner of Figure 11.9 shows the region selected for this 
study along with the retrieved CO columns (shown as anomaly, i.e., the mean CO column 
has been subtracted). The resulting total number of measurements (Nmeas) is 13439, the 
number of different days (Nday) is 650. The mean CO column is 2.44×1018 molecules/cm2 
(their average retrieval error is 38%). The χ2 value of the linear fit, which measures how 
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well the selected linear model agrees with the CO longitudinal distribution, is 4.22 and the 
corresponding goodness-of-fit of the data to the model, Q, is 0.979. The latter parameter is 
the probability of the χ2 of the fit having a value equal to the obtained χ2 (= 4.22 for Figure 
11.9) or larger. Values larger than 0.001 may indicate an acceptable fit (Press et al., 1992). 
Values below 0.001 clearly indicate a bad fit due to (a wrong model or) a too optimistic 
error estimation. 
At the top of Figure 11.9, the estimated CO longitudinal gradient and its 2σ -error is given. 
The gradient is 1.1±1.3x1017 molecules/cm2 per 10° longitude interval. As the prevailing 
wind direction is (from) west, one would expect an increase of the (unfiltered) measured 
CO column as a function of increasing longitude in the range 0.2-2×1017 molecules/cm2 per 
10-degree longitude interval as explained above. Figure 11.9 also shows that the retrieved 
gradient has the expected range. However, the longitudinal slope strongly depends on the 
error in the measurements. In order to estimate the error of the gradient, it is important to 
assign reliable error bars to the mean CO columns, i.e., to the average CO columns 
computed for each longitude interval. Two methods were used to obtain these error bars: 
(i) the SD (“standard deviation”) method and (ii) the ME (“mean fit error”) method. For 
the SD method, the error bars were obtained by computing the standard deviation of the 
gridded CO columns in the corresponding longitude band (mainly specifying the latitudinal 
variability in this band). In Figure 11.9, the thick grey vertical bars denote the latitudinal 
standard deviation of the gridded (1°×1°) CO columns (used for the SD method). The bold 
black crosses denote the mean CO columns within each 1° longitude band.  
The open black rectangles (used for the ME method) are correspond to 1σ fit error, which 
were obtained by averaging the CO fit errors of the individual CO measurements (that are 
part of the WFM-DOAS version 0.6 data product) in the longitude band, and dividing these 
numbers by the square root of the number of measurements (these numbers are listed at the 
bottom of Figure 11.9). The average fit error is 38% (average of all individual fit errors (not 
divided by the square root of the number of measurements)). For Figure 11.9, the SD 
method was used to compute the gradient and its error, which is ±1.3×1017 
molecules/cm2/10° (2σ). As also shown in Figure 11.9, the ME error bars (empty 
rectangular boxes) are typically a factor 2 (or more) smaller than the SD error bars (thick 
blue lines). This is due to the fact that the SD error also reflects the variability of the 
atmospheric CO and not only the measurement noise. If one uses the ME error, the inferred 
CO gradient and its error is 1.2±0.4×1017 molecules/cm2/10° in contrast to the 1.1±1.3×1017 

molecules/cm2/10° obtained when using the SD error. The goodness-of-fit probability Q, 
which is 0.979 for the SD method, is essentially zero for the ME method. These results 
indicate that the SD method allows fitting the data within their errors bars; whereas the 
errors are likely to be too optimistic if the ME method is used. 
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Figure 11.9: Carbon monoxide columns spatial gradient over the United Kingdom for the 
period 2003-2005.  
 
The high Q value for the SD method indicates that the assumed errors are too pessimistic 
(too large). From this, it can be concluded that a realistic error estimate is probably between 
the two extremes used here. As the ME error is typically much smaller than the SD error, 
the resulting errors of the gradients are smaller if the ME method is used as compared to 
using the SD method. The goodness-of-fit probability, Q, however, indicates that the error 
of the SD method is more realistic as it results in good fits (Q ≈ 1) compared to the ME 
method (Q ≈ 0). The linear fit is denoted in Figure 11.9 by the thick red line. Obviously not 
only the value of gradient is interesting, but also in its significance. In order to determine if 
a gradient can be regarded as statistically significant, two criteria must be fulfilled: (i) the 
2σ-error of the gradient is required to be less than the gradient itself (Mieruch et al. 2008 
and references given therein for a similar application), and (ii) the goodness-of-fit 
probability, Q, is required to be larger than 0.001 (Press et al., 1992).  
A series of figures similar to Figure 11.9 was generated for a range of different conditions 
covering different time periods and different filtering criteria, like land or cloud mask as 
well as the MWV filtering. For each case, the number of available measurements, the 
number of days, the estimated gradient, its significance, as well as the value of χ2 and its 
probability, Q, were calculated. The results of gradient calculation by applying different 
filtering criteria described before are summarized in the Table 11.1.  
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In column “Filter”, “D” means that the default WFM-DOAS version 0.6 products quality 
filtering scheme has been used to identify successful measurements. “+L” means that, in 
addition, only the measurements over land were used. “+CF” means that in addition only 
(nearly) cloud free measurements were used, and “CO grad.” denotes the CO longitudinal 
gradient in 1017molecules/cm2/10° (i.e., per 10 degree longitude interval). The “CO grad.err. 
(2σ)” is the 2σ error of the gradient, also in units of 1017 molecules/cm2/10°. The numbers 
without brackets correspond to the SD method. The numbers within brackets correspond to 
the ME method (see main text for details). “Q” denotes the goodness-of-fit probability. The 
last three columns contain the main results, namely the CO longitudinal gradient, its errors, 
and the goodness-of-fit probability. As mentioned before, two methods were used for error 
assignment, the SD method (values without brackets) and the ME method (values in 
brackets). Gradients classified as significant using the two criteria given above are marked 
with a star.  
The condition valid for Figure 11.9 corresponds to the row number 1 in the Table 11.1. Row 
2 shows the corresponding results for the years 2003-2005 with the data restricted to the 
measurements over land, which results in significant reduction of individual measurements 
from 13439 (all data used) to just 1459. The gradients are similar compared to the ones from 
situation to using all data but the error of the gradient is significantly larger due to the much 
smaller number of measurements. If the data is restricted to (nearly) cloud free measurements 
(line 3) using the PMD-CF criteria (described in chapter 6), only 146 measurements remain 
and the gradient gets negative but its large error indicates that the gradient cannot be 
considered significant. In combination with the large pixel size of the SCIAMACHY CO 
measurements, (120km ×30 km) many ground pixels are classified as cloud contaminated. 
“Nm” denotes the number of individual CO column measurements used and “Nd” denotes the 
number of different days where measurements were available. In rows 3 and 4 in Table 11.1, 
results are listed for the same condition as shown in row 1 except that the data was filtered 
taking the wind direction into account. In column “Wind” “All” means that all data was 
accepted, irrespective of the wind direction, “W” means that only (from) west wind 
conditions was accepted, and “E” means that only (from) east wind conditions were accept ed.  
As can be seen from Tables 11.1 (line 4), the number of days where the wind was blowing 
from west was about three times the number of days with wind from east (229 days compared 
to 83 days). When using the SD method for the error assignment (values without brackets), 
the gradient was similar compared to no wind filtering. The error was, however, significantly 
larger due to the considerably reduced number of measurements. When the ME method was 
used for error assignment (values in brackets), the gradient error also gets larger, but the 
gradient was then considered significant as the gradient error was smaller than the gradient 
and the goodness-of-fit probability indicates a good fit. In the Table 11.1, lines 6-18 show the 
corresponding results for various seasonal and yearly averages for different wind filtering 
conditions. The results are similar as the ones already discussed with most of the gradients 
not being significant. 
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11.7 Influence of clouds 
 
For this study, the WFMD-QUAL filtered measurements were considered separately to the 
PMD-CF filtered CO data. As it was demonstrated in the chapter 6, additional application of 
PMD-CF filtering may result in a significant reduction of the number of data points. It was 
also admitted, that over region with no significant CO and CH4 sources, the default WFMD-
QUAL filtering (denoted “D” in the Table 11.1), which accepts the measurements with  
approximately 30% cloud cover, allows the analysis of data over water. As the number of 
measurements plays an important role for this regional analysis, the application of the 
WFMD-QUAL cloud criteria only result in more significant gradient analysis. However, 
these criteria should be treated with care, because if the clouds allowed by the WFMD-QUAL 
filtering are the low-altitude clouds over land, the gradient will tend to be underestimated or 
overestimated depending on the distribution of clouds over the UK. 
Cloud location and the cloud top height have been considered over the UK for several 
selected days. Figure 11.10 shows the SCIAMACHY CO product over the UK as well as the 
cloud fraction information from the SCIAMACHY PMD devices, FRESCO+ clouds top 
pressure were analyzed for selected three days in 2004, 20 February, 30 April and 1 May, 
2004 (days selected due to their optimal region coverage, which is not obvious since 
SCIAMACHY performs in the interlacing limb/nadir modes). This figure reveals that over 
the UK, SCIAMACHY CO product quality over low clouds was frequently accepted by the 
WFMD-QUAL criteria. The FRESCO+ cloud top pressure maps suggests, that the accepted 
CO measurements over water coincide with clouds that are located in the lower tropospheric 
layers with cloud top pressure not higher than 800 hPa. In presence of the low clouds over 
ocean, and due to the absence of significant CO sources over water (excluding the irregular 
cases of a chaotic advection, Stohl et al, 2003), the error due to neglecting of column under 
the cloud will be small and most probably less than the error due to the instrument noise. It 
was calculated (with the help of the simulated measurements by changing the vertical profile, 
similar as in the chapter 8) that if no sources are present along the column the inaccessibility 
of column under the low will result in the error in CO total column which is less than 10%.  
However, over land, low cloud will strongly affect the amount of CO in the total column 
available for analysis. The latter is a serious limitation, and therefore the question arises how 
common the situations is with low clouds over the analyzed region of the UK. Therefore, the 
figures similar to the Figure 11.10 were plotted and about analyzed for about 50 days in year 
2004 and 2003. It was found, that the described situation with the low clouds is quite 
common. On the other hand, the number of PMD-CF filtered measurements is so small, that 
no significant analysis could be performed. Therefore, it has been concluded, that further 
studies on the quantitative estimation of CO concentration should account for low clouds too. 
In other studies, (e.g., Gloudemans et al., 2009) the attempt has been made to compensate the 
missing column under the cloud with the help of the clouds top height information, and 
troposphere model. However, due to the relatively high natural uncertainty of the CO sources, 
even when having the information about the clouds top height it is difficult to reproduce the 
amount of CO under the cloud without comparison to local measurements which need to 
coincide with the satellite measurements in place and time.  
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Figure 11.10: The example of regional cloud cover situation (using Polarization 
Measurements Devices (PMD) of SCIAMACHY) and CO data measured at the same locations 
for three days, 20 February, 30 April and 1 May in 2004. 
 

11.8 Role of air masses transport from the Atlantic 
 
Another natural phenomenon may influence the value of CO total column gradient over the 
UK. According to the findings of Stohl et al., (2003), the atmospheric pollutants from the 
American continent transported to Europe with relatively high speed and under certain 
meteorological conditions may play an important role for the formation of pollution levels 
over Europe. In their work, the authors concluded that high speed pollutant transport is more 
important for the short lived traces. However, the authors also admitted, that the 
Intercontinental transport (ICT) of trace substances, which normally occurs on time scales 
ranging from a few days to several months, can significantly contribute to the formation of 
pollution over Europe for the longer lived species, e.g., CO.  
To check the probability of air mass transport to the UK west coasts from the other 
continental areas like North America (where some strong CO sources are expected), the 
backward trajectories with the target in London were calculated with the help of the 
FLEXTRA trajectories model provided by the University of Norway1 (Stohl et al., 1995; 
Stohl and Seibert, 1998) and results compared to the daily SCIAMACHY CO distribution.  

                                                   
1 http://tarantula.nilu.no/trajectories/ 
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Figure 11.11: The backward trajectories (seven days) calculated for 3 selected days of year 
2004 (Stohl et al., 2003; Stohl, et al., 2004). At the top, the FLEXTRA model calculated 
trajectories are shown. Three trajectories were calculated to three height levels, level given 
on the left bottom part of trajectory graph. Corresponding SCIAMACHY CO columns are 
shown at the bottom. 
 
The FLEXTRA model is based on the ECMWF (European Centre for Medium Range 
Weather Forecasts) meteorological data set, and the trajectories are available for 6 time 
points per day on the meteorological time scale. For this application, the time point at 12:00 
UTC was chosen as it is the closest time-point to the SCIAMACHY measurements. An 
example, in Figure 11.11, shows the SCIAMACHY CO measurements over the UK and 
FLEXTRA backward trajectories for three days, 13 March, 5 April, and 19 May in 2004. 
These days were selected because high CO amount on the west coast of UK coincided to the 
west wind conditions. The backward trajectories on Figure 11.11 suggest the transport of air 
masses from the remote areas for all three days. Moreover, all three days appear to overlap in 
time with a strong biomass burning events in 2004 over Alaska and North America. Large 
number of fires was registered over their Boreal Forest regions by AATSR instrument in 
2004: 21174 fire counts in April and 65392 in May. Consequently, the high CO values 
measured by SCIAMACHY on the west coast of UK for the three selected days in April and 
May might have originated from these fires and were transported to the UK with the wind. 
Unfortunately, the relatively sparse SCIAMACHY daily measurements often provide the CO 
column only from one (east or west) side of the UK and therefore it is difficult to make any 
estimation of gradient for one single day.  
The analysis of a similar plot for the whole year 2004 suggests that the described transport 
situation is relatively frequent. In general more than 70 days for 2004 were found with 
trajectories starting over the locations of North America or remote Arctic regions that pass 
through the North American continent (with e.g., anthropogenic sources) and then reach 
Europe. Additionally, some evidence exists in the literature which relate the cold air mass 
transport from the Arctic to warmer regions to the phenomenon of chaotic advection 
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(Solomon et al., 2003) described in (Stohl et al, 2003) and in (Stohl and Trickl, 1999). 
Normally, during the long transport time, the air masses undergo the dilution processes by 
mixing with the surrounding air and thus cannot contain high levels of concentration of 
pollutants when arriving at the other continents coasts. However, under the conditions of the 
described phenomenon, the species are prevented from the dilution (Stohl and Trickl, 1999). 
The evidence of such transport phenomena was often reported in the literature. For example, 
the studies of Stohl, (2003), Stohl, et al., (2004), and  Lewes et al., (2007) show that the air 
masses arriving Europe from the relatively remote areas of North American continent may 
contain the high levels of pollution. Lewes et al., (2007) show that significant levels of CO 
were measured over the path from North America to Europe in 2004, along which a number 
of the airborne measurements were performed. Ottino, (1989) even discuss the possible 
useful side of such phenomena and show how the chaotic advection can be used for the 
detection of air mass transport. It is therefore obvious, that for the any further quantitative 
analysis of SCIAMACHY CO total columns over Europe, the days with intense air mass 
transport from the remote areas of North America need to be considered in details and if the 
situation of fast transport phenomenon can be proved, such days should be sorted out from 
the analysis.  
 
 

11.9 Summary and conclusions 
 
The first quantitative study on SCIAMACHY WFM-DOAS version 0.6 CO total columns has 
been performed. For this, the longitudinal CO total column gradient was determined for 
available SCIAMACHY CO over the years 2003–2005 measurements over the well-isolated 
anthropogenic source region of the United Kingdom in order to estimate the difference 
arising from anthropogenic pollution events over the UK. The results show that the calculated 
gradients from the west to the east coast of UK have a positive value of 1-5% for yearly 
averaged CO total column over the selected region. These values are consistent with the 
direct airborne measurements during the AMPEP campaign, which estimated the CO 
concentration enhancement from the west to the east coast of the UK to be about 10-100 ppb, 
corresponding to the enhancement of 1-10% within the 1 km boundary layer.  
To achieve the statistical stability and to prove the influence of different surrounding 
conditions, the values of gradient were estimated for the CO data set averages taken at the 
different time intervals and with the number of filtering criteria. Independently, the effect of 
taking into account only cloud-free measurements and measurements over land were 
analyzed. Additionally, the specific wind filtering method was developed, which uses the 
wind direction and wind speed from the ECMWF meteorological data set to classify the days 
with available SCIAMACHY CO data over the UK into different groups corresponding to the 
prevailing wind conditions at the time of SCIAMACHY measurements. The averages 
calculated for each of these classified groups were analyzed in the same manner as it was 
done for 3-years data set. It was found that the observed longitudinal (downwind) gradients 
of CO over the UK typically have the expected order of magnitude and sign for the dominant 
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westerly wind conditions. For the days with prevailing easterly winds, higher CO was found 
east of the UK, probably due to the small number of (noisy) measurements but also due to the 
dilution of the polluted continental air masses and their strong mixing with air from continent 
on the east side of the UK.  
The statistical significance of the SCIAMACHY CO gradient over the UK was analyzed. As 
the criteria for the statistical significance of the inferred CO gradients the 2σ-error of the 
gradient was used. It is required to be less than the gradient itself in order for a gradient to be 
classified significant. In addition, the goodness-of-fit probability was used as an indicator of 
an acceptable fit. Using both criteria, only few situations were found where the CO gradient 
could be considered significant. For calculations, two types of total column errors were 
considered: the mean retrieval error (single CO measurements error) and the standard 
deviation, which has been considered as the more realistic estimate for quantitative 
application as it includes also the natural variability of CO concentration over the UK. 
However, it was concluded that for the anthropogenic sources with relatively stable 
production and definite location, this error could be reduced by considering more 
measurements. Additionally, this study revealed further important aspects study of the 
influence of cloud and air masses transport from remote areas on the estimated values of 
gradient and its significance. It was concluded, that as clouds coverage as well as the 
transport of air masses could play an important role and needs to be investigated in more 
details with the help of, as for example, atmospheric transport models simulations, which 
would be helpful, especially to take into account the transport of polluted continental air 
masses under east wind conditions. 
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12. Emission Ratios from SCIAMACHY  
 

12.1 Introduction 
 
Biomass burnings are complex phenomena, occurring each year almost at the same time and 
the same location. During such an event, a variety of pollutants can be emitted in different 
proportions depending on the fire conditions. Therefore, to understand the complex chemistry 
of these events, analysis of the several simultaneously measured components is required. On 
the other hand, each biomass burning event consists of a huge number of single fires, which 
can easily occupy large areas of thousands of square kilometres. This fact complicates the 
analysis of such processes with the help of local measurements. Nevertheless, up to now, 
quantitative analysis of biomass burning events was exclusively a domain of local 
measurements. Literature research revealed that often, local simultaneous measurements over 
some selected biomass burning fire were analysed in the scope of a well established excess 
mixing ratio (EMR) method developed by Seiler and Crutzen (1980) for quantification of 
emissions around large sources. The disadvantage of such analysis based on local 
measurements is their limitation to a number of single fires, which does not provide 
information about the entire event. Space-based simultaneous measurements can help to make 
an important step forward. The large size of biomass burning events makes them especially 
interesting for studies based on the satellite measurements, which presently have relatively 
large footprint sizes and can be characterized by relatively high uncertainty of a single 
measurement.  
Since 2002, SCIAMACHY has been measuring several atmospheric trace gases with good 
sensitivity to all atmospheric layers, including the boundary layer closest to the most 
important sources of pollutants. In this chapter, the SCIAMACHY simultaneously 
measurements of CO, HCHO, and NO2 are analysed in the context of the well-established 
EMR method. It will be shown that the values of the Excess Ratios calculated with the help 
of SCIAMACHY measurements are in a reasonable agreement with the previously calculated 
values available from a number of airborne campaigns over the same burning area, e.g., from 
the campaign SAFARI2000. Detailed comparisons with the available literature are presented 
for the values of ΔHCHO/ΔCO and ΔNO2/ΔCO. A comprehensive discussion is conducted on 
the sources and the magnitude of the uncertainty of the satellite measurements, on the 
assumptions required, as well as on potential future applications of the method of Excess 
Ratios and Emission Factors to the satellite measurements. The results of this study are 
presented in Khlystova et al., (2010) 
 

12.2 Biomass burning as common source of CO, HCHO, and NO2 
 
SCIAMACHY is able to measure many atmospheric species simultaneously. We consider 
three of them: CO, NO2 and HCHO, since the biomass burning processes are a large source of 
all three gases. CO is the second of most important carbon component of each combustion 
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process. Because the lifetime of CO in the atmosphere is relatively short, and its enhanced 
levels can be well recognized from the satellite over the biomass burning fires locations, this 
gas is a suitable reference carbon component. In contrast, the identification of CO2 levels 
enhancements (CO2 is a main flaming carbon component) from satellite is rather difficult. 
Biomass burning processes are the second largest source of hydrocarbons, such as 
formaldehyde, which are typically emitted during the combustion smouldering phase (Delmas 
et al., 1995, Crutzen and Andreae, 1998, Andreae And Merlert, 2001). Most of the nitrogen 
components are produced during the fire flaming phase. Considering different biomass 
burning events, it should be possible to relate their burning conditions to the differences in 
the relative amount of emitted carbon and nitrogen components.  
Thus, the relative amount of components emitted from biomass burning depends on the 
surrounding conditions and on the quality of the burning fuel. The reduced carbon 
components such as CO and HCHO can be directly emitted during the longest and most 
productive combustion smouldering phase. In addition to the direct emissions, both gases can 
be produced indirectly by the oxidation of the main smouldering product - CH4 (Lobert and 
Warnatz, 1993). HCHO is an intermediate short-lived product of this oxidation, and is 
oxidised/photolysed after several hours with production of a more stable component, CO (one 
methane molecule produces one CO molecule). Since CH4 is a long-lived and well-mixed 
atmospheric gas, its levels over the fire are only minimally different from the background. 
Therefore, the CH4 oxidation adds mainly to the background of HCHO and CO 
concentrations.  
The nitrogen components emitted during the fire compose of NO, NO2, N2O, NH3 gases 
(Andreae et al., 1996, Lobert et al., 1993). The most significant emissions of reactive 
nitrogen species are nitrogen oxides, NO and NO2 (Lobert and Warnatz, 1993), which are 
produced by either oxidation of atmospheric molecular N2 - thermal NOx or by oxidation of 
the nitrogen containing components of the fuel - fuel NOx (Seinfeld and Pandis, 1998). 
Thermal oxidation of atmospheric N2 occurs mainly during the fire’s flaming combustion 
stage. The main product of this oxidation is NO, which is thermally more stable than NO2, 
and only minor direct NO2 production is possible during early fire stages (Lobert and 
Warnatz, 1993). However, the flaming stage is usually intensive and relatively short, so that 
as soon as the temperature in the fire sinks, NO can be immediately oxidized to NO2. 
Laboratory experiments showed that this oxidation is often fast and occurs before the next 
combustion stage (e.g., smouldering) takes place (Lobert and Warnatz, 1993). Additionally, 
the amount of nitrogen components released from the combustion event depends on the 
amount of nitrogen in the burning fuel (fuel NOx), which varies considerably from a 
maximum for the fossil fuel to a negligible amount for the natural gas. Therefore, the general 
amounts of emitted NOx vary strongly depending on the regional biomass type (e.g., 
savannah, tropical rain forest, boreal forest). As the fuel in the tropics is richer of nitrogen 
than the fuel in the boreal regions (Delmas et al., 1997), the amount of NOx emitted during 
fires in the tropics is generally higher than that from the boreal regions like Alaska or Siberia. 
However, under real atmospheric conditions, the amount of NO2 emitted over the particular 
burning stage is highly uncertain (Delmas et al., 1997). Thus, despite the temperature of the 
combustion process, its amount also depends on the presence of other active components, 
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which may consume the atmospheric oxidation agents much faster than NO (Lobert and 
Warnatz, 1993).  Additionally, some NO2 can be produced directly over the smouldering 
phase. Field experiments (Delmas et al., 1991, Le Canut et al., 1994, Andreae et al., 1991, 
Sholes et al, 1996) and laboratory studies (Lobert and Warnatz, 1993) showed that in general, 
the amount of NO2 produced through the oxidation immediately after the fire’s flaming stage 
is much higher than the direct NO2 emission during the smouldering. 
Table 12.1 demonstrates that in general, pollutant production strongly depends on the 
duration of two main combustion stages: the smouldering and the flaming, which dominate 
depending on surrounding conditions (Lobert and Warnatz, 1993). For example, under moist 
conditions with lower temperatures and less oxygen support, the smouldering phase became 
the longest and dominant, whereas under dry conditions and high temperatures, the flaming 
phase can extend from several days to several weeks and become as long as the smouldering 
phase.  
The conditions of the real combustion processes within the known biomass burning events 
were often described in literature, where authors considered corresponding emission amounts 
of different pollutants (Lobert and Warnatz, 1993, Seiler and Crutzen, 1980, Delmas et al., 
1991, Le Canut et al., 1994, Andreae et al., 1991, Sholes et al, 1996, Andreae and Merlet, 
2001, Koppmann et al., 1999 as well as many other important results reported in the scope of 
the SAFARI 92 and SAFARI 2000 campaigns). Summarizing these findings, the biomass-
burning events occur almost every year at the same time and over the same areas, and often 
proceed under similar surrounding conditions (depending rather on the fuel load). Figure 12.1 
shows the year-to-year distribution of fire counts as measured by AATSR instrument and 
proves that the location of largest biomass burnings stays nearly the same for all three years 
2003, 2004 and 2005.  
Thus, using the information about regional conditions as well as the general knowledge about 
the dependency of the emissions from the local conditions, all burning events can be roughly 
divided into two categories, according to their dominant combustion phase. In addition, 
taking the information about natural condition for each typical biomass burning region as 
given in the literature, all large biomasses burning events can be organized according to the 
dominate conditions in region, as given in Table 12.2. 
 
 

 
Flaming stage 
components 

 

Carbon Dioxide (CO2), Nitric Oxides (NO, NO2), Sulfur 
Dioxide (SO2), Nitrous Oxide (N2O), Nitrogen (N2) 

 
Smouldering stage 
components 

 

Carbon Monoxide  (CO), Methane (CH4), Most Hydrocarbons 
(NMHCs, PAN), Ammonia (NH3), Methyl Chloride (CH3Cl), 
Sulfur components (H2S, DMS, COS) 

Table 12.1: Trace gases typically emitted from biomass fires during the different fire 
stages (Lobert and Warnatz, 1993). 
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Region Conditions 
Boreal forest fires in 
Alaska, Siberia (ALS, SIB) 

Mainly smouldering conditions, high 
moisture of fuel, production of 
reduced components, high NO, low 
NO2; 

Dry season evergreen forests 
biomass burning in Equatorial 
Africa and Southern America  
(EAF, SAM) 

smouldering emissions, emissions of 
reduced components, high CO, high 
hydrocarbons emissions, variety of 
VOCs, high NO, low NO2, high 
aerosols concentration; 

Savannah fires in north 
equatorial Africa and  in 
Australia (NAF, AUS) 

Flaming-dominated combustion, 
high temperature, large amount of 
fuel, emission of fully oxidized 
components, low CO, low 
hydrocarbons emissions; 

Moist savannah and grassland 
burning and sugar cane fires 
in the South Africa (SAF) 

Intensive smouldering, accompanied 
by large numbers of small flaming 
fires, less CO, CH4 and NMHCs, 
ratio NOx/NMHCs high; 

Mixed fuel fires in South East 
Asia, Indonesia (Forest fire, 
shift-cultivation, agricultural 
rests burnings) (SEA) 

Very high temperature, long 
smouldering phase, large variety of 
fuel types, strong winds, high CO, 
high HCs, high NO, low NO2. 

Table 12.2: The conditions of biomass burning processes in the regions of large 
biomass burnings. The information is based on literature, mainly Levine, (1991).  
 

12.3 Method of Excess Mixing Ratios 
 
Usually, the fact that biomass burning is a strong source of many different pollutants emitted 
in different proportion depending on the surrounding conditions is used by the conventional 
method of Excess Mixing Ratios (EMR) for calculation of the quantitative characteristics of 
emissions. This method was developed (Seiler und Crutzen in 1980) mainly for the 
applications with local measurements. In terms of this method, emission information can be 
represented in two basic forms: in form of Emissions Ratios and as Emission Factors 
(Andreae and Merlet, 2001). Emission Ratios can be calculated from simultaneous 
measurements of different species of interest and the reference species (carbon reference 
species – CO and/or CO2) in the plume and in clean background air, using the formula:  
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Figure 12.1: AATSR fire counts for the years 2003, 2004, and 2005. 
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In (12.1), ΔX is the excess concentrations of species X and ΔCO is the excess concentration 
of a reference, usually carbon component, CO or CO2, selected depending on relevance of a 
particular combustion stage. Alternatively, the emission ratio can be determined as the 
regression slope of the species’ concentration versus a reference species , as discussed by Le 
Canut et al. (1996). Typically, the value of Emission Ratios is expressed in units 
(mole/mole).  
Emission Ratios do not require knowledge of the fuel composition and the amounts of fuel 
burned and, therefore, they can be considered as a convenient quantitative characteristic of 
sources in cases where no additional information about local conditions is available (Andreae 
and Merlet, 2001). The values of ER are highly dependent on the type of combustion. 
Especially due to the dependence on the relative weight of the combustion phases, flaming 
and smouldering ERs can be widely applied for studies aimed at characterizing the chemistry 
of a particular biomass burning event. In addition, the variation of ERs from year to year are 
important indication of changes of particular biomass burning events and may help to 
understand the role of biomass burning phenomena in the context of global change. However, 
the EMR method must not be applied to a large number of species as the emission 
information reduces with increasing number of analyzed species, as already mentioned by 
Lobert et al., (1999). 
Having the ER values, Emissions Factors (EF) can be calculated. EF is defined as the amount 
(gram) of the emitted component X per kilogram of dry matter (or carbon) in the burned fuel 
and allows direct estimation of trace gas and aerosol release when the amount of biomass 
burned is given. Derivation of EF from ER for each component of interest, X, is performed as 
follows: 
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The parameter M is the molar mass of a corresponding component. Having ER or EF, 
emissions can be expressed using the general expression for calculation of emissions reported 
in the literature as a product of some exposure terms (e.g., the amount of biomass burned) and 
an Emission Factor. The method originates from the model developed by Seiler and Crutzen 
(1980). Following the idea of their method, the total emissions per year can be computed as:  

X X
E D EF

X
D EF

X          (12.3) 

where x is the component for which emissions are estimated, Ex is the total emission for the 
component x, and EFx is the emission factor of component x in g/kg dry matter and 
D A B a bA B a b , where A is a total land area burned annually (m2/yr), B is the average 
organic matter per unit area in the individual biomes (g/m2), a is the fraction of the average 
above-ground biomass relative to the total average biomass B, and b is the burning efficiency 
of the above-ground biomass.  



 
 
146 12. Emission Ratios from SCIAMACHY 
 

 
Figure 12.2: The schematic representation of the EMR method (Seiler and Crutzen, 1980) 
shows the main block of the bottom-up emission estimation method.  
 
For estimations based on satellite measurements, the exposure term D has been modified by 
Korontzi, (2004) to the sum 
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, where Ai,j is the burned area in km2, Fi,j is the 

amount of carbon in the fuel (or fuel load, in kgC/km2), CEij is the combustion efficiency; i, j 
are the spatial coordinates (Korontzi et al., 2004). A schematic representation of the 
described method is shown in Figure 12.2.  
Further, using additionally the independent estimation of area burned (e.g., MODIS Area 
burned Product) and the carbon amount in the burning fuel (e.g., recommended by Korontzi 
et al., 2004), as well as the detailed information on the combustion completeness one can 
estimate the emissions. Up to now, the emission factors for biomass burning events calculates 
were obtained by this way, whereas the Emission Factors were obtained over a number of 
local events. Thus, for example, Korontzi et al. (2004) and Chang, and Song, (2010), 
extrapolate the Emission Factors obtained over the number of single fires over a large area of 
biomass burning event in Africa and Asia. In numerous similar literature estimations, authors 
often neglect the fact that such crude extrapolation might result strong over- or under- 
estimations of the calculated emissions. Here, the SCIAMACHY simultaneous measurements 
offer unique opportunity to estimate the emission characteristics from the large-scale satellite 
perspective to meet the needs of the spacious biomass burning events.   
 

12.4 Excess Mixing Ratios reported in the literature 
 
The method of Excess Ratios has been applied to the measurements of numerous field studies 
in the past. For example, during the first SAFARI92 campaign in 1992, the method was 
applied to airborne measurements over southern African forest and savannah fires (McMillan 
et al., 2003, Le Canut et al., 1996, Koppman et al., 2005, Hobbs, 2003). Yokelson et al. 



 
 
 IV  CASE STUDIES  147 
 

(2003) use the excess mixing ratios during the SAFARI campaign 2000 in savannah and 
forest regions of southern Africa (Yokelson et al, 2003), where the different combustion 
events in South African savannah were analysed. Bertschi et al., (2003) have applied this 
method to analyse the biogenic emissions from domestic biofuel burnings. Numerous 
laboratory studies were performed to analyse the ratios and the emission factors under 
laboratory conditions (e.g., Yokelson et al., 2006). The same author analysed the combustions 
in Mexico (Yokelson et al., 2006) during the MILARGO campaign, southern American 
tropical forest fires during the TROFFEE campaign in August and September 2004. Hurst et 
al., (1994) and Luhar, (2008) applied the method to study the Australian savannah fires. 
Mellios et al., (2006) have applied this method for the inventory validation of urban 
emissions from road transport.  
Yokelson et al., (2003) and Bertschi et al. (2003) demonstrated a particularly interesting 
example of the application of the EMR method. In their work, they analysed the emitted 
species from fires over South African savannah and tropical forests, as well as from domestic 
bio-fuel combustions in the scope of the SAFARI 2000 (S2K) project - an international 
science initiative to study the linkages between land and atmosphere processes in the 
southern African region. During this campaign, a number of different atmospheric 
components were measured over the largest pollution sources in southern Africa. The 
measurements were made with the help of the AFTIR instrument onboard NASA aircraft UW 
Convair-580. The AFTIR system is designed to obtain FTIR spectra of air flowing through or 
detained within a multi-pass cell (using the path length increase to amplify the signal) 
installed inside the aircraft (Yokelson et al., 1999; Goode et al., 2000). Infrared spectra of the 
cell contents were acquired continuously (every 0.83 s) throughout most of each flight and 
the flow-control valves were normally open, which flushed the cell with ambient air. In order 
to temporarily trap smoke plume ‘‘grab’’ samples, the measuring airplane flew into the 
smoke plume and then closed the valves when the cell was well flushed with smoke. The 
valves remained closed for 1–3 min while several hundred spectra of the detained smoke 
sample were acquired. Background grab samples were trapped at the same altitude just 
outside the plume and processed in the same way.  
Vertical profiles of trace gases of CO2, CO, CH4, and H2O below 5.5 km in regional haze 
layers and in the free troposphere were obtained by continuously sampling during rapid 
ascent/descent, or from a series of detained samples obtained during the horizontal legs of a 
“ladder” type flight profile (Yokelson et al., 2003). The CO mixing ratios were obtained from 
a deployment-specific, mathematical interpolation based on a large set of pre and post 
experiment calibration spectra that spanned the relevant temperatures, pressures, and mixing 
ratios. Excess mixing ratios in smoke were assumed to be the mixing ratio of a species “X” in 
smoke minus the mixing ratio of X in the closest sample of background air. 
Excess mixing ratios in smoke were obtained directly from the smoke-absorbance spectra 
using synthetic-calibration methods for NO, NO2, and formaldehyde (HCHO). Table 12.3 
gives the summarized information about the ratios obtained during the SAFARI 2000 
campaign. Note that all values of ratios were inverted in order to compare them to the 
satellite values, as it will be discussed in the next section. 
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SAFRI 2000 
Wood fires 

(forest) 
Savannah 

fires 
Charcoal 
burnings 

Charcoal 
production 

∆CO/∆HCHO 
37 
34 
22 

232 
558 
41 

238 
143 
91 
71 

∆CO/∆NO2 
143 
345 
609 

21 – 56 
 

44 
 

- 

∆HCHO/∆NO 
7 
19 
18 

0.3 
1 

 
0.2 

 
- 

Table 12.3: Excess mixing ratios (mole/mole) as measured during the SAFARI 2000 
campaign in August-September 2000 (Yokelson et al., 2003, Bertschi et al., 2003). The values 
are represented in form 1/X.  
 
Further values of Excess Ratios are available in Andreae and Merlet (2001), where authors 
have analysed a number of measurements from different airborne and field campaigns 
reported in the literature before the year 2001. For the current application, the Emission 
Factors recommended in their study, were converted back to the values of Emissions Ratio, 
using the definition of the Emission Factor of a particular gas X:  

X CO
X

CO X

EF M
ER

EF M
X CO

EF M
X C

EF M
   (12.4) 

Table 12.4 contains the summary of the recalculated values of the Emission Ratios from the 
available values of the Emission Factors taken from (Andreae and Merlet, 2001). As for the 
SAFARI 2000 values, the ratios are represented in their inverse form.  
Since 1996, more values of estimated ER and EF have been reported in Good Practice 
Guidance and Uncertainty Management in National Greenhouse Gas Inventories (GPG2000) 
provided by the IPCC Guidelines for National Greenhouse Gas Inventories (IPCC 
Guidelines). This organization offers specific Emission Factors for the majority of the source 
and the sink categories. The data is organized according to the IPCC Guidelines for National 
Greenhouse Gas Inventories Program (NGGIP)1 into the Emission Factors Data Base 
(EFDB), and is part of the default data category of IPCC reports. The data is permanently 
updated from a variety of organizations and institutions around the World. The latest version 
of EFDB contains the Emission Factors for the greenhouse gases (CO2 and CH4) as well as 
for ozone precursors, carbon monoxide (CO), nitrogen oxides (NOx) and non-methane 
volatile organic compounds (NMVOCs) and in the near future will provide information of 
emissions of sulphur oxides (SO2), and many others.  
 
 

                                                   
1 http://www.ipcc-nggip.iges.or.jp/index.html 
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Table 12.4: The values of the emission ratio (mole/mole) accumulated by Andreae and 
Merlet (2001) in form of the emission factors. The values were inverted as in Table 12.3. 
 
However, the large biomass burning events are still the most uncertain part of the existing 
inventories. One of the reasons for the high uncertainty is that all known inventories provide 
values of ratios and emission factors based on local airborne or ground-based measurements, 
which are rather incoherent in time and location, sparse and often limited to a number of 
single local events in the past1. Moreover, local measurements are definitely unrepresentative 
for large-scale events like biomass burnings. For example, the principle of source/background 
signal identification for airborne measurements depends on the fire plume visibility and the 
background concentration is usually measured against the wind direction (direction identified 
locally). Thus, this measurement technique does not guarantee that long-lived colourless, 
odor-less gases like CO or CO2 will not trap in the measurements devices from neighbouring 
source locations. At the same time, this contamination is obvious, because the airborne 
campaigns are usually organized at the time and over the locations of large biomass burning 
events, and the measurements are often performed over the location surrounded by many 
similar events. Hence, the value of single default emission factors proposed for example by 
IPCC may be not representative for all categories of burning processes. Thus, for biomass 
burning events, estimations based on satellite measurements will provide a better alternative. 
 

12.5 Modification of EMR method for space-based measurements 
 
Two issues need to be considered in order to apply the EMR method to the satellite 
measurements. The first is the fact that satellite measurement provide the integrated 
atmospheric (or tropospheric) column, which differs significantly from the quantities 
obtained locally. The second fact is the high uncertainty of the up-to-date satellite-obtained 
quantities, which results in the need for additional averaging of the data in order to increase 
the significance of the results.  
The differences in the absolute quantities obtained from local and remote measurements can 
be compensated by the assumption, that the combustion processes at the ground represents 
the strongest sources over the whole column at the time and over the location of a biomass 
burning event. In this case, the excess of total columns will be proportional to the excess 
concentrations derived from the local measurements.  

                                                   
1 http://reports.eea.europa.eu/EMEPCORINAIR5/en/Introduction_Aint_2007.pdf 

Ratio 
 

Savann.
Grassl. 

Trop. 
forest 

Ext. 
Trop. 
forest 

Biofuel 
burning 

Charc. 
making 

Charc. 
burn. 

Agric. 
res. 

ΔCO/ΔHCHO 179 53 35 429 - 55 47 

ΔCO/ΔNO2 27 107 59 116 2875 84 60 
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To be able to apply the method to averaged columnar quantities, one needs to define the 
changes in the methods main terms, introduced by spatial and temporal sampling. For this, 
the definition of the main excess term of the EMR method as proposed by (Melios et al., 
2006) is used  

,
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  (12. 4) 

where pi(t) is the background concentration and ci(t) is the concentration of the pollutant in 
the plume, Di(t) is the dilution (or dispersion) factor, defined by the meteorological 
conditions (Melios, et al., 2006), and Ei,j is the local emissions strength function. The right-
hand side of the equation suggests that the main time-dependent terms in equation (12.4) are 
the variation of sources strength and the strength of dilution. However, the duration of a large 
burning event often extends a whole season. Therefore, it can be assumed that meteorological 
conditions such as temperature or moisture do not change radically over this time. The source 
strength mostly depends on the fuel degradation and regeneration time. The fuel regeneration 
shows significant changes only on the seasonal scale. The fuel degradation in contrast is 
rather fast. However, the most significant contribution to the excess trace gas concentrations 
originates from the fresh fires consuming the fuel of the same type at each propagation step. 
The old fuel is never used twice (Levigne, 1990). Therefore, it can be expected, tha t some 
“typical” gas concentration exists, which are reproduced by the average over a particular 
event. 
On the other hand, the rate and intensity of dilution varies strong with time, e.g., due to 
changing meteorological conditions (Ward, 2007). In addition, the different lifetime of the 
selected gases (Table 12.5) leads to a difference in their accumulation rates and therefore in 
their spatial distribution, suggesting different origins of pollutants incorporated into one 
average. For example, the CO concentration at the time of measurement over a particular 
location (pixel) will include diluted CO from the previous day and CO currently exhausted, 
whereas the concentrations of short lived HCHO and NO2 are less affected by the emissions 
of previous days.  
 

 Main source Main sink Lifetime 

CO Incomplete combustion 
processes, oxidation of 
Hydrocarbons; 

OH ~2 months 

HCHO Oxidation of higher 
hydrocarbons and methane, 
Combustion proc., Biolog.; 

OH 
hν 

1.5 day 
4 hrs 

NO2 Fossil-fuels combustions; 
Biomass burning, lighting, 
soils emissions; 

OH Lower trop.: ~1 day 
Upper trop.: ≤ 7 days 

Table 12.5: The lifetime of the selected species in the atmosphere according to Seinfeld and 
Pandis (1998) P. 288(HCHO), P. 260 (NO2). 
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Bearing in mind that a couple of days could be between the next SCIAMACHY 
measurements over the same location, one can expect that the dilution has enough time to 
reduce the concentration from previous measurements to the background levels. This 
expectation is confirmed by Heimann and Kaminski (1998), where the authors report the 
existence of “a time horizon, beyond which any source or sink contributes only to the global 
background mixing ratio of the tracer”, and where they set “several days” as a reasonable 
time limit for the dilution of every pollutant. In other words, there is enough time for 
predominant dilution between two SCIAMACHY measurements, which keeps the effect of 
the concentrations from the previous measurements at levels near their background. Thus, it 
can be assumed that mainly the emissions at 10:00 local time as measured by SCIAMACHY 
at a particular location will contribute to the excess values of source minus background.  
In fact, the main terms of the EMR method are differential. Therefore, in general, subtraction 
of the “background” from the “signal” will probably result in reduction of several instrument 
effects and some additive atmospheric terms, which are similar for source and background 
and partially smooth the effects of differences of the three gases retrieval procedures.  
 

12.6 Results and discussion 
 
12.6.1 SCIAMACHY simultaneous measurements above biomass burning 
 
General comparisons of the spatial distribution of the three SCIAMACHY gases show that 
simultaneous increases of the levels of CO, HCHO and NO2 can be observed at the time and 
location of increased fire counts registered by the AATSR instrument. However, as all three 
are retrieved with the help of different retrieval methods, it is per-se not evident that 
SCIAMACHY is able to capture several gases over their simultaneous sources. Therefore, at 
first, three years of SCIAMACHY CO measurements, retrieved in the scope of this work with 
the help of the WFM-DOAS version 0.6 scientific algorithm, were compared with the 
simultaneous measurements of HCHO total columns retrieved with the help of the DOAS 
method in the spectral region 270-370 nm (Wittrock et al., 2004) and NO2 tropospheric 
columns retrieved from SCIAMACHY spectra in the 425-450 nm spectral region (channel 4) 
with pixel resolution of 60 x 30 km2 using the DOAS retrieval method (Richter et al., 2004).  
Apparent similarities have been found between the spatial patterns of seasonally and monthly 
averaged SCIAMACHY CO, HCHO, and NO2 columns. By this means, the increase in 
concentration has been observed consistently over the same areas and at nearly the same time 
of the year. The latter corresponds well with the behaviour of fire counts registered by the 
AATSR instrument. Globally, in the beginning of the year, the maxima of fire counts can be 
found in the northern hemisphere, over the regions of south East Asia and northern part of 
equatorial Africa. In the second part of the year, fire count maxima drift to the southern 
hemisphere, and appear over southern Africa, southern America and Australia.  
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Figure 12.3: SCIAMACHY HCHO and NO2 during African biomass burning events and the 
corresponding distribution of fire events, registered by the AATSR instrument from February 
to March 2004, and from July to September 2004. 
 
Good temporal (Figure 12.4) and moderate spatial correlation (Table 12.6) was found 
between SCIAMACHY CO, NO2, HCHO and the AATSR fire counts for the year 2004 over 
well known biomass burning sources. The temporal correlation coefficient can reach values 
of up to ~0.8. Similar correlation values were observed for 2003 and 2005 as well. Figure 
12.3 shows an example for the distribution of SCIAMACHY HCHO, and NO2 over two 
seasonal biomass burning events in Africa. One can admit the seasonal drift of NO2 and 
HCHO maxima following the distribution of maxima fire counts.  It must be noted, that 
because HCHO and NO2 have much stronger sources such as anthropogenic sources over 
China or USA for NO2 or biogenic emissions for HCHO, these similarities of spatial pattern 
became visible only on the regional (or logarithmic) scale.  
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Figure 12.4: The time series of SCIAMACHY CO, NO2 and HCHO, as well as the AATSR fire 
counts are presented over the selected regions (from top to bottom, from left to right): SIB 
(Siberia), EAF (equatorial Africa), SAF (southern Africa), SEA (South-east Asia), ALS 
(Alaska), AUS (Australia), NAF (Northern African), SAM (South America).  
 
Using these correlations, periodic occurrences of biomass burning emissions were found over 
the large fires in South America (SAM) during July-October; in the Evergreen forests of 
Equatorial African (EAF) during the dry season, from May till August; the savannah burnings 
in northern equatorial Africa (NAF) from January until May; South Africa savannah fires 
(SAF) during September – October; the Boreal forest fires in Alaska (ALS) in June and July; 
and Siberian (SIB) forest fires during May-July 2004. Comparable spatial patterns have been 
registered over South East Asia (SEA), and North Australia (AUS), but there the sources are 
rather mixed (mainly anthropogenic land-use and fuel burnings) and correlations are smaller.  
 

 
Reg. 

 
Event time 

Corr. 
CO&NO2 

2004 

Corr. 
CO&HCHO 

2004 

Corr. 
CO&Fire 

2004 

Corr. 
HCHO&Fire 

2004 

Corr. 
NO2&Fire 

2004 
ALS JUN - AUG 0.1 0.3 0.3 0.2 0.2 
SIB MAY - AUG 0.3 0.2 0.4 0.3 0.4 
SAF SEP - NOV 0.3 0.5 0.3 0.5 0.5 
NAF JAN - MAR 0.8 0.8 0.8 0.8 0.8 
SAM JUL - OCT 0.3 0.5 0.3 0.5 0.5 
EAF MAY - SEP 0.7 0.4 0.7 0.6 0.5 
SEA FEB - APR 0.3 0.7 0.4 0.7 0.7 
AUS SEP - NOV 0.5 0.4 0.5 0.4 0.4 

Table 12.6: The spatial correlation for SCIAMACHY CO, HCHO, and NO2 averaged over the 
year 2004. 
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12.6.2 Selection of source and background signals from SCIAMACHY perspective 
 
Taking into account the assumptions of the EMR method described in the previous section,  
and the information about the correlation of three SCIAMACHY gases and fire counts 
distribution over biomass burning regions, the satellite “source” signal can be defined as the 
averaged tracer total column over the area specified around a high number of fire counts and 
over the time when this amount was higher than 50 a day over a particular region. In 
agreement with the “source” signal, the “background” signal is then defined as an average of 
the trace gas column over the same time and over the area close to the “source” but without 
fires, having the equivalent type of ecosystem.  
The latter criterion is useful for the selection of possibly similar fuel conditions and is 
applied as an additional spatial filtering based on MODIS ecosystem type product (Justice et 
al., 2006), in order to avoid the mixture of sources over the region. The areas identified as 
sources are rather large (with a minimum of 114 km2 and a maximum of 95000 km2 for the 
source and between 1160 km2 and 11000 km2 for the background regions). Often it has been 
observed that the border of the AATSR fire count maxima is attached to the border between 
two ecosystems, making the criteria of ecosystem similarity for “source” and “background„ 
difficult to fulfil. In addition, even in the regions with similar ecosystem, several sources may 
be present. For example, the direct emissions of HCHO from the forest fires may coincide to 
the increase of biogenic emissions of HCHO, occurring under higher temperatures of 
surrounding.  
To avoid the mixture of source, it was decided to define the “source” and “background” not 
over the regional average, but over the regions histogram maxima, taken for already selected 
source and background areas. In comparison to the simple mean, the histogram results in 
more stable “typical” values, which are almost independent of changes of the region’s size. In 
addition, histogram tends to be multi-modal if other strong sources with different intensities 
are active in the region. Apparent bi-modality of histogram has been found over the SAM 
region for SCIAMACHY HCHO and over the SAF region for SCIAMACHY NO2. In the case 
of HCHO high values from biomass burnings coincide with anomalous high values, measured 
by SCIAMACHY in 270-370 nm spectral window over the South Atlantic Anomaly (SAA). 
Fortunately, both modes values are very different, so that unrealistically high HCHO total 
columns values over SAA can be easily excluded. The same is true for NO2 over the SAF 
region, where some industrial sources show apparently higher values in a second histogram 
mode. For all other regions, the histograms have only one mode. However, the distribution is 
in many cases asymmetric, indicating contaminations with sources of different intensity. In 
further estimations, the ratios, obtained by application of simple mean, are given together 
with the values of ratios obtained using the method of histogram maxima.  
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Legend: 1. Evergreen Needleleaf Forests 2. Evergreen Broadleaf Forests, 3. Deciduous 
Needleleaf Forests, 4.Deciduous Broadleaf Forests, 5. Mixed Forests, 6. Closed Shrublands, 
7.Open Shrublands, 8.Woody Savannahs, 9. Savannahs, 10. Grasslands, 11. Permanent 
Wetlands, 12. Croplands, 13. Urban and Built -Up 14. Cropland/Natural Vegetation Mosaic, 
15. Permanent Snow and Ice, 16. Barren/ Desert. 

Figure 12.5: The selected “signal” (red box) and “background” (blue box) regions. 
 

Region min. lon. max. lon. min. lat. max. lat 
Source sub-region 
ALS -155.0 -110.0 58.0 68.0 
AUS 121.0 147.0 -25.0 -20.0 
NAF -15.0 35.0 5.0 11.0 
EAF 10.0 29.0 -13.0 -5.0 
SAF 22.0 40.0 -28.0 -15.0 
SAM -70.0 -50.0 -15.0 -8.0 
SEA 98.0 108.0 10.0 23.0 
SIB 55.0 75.0 49.0 60.0 

Background sub-region 
ALS -132.0 -120.0 55.0 59.0 
AUS 121.0 147.0 -20.0 -11.0 
NAF -15.0 35.0 11.0 14.0 
EAF 11.0 29.0 3.0 8.0 
SAF 17.0 27.0 -25.0 -20.0 
SAM -78.0 -50.0 -5.0 5.0 
SEA 90.0 105.0 25.0 30.0 
SIB 70.0 90.0 45.0 60.0 

Table 12.7: The geo- coordinates of the selected regions. 
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12.5.3 The SCIAMACHY Emission Ratios 
 
Taking into account the described in section 12.5 assumptions, the Emission Ratio were 
calculated from SCIAMACHY CO, HCHO and NO2 column densities for each identified 
biomass burning event in the year 2004. Figures 12.6 – 12.9 show all selected regions with 
spatial distribution of SCIAMACHY CO, NO2, and HCHO, the AATSR fire counts, MODIS 
ecosystem type maps, population density and EDGAR 3.2 spatial emissions estimations of 
CO for each region (EDGAR 3.2 for NO2 and HCHO emissions estimation over the biomass 
burnings were made under the same assumptions and looks very similar to that of CO with 
only differences in the absolute values). In addition, Figure 12.11 shows an example of 
histogram selection for two regions, NAF and SAM. The calculations have been made 
following the terms of the EMR method. First, the average (histogram maxima) has been 
calculated for each of the selected “signal” and “background” regions for the time of a 
particular biomass burning event taking into account the filtering criteria. The obtained CO 
“background” levels have been found to vary in a range of 10%, which is in agreement with 
the variability of CO background concentration reported in the literature. Over the “signal” 
regions, the mean values vary somewhat stronger, and have a minimum of 2.3x1018 
molecules/cm2 in Siberia and 2.35x1018 molecules/cm2 in Alaska, and reach the maximum of 
about 3.0x1018 molecules/cm2 in Southeast Asia.  
As a second step, the resulting average values over the “background” have been subtracted 
from the average over the “signal” regions. The resulting excess value varies independently 
from distribution of regional source and background concentrations, for ΔCO from a 
minimum of 0.23x1018 molecule/cm2 over AUS to a maximum over EAF region with 
0.66x1018 molecule/cm2. Relatively large excess values were also found in the ALS region 
with 0.64x1018 molecule/cm2, and SEA region with 0.55x1018 molecule/cm2 as well as in the 
southern hemisphere, over the SAF and SAM regions, where a large number of biomass 
burning events was registered by the AATSR instrument in 2004. The maximum ΔHCHO 
value was found over SAM and EAF regions with values of 1.14x1016 molecule/cm2 and 
0.96x1016 molecule/cm2 correspondingly, directly followed by the SEA region with 0.78x1016 
molecule/cm2. Interestingly, these three region’s biomass fuel is mainly represented by 
evergreen forests and the fires usually occupy the whole biome territory. However, analysis 
of the dataset suggests that the SAM region may be contaminated by exceptionally high 
values over the South Atlantic Anomaly (SAA), and therefore, a careful selection of regions 
must be performed to avoid this contamination.  
Comparatively small values of ΔHCHO, 0.37x1016 molecules/cm2, were found over the ALS 
region. This can be related to the relatively small amount of data points over areas with high 
latitudes. The highest excess concentrations of ΔNO2 have been found for African regions: 
0.09x1016 molecules/cm2 over the EAF region followed directly by 0.08x1016 molecules/cm2 
over the NAF and SAF regions. The minima of ΔNO2 have been found over Boreal regions, 
ALS and SIB, being 0.01x1016 and 0.02x1016 molecules/cm2 respectively. The ∆HCHO values 
deviate stronger than the values of ∆NO2 and ∆CO from its mean value, with a maximum of 
86% and minimum of 40% (17-60% for ∆NO2 and about 50% for ∆CO).  
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Figure 12.6: The selected regions EAF and SAM with corresponding information (see 
corresponding description in the text). 
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Figure 12.7: As Figure 12.6, but for the regions NAF and SAF. 
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Figure 12.8: As Figure 12.6, but for the regions AUS and SEA. 
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Figure 12.9: As Figure 12.6, but for the regions SIB and ALS. 
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Figure 12.11: An example of SCIAMACHY CO, NO2 and HCHO regional histograms for 
“signal” and “background” regions of SAM and NAF. The red line denotes the simple mean 
over the region, whereas the maxim of the histogram is denoted by blue colour of the 
corresponding block. 
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Emissions Ratios 
(ER) 

∆CO/∆HCHO ∆CO/∆NO2 
 

Reference 
 

SCIAMACHY 
 

Reference 
 

SCIAMACHY 

M
ai

n 
fu

el
 ty

pe
 

Savannahs 
& 
anthropogenic 

 
 

41-558 

NAF 71 (121) ± 38  
 

21-56 

NAF 426 (478) ± 148 

SAF 148 (348) ± 96 SAF 520 (654) ± 243 

AUS 90 (145) ± 41 AUS 436 (736) ± 146 

Tropical and 
Extra tropical 
forest 

 SAM 27 (34) ± 39  SAM 540 (940) ± 536 

22-53 EAF 68 (89) ± 71 59-609 EAF 706 (1206) ± 530 

SEA 69 (66) ± 51 SEA 862(1062) ± 493 

Boreal Forest 
 

48 
SIB 37 (67) ± 29 

- 
SIB 1318 (1310) ± 690 

ALS 179 (479) ± 200 ALS 6511 (1411) ± 5562 
Table 12.8: The Emission Ratios calculated based on SCIAMACHY retrieved columns and 
reference values from the literature. Reference values were taken from Andreae and Merlet 
(2001), and from the results of SAFARI 2000 campaign measurements (Yokelson et al., 2003, 
Bertschi et al., 2003). The values are shown in brackets were obtained by application of the 
histogram selection method. 
 

Table 12.8 gives an overview of the calculated SCIAMACHY Emissions Ratios in 
comparison with Emissions Ratios obtained from the literature references,  where both are 
ordered according to the typical fuel conditions in region of measurements. The following 
summarizes the behaviour of ∆CO/∆HCHO and ∆CO/∆HCHO Emission Ratios, as shown in 
Figure 12.10: 

1. The ∆CO/∆HCHO values over forest fires (including tropical, extra-tropical and 
boreal forests fires) are lower than the same values over savannah fires (including 
grasslands, bush and cerrados fires). 

2. The ∆CO/∆HCHO values over forests are also higher than the forest fire values of 
∆CO/∆NO2. 

3. The ∆CO/∆HCHO values over savannahs are higher than the savannahs values of 
∆CO/∆NO2.  

4. The ∆CO/∆NO2 values over forest are higher than the same values over savannahs. 

These dependencies suggest that the values of Emissions Ratios can be used as a 
characteristic of burning fuel. The SCIAMACHY ER values reproduce the pattern found in 
the literature, and thus, it can be concluded, that the fuel classification can be made from 
large-scale satellite perspective as well.  
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Figure 12.10: Schematic representation of typical behaviour of Emissions Ratios 
∆CO/∆HCHO and ∆CO/∆NO2 for two types of biomass fuel: forests (tropical and extra-
tropical) and savannahs (here, including grasslands, cerrados, bushes). 
 
The reasons for this behaviour of ER values have been often discussed in the literature. 
Generally, the ∆CO/∆HCHO reference values measured over fires in the Evergreen Tropical 
as well as in the Extra-tropical and boreal forests ecosystems are lower than the same values 
over savannas, bush and cerrado fires. This is mainly due to the fact that forest fires 
(deforestation fires) are always dominated by the smouldering combustion processes, where 
HCHO and as well as many other reduced hydrocarbons are produced directly (Andreae and 
Merlet, 2001, Bertschi et al, 2003, Yokelson et al., 2007). The SCIAMACHY based ratios 
demonstrate similar behaviour: the smaller ∆CO/∆HCHO can be found over forest fires in 
EAF, SEA, SIB, and SAM regions, whereas the same values over savannah-like areas are 
higher, e.g., in the northern and southern African Savannah (NAF and SAF) as well as over 
Northern Australian regions with mainly grass and bush fires. However, deviations from this 
behaviour were found for the SAM and ALS regions. This is again mainly due to the 
relatively small amount of data points (also small significance). In the SAM region, the small 
amount of “good” measurements can be related to the presence of dense clouds over the 
region. The evidence for cloud episodes was provided by TROFFEE campaign, performed in 
Amazonia in 2004, where it was identified as a “white smoke” over large areas (Yokelson et 
al., 2007).  
Over savannas and bush-fires, the ∆CO/∆HCHO values are higher, reflecting the fact that the 
savannah fuel contains in general less biomass and the fuel consumption rates are high over 
this type of ecosystem. In this case, most of the fuel will be consumed during the short and 
intensive flaming phase, leaving no fuel for the next smouldering phase, when most of the 
hydrocarbons are formed. Therefore, the overall burning process can be terminated directly 
after the flaming phase by the rapid fuel shortage. Moreover, because the savannah fuel is 
usually located close to the ground (typically, its height does not exceed several centimetres), 
the intense fire and its rapid termination disturb the ground layer, initiating production of 
many carbonaceous aerosols and reduced carbon component (i.e., CO).  



 
 
164 12. Emission Ratios from SCIAMACHY 
 

The amount of nitrogen in the fuel defines the strength of NO2 emissions over forest fires 
(Delmas et al., 1995). Higher ∆CO/∆NO2 values obtained over the burnings in tropical and 
extra-tropical forests can be related to the relatively low nitrogen content of the forest fuel 
comparing to the savanna-type fuel (Cofer et al., 1998, Kajii et al., 2002 – studies over Africa 
during the SAFARI 92 campaign). Moreover, at the relatively low temperature of 
smouldering processes, only less thermal NO2 can be formed. On the other hand, active 
photochemistry from the smouldering fires increase the rate of conversion of NOx to PAN 
and HNO3. Even higher ∆CO/∆NO2 over Boreal forests, as observed by SCIAMACHY, can 
be explained by, as noted in the literature, the peculiarity of boreal forest fuel, which has 
comparably high amounts of carbon compared with particularly small nitrogen content. This 
results in very high values of ∆CO/∆NO2 ratio over SIB and ALS regions. Moreover, over 
Boreal regions the lifetime of short-lived gases, such as NO2, is significantly extended as the 
result of slower photolysis rates, and photochemical oxidation cycles in the northern 
hemispheric winter and spring (Martin et al., 2003). This may lead to a smaller differences 
between sources and background amounts of NO2, decreasing additionally the ∆NO2 excess.  
Over savannas, the opposite situation is the case. Higher ∆NO2 values over the savannah-like 
regions with dominant flaming combustion are the result of fast NO to NO2 conversion over 
the regions with higher temperatures and active photochemistry (where NO2 is produced by 
the reaction of NO with ozone, (Delmas et al., 1995)). Therefore, mainly the savannah-like 
fires produce higher ∆NO2 values, and thus, lower ∆CO/∆NO2 ratios. This behaviour of 
∆CO/∆NO2 ratio is observed by SCIAMACHY measurements. In the regions with dominating 
savannas-like fuel, such as NAF, SAF and AUS, the values of ∆CO/∆NO2 were lower than 
over the regions having forest ecosystems. The SAM regions ∆CO/∆NO2 are manly in-
between of the savannah-like and forest typical values, reflecting the fact that the there may 
be no dominated characteristic type of fuel over the SAM region. The latter findings support 
the literature evidence for the Amazonian, indicating that forest areas there have been already 
converted to the cerrados or agricultural types of fuel.  
In the Table 2, the SCIAMACHY ∆CO/∆NO2 ratios are more than 10 times higher than their 
literature references. However, since these values are in many cases 1-2σ significant (even 
taking the standard deviation, as described in the next section) it may be speculated that the 
reason for the higher ∆CO/∆NO2 values over the savannah-like areas has some a natural 
origin. The diurnal cycle of short-lived NO2 is probably the most crucial fact. NO2 has it 
maximum at the afternoon or late afternoon. However, the NO2 diurnal cycle can be different 
for the biomass burning events, because the photochemistry there is very complex and 
affected by presence on many other active species. The study of the NO2 diurnal cycle 
(Boersma et al, 2007) and (Giglio et al., 2005) about the diurnal cycle of biomass burning 
general behaviour provide an insight into the nature of these differences. Their estimations 
shows, that the maximum of NO2 over biomass burning can be expected in the late afternoon. 
The references values of Emission Ratios given in the literature for different biomass burning 
fires were manly obtained from the measurements at 12:00-15:00. The Emission Ratios from 
the SCIAMACHY were obtained from the measurements performed at 10:00 local time. This 
difference in the measurements time may be the reason for systematically lower NO2, and 
leads to a smaller excess ∆NO2 values.  
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12.6.4 Uncertainty of SCIAMACHY Emission Ratios  
 
Techniques to identify the uncertainty of the emissions ratios based on the satellite retrievals 
are not trivial and sensitive to the assumptions made about single measurement precision of 
each of the retrieved columns. Since the terms considered for ER are the averaged columns, 
essential error definition may well be estimated as propagation of the averaged single 
measurements errors for each SCIAMACHY product. The SCIAMACHY CO product single 
measurement error is defined over the covariance of all parameters in the retrieved spectral 
region (Press et al., 1992) and provided for each retrieved pixel. The uncertainty of the 
SCIAMACHY tropospheric NO2 product is a complex term, which consists of the 
measurements error, the error of the retrieved slant column, the error of the calculated 
vertical column (Air Mass Factor), and the error of the conversion to the tropospheric column 
with the help of the reference sector subtraction method. The individual measurement error 
was estimated from its additive part and is dominated by fitting errors and the error in 
stratospheric correction. It is about 0.5-1.0 x1015 molecules/cm2 and, for the year’s average, 
has about 50 measurements per 0.5° grid box, 0.7-1.4x1014 molecules/cm2 (Richter et al., 
2004 supporting online material (SOM)). The same error estimations have been performed 
for HCHO vertical column products (however, without the error of reference sectors like for 
NO2). The single measurements error definition for HCHO is given in Wittrock (2005). 
However, the error of the DOAS products is normally not provided with each single 
measurement. Moreover, since the definition of single measurements error is different from 
for WFM-DOAS CO product and because the CO single fit residuum contains a systematic 
component, which is due to the instrument unknowns, the propagation of these errors together 
will not result in well-defined error description.   
Therefore, instead of propagation the single errors, we propagate the standard deviation as an 
error of averaged trace-gas columns.  Thus, the values presented in the table were calculated. 
For each value of calculated Excess Ratio, the error was calculated as follows: 
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where the uncertainty values of the single excess concentration are   
2 2

1 2
X X X

2 2

1 2
X XX

1
    (7) 

In equation (6), the ∆Y is the related to the carbon component, CO, and ∆X stands for 
∆HCHO or ∆NO2. The δX1 and δX1 denote the standard deviation over selected region. Due 
to the strong variation of SCIAMACHY CO columns, δX1 and δX1 values strongly depend on 
the number of considered measurements.  
However, as one can see in Table 2, the resultant estimated ER errors are large. This is 
because the values of standard deviation also include the natural variability of BB, which is 
known to be very uncertain event. Assimilation studies such as (Tangborn et al, 2009) can be 
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helpful in the definition of more realistic satellite product error. Thus, for SCIAMACHY CO 
it had been shown, that the error defined over the standard deviation is most probably 
overestimated by a factor of two (Tangborn et al, 2009, Khlystova et al., 2009).  
 

12.7 Conclusions and outlook 
 
The first space-based estimation of Emission Ratios over the biomass burning in the different 
ecosystems was performed in this study using the simultaneous SCIAMACHY measurements 
of CO, HCHO total columns and NO2 tropospheric columns. In this initial study, the potential 
of SCIAMACHY simultaneous measurements to be used in the well-established method of 
Excess Mixing Ratios, developed by Seiler and Crutzen, (1980) for estimation of emissions 
from local measurements, has been analysed. Since the method was previously applied 
exclusively to the local measurements, the main terms and assumptions of the method were 
adapted to the specifics of the space-based columnar quantities used to define the method’s 
“signal” and “background” terms. It was shown that under generally acceptable assumptions, 
the information about emissions can be accessed from the satellite retrieved columns as well.  
A good correlation between SCIAMACHY CO, HCHO, NO2, and AATSR fire counts over 
the regions with large biomass burning events in 2004 was established and the regions with 
strong biomass burning sources were identified. Among them are: the Evergreen forest fires 
in equatorial Africa and South America, savannah bush fires in Australia and Africa, Boreal 
Forest fires in Alaska and Siberia, and the Asian pollution sources. With the help of 
additional information about these regions, the typical “source” and “background” signal for 
each considered SCIAMACHY gas has been selected. Following the notation of the EMR 
method, the excess mixing ratios ∆CO/∆NO2 and ∆CO/∆HCHO were calculated for each 
identified large biomass burning event.  
Obtained Excess Mixing Ratios were compared to the values from literature, obtained over 
similar events and good agreement in the overall behaviour was found. As a result of the 
intrinsic differences between local and satellite measurements, as well as the different 
perspective of the of the observation, perfect agreement cannot be expected. However, the 
general distribution of SCIAMACHY based Emission Ratios follows the behaviour of the 
ratio values obtained from the local measurements, which confirms the presence of valuable 
quantitative information from the satellite-based remote-sensing observation of the trace 
gases.  
Generally higher ΔCO/ΔNO2 values were obtained for the savannah regions of Africa, which 
imply a strong overestimation of the emission factors currently used in global inventories. 
The satellite-based ratios were calculated over the regions, where no corresponding literature 
values are currently available - over the boreal forest fires in Alaska and Siberia. The latter 
were found to be much higher than any previously reported forest fires smouldering ratios 
and are comparable to the highest values obtained for pure smouldering fires during charcoal 
production or charcoals burning. 
The uncertainty of calculated ER values was estimated using the standard deviation as the 
dominant error criterion. In many cases, the spatial variability was found to be high, which in 



 
 
 IV  CASE STUDIES  167 
 

general agrees with evidence in the literature, indicating high natural variability of emissions 
from the biomass burning. Nevertheless, the range of the uncertainty calculated for 
SCIAMACHY ratios shows that many of the values are 1-sigma and some are 2-sigma 
significant. Moreover, because the standard deviation has been taken as a most appropriate 
error definition for this application, the error could be partially related to the natural 
variability of biomass burning events and the true overall error is significantly smaller (as 
shown in the next chapter).  
In general it can be concluded, that the well-established EMR method can be applied to the 
space based measured columnar quantities and the satellite measurements, which can be 
considered as a true alternative to the expensive and risky local emissions estimation 
practices. In the future, having simultaneous satellite measurement with good spatial 
resolution and vertical sensitivity will allow the important large-scale satellite perspective on 
the estimation of local emission without any a-priori information, using only global 
simultaneous measurements. Improving the representation of aerosols and clouds in the 
forward radiative-transfer models used in retrieval will further improve the accuracy of the 
Emission Ratios and Emissions Factors and increase our knowledge of the biomass burning 
processes.  
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13. Assimilation into a global model 

13.1 Motivation 
 
Recently, the SCIAMACHY CO version 0.6 data product has been assimilated into NASA’s 
Global Modeling and Assimilation Office (GMAO) constituent assimilation system 
(Tangborn et al., 2009). Assimilation studies have been already performed in the past using 
satellite-derived CO distributions from other space-borne sensors, mostly MOPITT (Petron et 
al., 2002, Petron et al., 2004, Palmer et al, 2003), but the study of Tangborn et al. (2009), is 
the first ever based on CO retrieved from satellite nadir spectra in the NIR spectral region. 
The main aim of the activities at NASA is to improve their models using independent 
measurements. CO retrieved from satellite NIR nadir spectra is supposed to be very useful 
because of its good sensitivity near the Earth’s surface, where the main CO sources are 
located. In this chapter, an overview and a summary of main results as given in Tangborn et 
al. (2009) is presented. 
In Tangborn et al. (2009), the time period April 1 - December 20, 2004, has been 
investigated. The impact of the SCIAMACHY CO assimilation on the modelled CO 
distribution was evaluated with the help of independent surface flask observations (from the 
NOAA/ESRL global cooperative air sampling network) and aircraft measurements (using 
Measurement of Ozone and Water Vapour by Airbus In-service AirCraft (MOZAIC) in situ 
CO profiles). Besides the improvement of the model fields, the assimilation also turned out to 
be a useful tool to evaluate the accuracy of the satellite retrievals. As shown in Tangborn et 
al. (2009), the model agrees typically better with the independent reference data if the 
SCIAMACHY CO is assimilated into the model compared to the free running model. 
 

13.2 Assimilation system 
 
The CO assimilation system used in the study of Tangborn et al. (2009), was originally 
developed by Stajner et al. (2001), and Stajner et al. (2008), and applied for the assimilation 
of ozone retrieved from the Microwave Limb Sounder (MLS) and the Ozone Monitoring 
Instrument (OMI) on EOS-Aura. The system employs the sequential Physical-space 
Statistical Analysis System (PSAS) (Cohn et al., 1998) and represents the alternative 
formulation of the older system 3DVAR (Bouttier and Courtier, 1999). This data assimilation 
system provides a framework for combining available observational atmospheric data, along 
with their error characteristics, with the model prediction and its error characteristics to 
obtain the best estimate of the true atmospheric field. The PSAS algorithm solves the 
innovation equation 

f T o f
tc

HP H R y (c (x ))f
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H    (13.1) 

for the vector y in the observation space. The term o
tc
c  stands for the SCIAMACHY total 

column a-priori. The observation operator,H , allows for the calculation of the observed 
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minus forecast (O-F), or innovation, values in observation space needed for the assimilation 
system 

( ) ( )ap ap
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x H x x x( ) ap)
tc
x( )( )H    (13.2) 

where the term xap denotes the model a-priori profile, and the observation operator, H, is the 
matrix of linear operator H(x) 
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defined for the profile x given on N=55 model levels by mixing ratios xk, k = 1,..,N in kg/kg. 
The term ak denoted the SCIAMACHY averaging kernel (equal unity), ∆Pk is the kth layer 
pressure thickness (hPa), the constant 2.12x1022 is the conversion factor to convert the model 
total column in kg/m3 into the SCIAMACHY total column in molecules/cm2. The solution of 
the equation (13.1) is then transformed to model space via  

a f f Tx x P H yf f Tx P H yf f Tf f    (13.4) 

to obtain the analysis increment a fx x fx , where xa is the CO analysis and xf is the CO 
forecast. The background error statistics are represented by the forecast error covariance, Pf, 
which is specified in the study of Tangborn et al. (2009) using the separable covariance 
model (Stajner et al., 2001) as 

, , ,i j i j i j i j
P

i j i j i j, ,,
   (13.5) 

where 
,i j
P  is the covariance between location i and j, σi and σj are the forecast error 

standard deviations, ρi,j is a non-isotropic horizontal error correlation and μi,j is the vertical 
error correlation. The observation error covariance, R, is a diagonal matrix made up 
observation error variance, implying that the observation errors are modelled as uncorrelated.  
To estimate the extent to which the assimilated SCIAMACHY CO measurements improved 
the model, the assimilation field is compared to the independent measurements of at least 
somewhat higher quality (O-A), e.g. in-situ ground based or airborne measurements. If the 
analysis fields are drawn closer to highly accurate independent data as a result of assimilated 
satellite observations, it gives a strong indication that the assimilated data set provides useful 
information. Better agreement with independent observations is achieved by minimizing the 
Root Mean Square (RMS) difference between assimilation and high-quality observations. 
During this process, the optimal values of parameters are estimated, which scale the forecast 
and observation error standard deviation respectively. The comparison of the assimilation 
minus forecast (O-A) and the observation minus forecast (O-F) provides a test of the quality 
of the assimilation and highlights systematic differences between the assimilated product and 
the model knowledge. The O-F quantity is extensively used in the data assimilation 
techniques to monitor error characteristics and estimate error model parameters.  
To produce an initial CO forecast the meteorological field from the GEOS-4 General 
Circulation Model (GCM) is used. The first model run, the “CO simulation”, is used to 
produce the benchmark to compare with the assimilation results, and the second run is used to 
calculate the forecast CO using the SCIAMACHY observation. In the second run, the 
SCIAMACHY CO observations are inserted each next six hours, providing the initial 
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background field for the next six hours step. The meteorological field and cloud conditions 
are the same for both runs. The chemistry (CO production rates and loss frequency) are also 
the same and were taken from the GEOS-CHEM Chemistry-Transport Model (Bey et al., 
2001). This model includes as the anthropogenic emissions as well as the biomass burning 
emissions and the biomass burning emissions as described by Duncan e al., (2003) as well as 
fire emissions over North America following Turquety et al., (2007). Boreal fire emissions 
are assigned to both the boundary layer and free troposphere so as to account for the 
convection generated by the fires. For the assimilation, the SCIAMACHY CO data has been 
selected so, that only the measurements with averaging kernels near unity have been taken 
into account (SZA > 75°, albedo > 0.03), so that the forward operator from model space to 
the observed total column is simply a weighted vertical integration. The a-priori profile that 
was used for SCIAMACHY retrievals is subtracted out within each layer, and the retrieved 
total column a-priori  is added to the result.  
 

13.3 Assimilation results 
 
The impact of SCIAMACHY data for a single analysis time can be seen in the Figure 13.1. 
This figure shows the vertical slice of the analysis increment (analysis minus forecast) at 25° 
East at 18 UTC on September 30, 2004, the most substantial corrections corresponds to three 
observations in or near the plane of this plot at 18, 10, and 2 degree South. The corrections 
extend through a deep layer and maximize at the surface. This vertical structure is due to 
assumption that the forecast error standard deviation is proportional to the local CO mixing 
ratio, which is typically highest in the boundary layer.  
The shape of the SCIAMACHY analysis increments contrasts with the shape of MOPITT 
increments, which tend to peak around 500 hPa, and decay toward the surface, echoing the 
shape of the averaging kernel function. Global and regional comparisons with NOAA/ESRL  
flask data and MOZAIC observations are used to evaluate model performance and impact of 
SCIAMACHY CO data during the period 1 May to 20 December 2004. For this, the model 
CO simulations and CO assimilations were compared to the flask measurements over the 
NOAA/ESRL stations. The impact of the SCIAMACHY assimilation on the mean analysis 
error show, that over the most regions the error has decreased. However, notable exceptions 
exist over the western United States, and part of the equatorial pacific. The standard deviation 
was also reduced in both the Northern and Southern hemispheres, and all of the sub-regions 
except North America. However, the standard deviation is not a very useful criterion on the 
case of assimilation, because the variability of the surface layer CO fields increase since the 
assimilation creates a sudden change to the field which gradually returns towards the CO 
simulation state due to the model biases.  
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Figure 13.1: The single-time vertical slice of the analysis increment demonstrates the impact 
of SCIAMACHY CO (analysis minus forecast) at 25° East at 18 UTC on September 30, 2004 , 
 
In order to evaluate the impact of SCIAMACHY CO assimilation on the geographic 
variability of the accuracy of the model source estimates, regional comparisons with 
MOZAIC data have been performed. This comparison focuses on three boxes, 10°x10° each, 
centered near Frankfurt, Germany; New York, USA; and Dubai, UAE. Comparisons between 
the mean of the MOZAIC observations and the CO model simulations are generally 
illustrated that the model underestimates CO at pressure levels lower than 700hPa.  
The mean differences between the measurements and forecast decrease after the assimilation, 
and indicate the improvements due to assimilation of SCIAMACHY CO measurements. The 
improvement is particularly large near Dubai, where profiles normally show larger error than 
over New York or Frankfurt, and where the analysis increments counteract large model 
errors. It must be noted, that for the Arabian Peninsula, favourable conditions for the 
assimilation include the frequent availability of cloud-free SCIAMACHY measurements, 
which allows frequent corrections due to the assimilation. The mean error reduction above 
Dubai varies from 40% at the surface and 100% just above the boundary layer. Over New 
York, the reduction is around 50% at all levels. In contrast, the mean errors over Frankfurt 
are essentially unchanged by the assimilation in the surface layer. However, in the upper 
troposphere, the error is substantially reduced by the assimilation over all three cities. The 
root-mean-square show a reduction at all levels only over Dubai, where the decrease varies 
from 10% at the surface to about 50% in the upper troposphere. RMS reductions over New 
York vary from 10% (surface) to 30% (upper troposphere). Above Frankfurt, RMS reduction 
occurs only at pressures below 900hPa, with maximum reduction of about 30%. The overall 
(over considered three locations) analysis RMS errors vary from 15% to 30%. The 
assimilation of SCIAMACHY data leads to a consistent large decrease in the RMS 
differences with MOZAIC data in all 3 regions between 200 and 700 hPa.  
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Figure 13.2: The vertical impact of the assimilation of SCIAMACHY CO (shown is the 
assimilation minus simulation) over Frankfurt, New York and Dubai.  
 
At these levels, which are away from the direct CO sources and their immediate error impact, 
the impact of the analysis increments can accumulate to produce the substantial corrections.  
The height-dependent impact of assimilating SCIAMACHY has been analysed by testing the 
difference in the CO simulation and CO assimilation averaged over September and October 
2004 for the three selected regions. The vertical slice on the Figure 13.2 shows the 
corrections over Frankfurt, New York and Dubai. Over Frankfurt and New York, the 
correction is positive at pressures lower than 800hPa and negative near the surface. The fact 
that the correction is different in the different atmospheric layers suggests that the changes 
made in the upper troposphere cannot be the result of the same observations as the changes 
seen at the surface. The negative surface correction is also consistent with the comparison 
results from the ICARTT campaign (Hudman et al., 2008) that indicated that the model 
overestimates CO emissions over the U.S. In contrast, the corrections above the Arabian 
Peninsula are positive right down to the surface and might be interpreted as the response of 
the assimilation to the locally underestimated sources.  
In contrast, the assimilation of the SCIAMACHY CO results in positive correction to the CO 
fields though the troposphere over Arabian Peninsula. Figure 13.3 shows the effect of 
SCIAMACHY assimilation on the lower model fields over Arabian Peninsula. The 
concentration around the two largest sources, Kuwait and Jedd-ah, increases substantially. 
This increase of CO due to the assimilation above the Arabian Peninsula improves the 
agreement with MOZAIC data over the Dubai and Abu Dhabi.  
The systematic model errors related to the uncertainty of CO surface sources and the 
chemistry of CO losses are investigated through experiments with increased surface CO 
emissions over the Arabian Peninsula and/or globally reduced hydroxyl radical (OH) 
concentrations. 
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Figure 13.3: The CO field (in ppmv) at the lowest model layer averaged over the period from 
September 1 to October 31, 2004 over the Middle East (left panels), and CO assimilation 
(right panels) for the same region. 
 
To provide insight on how the model respons to changes in emissions or/and changes in the 
OH radical concentrations, two effects, which are the most probable causes for the mode bias 
were investigated, the change in the local surface source strength and changes in the global 
OH concentration. The underestimated CO surface sources would tend to create errors near 
the surface, and the overestimated CO loss due to its reaction with OH should result in larger 
errors outside the boundary layer. Doubling of the CO emissions in the Arabian Peninsula 
increase CO at all levels in the free-running model, but only for pressures above 800hPa in 
the assimilation. On the other side, the global OH reduction of 10% reduces errors on all 
levels, in the free running model (CO simulation), but only upper troposphere errors 
(p<600hPa) were reduced in the assimilation. Considering the Arabian Peninsula, combining 
the increase of Arabian emissions and global decrease of 10% of OH concentration reduces 
the mean error in the CO simulation relative to MOZAIC by about 30%. Under this 
modification in the model chemistry, the correspondence between SCIAMACHY CO and 
model simulation CO increases and the mean error decreases.  

13.4 Summary and conclusions 
 
For the first time satellite CO retrieved from near-infrared (NIR) nadir observations were 
assimilated into a global model. Previous assimilation studies were based on satellite 
observations in the thermal infrared (TIR) spectral region, where sensitivity to the boundary 
layer is typically very small. The assimilation was performed at NASA, where the 
SCIAMACHY WFM-DOAS version 0.6 CO total column data product has been assimilated 
into the Global Modeling and Assimilation Office (GMAO) constituent assimilation system 
(Tangborn et al., 2009), focussing on the time period April 1-December 20, 2004. The 
assimilation of SCIAMACHY CO total columns is found to draw the CO assimilation closer 
to an independent data set in the localized regions of the north-eastern United States, the 
Arabian Peninsula, and Western Europe (Tangborn et al., 2009). As a result of the 
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assimilation, the mean absolute deviation between the surface CO and NOAA/ESRL flask 
data were reduced at about two-third. Smallest deviation was found over the northern United 
States, where the differences were also small for CO simulations. Evaluation of the 
assimilation results with the MOZAIC measurements shows, that the mean CO mixing ratio 
is drawn closer to MOZAIC profiles from 200 hPa down to the surface at both Dubai and 
New York. However, the improvements are lowest over Frankfurt, which is due to the very 
low systematic error in the model over whole Europe and the relatively smaller number of 
useful cloud-free measurements, which could accumulate to improve the model state. This 
fact leads to conclusion, that the SCIAMACHY observations are probably more useful in the 
regions with frequent cloud-free measurements.  
The data assimilation values of observations minus forecast (O-F) represent the sum of 
forecast and observation errors and provide the difference between the observed and 
forecasted CO total column without explicit information on which error source predominates, 
or what level in the atmosphere should be corrected the most. This partition is specified 
through the error covariance estimates and the averaging kernel. However, with the help of 
assimilation it becomes clear, that for SCIAMACHY, the correction of CO field occur mostly 
at all levels in the troposphere. Assimilation experiments reveal also that SCIAMACHY CO 
total column observation error standard deviation may be 50% smaller than the obtained 
retrieval errors. It is also provide evidence, that the unknown systematic error is more likely 
to be overestimated. The assimilation experiments of SCIAMACHY CO over the Arabian 
Peninsula show that SCIAMACHY data has a large impact on the CO field. The comparisons 
of the assimilation results with the independent MOZAIC CO measurements show better 
agreement for CO assimilation products than that for the CO model simulations. The usage of 
assimilation system allows the tracing of the different model unknown parameters and to 
make the correspondence even better, finding the parameters that are 
underestimated/overestimated in the model. Thus, the agreements with the independent 
MOZAIC data over Arabian Peninsula were even better after the modification of the local CO 
emissions and reduction (10%) of the global OH concentrations, which resulted in the mean 
absolute error reduction of 30%.  The assimilation of SCIAMACHY CO further reduced the 
error by about 50% over Dubai. This indicates the robustness of the beneficial impact of the 
SCIAMACHY data. 
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V. Conclusions and Outlook 

Conclusions and Outlook 

The SCIAMACHY instrument on board the ENVISAT satellite platform routinely observes 
absorption features of carbon monoxide. In the scope of this work, a number of 
improvements have been introduced into the scientific retrieval algorithm WFM-DOAS in 
order to retrieve multi-year global data set of atmospheric carbon monoxide from the nadir 
near-infrared spectral measurements in region around 2.3 μm in channel 8 of the 
SCIAMACHY. The retrieval of CO information from SCIAMACHY measurements is a 
challenging task as the overtone lines of CO are relatively weak, and overlapped by strong 
absorptions of water vapour and methane. Several instrumental issues, like an ice layer on the 
parts of the detector and a degradation of the detector pixels with time, make the retrieval of 
CO vertical columns more difficult than originally planned. The improvements made on 
WFM-DOAS algorithm were mainly related to the reduction of the different effects from the 
instrument issues on the retrieved CO total columns. The most significant improvements have 
been introduced by the accurate selection of the combination of useful measurement pixels of 
the SCIAMACHY channel 8 detector. To assure that the retrieved total columns do not 
contain the effects due to the differences in the selected useful detector pixels (pixel mask), 
an optimized constant pixel mask has been defined. A further important improvement was 
achieved by introduction of the correction factor based on the simultaneously retrieved 
methane total column, which is affected by the ice layer related instrument issues in the same 
manner as the retrieved CO total column.  In addition, the width of the spectral window used 
for the CO retrieval has been adjusted, and new calibrated spectra and updated spectroscopic 
parameters were taken into account by the new version 0.6 of the WFM-DOAS retrieval 
algorithm. The incorporated modifications have led to improved quality of CO spectral fit, 
i.e., to an overall much smaller fit residual and to increase of the number of useful 
measurements and enabled the retrieval of the consistent three-years (2003-2005) CO total 
column data set from SCIAMACHY measurements. 
To assess the quality of the retrieved multi-year data set, the obtained CO total columns from 
SCIAMACHY has been compared to CO total columns from ground-based Fourier 
Transform Spectroscopy (FTS) measurements (Dils et al., 2006). A good agreement was 
found between both CO products. In general, the validation showed that the retrieved 
SCIAMACHY CO total columns scatter around the ground measurements polynomial to 
about 10%, and have the positive bias relative to the ground-stations average of about 20%. 
Also, the results of the validation have shown that the quality of the SCIAMACHY CO data 
set retrieved with the help of the version 0.6 of the WFM-DOAS algorithm has been 
definitely improved in comparison to the previous retrieval version 0.5. The correlation 
coefficient between the FTIR has increased significantly up to 86%, whereas the scatter has 
decreased being dependent on the amount of data points available for comparison (the scatter 
also includes natural variability). The number of measurements qualified “good” has  
significantly increased for the CO products version 0.6 reflecting the effect of the new cloud 
filtering criteria based on simultaneously retrieved methane total column. As a result, the 
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large values of CO during the summer, seen previously over the Zugspitze, Kiruna, and 
Jungfraujoch stations, have all disappeared. However, a significant deviation of 
SCIAMACHY CO product from FTIR stations measurements has been found over the Izaña 
station at the beginning of the year 2003 as well as in the period from September to October. 
In addition, some CO spikes were observed over the Zugspitze and Jungfraujoch in July-
August of 2004, at the time of the SCIAMACHY decontamination phase, indicating the 
instabilities during the decontamination phase as one probable reason for high CO values. 
The positive overall bias observed over all stations for the year 2003 is larger than the 
corresponding bias for the year 2004. This can be related to the relatively irregular 
SCIAMACHY instrument performance in 2003 with five decontamination phases (only one 
in 2004). However, because none of the ground stations is located directly near the strong 
sources of CO, such as biomass burning, which were particularly active in 2003, this 
difference cannot be directly related to instrument and might also have a natural origin. The 
year 2004 has been identified as a year with the best accuracy for the SCIAMCHY CO 
product.  
To assess the quality of the retrieved data set globally, comparison with CO total columns 
from the MOPITT instrument has been performed. The comprehensive comparison with the 
CO column data product of MOPITT has shown that agreement is typically within about 20% 
with the best agreement found for the year 2004. It has been shown that despite a number of 
issues affecting the SCIAMACHY near-infrared measurements in channel 8, a reasonable to 
good agreement can be found for spatial distribution and temporal variation of CO total 
columns obtained from both remote-sensing measurements. However, perfect agreement 
between both sensors CO cannot be expected, because of different overpass times, different 
footprint size, and because of different altitude sensitivity. Regional comparisons show that 
the absolute values of CO total columns retrieved from SCIAMACHY measurements are 
systematically higher than the same values from MOPITT at almost all of the selected 
regions. Though the high values over Europe present in CO product version 0.5 have declined 
in the new version 0.6, the differences in 2003 are still higher than expected from the 
differences in the sensitivity characteristics of both instruments. Especially at the beginning 
of 2003, the SCIAMACHY CO is systematically higher than MOPITT CO, by about 20% of 
SCIAMACHY CO v0.6. This is consistent with the findings of validation study. Here as well, 
the higher CO levels in 2003 cannot completely be related to the instrument instabilities and 
might be partially caused by the natural increase of tropospheric CO concentration due to 
notable high dryness and considerably high number of fire events in northern hemisphere 
during this year.  
To establish the sensitivity of the improved algorithm to the atmospheric parameters, several 
tests on simulated measurements were performed. The single measurement precision of 
WFM-DOAS version 0.6 CO retrieval was calculated. The results show that the uncertainty 
of the CO total column is typically less than 10%, depending mainly on the parameterization 
of surface albedo and selected a-priori CO vertical profiles. This level of uncertainty is 
acceptable to capture the variation of CO sources. Thus, it was concluded that a relatively 
large scatter in the real data might be caused only by high instrument noise, which was found 
to be much higher than the error due to variation of natural parameters of observed scene.  
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To assess the quantitative potential of the retrieved SCIAMACHY CO data set and to 
investigate a real measurement error, several application exercises have been performed on 
the three scales: the scale of single city, over a whole country and over a large biomass 
burning regions.  
The elevated SCIAMACHY CO levels were found over the highly populated areas, such as 
cities in China and Europe. Moreover, reasonable correlation was found between 
SCIAMACHY WFM-DOAS version 0.6 CO averaged over the year 2004 and spatial pattern 
of anthropogenic CO emissions from EDGAR database. The latter agreement indicates that 
the elevated CO most probably arises from regional anthropogenic sources, which can be 
detected by SCIAMACHY even in presence of high instrumental noise. The typical CO 
excess concentrations over city are comparable to the 1-10% increase of the total column, 
which is close to the precision of unbiased SCIAMACHY measurements. It was estimated 
that around 400 SCIAMACHY measurements are needed in order to reduce statistical noise 
to a level acceptable for detection of the local cities CO signal.  
An additional study assessed spatial gradient of CO over United Kingdom (Khlystova et al., 
2009). The UK is the relatively isolated region with strong anthropogenic CO sources. The 
prevailing winds over the UK are from west, which suggests the presence of longitudinal 
differences between pollutants concentration along the west and the east coasts of the island. 
The analysis shows that SCIAMACHY is able to capture the positive longitudinal gradient 
over the UK. The results of the study were compared to the aircraft measurements during the 
AMPEP (Aircraft Measurement of Chemical Processing and Export fluxes of Pollutants over 
the UK) campaign and a good agreement has been found for the values of spatial gradient. To 
estimate the influence of wind conditions on the obtained CO spatial gradient, a  wind 
filtering approach was developed, and applied to account for the days with certain (west or 
east) wind direction. The results of this filtering show that the measured CO longitudinal 
(downwind) gradients have the expected order of magnitude and sign for the dominant 
westerly wind conditions. For the days with primary east winds (comparably rare), the values 
of gradient were small, but not negative. The reason for this behaviour was the small number 
of days with east wind available for the analysis, as well as effects from the mixing of the 
polluted air masses reaching the UK from the east. As criteria for the statistical significance 
of the inferred CO gradients, the 2σ-error criterion has been used. An additional requirement 
of the goodness-of-fit probability was applied in order to filter out the acceptable for the 
analysis SCIAMACHY CO total columns. Using both criteria, only few situations were found 
with a significant CO gradient. The presence of clouds and the low data quality over water 
(due to low signal-to-noise ratio) are discussed as possible limitations. From this application, 
we have learned that in order to determine the amount of CO, emitted from any local sources 
with the help of SCIAMACHY CO measurements, better signal-to-noise ratio is required. 
The latter can be achieved by averaging of measurements over longer time and/or larger 
areas. 
On the other hand, the averaging of the total columns measured by the satellite reduces the 
direct quantitative information about the number of molecules over particular location at 
particular time. To extract a quantitative information from averaged total columns, additional 
methods are required. Usually, inverse modelling methods are applied in this case. In the 
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scope of this work, an alternative method is considered. The well-established bottom-up 
emission estimation method of Excess Mixing Ratios (EMR) developed in 1980 by Seiler and 
Crutzen (Seiler and Crutzen, 1980), mainly for application to ground-based or airborne 
measurements, has been adapted for the use with the SCIAMACHY global simultaneous 
measurements of CO, HCHO and NO2. For this, the method definition was reviewed and the 
main methods terms were optimized for satellite measurements. Assuming the biomass 
burning to be strongest sources over the analysed regions it has been shown that the resulting 
excess ratio values based on the satellite columns are well comparable to the values obtained 
locally. Reasonable agreement has been found for the calculated SCIAMACHY excess ratios 
of ΔCO/ΔHCHO and ΔCO/ΔNO2 with the values obtained from different field measurements 
in the past, as reported in the literature. It was shown, that the expected difference of excess 
ratio values for burning emissions in different ecosystems can be certainly captured by the 
space-based measurements of SCIAMACHY. However, some significant deviations were 
also found. Thus, much higher ΔCO/ΔNO2 values were obtained, which indicate a strong 
dependency of these values from the NOx diurnal cycle. Under such circumstances, the once a 
day satellite measurements at 10:00 local time might result in different values for short -lived 
tracers ratios and cause this high difference to the literature values, mainly obtained from 
measurements at afternoon. However, since the general behaviour of the estimated ratios 
follows the overall behaviour reflected in the literature, it can be speculated that high 
ΔCO/ΔNO2 values obtained from SCIAMACHY measurements might have a natural origin. 
Thus, for example, particularly high ΔCO/ΔNO2 values were observed over the savannah 
regions of Africa, which may suggest an overestimation of the NO2 emission factor values 
currently used in global inventories.  
Additionally, the Emission Ratios were calculated over the regions, where no or only very 
few corresponding local values are currently available. Thus, over the boreal forest fires in 
Alaska and Siberia the satellite based ratios have been obtained for the first time and found to 
be much higher than over the tropical fire events. The uncertainty of calculated emission ratio 
(ER) values was estimated using the standard deviation as an error criterion. In many cases, 
the deviation was found to be high, which partially reflect the fact of strong natural 
variability of the large biomass burning fires. In general, the modified EMR method has been 
discussed as a good alternative approach to the top-down methods. As a result of the large-
scale perspective of the satellite measurements, the EMR method can help to obtain the 
emission quantification characteristics (i.e., Emissions Ratios) over spacious biomass burning 
events or other remote sources, which are otherwise often inaccessible. Another important 
advantage of this method generally, is its relative simplicity and independence on information 
from any atmospheric model.   
In summary, this work shows the feasibility of providing consistent information on global CO 
distribution through the SCIAMACHY nadir measurements in the channel 8. Assessing of the 
better quality of the retrieved multiyear CO data set from SCIAMACHY measurements, 
important progress has been made in our understanding of global distribution of CO sources. 
Despite strong noise on the instrument detector as well as its degradation with the time, the 
precision of the resulting CO data set averaged over time and space meet the requirements for 
quantitative estimation of CO emissions over strong CO sources.   
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A.1 Gridding procedure  
 
In many geo-science applications, the rough data need to be represented on a regular grid. 
The advantage of such representation is that the tasks such as drawing contour lines, 
volumetric calculations of map modifications are much faster. Different gridding methods 
can be used, e.g., polynomial regression, nearest neighbour, inverse distance to a power, 
kridding (weighted gridding, i.e., the closer a data point is to a grid node, the more weight it 
carries in determining the value at a particular grid node), triangulation method. In the scope 
of this work the triangulation method have been used. This approach operated with a simple 
rectangular data points and works fast (with the order of complexity ~(O(n). 
The triangulation interpolator is an exact interpolator. The method works by creating 
triangles by drawing lines between given data points. The original data points are connected 
in such a way that no triangle edges are intersected by other triangles. The result is a 
patchwork of triangular faces over the extent of the grid. Each triangle defines a plane over 
the grid nodes lying within the triangle, with the tilt and elevation of the plane determined by 
the three original data points defining the triangle. All grid nodes within a given triangle are 
defined by the triangular surface. Because the definition of the triangle area accounts for the 
numeration order of points (it is a vector multiplication of vectors), the area can be positive 
or negative, or equal to zero. This fact let us determine the point’s position in respect to the 
grid meshes.  
Method Description. First, the direction of an area need to be calculated. If it’s positive, we 
calculate the vector multiplication product of each triangle edge vector with the vector, which 
characterize the point M. Because this array has a sign, we can make a conclusion about the 
direction of every particular area: AM, BM, CM. Only if every of this area have a negative 
sign it can be concluded, that point M is in the triangle. Consider the triangle with arbitrary 
points a, b, c as a three vertices of a triangle. Let us denote the area S. From linear algebra, 
wit is known that the magnitude of cross product of two vectors A and B is the area of the 
parallelogram |A x B| with sides A and B as shown in the Figure AF1. Since any triangle can 
be viewed as half of a parallelogram, this gives an immediate method for computation the 
area. Just let A= a-b and B=c-a; then the area is half of length of A x B. The cross product 
can be computed from the following determinant: 
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Here i, j, k are the unit vectors. For two dimensional vectors, A2=B2=0, so the above 
calculation reduce to  
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The cross product is a vector normal to the plane of the triangle. Thus, the area is given by  
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Substituting the vector length as A=b-c and B=c-a yields 
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This achieves our goal: an expression of area defined by the triangle as a function of 
coordinates of its vertices. This can be written in the determinant form. The expression 
(A1.4) is the value of the 3x3 determinant of the three point coordinates, with the third 
coordinate replaced by 1: 
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The area of single SCIAMACHY pixel is also rectangular. The order of its vertices is 
somewhat unusual: point number 1 is located at bottom left corner, 2 – bottom right, 3 – top 
left, 4 - top right. To apply the definition of area of triangle we need to decide how to 
triangulate the rectangle. Because this triangulation can be made by two different ways as 
shown on the Figure A1.2, we must show, that the result will be the same area, independently 
of triangulation, and that the area of the whole rectangle is always the sum of both triangles: 
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Figure A2.2:  The two triangulations of convex parallelogram. 
 

rec tangle 0 1 1 0 1 0

0 1 0 1 0 1 0 1 1 0

1 0 0 1 0 1 0 1

2S a b a b a c

a c b c c b a c a c

a d a d c d d c

0 1 1 0 1 0
a b a b a c

0 1 1 0 10 1 1 0 1

0 1 0 1 0 1 1 0
b c c b a c a c

0 1 0 1 0 1 10 1 0 1 0 1 1

1 1 0 1 0

0 1

1 0 0 1 0 1 0 1
a d a d c d d c

1 0 0 1 0 1 00 0 1 0 1

0 1 0 1 0 1 1 0
 

The diagonal term of the first triangulation 0101 acca �  appear in both triangle areas formulas 

with the opposite signs, and therefore cancel. The same is true for the second triangulation. 
Since the area is in this case a vector quantity, the order of points in determinant decides 
about the sign of the result. This fact is very important and we show, that using this property 
we can decide about external point position. Let us generalize the method of summing the 
areas of the triangles in a triangulation to summing areas based on arbitrary, perhaps external, 
point M. Let T = (a, b, c) be a triangle, with the vertices oriented counter clockwise, and let 
M be any point in the plane. Then we can write 
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  S T S M,a,b S M,b,c S M,c,aS M,a,b S M,b,c S M,c,a    (A2.6) 

Consider Figure A1.3. With M=M2, the first term of Equation A1.6 is negative (clockwise), 
whereas the remaining two terms are positive since they are oriented counter clockwise. This 
first term subtract exactly that portion of the rectangle (M2, b, c, a) that is outside T, leaving 
the total sum to be precisely S(T). Similarly, from M=M1, both, the first and the second term 
are negative (clockwise), and they remove from the third term, which is positive. The 
remaining value is S(T). For all points inside the triangle we will get S(T) as defined by A1.6. 

M1

a

c

b

M2

T

 
Figure A2.3 Area of T based on various external points M1 and M2. Triangle T (a, b,c) is 
oriented clockwise.  
 
In general, two points given in a special order can determine the direction (a, b). If a point c 
is on the left, of the line determined by (a, b), and the triple (a, b, c) forms a counter 
clockwise circuit and vice verse. The connection to signed-area is finally as follows: c is to 
the left of (a, b) if the area of the counter clockwise triangle, S(a, b, c) is positive.  
Summarizing, define the main steps of the described algorithm. a) Find an order for the 
triangle points so, that all the points can be considered clockwise.  b) For each point in grid 
prove the orientation of triangle, build on the consequently taken edges of the triangle (or 
rectangle). c) If all this checks have negative sigh, then the considered point lay inside 
triangle (or rectangle) (similar is described in O’Rourke, 1994). 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 VI  Appendix  183 
 

A.2 Chemical conversion of CO to CO2  
 
The transformation of CO to CO2 in the atmosphere is a complex process, which contains 
many different pathways and variety of reactions. Also in the car engine, the CO will be 
converted to CO2 via a catalytic process (the catalyst is usually a metal, which is consumed 
during the process). The normal Otto motor consumes fuel with the production of CO, 
hydrocarbons, and nitrogen oxides. During the catalytic process, the CO is converted into 
CO2, the hydrocarbons into CO2 and water vapour, and nitrogen oxides into nitrogen.  
 

CO CO2

CO + H -> CO2 + H

CO + O(1D) + M -> CO2 + M

CO + O + M -> CO2 + M

CO + O + M -> CO2 + M

CO + NO2(2B1) -> CO2 + NO

CO + HO2 -> CO2 + NO

CO + N2O -surface-> CO2 + N2

ROOH + hν -> RO + OH

O(1D) + H2O -> OH + OH
OH

CO2 + hν -> CO + O

O3 + hν ->O2(1A) +O(1D)

O2+ hν  -> O(P) + O(1D)

NO2+ hν  -> O + NO O

O(1D)

H + O2 + M -> HO2 + M
HO2

 
Figure A.3: The CO to CO2 conversion scheme. Adapted from Bortner et al., (1973). 
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