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Chapter One

Introduction

1.1 OMI observations of atmospheric constituents

The main scope of this thesis concerns measurements of the NO2 and aerosol dis-
tribution from space by the Ozone Monitoring Instrument (OMI), and how we can
interpret these observations in terms of atmospheric chemistry and transport. This
thesis is based on my 10-year involvement with OMI starting with the performance
testing and calibration of the instrument, the latter being essential to the retrieval
of high quality data from OMI measurements. I continued with work on OMI flight
data with a focus on nitrogen dioxide (NO2), taking care of the maintenance, off-line
reprocessing and the near real time (NRT) service of the DOMINO (Dutch OMI NO2)
product [see Boersma et al. [2007] and the DOMINO product specification document
(PSD) that is available at http://www.temis.nl/docs/OMI_NO2_HE5_1.0.2.pdf].

NO2 plays an important role in the chemistry of the atmosphere; therefore detect-
ing NO2 from space is crucial to understand its global distribution and monitoring
trends in its sources. NO2 is one of the main data products of the OMI mission,
whose purpose it is to monitor atmospheric constituents that are relevant to at-
mospheric chemistry, air quality and climate change [Levelt et al., 2006a]. Doing
so, OMI extends the data record of global observations of relevant trace species
in the troposphere and stratosphere that was started in 1978 by the Total Ozone
Mapping Spectrometer (TOMS) [McPeters et al., 1998], and followed upon by the
Global Ozone Monitoring Experiment (GOME) [Burrows et al., 1999] and its suc-
cessor SCIAMACHY in 2002 [Bovensmann et al., 1999]. Owing to its high spatial
resolution (24x13km2 at nadir) and wide swath (2600 km), OMI allows for global
daily monitoring of sources of tropospheric NO2 on a near-urban scale [Wang et al.,
2007, Boersma et al., 2009].

OMI is part of the scientific payload of NASA’s EOS-AURA satellite that was
launched in July 2004 into a sun-synchronous orbit at 705 km altitude with a local
equator crossing time of 13h40m in the ascending node. Atmospheric columns of
NO2, together with ozone [Veefkind et al., 2006], BrO [Kurosu et al., 2004], OClO,
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HCHO [Kurosu et al., 2004], SO2 [Krotkov et al., 2006], and CHO-CHO [Kurosu et al.,
2005, Wittrock et al., 2006], as well as clouds [Acarreta et al., 2004], aerosols [Torres
et al., 2007] and the surface albedo [Kleipool et al., 2008] are derived from the Earth
reflectance spectrum that is recorded by OMI between 270-500 nm at an average
spectral resolution of 0.5 nm and a spatial resolution of 24x13 km2 at nadir.

The DOMINO tropospheric NO2 data product is widely used within the scientific
and air quality community. Examples of DOMINO data in air quality applications
are the EU-funded GMES (Global Monitoring for Environment and Security) MACC
(Monitoring Atmospheric Composition and Climate) project (see http://www.gmes-
atmosphere.eu/services/gac/reanalysis/) and the use of NRT data by the THOR air
quality forecast model (http://thor.dmu.dk, Hvidberg and Brandt [2009]). Scientific
studies using DOMINO tropospheric NO2 columns have detected the emissions of
new power plants in Mongolia [Zhang et al., 2009], the reduced NOx (NO + NO2)
emissions in the Gulf of Mexico in the aftermath of hurricane Katrina [Yoshida et al.,
2010], and the reduction of NOx emissions resulting from the traffic ban during the
Sino-African summit in November 2006 [Wang et al., 2007].

1.2 NO2 in the troposphere

Tropospheric NOx is a precursor of ozone, which directly links NO2 to air quality
and climate change. High concentrations of tropospheric ozone are toxic, having a
detrimental effect on human health and crops [The Royal Society, 2008]. On the
other hand, ozone increases the oxidizing power of the atmosphere by being the
primary source of the hydroxyl radical (OH), which breaks down most atmospheric
pollutants as well as several greenhouse gases [The Royal Society, 2008]. Further-
more, in the free troposphere ozone is an important greenhouse gas because of its
strong absorption in the atmospheric window at 9.6 µm [Fishman et al., 1979]. The
contribution of tropospheric ozone to the anthropogenic radiative forcing (RF) relat-
ive to the year 1750 is considerably less certain and less well understood than those
of carbon dioxide (CO2) and methane (CH4). Estimates of the RF of tropospheric
ozone range from +0.25 to +0.65 W/m2, and it is currently assessed at +0.35 W/m2

[IPCC, 2007].
The main reaction to produce tropospheric ozone is through the photolysis of NO2

NO2 +O2 + hν→ NO+O3 (λ < 420nm) (R1.1)

However, this production is counteracted by the destruction of ozone by NO

NO+O3 → NO2 +O2 (R1.2)

which leads to a dynamic equilibrium that determines the NO2/NO partitioning, but
without a net production of ozone. In the presence of CO, methane or nonmethane
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hydrocarbons (NMHC, abbreviated in R1.5 as R), NO is converted into NO2 via an
alternative pathway, without destroying ozone.

CO+O2 +NO→ CO2 +NO2 (R1.3)

CH4 + 2O2 + 2NO→ HCHO+H2O+ 2NO2 (R1.4)

RH+ 2O2 + 2NO→ R ′CHO+H2O+ 2NO2 (R1.5)

Where R ′ denotes an organic fragment having one fewer carbon atom than R. In
this case NOx acts as a catalyst for the production of ozone from the chemical fuel
provided by CO, CH4 or NMHC. In the free troposphere, ozone is produced from the
ubiquitous CO and CH4 [Crutzen, 1973], but in polluted areas the ozone production
is dominated by NMHCs via the photochemical mechanism that was proposed by
Haagen-Smit and Fox [1954].

Tropospheric NOx is produced by natural (e.g., lightning and forest fires) and
anthropogenic (combustion of fossil fuels and biomass burning) sources. Based on
model simulations, Jacob et al. [1999] predicted that the growing anthropogenic
emissions in eastern Asia would lead to an increase of tropospheric ozone in the
USA, which was confirmed with observations by Zhang et al. [2008] and Cooper et al.
[2010].

The lifetime of tropospheric NOx and its atmospheric reservoirs ranges from less
than one day in the boundary layer to several days in the upper troposphere, where
it is less prone to scavenging and sedimentation [Brasseur et al., 1999]. The major
sink for NOx in the troposphere is conversion to HNO3, via R1.6, which due to its
high solubility is readily scavenged by water droplets and aerosols, and subsequently
removed by deposition.

In the presence of ammonia (NH3), HNO3 reacts to form nitrate aerosol, which
contributes significantly to the aerosol budget for northern Europe [Schaap et al.,
2002]. This links tropospheric NOx to aerosol formation via R1.6 and R1.7, which is
particularly relevant for the Netherlands due to the high ammonia emissions from
cattle breeding and agricultural practices.

NO2 +OH+M→ HNO3 +M (R1.6)

HNO3 +NH3 ↔ NH4NO3 (R1.7)

Except for the urban atmosphere, NOx is the rate limiting factor in the production
of tropospheric ozone [Brasseur et al., 1999], which underlines the importance of
accurate estimates of NOx emissions and distribution for the ozone budget. Due to the
eminent suitability of satellite observations to monitor the global distribution of NO2,
and estimating changes in emissions of NOx, these make a valuable contribution to
assessing the ozone budget.
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1.3 NO2 in the stratosphere

NO2 has a dual role in the processes that govern the destruction of stratospheric
ozone. On the one hand, NOx catalytically destroys ozone, following the reaction
cycle discovered by Crutzen [1970].

NO+O3 → O2 +NO2 (R1.2)

NO2 +O→ O2 +NO (R1.8)

On the other hand, NOx suppresses ozone depletion by sequestering reactive chlorine
and hydrogen species in unreactive gas phase reservoirs such as ClONO2 and HNO3.
Chlorine destroys ozone in a similar way as NOx, with Cl and ClO (ClOx) taking
the place of NO, respectively NO2, in R1.2 and R1.8 [Molina and Rowland, 1974,
Stolarski and Cicerone, 1974]. When temperatures inside the polar vortex drop below
197 K during the polar night, the formation of polar stratospheric clouds (PSCs) is
possible. Heterogeneous reactions on the surface of these PSCs convert the HCl and
ClONO2 reservoirs into Cl2 and HOCl, a process known as chlorine activation. With
the return of sunlight in spring, the activated chlorine readily photolyzes to form
ClOx, which efficiently destroys ozone according the mechanism described by Molina
and Molina [1987] and by the coupling of chlorine with bromine chemistry [Solomon
[1999] and references therein]. Due to denitrification by the trapping (freezing) and
subsequent sedimentation of the HNO3 that is formed in the activation reactions,
little NOx remains available to return active chlorine and bromine to a less reactive
reservoir [e.g., Brasseur et al. [1999]].

In view of the above described effect of NOx on stratospheric ozone, monitoring
of stratospheric NO2 concentrations provides important support to monitoring of
the ozone layer. The main source of stratospheric NOx is oxidation of nitrous oxide
(N2O) in the middle stratosphere [e.g., Wayne [2000] and references therein]. N2O
is emitted at the surface by natural and anthropogenic sources, and it enters the
stratosphere in the tropics from where it is transported poleward by the Brewer-
Dobson circulation. The timescale of the chemical conversion of N2O into NOx is
comparable or slower than the timescale of its transport, so that the concentration
of N2O decreases, and the NO2 concentration increases, from equator to the pole.

Because of its indirect effect on the stratospheric ozone layer, Ravishankara
et al. [2009] proposed N2O as an ozone depleting substance (ODS), with an ozone
depleting potential (OPD) of 0.017. ODP is a measure of the destructive potential
of a particular substance relative to depletion caused by an equal amount of CFC-
11 (CFCl3). N2O’s relatively small ODP is more than compensated by its large
anthropogenic emission, making it the single most important of the anthropogenic
ODS emissions today [Ravishankara et al., 2009].

N2O is controlled under the Kyoto protocol and its current increase rate is estim-
ated at 2.5% per decade [WMO (World Meteorological Organisation), 2007]. However,
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there is controversy whether this trend is reflected in stratospheric NO2 concen-
trations. For instance, a long term trend estimate based on ground-based observa-
tions indicates that stratospheric NO2 increased at twice that rate (5% per decade)
between 1981 and 2000 [Liley et al., 2000]. Satellite observations by instruments
like SAGE-II/III (Stratospheric Gas and Aerosol Experiment) [Chu and McCormick,
1986], and more recently the Microwave Limb Sounder [Waters et al., 1999], have
made important contributions to the monitoring and understanding of the chemical
state of the stratosphere. In this thesis I will investigate how OMI measurements of
stratospheric NO2 can contribute to the research of stratospheric chemistry, and the
global trending of NO2.

1.4 Forest fire aerosols

From its UV-channel, OMI detects aerosols equally well over land and over sea. This
is due to the low surface albedo of both land and ocean in this wavelength range, and
because the relative contribution of the surface reflection to the Earth radiance is
smaller in the UV than at longer wavelengths [Torres et al., 2007, Veihelmann et al.,
2007]. This is a major advantage compared to instruments like MODIS (Moderate
resolution imaging spectroradiometer) that detect aerosols at visible wavelengths.

Aerosols of natural and anthropogenic origin are important to climate research
because of their impact on Earth’s radiation balance, either by absorption or reflec-
tion (direct effect), or because aerosols act as cloud condensation nuclei and change
the albedo of clouds (indirect effect). The radiative forcing of the direct and indirect
aerosol effect combined is estimated at –1.2 W/m2 with, at best, a medium level of
scientific understanding [IPCC, 2007]. As mentioned in Section 1.3, aerosols are
relevant to atmospheric chemistry by providing a reaction surface for heterogeneous
catalysis. Finally, aerosols are also relevant to air quality and health issues, as
prolonged exposure to high aerosol loads can cause cardio-pulmonary disorders
[Brook et al., 2010].

Biomass burning and forest fires are important natural sources of aerosol, and
these fire emissions contribute significantly to atmospheric composition on regional
and global scales. Spaceborne observations assist in understanding relevant trans-
port mechanisms and contribute to quantifying the impact of aerosol emissions in
remote regions. An important parameter in the transport of aerosols is their alti-
tude, where high altitudes in general prolong the aerosols’ lifetime as the prevailing
low humidity and low temperatures suppress scavenging, thereby augmenting the
horizontal range over which they are transported. However, the altitude of aerosols
is difficult to determine by passive remote sensing from space.
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1.5 OMI retrievals

1.5.1 OMI retrieval of NO2

The DOMINO retrieval of tropospheric NO2 from OMI involves three consecutive
steps: slant column retrieval, stratosphere-troposphere separation and conversion
into a vertical column. Slant columns of NO2 are retrieved by a spectral fit to the
Earth reflectance spectrum in the 405-465 nm spectral window [Boersma et al., 2004]
based on the DOAS method [Platt and Stutz, 2008] and using the OMI-measured
solar spectrum as an NO2-free reference. These slant columns contain the integ-
rated amount of NO2 along the traversed light path. Separating the stratospheric
and tropospheric contributions is a challenge for retrieval algorithms, and because
uncertainties in the stratospheric column directly translate into errors in the tropo-
spheric column an accurate retrieval of the stratospheric column is important. After
subtracting the estimated stratospheric column, the remaining tropospheric slant
column is converted into a vertical column by applying the tropospheric air mass
factor that accounts for the average traversed path in the troposphere of the photons
detected by OMI. Uncertainties in the NO2 profile shape, surface albedo and cloud
parameters, which are needed in the evaluation of the air mass factor, limit the
accuracy of tropospheric NO2 columns to 35-60% [Boersma et al., 2004]. DOMINO
uses cloud parameters from the OMI O2-O2 algorithm [Acarreta et al., 2004] and
daily updated NO2 profiles from simulations by the TM4 chemistry transport model
(CTM) to calculate the tropospheric air mass factor. The results of various validation
studies involving the DOMINO tropospheric NO2 product are reviewed in Chapter 3,
together with a discussion of possible improvements of the retrieval, based on these
findings.

Several approaches to estimate the stratospheric contribution rely on the as-
sumption that the stratospheric NO2 field is smooth in the zonal direction, such as
the reference sector method [Martin et al., 2002a], or a wave-2 fit [Bucsela et al.,
2008]. DOMINO estimates the stratospheric contribution by assimilating OMI NO2

columns in TM4, where observations over known polluted areas are assigned less
weight. Up to now the quality of the DOMINO stratospheric NO2 columns has
not been properly evaluated. To address this issue, I will present in Chapter 4
an extensive comparison of DOMINO stratospheric NO2 with independent ground-
based observations. In that Chapter I will also show DOMINO captures spatial and
temporal variations in stratospheric NO2 on an hourly, daily and seasonal timescale.

1.5.2 OMI Absorbing Aerosol Index

The Absorbing Aerosol Index (AAI) is a parameter that represents the amount of UV
absorption in the observed spectrum as compared to a pure molecular atmosphere
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described by Rayleigh scattering over a Lambertian surface [Herman et al., 1997].
The AAI is calculated from the ratio of the measured and predicted Earth reflectance
at a certain UV wavelength, where the predicted reflectance is given by a radiative
transfer model calculation using a surface albedo that is inferred from the measured
reflectance at a second UV wavelength. In this work I will use the AAI that is
included in the OMI TOMS Ozone product [Bhartia and Wellemeyer, 2002], where
the AAI is calculated using the 331/360 nm pair.

Enhanced AAI values indicate the presence of UV-absorbing aerosols, whereas
clouds yield zero or negative AAI values. The major advantage of AAI is that it
can detect aerosols over a wide variety of scenes, including bright surfaces and
clouds. This makes the AAI is a powerful method for tracking aerosol plumes with
satellite measurements, and it has been employed in various studies for that purpose
[Herman et al., 1997], [Fromm et al., 2005], [de Graaf et al., 2005]. However, the
AAI does not represent one single aerosol property as it depends on parameters
like altitude, single scattering albedo and optical depth [de Graaf et al., 2005].
In Chapter 5, the OMI AAI is used to track and interpret the rapid around the
world transport of an aerosol plume released by exceptionally intense forest fires in
Australia in December 2006.

1.6 Aim and outline of this thesis

The work described in this thesis uses data from OMI to further the understanding of
tropospheric and stratospheric nitrogen dioxide, and tropospheric aerosols. Essential
to high quality data from the satellite is a rigorous and accurate calibration and
characterization of the instrument prior to flight; this is something that the OMI
team devoted considerable effort to. Discussed below are the results of significant
efforts I contributed to the calibration of these important instrument parameters,
especially the spatially dependent spectral slitfunction (Chapter 2) so critical to the
retrieval of tracegas columns from OMI.

Additionally discussed are the retrieval algorithm and the interpretation of the
OMI NO2 data itself. Thus, my work on the retrieval and validation of tropospheric
and stratospheric NO2 by the DOMINO algorithm, and the interpretation of OMI
observations is motivated by the following questions:

1. How to determine the spectral slitfunction of OMI?

2. How to set up, maintain and validate a near real time and offline retrieval of
tropospheric NO2 from OMI?
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3. What is the quality of stratospheric NO2 retrievals from OMI and what can we
learn about the photochemical behavior and trends of stratospheric NO2?

4. How to use satellite data to monitor and characterize transport phenomena in
the atmosphere?

The first question is answered in Chapter 2, where I report how OMI’s spectral
slitfunction is accurately characterized using a novel method based on an echelle
grating to probe OMI’s spectral resolution over its complete wavelength range with
sub-resolution sampling. The second question is addressed in Chapter 3, which
describes the retrieval of tropospheric NO2 by the operational DOMINO system. I
discuss the results of several validation and model studies where DOMINO data were
involved, and based on these findings improvements to the retrieval of tropospheric
NO2 are proposed. The third question is the subject of Chapter 4, that presents a
detailed discussion of the data assimilation approach used to derive the stratospheric
NO2 column from OMI. The accuracy of the OMI stratospheric NO2 columns is
investigated in a validation study involving ground-based observations. The second
part of Chapter 4 deals with the scientific interpretation of OMI’s 5+ year data set of
global stratospheric NO2 observations. The fourth question is answered in Chapter 5,
describing how satellite observations from OMI and the CALIOP (Cloud-Aerosol
Lidar with Orthogonal Polarization) spaceborne lidar, together with transport model
simulations were used to characterize the circumnavigation of the globe by a smoke
plume released by the exceptionally intense Australian bushfires of December 2006.
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Chapter Two

Prelaunch characterization of the Ozone Monitoring
Instrument transfer function in the spectral domain

Abstract
A new method and an experimental measurement setup to accurately charac-

terize the instrument transfer function in the spectral domain for hyperspectral
spectrometers in the ultraviolet–visible wavelength range are described. The
application to the on-ground calibration of the Ozone Monitoring Instrument on
board the Earth Observing System Aura satellite is presented and discussed. With
this method and setup, based on an echelle grating to severely limit transmitted
wavelength bandpass to the instrument under test, the sampling of the instrument
transfer function in the spectral domain can be selected and is not limited by the
spectral resolution and sampling of the spectrometer that is being characterized.
The importance of accurately knowing the OMI instrument transfer functions
in the spectral domain for in-flight differential optical absorption spectroscopy
retrievals and wavelength calibration is discussed. The analysis of the OMI meas-
urement data is presented and shows that the instrument transfer functions in the
spectral domain as a function of wavelength and viewing angle can be determined
with high accuracy.

2.1 Introduction

The Dutch-Finnish Ozone Monitoring Instrument (OMI) was launched on board of
the NASA Earth Observing System (EOS) Aura satellite on 15 July 2004. OMI is a
hyperspectral instrument that passively probes the backscattered sunlight from the
Earth’s atmosphere in nadir in the spectral range of 270-500 nm. The instrument is
equipped with two two-dimensional CCD detectors to obtain daily global coverage at

The contents of this chapter have been adopted from the paper by Dirksen et al. [2006], with
minor modifications.
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OMI spectral slitfunction

the equator with high spatial resolution. The telescope provides a cross-track field of
view of 115◦. The mission objectives of the OMI concern the recovery of the ozone
layer, the depletion of ozone at the poles, tropospheric air pollution, and climate
change. The Earth atmospheric retrieval techniques applied to OMI measurement
data include algorithms developed for the NASA TOMS (Total Ozone Mapping
Spectrometer) instrument [McPeters et al., 1998] and DOAS (Differential Optical
Absorption Spectroscopy [Platt, 1994, Plane and Smith, 1994, Veefkind et al., 2006])
algorithms developed for the OMI at KNMI.

Total column measurements of ozone, nitrogen dioxide and other trace gases are
routinely made. The vertical distribution of ozone is determined by a method that
makes use of the rapid increase in the ozone absorption cross section towards shorter
wavelengths (Hartley bands) [Gotz et al., 1934, Mateer and Deluisi, 1992]. The
OMI follows in the footsteps of predecessor instruments such as the Global Ozone
Monitoring Experiment (GOME), the Scanning Imaging Absorption Spectrometer
for Atmospheric Cartography (SCIAMACHY), the TOMS and the Solar Backscatter
UltraViolet (SBUV) instrument.

For the OMI various of the Earth’s atmospheric constituents and trace gases
are retrieved using DOAS [Platt, 1994, Plane and Smith, 1994, Veefkind et al.,
2006], for which an accurate characterization of the spectral instrument transfer
function is essential. These gases include ozone (331.6–336.6 nm), nitrogen dioxide
(405–465 nm), formaldehyde (324–357 nm), BrO (323–347 nm) and OClO (363–402
nm). The retrieval techniques for these constituents are based on comparing the
measured Sun-normalized Earth radiances (also called Earth reflectances) to high-
resolution absorption cross section spectra from the literature convolved with the
OMI instrument transfer function (ITF) in the spectral domain. The absorption cross
section data from the literature have been obtained with dedicated experimental
equipment under closely monitored experimental conditions (i.e., temperature and
pressure) at higher spectral resolution the the OMI exhibits. Early in the OMI
project the choice was made to follow this approach for DOAS-type retrievals. In
an earlier publication the validity of the retrieval approach was discussed and
demonstrated [Dobber et al., 2005]. The alternative approach of using reference
absorption spectra obtained with the instrument itself at various temperatures and
pressures is not employed within the OMI project, although tests were made with
both NO2 and O3 gases with the flight instrument.

An accurate characterization of the ITF in the spectral domain is essential for the
retrieval of Earth’s atmosphere constituents from the OMI measurement data. The
ITF in the spectral domain is the instrument response to a monochromatic input
signal. It is the monochromatic image of the entrance slit of the spectrometer on the
CCD detector convolved with the response function of the detector. Furthermore,
the OMI in-flight spectral calibration is done with the solar Fraunhofer lines (both
Earth and Sun spectra) and atmospheric absorption lines (Earth spectra). The
measured spectra are spectrally compared to a high-resolution solar spectrum and to
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2.2 The Ozone Monitoring Instrument (OMI)

trace gas absorption spectra from the literature convolved with the ITFs. Hence an
accurate characterization of the ITF is also important for accurate in-flight spectral
calibration of the measured Earth and Sun spectra. For the OMI the ITF depends
on wavelength (column or horizontal dimension on the CCD detectors) and viewing
direction (row or vertical dimension on the CCD detectors) due to optical anomalies in
the OMI spectrograph systems. Both dependencies must be characterized accurately
to correctly interpret the instrument flight data. It is also important, given the
applications for the OMI, to know the ITF accurately up to wavelengths 3σ from
the wavelength corresponding to the maximum of the ITF, where the instrument
response typically becomes lower than 1% of the maximum. In this study σ is the
Full Width at Half Maximum (FWHM), or simply width, of the profile. Given the
above applications in the OMI project, the required scientific accuracy for the ITF
has been set to 2% within ±2σ of the ITF maximum and to 10% between ±2σ and
±3σ. This is the accuracy with which the ITF needs to be characterized.

For the OMI a dedicated method and an experimental setup based on an echelle
grating high resolution wavelength pre-sorter were developed to characterize the
ITF accurately as a function of wavelength and viewing direction on the ground.
This is the subject of this study. The OMI optical design will be described briefly in
Section 2.2. Subsequently, the experimental setup for characterizing the ITF and
the analysis of the measurement data will be described. It will be shown that with
this equipment and these analysis methods the ITF in the spectral domain can be
characterized with the required high accuracy.

2.2 The Ozone Monitoring Instrument (OMI)

The OMI is equipped with a telescope system that enables the observation of the
Earth at an altitude of approximately 705 km with an instantaneous cross-track
field of view of 115◦ to provide daily global coverage at the equator. The telescope,
consisting of a primary convex telescope mirror, a polarization scrambler and a
secondary convex telescope mirror, images the Earth’s light onto the spectrometer’s
entrance slit (44 mm long, 0.3 mm wide). The instrument has separate UV and
visible (VIS) optical channels each equipped with a 780 pixel × 576 pixel CCD
detector that is operated in binned mode with a binning factor of 8 (global mode) to
provide spectra of 780 pixels in the spectral dimension and 60 pixels in the viewing
direction dimension. The resulting ground pixel sizes per channel are listed in
Table 2.1, along with a number of other OMI parameters. The UV channel is optically
divided into a wavelength range below 311 nm (UV1) and one above 307 nm (UV2),
which are imaged on different regions of the same CCD detector. This has been
done to suppress spectral stray light and to optimize the instrument’s optical and
electronic settings for the wavelength range below 311 nm separately, because in that
wavelength range the Earth’s fluxes decrease by three to four orders of magnitude
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OMI spectral slitfunction

as a result of absorption by ozone in the Hartley-Huggins bands. In addition to
the Earth view optical path, the OMI also has a separate Sun measurement port
that can be closed when not looking at the Sun. Sunlight illuminates one of three
reflectance diffusers that are mounted on a carousel mechanism. A folding mirror
located on another mechanism reflects the sunlight to the polarization scrambler and
the remainder of the optical system while blocking the Earth’s light. The remainder
of the optical system, including the secondary telescope mirror and the entrance slit
of the spectrometer, is exactly the same for the Sun and Earth viewing modes. The
OMI is also equipped with a white-light source that illuminates the entire entrance
slit by means of a transmission diffuser. The white-light source is used mainly
for detector calibration purposes. For on-ground measurements there also was a
possibility of illuminating the transmission diffuser via the white-light source path
using external light sources. This optical path is called the calibration port. The Sun
port, white-light source port, and the calibration port have in common that they can
all illuminate the entire entrance slit of the spectrometer with more or less parallel
beams. To achieve this in the Earth mode the complete 115◦ field of view needs to
be illuminated. The calibration port of the OMI was used on the ground for the ITF
characterization measurements described in this Chapter. In this way all viewing
directions could be investigated simultaneously. Further details on the optical and
electronic design of the OMI can be found elsewhere [Dobber et al., 2006, Levelt et al.,
2006a,b, van den Oord et al., 2006, Dirksen et al., 2004, Dobber et al., 2004, de Vries
et al., 2002, Laan et al., 2001].

2.3 ITF characterization measurements and results

2.3.1 Echelle grating ITF characterization setup and measurements

The optical configuration of the echelle ITF characterization optical stimulus is
schematically shown in Figure 2.1 [Smorenburg et al., 2003]. A 150 W high-pressure
xenon arc discharge lamp is imaged by a Schwartzschild mirror configuration on
the entrance slit of an echelle monochromator. The light passing through the input
slit is imaged as a parallel beam on the echelle grating by the concave mirror to the
left in Figure 2.1. Due to the high blaze angle, the echelle grating is illuminated
at near grazing incidence, and the diffracted beam travels back almost in the same
direction as the initial white-light beam. The output slit transmits only a small
part of the echelle spectrum resulting in an extremely small spectral bandpass. A
system of two convex lenses, not shown in Figure 2.1, parallelizes the beam toward
the OMI, which is located in the thermal-vacuum chamber at flight representative
temperature (optical bench, 264 K; detectors, 265 K) and pressure (<10−5 mbar)
environmental conditions. The echelle optical stimulus beam with a diameter of
approximately 50 mm illuminated the OMI calibration port homogeneously, which
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Table 2.1 OMI properties.

Property Value

Spectral range UV1: 264-311 nm
UV2: 307-383 nm
VIS: 349 - 504 nm

Spectral sampling UV1: 0.33 nm / px
UV2: 0.14 nm / px
VIS: 0.21 nm / px

Spectral resolution (FWHM) UV1: 1.9 px = 0.63 nm
UV2: 3.0 px = 0.42 nm
VIS: 3.0 px = 0.63 nm

Telescope cross-track swath field of
view

115◦ (2600 km on the ground)

Telescope along track flight instantan-
eous field of view

1.0◦ (13 km on the ground)

Ground pixel size at nadir, global mode
(electronic binning factor 8)

UV1: 13 km x 48 km, 30 binned pixels

UV2: 13 km x 24 km, 60 binned pixels
VIS: 13 km x 24 km, 60 binned pixels

Silicon CCD detectors 780 x 576 (spectral x spatial) pixels
Operational CCD temperature UV: 265.07 K

VIS: 264.99 K
In-orbit CCD temperature excursion UV and VIS: ±10 mK (stabilized)
Operational optical bench temperat-
ure

264 K

In-orbit optical bench temperature ex-
cursion

±300 mK

Duty cycle 60 minutes on daylight side (Earth
and Sun measurements)
10-30 minutes on eclipse side (calibra-
tion measurements)

Average data rate 0.8 Mbps
Power 66 W
Mass 65 kg
Size 50 cm x 40 cm x 35 cm
Orbit Polar, Sun-synchronous

Average altitude: 705 km
Orbit period: 98 minutes 53 seconds
Ascending node local time: 1:42 PM

enables accurate ITF characterization measurements of all pertinent viewing angles
simultaneously.

It is of crucial importance for accurate characterization of the ITF in the spectral
domain that the 0.3 mm width of the OMI entrance slit be illuminated homogen-
eously or unrepresentative ITF’s will be obtained. The exit beam of the echelle
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Figure 2.1 Schematic optical layout of the echelle grating optical stimulus to char-
acterize the instrument transfer function in the spectral domain.

grating optical stimulus is sufficiently spatially uniform for all wavelengths in the
range of 270-500 nm. The transmission diffuser inside the OMI in the calibration
port optical path improves this uniformity further, thus ensuring that the width of
the OMI entrance slit is illuminated homogeneously. The echelle grating, which is
made from zerodur with an aluminum coating, is the most critical component of
the experimental setup. The grating surface is 50x220 mm2 and the blaze angle
is 76◦. The grating is ruled with 72 lines/mm, resulting in a grating constant d of
1.39x10−5m. The incidence angle and the angle of diffraction on the grating are
approximately 74.5◦ and 75.5◦, respectively. The wavelengths of the grating orders
in the exit beam can be calculated from the grating equation

d(sin θi + sin θd) = mλ (2.1)

where d the grating constant of 1.39x10−5m, λ is the air wavelength, θi is the angle of
incidence of approximately 74.5◦, θd is the angle of diffraction of approximately 75.5◦,
and m is the grating diffraction order. These echelle grating properties result in an
exit beam that contains many spectrally narrow orders: in the OMI UV1 channel
approximately 15 orders (from m=87 to 101 at an incidence angle of approximately
74.5◦), in the UV2 channel approximately 18 (from m=70 to 87 at an incidence angle
of approximately 74.5◦), and in the VIS channel approximately 23 (from m=54 to 76
at an incidence angle of approximately 74.5◦). An example of a measured spectrum is
shown in Figure 2.2 for the central nadir row. The peak separation between adjacent
orders is smaller for lower wavelengths in the UV1 channel (approximately 2.7 nm
at 266 nm between m=100 and 101) and larger for higher wavelengths in the VIS
channel (approximately 9.0 nm at 496 nm between m=54 and 55).

The entrance and exit slits of the echelle grating optical stimulus can be chosen
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Figure 2.2 Echelle spectrum measured by the OMI: top panel, UV1 channel (right)
and UV2 channel (left); lower panel, VIS channel. The column dimension is the
spectral dimension. The stimulus stray light shows up as a background, most notably
in the UV1 channel (columns 600-800 in the UV channel).

from three sets: nominal resolution (0.5x8.0 mm2), medium resolution (1.0x8.0 mm2)
or low resolution (2.0x8.0 mm2). The entrance and exit slits are the same size. In
these ranges of slit widths the spectral widths of the output grating orders scale
linearly with the widths of the slits, whereas the output flux scales quadratically
with the widths of the slits. For the OMI measurements slits with a width of 0.5
mm were used. For these slits the FWHM ∆λ of the spectral grating orders in the
exit beam was calculated. The results are shown in Table 2.2. Over the spectral
range of the OMI, ∆λ varies from 0.028 nm at 270 nm to 0.053 nm at 500 nm, which
is at least an order of magnitude lower than the spectral resolution of the OMI at
these wavelengths (see Table 2.1). This is an important prerequisite for accurate ITF
characterization measurements, because otherwise the width of the echelle grating
order lines cannot be neglected in the ITF measurement analysis.

The echelle grating is mounted on a computer-controlled rotational stage, which
enables accurate and reproducible angular movement of the grating. During the
OMI measurements an angular step size of 0.02◦ was employed, corresponding to a
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Table 2.2 Calculated spectral resolution for various grating ordersa.

Echelle-grating ∆λ(nm)
order m λair (nm) FWHM

54 496.9 0.053
55 487.9 0.051
60 447.2 0.047
65 412.8 0.043
70 383.3 0.041
75 357.8 0.038
80 335.4 0.036
85 315.7 0.033
90 298.1 0.031
95 282.5 0.030
99 271.0 0.028
100 268.3 0.028

aThe grating orders are given for a nominal slit width of 0.5 mm. The value of ∆λ is
the Full Width at Half Maximum (FWHM) of the spectral grating order peaks in the
exit beam.

wavelength shift of approximately 0.04 nm for an order near 490 nm. This feature of
the echelle grating ITF characterization optical stimulus is one of the more essential
ones. An echelle stimulus spectrum at a fixed grating position as measured by
the OMI shows the ITF profiles of all grating orders present in the stimulus exit
beam with at most five measurement points (CCD pixels) per line at a the viewing
direction under consideration, as shown in the top panel of Figure 2.3. However, if we
focus on the response of a single CCD detector pixel as a function of echelle grating
rotation angle, the number of sampling points in the measured ITF is determined
by the step size of the grating rotation, as shown in the lower panel of Figure 2.3,
rather than by the spectral sampling and resolution of the OMI, as would be the
case for conventional methods of determining the ITF. This measurement principle
enables a characterization of the ITF using typically 10 times more sampling points
to fit the ITF response shape accurately. For the OMI measurements the echelle
grating was scanned over a 5◦ angular range centered around the blaze angle of 76◦.
At the blaze angle the reflection efficiency of the grating is at a maximum, so, by
scanning around this angle, the highest stimulus output is obtained. With the 5◦

scanning range every detector pixel sees the complete passage of at least one grating
order. The measurements were performed with the OMI in a thermal-vacuum
chamber at flight-representative thermal-vacuum conditions (with an optical bench
temperature of 264 K). This is important, because the ITFs are expected to change
slightly with the temperature of the optical bench. By illuminating the instrument
by means of the calibration port transmission diffuser, all CCD rows are illuminated
instantaneously. The ITFs for all viewing directions and wavelengths are measured
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Figure 2.3 The ITF in the spectral domain of the OMI is typically sampled by 4–5
detector pixels. By using the dedicated echelle grating ITF characterization optical
stimulus a sampling of the ITF that is ten times higher is obtained. The plots to the
left compare a spectral peak registered by the OMI CCD in the UV1 channel (upper
plot) to the same peak sampled using the ITF characterization optical stimulus (lower
plot). The same for the UV2 (middle) and VIS channels (right).

in one measurement run, which takes approximately 24 hours. It is important to
correct for the echelle grating efficiency variation as a function of rotation angle
and for the stray light originating from the grating in the optical stimulus. Both
corrections are discussed in detail in Section 2.4.

The echelle grating ITF characterization optical stimulus has also been used to
derive the on-ground spectral calibration of the OMI. Whereas accurate knowledge
of the wavelengths of the grating order peaks is not important for characterization
of the ITFs, it is important for performing the wavelength calibration of the OMI.
The actual optical stimulus parameters are known with insufficient accuracy for
this purpose, and for this reason the stimulus has to be commissioned with respect
to external sources. The OMI wavelength calibration is described by polynomial
expressions in the column dimension (wavelength dimension) for each row (viewing
direction) and for each optical channel (UV1, UV2, VIS). By use of the echelle grating
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Figure 2.4 Width of the ITF in the spectral domain as function of wavelength and
row number for the UV1 channel.

optical stimulus all polynomial coefficients but the zero-order term (independent
of column) can be calibrated accurately. The zero-order coefficient was determined
by comparing the echelle stimulus measurements to measurements with a hollow-
cathode low-pressure PtCrNeAr discharge lamp, see e.g., Mount et al. [1977], for
which the emission line wavelengths are known with high accuracy. This enabled a
pre-launch wavelength calibration to an accuracy of approximately 0.1 pixel, which
is the requirement for the pre-launch spectral calibration accuracy. The in-flight
wavelength scale is obtained by fitting the solar Fraunhofer absorption lines and
the absorption lines from the Earth’s atmospheric constituents and trace gases
in the measured spectra to a high resolution solar spectrum [Kurucz et al., 1984]
and to the absorption cross section literature reference spectra for the Earth’s
atmospheric constituents and trace gases until an optimal match is found at all
pertinent wavelengths. This calibration, which will not be discussed in further
detail here, has an accuracy of approximately 0.01 pixels, which equals the scientific
requirement for the in-flight spectral calibration accuracy. The in-flight requirement
for spectral calibration accuracy is determined by the application of the DOAS
retrieval technique to obtain the concentrations of the Earth’s various atmospheric
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Figure 2.5 Cross sections of the spectral width of the ITF as function of wavelength
for row 300 (top panel) and row number for a wavelength of 290 nm (bottom panel)
for the UV1 channel.

constituents and trace gases.
The possibilities of the echelle grating ITF characterization optical stimulus can

be compared to the possibilities of the traditional method of using a hollow-cathode
low-pressure discharge lamp (e.g., PtCrNeAr) and to the possibilities of using a
wavelength-tunable laser. The echelle grating optical stimulus has a large number of
spectrally narrow (compared to the OMI sampling and resolution) and well-separated
lines, whereas the discharge lamp has a large number of narrow lines, which are
often blended and not always optimally distributed over the wavelength range. A
wavelength-tunable laser emits only one nearly monochromatic spectral line, and to
cover a large wavelength range from ultraviolet to visible or even near-infrared, a
specialized and complex laser setup is required. Both the echelle grating and laser
setups are tunable over very small wavelength changes. This is not the case for the
spectral lamp. A laser has significantly higher output flux than the echelle grating
stimulus or the spectral lamp, but the advantage in measurement time is lost by
the fact that laser emits only one line, whereas the other two sources can measure
different wavelength regions at the same time. Thus the total measurement time
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Figure 2.6 Spectral width of the ITF as a function of wavelength and row number
for the UV2 channel.

will be comparable. A narrow laser beam will need to be expanded to fill the entrance
slit of the instrument homogeneously, which further reduces the flux. A tunable
laser is optimally suited for characterizing the ITF outside 2–3σ from the spectral
peak maximum. This is more difficult for the spectral lamp, given the line blending
and pressure broadening often present, and for the echelle grating stimulus, which
has to be corrected for the spectral stray light in between the grating order peaks
(see Section 2.4).

2.4 Echelle grating instrument transfer function results

During the OMI on-ground calibration-phase ITF measurements, five unbinned CCD
images (576 rows) were recorded for every echelle grating position. These images
were averaged to improve the signal-to-noise ratio (SNR) of the measurements. The
CCD dark current signal was corrected for by subtracting a dedicated measurement
performed with the stimulus switched off. Furthermore, the measurement data were
corrected for all OMI detector and electronic settings. The OMI ITF is determined
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Figure 2.7 Cross sections of the spectral width of the ITF as a function of wavelength
for row 300 (top panel) and row number for a wavelength of 343 nm (bottom panel)
for the UV2 channel.

by measuring the response of a CCD pixel to a passing echelle peak of the optical
stimulus. This is measured simultaneously for all CCD pixels, i.e., all wavelengths
and viewing angles. The rotation of the echelle grating changes the incidence and
diffraction angles on the echelle grating. This changes the wavelengths of the
diffraction orders according to Equation 2.1. The rotation of the echelle grating also
influences the intensity of the peaks in the output beam, as the grating efficiency
depends on θi and θd. As a consequence the measured signal in each CCD pixel
consists of the combined effect of the ITF response to a passing echelle peak and
the more slowly varying intensity of that peak. For an accurate characterization
of the ITF there must be a correction for the latter effect. The intensity variations
as a function of echelle grating angle have to be corrected for each grating order
individually, because the grating efficiency change as a function of illumination
geometry is wavelength dependent. The use of a broad-band detector to monitor the
output of the stimulus for this purpose is not sufficient because this detector records
the integrated reflectivity of the echelle grating over all wavelengths rather than the
wavelength-dependent intensity as a function of grating rotation angle. This would
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Figure 2.8 Spectral width of the ITF as a function of wavelength and row number
for the VIS channel.

make the grating efficiency correction far less accurate and reduce the accuracy of
the ITF characterization. The relation between the peak intensities and the grating
angles was determined by fitting the position and amplitude of each grating order
peak within the OMI wavelength range as it moves over the CCD detector. By
using the known radiometric sensitivity of the OMI as a function of wavelength and
viewing angle, the relative output flux of each peak in the optical stimulus output
beam as function of the grating position is calibrated. The radiometrically calibrated
OMI is thus used to calibrate the wavelength-dependent output flux of the echelle
grating ITF characterization optical stimulus. The stimulus output flux correction is
accurate to approximately 1.5%.

The images recorded by the OMI also need to be corrected for the spectral stray
light originating from the echelle optical stimulus itself. This spectral stray light
originates mainly from the echelle grating and shows up as a more or less wavelength-
independent background, as can be seen in Figure 2.2. At low signal levels, i.e., at
wavelength separations of more than 3σ from the maximum of the ITF response,
it becomes increasingly difficult to distinguish between spectral stray light from
the optical stimulus and the wings of the ITF itself. This is a disadvantage of the
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Figure 2.9 Cross sections of the spectral width of the ITF as a function of wavelength
for row 300 (top panel) and row number for a wavelength of 406 nm (bottom panel)
for the VIS channel.

echelle grating ITF characterization optical stimulus as compared to a wavelength
tunable laser, for example, for which the spectral stray light at wavelengths 3σ from
the maximum of the ITF response can be made negligible. For the echelle grating
optical stimulus the spectral stray light was minimized in the design by the use of
baffles and the entrance and exit slits; however, most of the stray light comes from
the grating itself, and so the stray light cannot be neglected in the data analysis.

Both the spectral distribution and the intensity of the spectral stray light ori-
ginating from the optical stimulus depend on the echelle grating position. This
necessitates determining the shape of the stray light background for measurements
at each grating position before applying the stray light correction. The shape of the
stray light background as a function of wavelength is determined by interpolating
between the signal levels in between the grating order peaks. The magnitude of the
optical stimulus spectral stray light increases from approximately 2% in the VIS
channel to approximately 10% in the UV1 channel. Independent spectral stray light
measurements on the OMI using different optical stimuli have confirmed that the
stray light observed in the echelle grating optical stimulus measurements originates
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Figure 2.10 Surface plot of the asymmetry of the ITF in the spectral domain in the
VIS channel. Asymmetry is given as the difference between the wavelength distance
λp–left 50% point and λp–right 50% point, with λp being the wavelength of the profile
maximum.

from the stimulus itself rather than from the OMI for which the spectral stray light
is much smaller [Dobber et al., 2006]. With the method described above the accuracy
of the stray light correction from the optical stimulus is approximately 1% within
±2σ from the maximum of the ITF profile and approximately 10% between ±2σ and
±3σ, where the useful signals of the ITF profile are much smaller. Given the SNR
(uncertainty smaller than 0.5%), reproducibility, and accuracy of the radiometric
(1.5%) and stimulus stray light corrections (see above), the accuracy of the measured
OMI ITFs as a function of wavelength and viewing angle is 1.9% within ±2σ of
the profile maximum and approximately 10% between ±2σ and ±3σ of the profile
maximum, which is within the required numbers of 2% and 10%, respectively. The
individual uncertainties are independent of each other.

It was found that the measured ITF profiles can be fitted adequately by the
following analytical function:

A0e
−(

x−x0
w0

)2
+ A1e

−(
x−x1

w1
)4

(2.2)
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Figure 2.11 Example of an asymmetric ITF in the spectral domain in the VIS
channel at row 499 and wavelength 470 nm.

where A0 represents the amplitude; x0 is the central position; w0 is the width of the
Gauss term; and A1, x1 and w1 represent the same parameters for the second term.
This function combines a standard Gauss function and a term that yields a profile
that has steeper flanks and a flatter top than the regular Gauss function. This
function is well suited to describe symmetrical Gaussian-shaped profiles, as well as
broadened and asymmetrical profiles as measured for the OMI ITF. Figure 2.3 shows
that the ITF in the UV1 optical channel can be described adequately by a simple
Gaussian, whereas the ITF’s in the UV2 and VIS channels are shaped differently,
which necessitates the use of both terms in Equation 2.2.

The FWHM of the ITF directly relates to the spectral resolution of the OMI and is
in case of the UV1 channelcalculated directly from the fitted Gauss parameter w0.
For the UV2 and VIS channels there is no simple analytical expression for the ITF
FWHM and it is therefore calculated numerically. The measured and analyzed ITF
profiles are fitted for all rows (viewing directions) and for all columns (wavelengths)
in all spectral channels with the analytical function described in Equation 2.2. The
variation of the ITF spectral width as a function of channel, wavelength, and row
number (viewing angle) is shown in Figures 2.4–2.9. Figures 2.4, 2.6, and 2.8 show
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Figure 2.12 Wavelength dependence of the ITF parameters A0 and A1 for row 300 in
the UV2 and VIS channels. Solid curve and left scale: A0, dotted curve and left scale:
A1, dashed curve and right scale: A0/A1.

surface plots of all variables, and Figures 2.5, 2.7, and 2.9 show the cross section
plots of the ITF spectral width for all three spectral channels. As can be seen from
the figures, the ITF width depends on both wavelength and row number. For the
UV2 and the VIS channels the width of the ITF varies approximately 5% with
wavelength, whereas the variation with row number is considerably smaller. In the
UV1 channel these variations are larger with up to 10% variation in width in the
row direction and as much as 20% variation in the spectral direction. Furthermore, a
discontinuous behavior of the ITF width is observed at approximately 305 nm. From
295 to 305 nm the width increases with wavelength and then suddenly decreases
from 305 to 310 nm. The onset of the observed discontinuous behavior coincides
with the beginning of the UV1/UV2 overlap region. This behavior is caused by the
segmented mirror that is used to separate the UV1 and UV2 channels in the OMI
[Dobber et al., 2006]. In the UV channel an intermediate spectrum is imaged on a
segmented mirror that reflects the part of the spectrum below 310 nm into the UV1
channel and the wavelengths above 310 nm into the UV2 channel. Wavelengths in
the overlap region of 305–310 nm end up in both channels, which effectively causes
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Figure 2.13 Wavelength dependence of the difference between ITF parameters x1
and x0 for row 300 in the UV2 and VIS channels. This is the difference between the
central wavelengths of the Gaussian and the exp(−x4) terms in Equation 2.2.

vignetting of the beam, resulting in a narrower ITF for the wavelengths involved.
Figure 2.10 illustrates the asymmetry in the VIS channel. The difference in the

absolute wavelength differences between the wavelengths at the profile maximum
and at half-maximum is shown as a function of wavelength and row number (viewing
angle). For nearly all viewing angles and wavelengths the measured IFT is asym-
metric, except for the cases where the vertical axis value equals zero. Figure 2.11
shows the measured and fitted profile at row 499 and wavelength 470 nm in the
VIS channel. This profile is asymmetric, in agreement with the results shown in
Figure 2.10. Figure 2.12 shows the amplitudes and ratio of the amplitudes of the
two terms in Equation 2.2 for row 300 in the UV2 and VIS channels. In the UV2
channel the Gaussian term contribution decreases with increasing wavelength while
the contribution of the already dominant second term increases with increasing
wavelength. In the VIS channel the second term in Equation 2.2 is equally dominant
over the first Gaussian term for all wavelengths. Figure 2.13 shows a similar plot
for the wavelength difference x1–x0. This plot also shows that the measured ITF
profile is asymmetric in the VIS channel and more symmetric in the UV2 channel.
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Figure 2.14 Wavelength dependence of the ratio of the ITF parameters w0/w1 for
row 300 in the UV2 and VIS channels. This is the ratio of the width of the Gaussian
and the exp(−x4) terms in Equation 2.2.

Figure 2.14 shows the ratio of the widths of the two terms in Equation 2.2 for row
300 in the UV2 and VIS channels.

2.5 Conclusions

A new measurement method and an echelle-grating-based experimental technique
to accurately characterize the wavelength-dependent ITFs in the spectral domain of
hyperspectral spectrometers have been presented. The application of this method in
the on-ground calibration of the Earth Observing System OMI has been shown. The
most important feature of this new method is that the sampling of the measured ITFs
in the spectral domain can be chosen from the measurement setup and is not limited
by the resolution or sampling rate of the spectrometer that is being characterized.
Additionally, the presence of many spectral orders in the narrow spectral bandpass
results in considerable time savings over other methods. The OMI spectral ITFs
in the spectral domain have been characterized with high accuracy and within the
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2.5 Conclusions

requirements as a function of wavelength and viewing angle. The necessary steps
to correct and analyze the data have been described. An accurate knowledge of the
OMI ITF in the spectral domain is essential for the Earth’s atmospheric constituent
retrieval algorithms and in the in-flight wavelength calibration.
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Chapter Three

Retrieval of tropospheric NO2 from OMI with the
Dutch OMI NO2 system (DOMINO)

3.1 Introduction

This chapter describes the operational DOMINO (Dutch OMI NO2) system to re-
trieve tropospheric NO2 columns from OMI measurements. The DOMINO product
provides daily global measurements of tropospheric NO2 columns at unprecedented
spatial resolution (24x13 km2 ground pixel size at nadir), which allows for the obser-
vation of sources of near-urban size. One of the novelties of DOMINO concerns the
availability of a near-real time (NRT) product that is provided within 3-4 hours after
measurement.

DOMINO data are widely used, for example in air quality forecast models such
as the THOR project (http://thor.dmu.dk, Hvidberg and Brandt [2009]), and in
the EU-funded GMES (Global Monitoring for Environment and Security) MACC
(Monitoring Atmospheric Composition and Climate) project (see http://www.gmes-
atmosphere.eu/services/gac/reanalysis/). Scientific applications involve using DOM-
INO observations to compare to the output of the AIRPACT air quality forecast
model in the US Pacific north-west [Herron-Thorpe et al., 2010], to detect the emis-
sions of new power plants in Mongolia [Zhang et al., 2009], the reduction of NOx

emissions resulting from the traffic ban during the Sino-African summit in Novem-
ber 2006 [Wang et al., 2007], which was a dry-run for reducing the tropospheric NO2

burden during the Olympic Games of 2008 [Mijling et al., 2009], and, in combination
with SCIAMACHY measurements, to detect the diurnal variation of NO2 in the
troposphere [Boersma et al., 2008, 2009].

My responsibilities in the DOMINO project included maintenance of the system,
ensuring the continuity of the processing of the near-real time and the offline data
streams, algorithm updates and a major reprocessing operation which resulted in a
consistent data set, version 1.0.2, for the entire OMI mission (2004-present). Further-
more, I included the averaging kernel, temperature and a priori NO2 profiles in the
DOMINO product which provides critical data to enable users to test improvements
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to the retrieval algorithm themselves.
The accuracy of the retrieval of tropospheric NO2 from space relies on the know-

ledge of the state of the atmosphere at the moment of observation, where the primary
source of error for the retrieval of tropospheric NO2 from satellite measurements is
the tropospheric air mass factor. Boersma et al. [2004] identified uncertainties in the
a priori profile, cloud parameters, and the surface albedo as the major contributors
to the error in the tropospheric air mass factor. In the last part of this chapter
improvements to the DOMINO algorithm are discussed based on the findings of
several validation studies involving DOMINO data.

3.2 Satellite retrieval of tropospheric NO2

Since the launch of GOME in 1995 considerable effort has been invested in the
development of algorithms to retrieve tropospheric NO2 from spaceborne nadir ob-
servations, which resulted in the parallel development of retrieval algorithms by
various research groups [Leue et al., 2001, Richter and Burrows, 2002, Martin et al.,
2002a, Boersma et al., 2004]. These algorithms share a common 3-step approach to
retrieve tropospheric NO2, which is also followed by the DOMINO algorithm. In the
first step NO2 slant columns are determined by a spectral fit to the Earth reflectance
spectrum by means of the DOAS method [Platt and Stutz, 2008]. The second step
involves estimating the stratospheric contribution to the slant column, and in the
final step the tropospheric slant column is converted into a vertical column by the
tropospheric air mass factor. Different wavelength regions and spectroscopic data are
used in the spectral fitting procedure, resulting in differences of approximately 5%
in the retrieved slant columns [Boersma et al., 2004]. Larger differences occur in the
determination of the stratospheric contribution to the observed slant column, where
several retrievals rely on the inadequate assumption that the stratospheric NO2 field
has small variation in the zonal direction. Examples of this are the reference sector
method [Martin et al., 2002a], and the wave-2 filtering of satellite data employed
by Bucsela et al. [2006], Celarier et al. [2008]. Richter et al. [2005] use daily strato-
spheric NO2 columns from simulations of the SLIMCAT CTM [Chipperfield, 1999] in
the retrieval of tropospheric NO2 from SCIAMACHY. Recently, a new approach has
been proposed to retrieve stratospheric NO2 from SCIAMACHY limb measurements
[Beirle et al., 2010]. The SCIAMACHY limb measurements show considerable longit-
udinal variation in the retrieved stratospheric NO2 field, but further development
of this approach is necessary as the limb retrievals overestimate the stratospheric
NO2, resulting in negative tropospheric NO2 columns over unpolluted regions. The
DOMINO algorithm estimates the stratospheric slant column from the modeled NO2

field that is based on the assimilation of OMI data in the TM4 chemistry transport
model (CTM).
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3.2 Satellite retrieval of tropospheric NO2

The calculation of the tropospheric air mass factor is another step where retrieval
algorithms differ, and various approaches exist to estimate the critical parameters for
the tropospheric air mass factor, such as clouds, surface albedo, NO2 and temperature
profile, and aerosol. The estimated contribution of clouds to the precision of the
tropospheric column is 15-30% in polluted areas [Martin et al., 2002a, Boersma
et al., 2004], whereas uncertainties in the surface albedo account for a 15-35% error
in polluted areas [Martin et al., 2002a, Boersma et al., 2004], and the estimated
error due to the profile shape is less than 15% [Martin et al., 2002a, Boersma et al.,
2004]. Tropospheric NO2 profiles are derived from CTM simulations, using either
daily updates [Martin et al., 2002a, Boersma et al., 2007] or monthly [Richter et al.,
2005] and annual [Bucsela et al., 2006] averages. Cloud parameters generally are
retrieved from the observed radiance spectrum, using e.g., the FRESCO [Koelemeijer
et al., 2001] or the OMI O2-O2 [Acarreta et al., 2004] algorithm. Clouds are typically
accounted for in the evaluation of the air mass factor, except for Richter et al. [2005]
who discard scenes with cloud fractions exceeding 0.2. Surface reflectivities used in
the retrievals are derived from GOME [Koelemeijer et al., 2003], TOMS [Herman
and Celarier, 1997] or OMI [Kleipool et al., 2008].

3.2.1 OMI data streams

OMI data are distributed in two parallel streams: the regular production data
stream that is available 1-2 days after measurement (hereafter called the offline
data-stream), and the near-real time data stream that is already available within
3-4 hours after measurement. NRT data are downlinked once per orbit to one of the
ground stations (Alaska, Svalsbard, or Wallops Island) and are made available with
the highest priority at the expense of data integrity. The NRT stream is processed
with predicted altitude and ephemeris data, which can cause errors in the geolocation
parameters, although in practice these errors appear to be small. Occasionally, it
occurs that a NRT orbit is delayed or missing. The offline data stream is processed
with definitive altitude and ephemeris data, and constitutes a contiguous data set
without missing orbits. The DOMINO system treats the two data-streams differently,
as will be discussed in Section 3.2.3.1.

3.2.2 OMI slant column retrieval

NO2 slant columns are retrieved with the DOAS (Differential Optical Absorption
Spectroscopy [Platt and Stutz, 2008]) method, by fitting a modeled spectrum to the
OMI-observed Earth reflectance spectrum between 405-465 nm. This wide fitting
window, as compared to GOME and SCIAMACHY (425-450 nm), was chosen to
compensate for OMI’s lower signal to noise (1400). The modeled spectrum accounts
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for spectral structures resulting from absorption by NO2, O3, and water vapor,
and for a slowly varying background to account for broadband features introduced
by molecular (Rayleigh) and Mie (aerosol) scattering and absorption. The high-
resolution NO2 cross section spectrum for 220 K is taken from Vandaele et al. [1998],
the ozone spectrum is taken from Bass and Johnsten [1975], and the water vapor
spectrum is taken from [Coheur et al., 2002, Fally et al., 2003]. The cross section
spectra of O3, NO2, and water vapor are converted to OMI’s spectral resolution by
convolution with the OMI spectral slitfunction [Dirksen et al., 2006] that is described
in Chapter 2 of this thesis.

The modeled spectrum is described by a modified Lambert-Beer law:

ln[R(λ)] = −
∑

i

σi(λ) ·Ns,i − P3(λ) (3.1)

With R(λ) the modeled reflectance spectrum, σi the wavelength dependent absorption
cross section of species i, Ns,i the number of molecules of species i in the observed
slant column, and P3(λ) a 3rd order polynomial that describes the spectrally smooth
background resulting from multiple scattering, absorption and surface albedo. Based
on measurement data the estimated accuracy of OMI NO2 slant columns is 0.7x1015

molecules/cm2 [Boersma et al., 2007]. Earth reflectance spectra follow from dividing
the Earth radiance measurements by the OMI-measured solar irradiance. Because of
signal-to-noise considerations a fixed solar irradiance spectrum has been constructed
from daily irradiance measurements taken in 2005 (see the OMI NO2 README file
http://www.knmi.nl/omi/research/product/NO2/OMNO2_readme_2009-02.pdf). The
slant NO2 columns are retrieved assuming a fixed atmospheric temperature of 220
K, however not accounting for the temperature sensitivity of the NO2 absorption
cross section spectrum can result in underestimating the tropospheric slant column
by 20% in polluted areas because of warmer NO2 in the boundary layer [Boersma
et al., 2004]. In the DOMINO retrieval, the temperature sensitivity of the NO2

cross section spectrum is accounted for by the tropospheric air mass factor as will be
discussed in Section 3.2.4.

3.2.3 Stratosphere-troposphere separation

Separation between the troposphere and the stratosphere is achieved by assimilat-
ing OMI NO2 slant columns in the TM4 chemical transport model (CTM), and by
subsequently subtracting the forecast stratospheric slant column from the observed
slant column. TM4 [Dentener et al., 2003] operates at a 3◦x2◦ (longitude x latitude)
spatial resolution and with 35 layers in the vertical direction, extending up to 0.38
hPa. TM4 is driven by forecast and analyzed meteorological fields from the European
Centre for Medium Range Weather Forecast (ECMWF). A detailed overview of the
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3.2 Satellite retrieval of tropospheric NO2

processing of the meteorological input by TM4, and of the chemical schemes applied
by TM4 is given in Chapter 4.

In the assimilation approach, the forecast TM4 model state is updated using
OMI NO2 observations, yielding the analyzed model state (analysis). The model
forcing, which is based on the Kalman filter technique, attributes less weight to
measurements over (known) polluted areas so that tropospheric sources do not
contribute to the modeled stratospheric NO2 field. In Chapter 4 a more detailed
description of the assimilation approach is given.

The advantage of the assimilation approach employed by DOMINO, is that due
to the application of current meteorological data by TM4, the modeled 3-D stra-
tospheric NO2 field contains synoptic-scale structures that result from variations
in temperature and wind fields. This is an improvement with respect to retrieval
algorithms that assume a zonally smooth NO2 distribution in the stratosphere. In
Chapter 4 I will demonstrate that over areas with high dynamic variability the error
in the estimated stratospheric NO2 column can be as large as 1x1015 molecules/cm2

when a smooth stratospheric NO2 field is assumed instead, whereas the DOMINO
algorithm is able to capture these variations in the stratospheric NO2 field.

Based on a statistical analysis of the difference between observation and fore-
cast, the uncertainty in the stratospheric slant column is estimated at 0.2x1015

molecules/cm2 [Boersma et al., 2007], which is considerably smaller than the error
in the observed slant column.

3.2.3.1 Data assimilation for NRT and offline stream The DOMINO system pro-
cesses all offline OMI data of an entire day in a single TM4 assimilation run, using
analyzed meteorological fields as input. The offline processing is performed two days
after the orbits were measured, when all offline OMI data are available. The DOM-
INO offline data are added to the publicly accessible archive at http://www.temis.nl/.

Because of time considerations, a different set up was chosen for the NRT stream.
The DOMINO NRT retrieval consists of two sub-systems, as indicated in Figure 3.1.
The first is the TM4 forecast subsystem that runs once per day (at midnight UTC),
and the second is the NRT subsystem that is executed each time a new OMI NRT
orbit arrives at KNMI. The forecast subsystem (top panel in Figure 3.1) updates the
analysis and forecast starting from the analysis of the previous day. In the forecast
run, TM4 runs forward in time with the forecast ECWMF meteorological data and
the assimilation of all available OMI NO2 measurements of the past days. The
updated analysis is stored as input for the subsequent run of the forecast system.
As indicated in Figure 3.1, the forecast stratospheric slant column, tropospheric
NO2 profile, surface pressure and temperature profile, which are needed to retrieve
the tropospheric NO2 column are passed on to the NRT subsystem (bottom panel in
Figure 3.1). The NRT subsystem subtracts the forecast stratospheric NO2 from the
OMI observed slant column and converts the remaining tropospheric slant column
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Figure 3.1 Flowchart for the DOMINO retrieval-assimilation system, the lower part
of the forecast/assimilation subsystem (top) interfaces with the top part of the NRT
subsystem (bottom). Figure adopted from Boersma et al. [2007].

into a vertical column using the tropospheric air mass factor that is further discussed
in Section 3.2.4.

The execution of the forecast subsystem takes approximately 2 hours to complete
using 8 parallel threads on a SGI altix 3000 mainframe, this involves calculating
the forecast for two days in advance, which makes the system more robust to inter-
ruptions in the input data. The processing of an OMI orbit by the NRT subsystem
(calculation and application of the tropospheric air mass factor) is accomplished in
less than 2 minutes on the same computer system.
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3.2 Satellite retrieval of tropospheric NO2

3.2.4 Tropospheric air mass factor

The tropospheric slant columns are converted into vertical columns by dividing by
the tropospheric air mass factor AMFtrop, that accounts for the average light path
traversed by the photons that enter OMI.

VCDtrop = SCDtrop/AMFtrop (3.2)

AMFtrop is described by a forward model that includes model parameters b̂ such as
viewing geometry, the absorber’s vertical profile shape, terrain height, surface albedo,
cloud fraction and cloud pressure, and (multiple) Rayleigh scattering. For optically
thin absorbers like NO2, the altitude dependence of the measurement sensitivity
can be decoupled from the actual profile shape so that the air mass factor can be
written as [Palmer et al., 2001, Eskes and Boersma, 2003]:

AMFtrop =

∑
l

ml(b̂)xa,lcl∑
l

xa,l

(3.3)

Here l denotes the atmospheric layer, ml represents the air mass factor for layer l,
~xa represents the a priori NO2 profile, and cl is a layer-specific correction term that
accounts for the temperature dependence of the absorption cross section spectrum.

The a priori NO2 profile ~xa is taken from the TM4 model field, where the 3◦x2◦

modeled profiles are sampled at the model time closest to the OMI overpass, and
interpolated to the footprint of the OMI pixels. The temperature profile that is
needed to calculate the temperature dependent correction to the absorption cross
section (cl in Equation 3.3) is derived from the ECMWF meteorological input. The
air mass factors ml were pre-calculated with the pseudo-spherical DAK radiative
transfer model [de Haan et al., 1987, Stammes, 2001] that includes polarization
[Stammes et al., 1989], and stored in a multi-dimensional look-up table to reduce
computational effort.

AMFtrop accounts for the vertical sensitivity of OMI for NO2, which decreases
towards the surface due to enhanced scatter in the increasingly dense lower tropo-
sphere and the low surface albedo for snow-free scenes (typically 5% at 440 nm).
Clouds increase the effective albedo of the scene, thereby increasing OMI’s sensitivity
to NO2 above it. On the other hand, OMI is insensitive for below-cloud NO2, yielding
a lower AMFtrop for cloudy scenes because the air mass factors ml in Equation 3.3
below the cloud level are zero. As a result, a ghost column is added to the retrieved
NO2 column to compensate for below cloud NO2 [Burrows et al., 1999], where the
ghost column is derived from the a priori profile below the cloud.

The air mass factor for a partly clouded scene is determined with the independent
pixel approximation [Boersma et al., 2004], where the effective air mass factor is a
combination of the air mass factor for a cloudy and a cloud-free scene. For increasing
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cloud fractions the tropospheric NO2 column becomes unreliable, because of the
growing contribution of the modeled ghost column to the retrieved tropospheric
column. Therefore, it is good practice to ignore tropospheric NO2 columns for pixels
where the cloud radiance fraction exceeds 0.5 (this corresponds to a cloud fraction of
approximately 0.2).

The cloud parameters used by DOMINO are retrieved from OMI’s VIS channel
by a DOAS fit to the O2-O2 absorption feature at 477nm [Acarreta et al., 2004]. The
effective cloud fraction is determined from the continuum reflectance of the scene,
and the O2-O2 slant column, together with the viewing and solar geometry, is used
to find the effective scattering pressure by means of a lookup table. The lookup
table was produced using DAK with clouds approximated as Lambertian reflectors
with albedo 0.8. OMI O2-O2 cloud fractions have been validated successfully against
MODIS-Aqua cloud observations [Stammes et al., 2008], and OMI cloud pressures
were generally within 100 hPa of PARASOL cloud pressures.

Until February 2009 the surface albedo was taken from 1◦x1.25◦ climatological
monthly mean maps based on combined TOMS and GOME Lambert-equivalent
reflectivity (LER) measurements [Koelemeijer et al., 2003, Boersma et al., 2004].
After this date the newly available OMI-derived albedo database with improved
spatial resolution (0.5◦x0.5◦ Kleipool et al. [2008]) is used in the processing. Due to
OMI’s smaller ground pixels as compared to GOME, the new albedo data base is less
sensitive to cloud contamination. Furthermore, the OMI-based albedo climatology
represents the surface albedo at approximately 13h40 local time, which is consistent
with the OMI observations.

The DOMINO data product version 1.0.2. is available for the entire OMI mission
(October 2004-present) at http://www.temis.nl, the product description document can
be found at http://www.temis.nl/docs/OMI_NO2_HE5_1.0.2.pdf.

3.2.5 Features of the DOMINO product

The DOMINO algorithm and data product version 1.0.2 incorporate the following
features:
Averaging kernels For every pixel the corresponding averaging kernel vector

for each model layer l is provided. The averaging kernel represents the
height-dependent sensitivity of OMI to NO2, and is essential when compar-
ing DOMINO columns to independent data such as model output, observed
profiles or columns, whose (a priori) profile shapes differ from the TM4 a pri-
ori profile [Eskes and Boersma, 2003]. The DOMINO averaging kernel has
been used several studies [e.g., Mijling et al. [2009], Huijnen et al. [2010],
Lamsal et al. [2010], Herron-Thorpe et al. [2010]]. More information on the
use of the averaging kernel is given in the DOMINO product description
(http://www.temis.nl/docs/OMI_NO2_HE5_1.0.2.pdf).
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Error estimates The DOMINO data product includes for each pixel a realistic
tropospheric column error based on errors in the DOAS spectral fit, cloud
algorithm, the albedo map, the profile shape, and the estimate of the strato-
spheric column [Boersma et al., 2004].

NO2 profile shape DOMINO obtains daily updated a priori profile shapes from
TM4, which explicitly models the effect of emissions, chemistry and meteorolo-
gical conditions (wind, convection, deposition) on the vertical distribution of
NO2. As a unique feature of the DOMINO data product, the TM4 profiles for
each pixel are provided, which, together with the temperature profile, allows
users to perform their own tropospheric air mass factor calculations.

Stratospheric column The meteorological state of the atmosphere causes the
stratospheric column to vary in space and time. This variability is accounted
for by the transport model TM4. Data assimilation is used to make the model
stratosphere consistent with the OMI observations. In Chapter 4 I will show
that the assimilated stratospheric NO2 column is a useful product in itself.

Temperature profiles The temperature dependence of the cross section of NO2 is
accounted for based on the daily updated temperature profiles of the ECMWF
meteorological analyses. Furthermore, the DOMINO product provides the
users an interpolated temperature profile for each OMI pixel.

3.3 OMI data collection 3

The OMI data collections (versions) 1 and 2 were affected by inadequate calibration
of the dark current of the CCD detector and by the limited signal-to-noise of the
daily solar irradiance measurements. This caused systematic biases (upwards and
downward) of NO2 slant columns at specific viewing angles, that show up as stripes
along the orbit [Boersma et al., 2007]. This striping is not limited to NO2 but affects
nearly all OMI data products, each having another striping pattern owing to the
different fitting windows of the products. For DOMINO version 0.8 a de-striping
algorithm was developed, based on high pass filtering of observations over the remote
(unpolluted) areas to characterize the high frequency features [Boersma et al., 2007].

For OMI data collection 3 an improved calibration approach was implemented;
a better correction of the CCD detector’s dark current significantly reduced these
stripes [Dobber et al., 2008]. Simultaneously, the signal to noise of the irradiance
spectrum was improved by replacing the daily solar irradiance spectra with the
yearly averaged spectrum for 2005. The re-processing of level 1b data for collection
3 was started in 2007, and after a major reprocessing operation in the first half of
2008 the entire OMI mission is available as DOMINO collection 3, version 1.0.2. The
DOMINO system typically processes one month of OMI data in 24 hours, so that the
entire reprocessing of collection 3 lasted approximately 2 months.
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In the processing of collection 3 the de-striping algorithm was deactivated because
the amplitude of the stripes was considerably reduced due to the new calibration
approach, and because the de-striping algorithm introduced offsets at the swath
edges. An improved de-striping algorithm is being developed and will be applied in a
future reprocessing of the OMI data set.

Since June 2007 OMI is plagued by the so-called row anomaly effect. The exact
cause of the effect is not known, but the available evidence suggests a partial blocking
of OMI’s nadir port by the isolation blanket in which the instrument is wrapped.
This leads to a severe reduction of the radiance signal for the affected viewing angles
and to sunlight being reflected into the nadir port. Furthermore, inhomogeneous
illumination of the spectrograph’s entrance slit affects the shape of the slitfunction
resulting a shift of the recorded spectrum.

As shown in Table 3.1 the number of rows affected by the anomaly has increased
step-wise, and the current status is that a considerable part of the OMI field of view
near the center of the swath is affected. Considerable effort has been invested in
investigating the row anomaly and in developing corrections for its effect on the
radiance and spectral calibration, which will be implemented in the upcoming OMI
data collection 4. Due to its spectral effect, the row anomaly affects DOAS-based
products, including the retrieval of NO2 slant columns and cloud parameters, which
both are essential for the DOMINO algorithm. Therefore, it is recommended to avoid
using the rows affected by the row anomaly. Nevertheless, even when discarding the
rows listed in Table 3.1, the daily OMI observations still cover more than 70% of the
Earth’s atmosphere. More information on the OMI row anomaly and on the develop-
ment of corrections can be found at http://www.temis.nl/docs/omi_warning.html.

Table 3.1 Evolution of the OMI row anomaly

Label Since Affected rows (0-based)

Anomaly 1 25 June 2007 53-54
Anomaly 2 11 May 2008 37-44
Anomaly 3 24 January 2009 27-44

3.4 OMI standard product

Parallel to the DOMINO algorithm, the GSFC-developed Standard Product (SP)
algorithm retrieves tropospheric NO2 from OMI measurements on an operational
basis. The DOMINO and the Standard Product algorithms have the same start-
ing point, the DOAS-retrieved slant columns, but they differ with regard to the
stratosphere-troposphere separation, the calculation of the tropospheric air mass
factor and assumed reflectivities. The properties of the DOMINO and the Standard
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Product NO2 algorithms are compared in Table 3.2. The Standard Product identifies
the stratospheric NO2 columns as the slowly varying part of the total column NO2

field, which implies that medium-scale variations in the observed NO2 field of up to
several 100 km in size are attributed to tropospheric signals [Bucsela et al., 2006,
Celarier et al., 2008]. NO2 slant columns are converted into initial vertical columns
(VCDinit,SP) by applying an (unpolluted) air mass factor (AMFinit,SP). AMFinit,SP is
derived with TOMRAD [Dave, 1965] radiative transfer calculations using annually
averaged simulated NO2 profiles that are constructed from merging stratospheric
profiles from GSFC CTM [Douglass et al., 2003] with tropospheric profiles from
GEOS-Chem [Martin et al., 2002b]. The Standard Product applies a second order
Fourier (wave-2) fit in 1◦-wide latitude bands in the zonal direction to all data
collected within ±12 hours of the target orbit [Bucsela et al., 2008]. Prior to the
wave-2 fit, regions with known high tropospheric NO2 abundances (identified using
GEOS-Chem) are masked and a 9◦-wide boxcar running average is applied in the
meridional direction. Areas with strong deviations from the wave-2 fit are identified
as contaminated by tropospheric NO2 pollution and also masked. Then, the wave-2
fit is performed for the second time to produce the stratospheric NO2 field.

Table 3.2 Overview of the OMI DOMINO and OMI Standard Product NO2 al-
gorithms.

Parameter DOMINO Standard Product

Slant column DOAS (405-465 nm) DOAS (405-465 nm)
Stratospheric column Data assimilation in TM4

(3◦x2◦)
wave-2 fit in zonal band

Tropospheric a priori profile Daily updates from TM4
(3◦x2◦)

Annual mean from GEOS-
Chem (2.5◦x2◦)a

Temperature profile ECMWF analysis and fore-
cast (3◦x2◦)

Monthly mean from NCEP

Radiative transfer model DAK TOMRAD
Clouds OMI O2-O2

b OMI O2-O2
b

Surface albedo TOMS-GOME & OMIc GOME
Stripe correction – based on 24-h datad
Ghostcolumn Implicit in AMFtrop –
a Applied when retrieved slant column exceeds stratospheric slant column.
b Acarreta et al. [2004]
c TOMS/GOME based on combining Herman et al. [1997] and Koelemeijer et al. [2003]

as described in Boersma et al. [2004]. After Februari 2009 the OMI-derived surface
albedo by Kleipool et al. [2008] is used.

d See Bucsela et al. [2008].

Pixels where VCDinit,SP exceeds the stratospheric column are marked polluted and
the tropospheric air mass factor is applied to retrieve the tropospheric NO2 column.
The a priori profile used in the tropospheric air mass factor calculation is taken from
a geographically gridded set of annually averaged tropospheric NO2 profiles from
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GEOS-Chem simulations. Temperature profiles are derived from monthly mean
values of the NCEP climatology [Kalnay et al., 1996], cloud parameters are taken
from the OMI O2-O2 algorithm [Acarreta et al., 2004], and the surface reflectiv-
ity is given by the GOME albedo climatology at 440 nm [Koelemeijer et al., 2003].
The tropospheric air mass factor for the standard product is calculated with the
TOMRAD [Dave, 1965] radiative transfer model. For cloudy scenes, the below-cloud
amount (ghostcolumn) is derived by scaling the polluted NO2 profile to the retrieved
tropospheric NO2 column and is stored in a separate data field which can be added
to the tropospheric column at the users discretion [Celarier et al. [2008] and OMI NO2

README file at http://www.knmi.nl/omi/research/product/NO2/OMNO2_readme_2009-
02.pdf].

3.5 Illustration of DOMINO tropospheric NO2 monitoring capabilities

In August 2007 Greece suffered from severe forest fires on the Peloponnesus and
in the area near its capital, Athens. Although forest fires are common in the
Mediterranean region, the 2007 burning events were exceptionally intense due
to favorable conditions such as heat waves, extended droughts and strong winds.
Provisional data indicate that more than 1700 km2 was burned [Turquety et al.,
2009], with an estimated emission of 8.8x109g NO2 between 21-28 August 2007,
according to the 8-day average GFED-2 database. GFED emission estimates are
based on a combination of burned area and the vegetation index [van der Werf et al.,
2006]. As shown in Figure 3.2, OMI detects increased tropospheric NO2 columns
caused by emissions by the fires, and due to OMI’s high spatial resolution the fire
locations are clearly distinguishable from the regular urban pollution sources in
the region around Athens. The daily OMI observations show how the fire emissions
gradually intensify between 23-25 August, to reach their full strength on 26 August.
Owing to the strong north easterly winds that fanned the fires, on 25 and 26 August
the NO2 plumes extend as far as the coast of north Africa.

These daily observations of the 2007 Greek forest fires clearly demonstrate OMI’s
capability to monitor variable emission sources. This fire event is a good model
case for a top-down estimate of NOx emissions from OMI observations, as the event
occurred under cloud-free conditions and the fires are well-separated from other
pollution sources in the region. Furthermore, the effect of forest fire aerosols on the
DOMINO retrieval of tropospheric NO2 can be investigated, where observations from
the spaceborne lidar CALIOP, MODIS and OMI are used to characterize (altitude,
optical depth and single scattering albedo) of the aerosols emitted by the fires.
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23 Aug 24 Aug

25 Aug 26 Aug

Figure 3.2 Time series of DOMINO observations of tropospheric NO2
emitted by the forest fires that raged in Greece in August 2007. Im-
age was part of a KNMI press-release about the Greek forest fires
(http://www.knmi.nl/cms/content/16029/nederlands_satellietinstrument_omi_volgt
_griekse_rook).

3.6 Recommendations from validation studies

During the ongoing OMI mission several validation campaigns have been organized
to compare OMI tropospheric NO2 observations to independent measurements by
ground-based and airborne instruments. In the following I present an overview of
the findings of the DANDELIONS and INTEX-B validation campaigns, together
with the results of separate validation and sensitivity studies that all involved
tropospheric NO2 columns from the DOMINO version 1.0.2 data set. The conclusions
of these studies are used for improvements of the DOMINO retrieval algorithm that
are discussed by Boersma et al. (to be published).

DANDELIONS 2006 (Dutch Aerosol and Nitrogen Dioxide Experiments for Val-
idation of OMI and SCIAMACHY) took place in September 2006 at the Cabauw
measurement site in The Netherlands [Brinksma et al., 2008], during which column
and profile observations of tropospheric NO2 were performed with various ground-
based instruments. Total columns of tropospheric NO2 were measured with MAX-
DOAS instruments from different research groups [Wagner et al., 2004, Wittrock
et al., 2004, Pinardi et al., 2008], while the RIVM NO2 lidar [Volten et al., 2009] and
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in-situ observations with molybdenum oxide converters [Volten et al., 2009] provided
information on the vertical profile of NO2 in the troposphere. Cabauw (51.97◦N,
4.92◦E) is a suburban site located in the vicinity of major pollution sources such as
the industrialized Rotterdam port area (30 km to the west) the Ruhr area (100 km
to the East), as well as the traffic of busy nearby highways in the Netherlands.

The INTEX-B (Intercontinental Chemical Transport Experiment) campaign [Singh
et al., 2009] comprises a series of airplane flights with the NASA DC-8 research
aircraft in March 2006 over the Gulf of Mexico, Mexico City, the southeastern United
States, and the Pacific. During INTEX-B vertical profiles of NO2 were obtained
under a range of conditions, including flights over source and outflow regions, as
well as over remote areas. The profiles were measured between 300 m and 12 km
altitude with a laser induced fluorescence instrument [Thornton et al., 2000].

Other studies discussed here involve the comparison of DOMINO tropospheric
NO2 columns with model output [Huijnen et al., 2010], with ground-based in situ
measurements in the rural southeastern USA [Lamsal et al., 2010], and an analysis
of the sensitivity of the DOMINO retrieval to orography [Zhou et al., 2009] and the
anisotropy of the surface albedo [Zhou et al., 2010].

3.6.1 Results

Table 3.3 lists the studies in which DOMINO tropospheric NO2 columns, version
1.0.2, were compared to independent measurements, or where retrieval improve-
ments were investigated. In the following I will briefly summarize the results each
study and its consequent recommendation for improving the DOMINO retrieval of
tropospheric NO2.

Volten et al. [2009] found that under polluted conditions DOMINO tropospheric
NO2 columns systematically exceed the lidar columns. Further investigation of this
effect was performed by [Hains et al., 2010], who evaluated DOMINO NO2 with
measurements from the DANDELIONS and INTEX-B campaigns. The ensemble of
tropospheric NO2 columns derived from the MAXDOAS, lidar, in-situ and aircraft
measurements show good agreement with the DOMINO columns (r>0.74, without
significant bias). On average the TM4 a priori profiles agree reasonably well with
observations, but for a suburban site like Cabauw that is surrounded by several
sources of NOx, the lidar profile constitutes a point measurement that is difficult
to reproduce by TM4, which operates at 3◦x2◦ spatial resolution. Additionally, the
lidar measurements indicate that the vertical mixing of NO2 by TM4 is too weak
in the boundary layer. The study by Hains et al. [2010] shows that when the a
priori profiles are replaced by observed profiles in the calculation of AMFtrop, the
DOMINO NO2 columns change on average by 15%. Replacing the surface albedo
by the OMI-derived albedo from Kleipool et al. [2008], changes the retrieved NO2

columns by up to 13%, with the strongest effect in polluted situations over dark

44



3.6 Recommendations from validation studies

Table 3.3 Overview of validation and modeling studies involving DOMINO.

Study Reference Result

DOMINO, TM4 and various
(regional) air quality mod-
els.

Huijnen et al. [2010] Insufficient mixing by TM4 of NO2
in the boundary layer. DOMINO
overestimates model ensemble
column factor 2 in summer, good
agreement in winter.

NO2 lidar (DANDELIONS
2006).

Volten et al. [2009] DOMINO columns exceed lidar
columns by approximately 50%.

DOMINO versus lidar,
MAX-DOAS, in-situ surface
and aircraft (DANDELI-
ONS 2006 & INTEX-B).

Hains et al. [2010] NO2 columns agree well. Replace-
ment of TM4 profile and surface
albedo improves agreement with
validation data by 23%.

DOMINO versus in-situ sur-
face measurements.

Lamsal et al. [2010] Replacing TM4 profiles by GEOS-
Chem profiles reduces bias with
surface observations to 5%.

Orography and represent-
ativity error in effective
pixel height.

Zhou et al. [2009] Coarse (3◦x2◦) TM4 resolution
causes modeled column errors up
to 5-15%.

Anisotropy of surface re-
flectivity.

Zhou et al. [2010] Column errors up to 20% for ex-
treme viewing geometries.

terrain. The combined effect of replacing profile and albedo results in an average
change of 23% in the retrieved column, while the agreement with the validation
measurements improves. This underlines the conclusions of Boersma et al. [2004]
that uncertainties in the a priori profile and the surface albedo are major error
sources for the tropospheric air mass factor. The importance of the surface albedo
is further illustrated by the study of Zhou et al. [2010] who show that ignoring the
anisotropy (viewing angle dependence) of the surface albedo can result in an error of
up to 20% in the retrieved NO2 columns.

Lamsal et al. [2010] compared DOMINO NO2 columns to surface in-situ observa-
tions with photolytic converter analyzers for rural sites in the southeastern USA.
Photolytic converter analyzers [Ryerson et al., 2000] are specific to NOx and do not
detect NOy that commonly interferes with measurements by molybdenum based
detectors in photochemically aged air [Steinbacher et al., 2007]. In comparison with
the surface measurements, DOMINO NO2 columns are high biased by 21%, with
some seasonal dependence. This high-bias is related to the aforementioned insuffi-
cient mixing of TM4 NO2 profiles in the boundary layer [Huijnen et al., 2010]: when
the NO2 columns are adjusted using (well-mixed) GEOS-Chem profiles together
with the averaging kernel, the average high-bias reduces to 5%, and the size of
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the adjustment to the NO2 column as a result of replacing the a priori profile is
comparable to the changes found in the DANDELIONS campaign. Since Lamsal
et al. [2010] use simulated profiles from GEOS-Chem to convert DOMINO NO2

columns into NO2 surface mixing ratios, the comparison with surface measurements
constitutes an indirect validation of the DOMINO NO2 columns.

Huijnen et al. [2010] compared DOMINO NO2 to the output of an ensemble of
global and regional air quality models over Europe, which showed a good spatial
correlation between the models and DOMINO NO2. In winter there is good agree-
ment between DOMINO and the models, but in summer DOMINO NO2 columns
are almost twice as high as the modeled NO2 columns. This discrepancy in summer
between OMI and modeled NO2 columns can partly be explained by missing emission
sources from biomass burning and lightning in the regional air quality models, but
it is also linked to TM4’s insufficient vertical mixing of NO2 in the boundary layer
which causes a higher surface NO2 concentration in comparison with other models.
However, in winter the modeled NO2 profile shapes are more similar to that of TM4.
As indicated by Huijnen et al. [2010], the insufficient mixing of boundary layer NO2

by TM4 is not caused by a faulty mixing scheme but rather the consequence of
sampling the tracer NO2 field after the emission step but before the advection and
convection steps are applied.

Zhou et al. [2009] investigated the effect of representativity errors in the sur-
face pressure of OMI pixels in mountainous regions (making use of the DOMINO-
provided TM4 NO2 profiles). Due to TM4’s coarse spatial resolution (3◦x2◦) dif-
ferences between the modeled and effective terrain height introduce errors in the
surface pressure of OMI pixels. This leads to a vertical shift of the lower part of
the NO2 profile, affecting the tropospheric air mass factor. Consequently, NO2 over
elevated areas with too low modeled altitude is overestimated, while NO2 in valleys
with too high modeled altitude is underestimated. In the polluted Po valley in the
foothills of the Alps the altitude mismatch can be as much as 700 m, and when the
TM4 profiles are replaced by improved profiles based on high resolution surface
elevation data, the NO2 column, dependent on season, increase by 5-15%.

3.7 Summary

This chapter described the operational DOMINO processing system that retrieves
tropospheric NO2 columns from OMI. The DOMINO algorithm incorporates various
improvements with respect to other NO2 retrieval algorithms, which includes a data
assimilation approach (using the TM4 CTM) to estimate stratospheric columns, daily
updated temperature and a priori profiles in the calculation of the tropospheric air
mass factor. In addition to the tropospheric and stratospheric NO2 columns, the
DOMINO product provides for each OMI pixel the averaging kernel together with
temperature and a priori NO2 profiles. The DOMINO product is distributed in an
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offline stream that is available 2 days after measurement, and in a time-critical near-
real time stream that is available within 3-4 hours after measurement. The NRT
retrieval system uses the forecast stratospheric slant column, NO2 and temperature
profile to achieve swift processing of OMI slant columns. The DOMINO product is
widely used (see Dirksen et al. [2008] for an extensive list of DOMINO users), where
the NRT product is relevant input for air quality forecast systems. Owing to a major
reprocessing operation the DOMINO tropospheric NO2 observations for the entire
OMI mission (October 2004-present) are now available as collection 3, version 1.0.2,
which constitutes the optimal OMI tropospheric NO2 dataset to date.

The results of the DANDELIONS and INTEX-B validation campaigns show good
agreement between NO2 columns from DOMINO and independent column observa-
tions. However, lidar observations and comparison with other models indicate that
the DOMINO a priori profiles have too high NO2 at the surface, due to insufficient
mixing by TM4 of NO2 in the boundary layer. This results in a lower tropospheric
air mass factor and a subsequent overestimation of DOMINO tropospheric NO2.
Replacing the TM4 profiles by observed profiles combined with replacing the TOMS-
GOME surface albedo by the OMI-derived surface albedo from Kleipool et al. [2008]
results in an average change of 23% in the retrieved column while improving the
agreement with the validation measurements. Based on the findings of validation
and modeling studies the following future improvements to the DOMINO retrieval
algorithm are proposed:

1. Improving the vertical mixing by TM4 of NO2 in the boundary layer by
sampling the tracer NO2 field after the advection and convection steps have
been performed, will produce more representative a priori profiles.

2. Replace the TOMS-GOME surface reflectivity with the OMI-based surface
albedo from Kleipool et al. [2008]. Apart from improving the DOMINO tropo-
spheric NO2 columns, it ensures consistency with the OMI cloud retrieval that
also uses the Kleipool et al. [2008] surface albedo.

3. Using the effective surface elevation of OMI ground pixels instead of the coarse
resolution (3◦x2◦) TM4 based surface elevation will reduce the representativity
error in the surface pressure that affects the a priori profile in mountainous
regions.

4. Increasing the model resolution will improve the representativity of a priori
profiles in regions with a spatially inhomogeneous tropospheric NO2 field due
to the presence of, e.g., urban, pollution sources.
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Chapter Four

Evaluation of stratospheric NO2 retrieved from the
Ozone Monitoring Instrument: intercomparison,
diurnal cycle and trending

Abstract

A 5+ year record of satellite measurements of nitrogen dioxide columns from
the Ozone Monitoring Instrument (OMI) is evaluated to establish the quality
of OMI stratospheric NO2 and to test our understanding of NO2 in the strato-
sphere. The use of assimilation techniques to retrieve the stratospheric vertical
column of NO2 from OMI slant column observations is described in detail. In
the employed assimilation scheme the forecast model state is generally within
0.15x1015 molecules/cm2 of the analysis over remote areas where stratospheric
NO2 dominates the total column. The Dutch OMI NO2 (DOMINO) and Standard
Product (SP) stratospheric NO2 columns from OMI are consistent within 0.3x1015

molecules/cm2, or 13%, with independent, ground-based measurements of strato-
spheric NO2. This is comparable to the inconsistencies (15-20%) that exist between
different ground-based techniques. On average, stratospheric NO2 from DOMINO
is higher than from SP by 0.2x1015 molecules/cm2, but larger differences occur
on the synoptic scale. DOMINO captures the detailed structure and dynamics of
the stratospheric NO2 field during the collapse of the Arctic polar vortex in March
2005. Using the overlapping OMI orbits poleward of 30◦ latitude, it is possible to
extract information on the diurnal variation in stratospheric NO2 columns. At high
latitudes (> 60◦), the daytime increase of NO2 has a distinct seasonal dependence
with a maximum in spring and fall. Daytime increase rates inside the denoxified
Arctic polar vortex are low, whereas high rates (> 0.4x1015 molecules/cm2/h) are
found in the NOy-rich air outside the vortex. A multilinear regression to the
5-year DOMINO record shows a distinct quasi-biennial oscillation (QBO) signal in
stratospheric NO2 columns over the Tropics. The QBO’s amplitude is comparable

The contents of this chapter, with some modifications, have been submitted as a paper to
Journal of Geophysical Research.
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to that of the annual cycle and is stronger over the Southern Hemisphere than
over the Northern Hemisphere. DOMINO observations over Lauder are consistent
with the ground-based stratospheric NO2 measurements collected at this site,
with near-identical trends for DOMINO (+0.4% per decade) and the ground-based
(+0.6% per decade) for the time span of the OMI mission (2004-2010).

4.1 Introduction

Nitrogen dioxide (NO2) is an important trace gas in the atmosphere because of
its role in the photochemistry of ozone in the stratosphere and in the troposphere.
NO+NO2 (NOx) in the stratosphere originates from the oxidation of N2O in the middle
stratosphere. NO+NO2 destroy ozone catalytically, but they can also suppress ozone
depletion by converting reactive chlorine and hydrogen compounds into unreactive
gas phase reservoirs such as ClONO2 and HNO3. Monitoring of stratospheric NO2

thus provides important support to monitoring of the ozone layer. Furthermore,
outstanding questions exist about long-term changes in stratospheric NO2 reported
for instance from New Zealand [Liley et al., 2000] and northern Russia [Gruzdev,
2008]. In the troposphere, NOx oxidizes rapidly, leading to the formation of ozone
and aerosols. These secondary pollutants have highly uncertain effects on climate
[IPCC, 2007], influence the oxidizing capacity of the troposphere, and affect human
health. Global mapping of tropospheric NO2 concentrations provides important
constraints on the temporal behavior of NOx emissions.

Satellite remote sensing is used for measuring stratospheric as well as tropo-
spheric NO2 amounts. Stratospheric NO2 has been measured by a number of
satellites since the 1980s, e.g., SME (Solar Mesosphere Explorer) [Mount et al.,
1984], which first used the DOAS approach, SAGE-II/III (Stratospheric Gas and
Aerosol Experiment [Chu and McCormick, 1986]), HALOE (Halogen Occultation
Experiment [Gordley et al., 1996]), and POAM (Polar Ozone and Aerosol Measure-
ment [Randall et al., 1998]). More recently, retrievals from the nadir-viewing UV-Vis
spectrometers GOME (Global Ozone Monitoring Experiment) [Burrows et al., 1999]
and its successor GOME-2 [Munro et al., 2006], SCIAMACHY (Scanning Imaging
Absorption Spectrometer for Atmospheric Cartography) [Bovensmann et al., 1999],
and OMI (Ozone Monitoring Instrument) [Levelt et al., 2006a] have provided in-
formation on both stratospheric and tropospheric NO2. Over unpolluted regions
typically more than 90% of the observed NO2 resides in the stratosphere, but over
industrialized continental regions this fraction can range from 10-50%, depending on
the degree of pollution. A challenge for the retrieval algorithms is the separation of
the stratospheric and tropospheric contribution to the total NO2 absorption inferred
from the spectral measurements. Inaccuracies in this separation not only affect
the stratospheric measurements themselves, but also the tropospheric retrievals
that rely on residual techniques. Current methods to estimate stratospheric NO2
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use chemistry-transport models [Boersma et al., 2004, Richter et al., 2005], filtering
techniques based on subsets of satellite measurements [Bucsela et al., 2006], or inde-
pendent measurements of stratospheric NO2 [Beirle et al., 2010]. These techniques
need to be thoroughly tested against independent observations, which is one of the
goals of this study.

In this chapter we focus on OMI stratospheric NO2. The OMI retrievals start with
total NO2 slant column densities (SCDs), inferred from the instrument’s spectrally
resolved measurements in the visible spectral range. The total slant columns rep-
resent the integrated concentration of NO2 along the effective light path through
the atmosphere. Since photons in the visible traverse the lower atmosphere, there
can be a significant contribution from tropospheric NO2 to the total slant column. In
the Dutch OMI NO2 retrieval (DOMINO, Boersma et al. [2007]), the stratospheric
component of the NO2 slant column is estimated by data-assimilation of OMI slant
columns in the TM4 chemistry-transport model. In the NASA/KNMI retrieval
(Standard Product, Bucsela et al. [2006]), the stratospheric component is estimated
by fitting a second order Fourier function in the zonal direction to a 24-hour com-
posite of OMI observations. Both methods use air mass factors (AMFs) to convert
stratospheric slant columns into vertical columns, but the AMFs are calculated with
different radiative transfer models, and use different a priori information on the
vertical distribution of stratospheric NO2.

In order to test and improve the stratospheric NO2 information derived from
OMI, the work presented in this chapter evaluates the two different OMI retrievals.
We compare OMI stratospheric NO2 from both retrievals with independent meas-
urements taken at 14 remote NDACC (Network for the Detection of Atmospheric
Composition Change) stations around the world. We used UV-Vis measurements
from the SAOZ (Système d’Analyse par Observations Zénithal) network, a collection
of near-identical collectively operated instruments that is part of NDACC, UV-Vis
measurements from other NDACC stations as well as FTIR observations.

We subsequently evaluate the ability of the retrieval algorithms to separate out
spatial and temporal variability in stratospheric NO2. We will show that the Dutch
OMI NO2 retrieval captures spatial and temporal variations in stratospheric NO2

induced by planetary waves, and also the daytime buildup of stratospheric NO2

resulting from the photolysis of N2O5. Furthermore, we will analyze the 5-year
record of OMI stratospheric NO2 columns and discuss signatures of the quasi-
biennial oscillation apparent over tropical and mid-latitudes.
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4.2 OMI stratospheric NO2 data

4.2.1 OMI

The Dutch-Finnish Ozone Monitoring Instrument (OMI) is a UV-Vis imaging spec-
trometer that records the backscattered radiance from the Earth’s atmosphere in
three spectral channels between 264-504 nm at an average spectral resolution of 0.5
nm. It combines a wide longitudinal swath (2600 km) with high spatial resolution
(24x13 km2 at nadir). OMI is part of the NASA EOS-Aura mission (launched July
2004) which is in a Sun-synchronous ascending node orbit that crosses the equator
at 13h40 local time. In the following two subsections we describe the algorithms
of the DOMINO and the Standard Product. The DOMINO product is available
at http://www.temis.nl/airpollution/no2.html, the Standard Product is available at
http://daac.gsfc.nasa.gov/Aura/data-holdings/OMI/index.shtml. Both products use
OMI NO2 slant columns as input, and these are also included in the final product.
A detailed description of OMI’s scientific objectives is given in Levelt et al. [2006b],
instrument details are available in Dobber et al. [2006].

4.2.2 Dutch OMI NO2 (DOMINO) retrieval

The retrieval of the stratospheric and tropospheric NO2 columns by the DOMINO
algorithm is the result of a multi-step process. In the first step, slant columns of
NO2 are retrieved with the DOAS (Differential Optical Absorption Spectroscopy
[Platt and Stutz, 2008]) method, by minimizing the differences between modeled
and observed Earth reflectance spectra. The minimization is performed in the
405-465 nm spectral window, taking into account absorption by NO2 and ozone,
the Ring effect and a 3rd order polynomial that describes the background of the
reflectance spectrum. The NO2 cross section spectrum for 220 K is taken from
Vandaele et al. [1998]. The retrieval method accounts for the temperature sensitivity
of the NO2 spectrum by applying a correction for the difference between the effective
temperature of NO2 along the light path derived from ECMWF meteorological
analyses and modeled profiles, and the 220 K of the NO2 absorption cross section
spectrum [Boersma et al., 2004]. Earth reflectance spectra follow from dividing the
Earth radiance measurements by the OMI-measured solar irradiance. For signal-to-
noise considerations a fixed solar irradiance spectrum has been constructed from
daily irradiance measurements taken in 2005. Calibration errors resulting from,
amongst others, the limited signal-to-noise of the solar irradiance measurements
cause systematic enhancements of NO2 slant columns at specific viewing angles, that
show up as stripes along the orbit [Boersma et al., 2007]. An improved calibration
approach, with a better correction of the CCD detector’s dark current, significantly
reduced these stripes [Dobber et al., 2008]. The data used in this study have been
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processed with this improved dark current calibration. The precision of the retrieved
NO2 slant columns has been estimated to be 0.7x1015 molecules/cm2 [Boersma et al.,
2007], which corresponds to approximately 10% of the unpolluted, and <5% of the
polluted, slant column.

In the second step, OMI NO2 columns are assimilated in the TM4 chemistry
transport model [Dentener et al., 2003]. The assimilation procedure is described
in Section 4.2.2.1. In the third and final step the assimilated stratospheric slant
column is subtracted from the total slant column and the remaining tropospheric
slant column is converted into a vertical column by dividing by the tropospheric air
mass factor (AMF). The AMF is defined as the ratio of slant-column density of the
absorber along the (slant) optical path to the vertical column density. The AMF is
calculated using the DAK [de Haan et al., 1987, Stammes, 2001] radiative transfer
model that takes into account viewing geometry, the absorber’s vertical profile shape,
terrain height, surface albedo, clouds, and Rayleigh scattering (including multiple
scattering effects). The AMF depends on the tropospheric NO2 profile, which is
taken from space-time collocated TM4 model results. The spectral fitting and the
tropospheric AMF have been studied in detail elsewhere [Boersma et al., 2002, 2004,
2007] and we will now focus on the assimilation procedure to estimate stratospheric
NO2.

4.2.2.1 Estimation of the stratospheric NO2 column

4.2.2.1.1 TM4 We use the TM4 chemistry transport model (CTM) for the assimil-
ation of OMI NO2 columns. The assimilation system operates at a resolution of 3◦x2◦

(longitude x latitude), with 35 sigma-pressure levels up to 0.38 hPa in the vertical dir-
ection1. TM4 uses forecasted and analyzed 6-hourly meteorological fields, (3-hourly
for boundary layer fields) from the European Centre for Medium Range Weather
Forecast (ECMWF) operational model. These fields include global distributions of
wind, temperature, surface pressure, humidity, cloud cover and (liquid and ice) water
content, and precipitation. Mass conserving preprocessing of the meteorological
input is performed as described by Bregman et al. [2003]. The physical processes
included in determining tracer evolution are mass conserved advection, convective
transport, boundary layer diffusion, photolysis and dry and wet deposition. NOx

emissions are based on the EU POET (Precursors of Ozone and their Effects on the
Troposphere) database for 1997 [Olivier et al., 2003], yielding a global total of 46
Tg N/yr. Chemical processes in the troposphere are governed by the Carbon Bond
Mechanism 4 (CBM-4) chemistry scheme that includes non-methane hydrocarbons
to account for loss by reaction with OH [Houweling et al., 1998].

1 After 1 February 2006 the model configuration was changed to 34 pressure levels, driven by
a change in the sigma levels of the meteorological input.
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The CBM-4 scheme accounts for Ox-NOx-HOx chemical reactions in the strato-
sphere, including the conversion of NO and NO2 to N2O5 and HNO3. Other chemical
aspects, such as the photolysis of N2O and reactions with halogens such as bromine
and chlorine are missing. Some effects of the simplified chemistry in the strato-
sphere are compensated for by constraining the modeled concentrations to observed
climatological values in the middle/upper stratosphere. Above 50 hPa in the tropics
and above 100 hPa in the extra-tropics, ozone concentrations are nudged to mean
observed values taken from the Fortuin-Kelder climatology [Fortuin and Kelder,
1998] (scaled with the TOMS total O3 column for 1997) with a relaxation time of
2-5 days, depending on latitude. At 10 hPa, stratospheric HNO3 is nudged to the
UARS-derived O3/HNO3 ratios for 1992, with a characteristic relaxation time of two
months. This is a modification of the original TM4 code, where the UARS O3/HNO3

ratio is simply prescribed. The long relaxation time for this nudging prevents the
model from strongly interfering with the NOx analysis resulting from the data as-
similation discussed below. Above 10 hPa, the NOx volume mixing ratio is nudged
to its modeled value at 10 hPa, again with characteristic relaxation time of two
months. The prescribed 10 hPa HNO3 mixing ratio constitutes the effective source
of stratospheric NOx in TM4.

4.2.2.1.2 Data assimilation The purpose of the assimilation is to regularly up-
date the TM4 simulation of the three-dimensional NO2 distribution with available
measurement data in such a way that the model simulation of the stratospheric
NO2 column is in close agreement with the OMI measurements. The assimilation
also provides a realistic error estimate for the stratospheric NO2 column (see below).
The assimilation scheme is based on the Kalman filter technique, with a prescribed
parameterization of the horizontal correlations between forecast errors to reduce
computational effort. A schematic layout of the assimilation procedure is presented
in Figure 4.1. The upper loop in Figure 4.1 illustrates the TM4 simulation of the
three-dimensional NO2 field with a time step ∆t (30 minutes in TM4). If NO2 slant
columns are available with a measurement time within 15 minutes of the model
time, the model field is updated by the Kalman filter. In the Kalman filter update,
the forecast model state is adjusted towards the observations, replacing the forecast
with the analysis. This analyzed profile ~xa includes NO2 in both troposphere and
stratosphere, and is calculated from the forecast ~xf and the superobservation ~y
(explained below) by

~xa = ~xf + PHT (HPHT + R)−1(~y −~ym) (4.1)

With matrix H the observation operator, P the forecast error covariance matrix,
and R the combined observation and representativeness error covariance [Eskes
et al., 2003]. The role of H, P and R will be discussed in more detail below. The
term PHT (HPHT + R)−1 determines the most likely adjustment of the model state,
given the observed difference between observed and forecast model column (~y −
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Figure 4.1 Schematic diagram of the OMI stratospheric NO2 assimilation. TM4
simulates the forecast NO2 field (~xf) for the model time t + ∆t (upper branch of the
scheme). OMI observations coincident with this time step are averaged over the 3◦x2◦
TM4 grid cells to yield superobservations ~y. The observation operator H uses OMI
pixel coordinates, viewing geometry, cloud and albedo information from the OMI L2
data to convert the forecast NO2 profiles ~xf into forecast NO2 total slant columns (~ym).
The Kalman filter (KF) then forces the forecast to the superobservation to produce
analyzed NO2 profiles (~xa) that are input to the subsequent model time step. The
stratospheric NO2 columns for the OMI measurements result from interpolating the
forecast 3◦x2◦ NO2 field to the OMI pixel locations and summing the layers above the
tropopause. This is represented by the lower branch.

~ym, observation minus forecast, O–F). Note that the total slant column ~y includes
the NO2 present in both troposphere and stratosphere. The relative size of the
adjustment depends on the ratio between the uncertainties in the model forecast
and observations, and the model analysis will closely follow the observations when
this ratio is large.
Observation operator H and superobservations ~y

The observation operator H is proportional to the averaging kernel [Eskes and
Boersma, 2003], a 35-element vector that contains the sensitivity of OMI to NO2

in each model-layer. The scalar product of the observation operator vector and
the TM4 NO2 profile at the location of the individual OMI observations yields
the slant column that would be observed by OMI given the modeled profile
~xf . The average of all OMI observations (and model-equivalents) with center
coordinates inside a 3◦x2◦ TM4 grid cell is treated as a single measurement,
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dubbed superobservation (and model-equivalent). ~ym is the model forecast of
the superobservations, given by H~xf . In order to reduce the computational
effort, the Kalman filter is applied for these superobservations.

Observation error covariance matrix R
The diagonal elements of R equal the square of the observation error Rii = σ2

o,
where σo is chosen to depend explicitly on the modeled profile shape,

σo = (AStrop + BSstrat)/S (4.2)

with Strop the tropospheric contribution to the total slant column S, and Sstrat
the stratospheric contribution to the slant column taken from the TM4 forecast.
The unknown true Strop and Sstrat are approximated by the model estim-
ates. The values assigned to the coefficients A and B are 4.0 and 0.25 (x1015

molecules/cm2) respectively. The small value of the stratospheric observation
error B reflects the relatively accurate measurement of stratospheric NO2;
radiative transfer calculations have small errors for NO2 in the middle and
higher atmosphere. Because of averaging of OMI observations into superob-
servations, much of the noise in the OMI observations cancels out, consistent
with our small value for B. The value of B is furthermore consistent with the
standard deviation of the observed O–F value. The large value of A reflects
the large retrieval uncertainty for tropospheric NO2, which is very sensitive
to assumptions on cloud modeling, surface reflectivity, profile shape or aerosol
concentration [Boersma et al., 2004]. In the stratosphere total reactive nitro-
gen (NOy) is a well-conserved quantity, with relatively small source and sink
contributions. This implies that the information from the observations can
be stored in the model over long time periods. Furthermore, experiences with
ozone assimilation have shown that modern weather prediction models are well
capable of describing the dynamical variability of stratospheric tracer concen-
trations. A successful stratospheric assimilation can therefore be expected. In
contrast, the tropospheric NO2 budget is characterized by strong sources and
sinks, resulting in short NO2 lifetimes of 5-20 hours in the lower troposphere.
Updates brought to the simulated tropospheric NO2 concentration field are
therefore rapidly lost, typically within one day.

The observation error covariance matrix R defined in this way effectively
filters out OMI observations with increased tropospheric NO2 columns by at-
tributing less weight to OMI observations over (known) polluted areas. This
filtering leads to a strong forcing of the simulated stratospheric NO2 concen-
trations towards the OMI observations, and will result in only a marginal
adjustment of the simulated tropospheric NO2 field.

Covariance matrix P
The covariance matrix P accounts for the forecast error due to model imper-
fections. The diagonal or variance is set to a fixed value Pii = σ2

f, where σf =
0.15x1015 molecules/cm2. This value is consistent with the variance of O–F
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values apparent over remote areas. A second-order autoregressive (Thiebaux)
function with a characteristic length of 600 km (hereafter called correlation
length) describes the correlation between the errors of neighboring grid cells.
This correlation length transforms a local O–F difference into a spatially ex-
tended, smeared forcing in model space. Consequently, the correlation length
filters out structures smaller than 600 km in the O–F, reducing the local impact
of small-scale structures (partly from tropospheric origin) on the assimilated
stratospheric NO2 field. This implies that small-scale variations in the OMI
observations, such as the stripes [Boersma et al., 2007], are dampened and
have only minor implications for the (stratospheric) analysis.

Strong gradients in stratospheric NO2 are occasionally found, in particular
related to the Noxon cliff [Noxon, 1979]. Such sharp drops in NOx concentra-
tions indicate that air masses on either side of the cliff have a very different
chemical history. Error correlations are assumed to be small in such cases. To
account for this we introduce a NO2 concentration gradient dependence in the
correlation,

Cij =

 e
−

(
∆ρij
0.5σ

)2

∆ρij < 0.9
0 ∆ρij > 0.9

with ∆ρij =

∣∣∣∣ci − cj

ci + cj

∣∣∣∣ (4.3)

with ci and cj the concentrations in grid-cells i and j, σ the characteristic
concentration length, which is set to 30%. Such a term is effective in preventing
the occurrence of negative analyzed NO2 values within the vortex. The off-
diagonal elements Pij are the product of Cij and the correlation length.

All the model NOy species (NO, NO2, NO3, N2O5, HNO4) are assumed to be fully
correlated. Hence the forcing of the modeled NO2 field is also directly applied to the
other four nitrogen oxides. The (3◦x2◦) forecast NO2 field is spatially interpolated
to the location of the OMI pixel center, and the stratospheric column is calculated
by summing all layers above the tropopause. The TM4 tropopause level follows
from applying the WMO 1985 definition (lowest level where the lapse rate is smaller
than 2◦C/km) to the ECMWF temperature profiles. The forecast stratospheric NO2

columns are used in the retrieval of the tropospheric column, and they are stored
in the DOMINO data file2. This is represented by the lower branch in the scheme
shown in Figure 4.1. The forecast columns in regions with negligible overlap between
consecutive OMI orbits, have evolved freely for approximately 24 model hours since
previous OMI overpass and model forcing. Using forecast columns instead of the
analyzed columns has the advantage of reducing attribution errors for localized
tropospheric contributions to the NO2 slant column that are not simulated by the
model, for instance from boreal fires. Such events may be partly attributed to the

2 The forecast stratospheric NO2 column is stored in the data field AssimilatedStratospher-
icVerticalColumn.
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stratosphere in the analysis, which would lead to a local underestimation of the
tropospheric column.

March 2005O-F A-F

Figure 4.2 Monthly mean observation–forecast (O–F, left panel) and analysis–
forecast (A–F, right panel) differences in NO2 slant columns for March 2005 (1◦x1◦).
For each OMI pixel, the measured slant column (observation) and the model-predicted
slant column (forecast) were divided by the same geometrical air mass factor.

4.2.2.2 Assimilation results Figure 4.2 shows the global distribution of monthly
mean observation minus forecast (O–F) and the model forcing (analysis minus
forecast, A–F) for March 2005. The difference between the left and right panel in
Figure 4.2 illustrates the effect of the assimilation: considerable O–F differences,
resulting mostly from (anthropogenic) tropospheric NO2 sources, have only a minor
influence on the analysis. On the other hand, synoptic-scale structures in O–F
persist in the A–F differences. That the A–F differences are much smaller (generally
less than ±0.15x1015 molecules/cm2) than the O–F differences (up to ±0.4x1015

molecules/cm2) demonstrates that most tropospheric contributions are effectively
masked by the assimilation procedure in combination with Equation 4.2. The
persistent synoptic-scale structures in the A–F differences indicate a slight tendency
in TM4 to deviate from the observed fields. The absence of land-sea transitions in
the A–F differences illustrates that the strength of the forcing is comparable over
land and over sea. This reflects that the stratospheric NO2 field is largely decoupled
from the troposphere in the analysis, and as such is not bound to the geographical
distribution of land-sea masses.

We evaluate the impact of the assimilation by comparing a 12-month TM4 free run
to the assimilation run. Both runs were initialized with the same model start field
for 1 January 2005. In the tropics (30◦S-30◦N) the difference assimilation minus
free model run increases by approximately +0.5x1015 molecules/cm2 per month and
stabilizes at +1.3x1015 molecules/cm2, which implies that TM4 in the free-running
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mode underestimates the stratospheric NO2 column in the tropics by 50%. For mid-
latitudes the difference between TM4 and assimilation varies with season, with an
amplitude comparable to the value in the tropics. The main source of stratospheric
NO2, nitrous oxide (N2O), is not modeled by TM4, which may explain part of the
biases in TM4 NO2. Stratospheric NO2 is effectively driven by the UARS ratio
of HNO3:O3 in combination with the Fortuin & Kelder O3 climatology. Since the
nudging is relatively slow –the relaxation time is two months, comparable with the
timescale of poleward transport– stratospheric NO2 concentrations in TM4 follow the
climatologies with significant delay. Imposing the HNO3:O3 ratio, such as applied in
the original TM4 model, is likely to reduce the bias.

Up to now, no validation studies of TM4 stratospheric tracers have been reported,
but TM4 stratospheric ozone columns are consistent with the 30 year data record
of total column ozone observations by TOMS, SBUV, GOME, SCIAMACHY, OMI
and GOME-2 that is presented in van der A et al. [2010]. The significant differences
between TM4 and assimilated stratospheric NO2 that we find here, illustrate that
the absolute values of the DOMINO stratospheric NO2 columns are strongly driven
by the OMI NO2 observations and that the model input is limited to providing a
forecast from observation-based analyzed fields.

4.2.3 NASA GSFC (Standard product) retrieval

The Standard Product (SP) is an operational algorithm for the retrieval of tropo-
spheric NO2 vertical column densities for OMI. Analogously to the DOMINO product,
the SP algorithm starts with DOAS fitted slant column densities of the OMI L2
data. The basic algorithm for the retrieval of total column and tropospheric NO2 is
described by Boersma et al. [2002] and Bucsela et al. [2006]. The Standard Product
identifies the stratospheric NO2 columns as the slowly varying part of the total
column NO2 field, which implies that medium-scale variations up to several 100 km
in the total column NO2 field are attributed to tropospheric signals.

In the first step, NO2 slant columns are converted into initial vertical columns
(VCDinit,SP) by dividing by an (unpolluted) air mass factor (AMFinit,SP). These air mass
factors are derived from radiative transfer calculations with the TOMRAD radiative
transfer model [Dave, 1965] with annually averaged simulated NO2 profile shapes.
These profiles are constructed by merging the GSFC CTM [Douglass et al., 2003] 3-D
profiles for the stratosphere with 3-D tropospheric profiles from the GEOS-Chem
model [Martin et al., 2002b].

In essence the Standard Product builds on the reference sector method [Martin
et al., 2002a] and on the method reported by Wenig et al. [2003], who assumed GOME
observations over unpolluted regions (oceans) to represent the stratospheric NO2

field for these latitudes, and interpolated to fill the gaps over the continents. The
Standard Product applies a second order Fourier (wave-2) fit in 1◦-wide latitude
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bands in the zonal direction to all data collected within ±12 hours of the target orbit
[Bucsela et al., 2008]. Prior to the wave-2 fit, regions with known high tropospheric
NO2 abundances (identified using GEOS-Chem) are masked and a 9◦ wide boxcar
running average is applied in the meridional direction. Areas with strong deviations
from the wave-2 fit are identified as contaminated by tropospheric NO2 pollution
and also masked. Then, the wave-2 fit is performed for the second time. The local
stratospheric NO2 column is thus based on a spatial fit to a 24-hour ensemble of
OMI observations, and is subtracted from the OMI observations to produce the
tropospheric slant column field. The stratospheric NO2 columns used in this study
are calculated by evaluating the wave-2 polynomial, using the coefficients that are
stored in the SP data file. A detailed discussion of the Standard Product algorithm
can be found elsewhere [Bucsela et al., 2006, Celarier et al., 2008].
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Figure 4.3 Geographical distribution of 14 ground-based measurement sites for
remote sensing observations of stratospheric NO2 used in this study. Squares in-
dicate CNRS-operated SAOZ stations, circles indicate NDACC-operated stations,
the triangle indicates the FTIR station in Kiruna. The collocated FTIR stations in
Izaña and Jungfraujoch are not indicated separately. The colored map represents the
annual mean of DOMINO stratospheric NO2 for 2005.
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4.3 Data sets

OMI stratospheric NO2 columns are compared to ground-based UV-Vis and FTIR
measurements taken at various NDACC (Network for the Detection of Atmospheric
Composition Change) stations. Part of the NDACC UV-Vis instruments belong to the
SAOZ network. The nearly identical SAOZ instruments all are operated by CNRS.
In this study we make a distinction between the SAOZ instruments and the other
NDACC-certified UV-Vis instruments that are operated by individual institutes.

4.3.1 SAOZ

The SAOZ (Système d’Analyse par Observations Zénithal) system constitutes a
network of ground-based UV-Vis spectrometers to measure stratospheric ozone and
NO2. SAOZ spectrometers [Pommereau and Goutail, 1988] record the zenith sky
spectrum between 300-620 nm at 1 nm resolution. Currently, the SAOZ network
consists of 10 instruments located at various latitudes between 70◦S and 70◦N,
and their locations are shown in Figure 4.3. In general, the SAOZ instruments
are situated at pristine or elevated locations, far away from significant sources of
tropospheric NO2.

Measurements are performed around twilight (solar zenith angles between 86◦

and 91◦). The long light path through the stratosphere, and the relatively short
vertical light path through the troposphere make the measured slant column roughly
18 times more sensitive to stratospheric NO2 than to NO2 in the troposphere.

NO2 slant columns are retrieved by a DOAS fit in the 410-530 nm wavelength
range to the ratio of the twilight spectrum and a reference spectrum, typically
taken at noon under cloud free conditions. Different SAOZ groups take different
approaches for the reference spectrum. For instance, Vaughan et al. [2006] use a
new reference spectrum for each month, whereas Ionov et al. [2008] employ a fixed
reference spectrum for the entire measurement series at a measurement site. Slant
columns are converted to vertical columns by the air mass factor (AMF) which is
calculated with a radiative transfer model developed by CNRS [Sarkissian et al.,
1995]. The air mass factors are calculated at 470 nm taking into account solar zenith
angle and NO2 profile shape.

Intercomparisons of NDACC-certified UV-Vis instruments show that retrieved
NO2 slant columns agree within 5-10% for common spectral ranges and analysis
parameters, [e.g., [Hofmann et al., 1995, Vaughan et al., 1997, Roscoe et al., 1999,
Vandaele et al., 2005]]. However, the accuracy of the stratospheric NO2 vertical
column is limited by errors in the AMF calculation, errors in the residual NO2

amount in the reference spectrum, and errors resulting from not accounting for the
temperature dependence of the NO2 absorption cross section. This yields an overall
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accuracy of 21% of stratospheric NO2 vertical columns retrieved with ground-based
UV-Vis instruments [Ionov et al., 2008].

In order to compare stratospheric NO2 observations from SAOZ (sunrise, sunset)
and OMI (approximately 13h40 local time), we need to account for the considerable
time difference between the two measurement methods. A chemical box-model
[Denis et al., 2005, Ionov et al., 2008], based on chemistry from the SLIMCAT 3-D
CTM [Chipperfield et al., 1996], is used to calculate representative overhead columns
at 12h00 local time from the SAOZ twilight measurements. This model simulates the
diurnal variation of stratospheric NO2, it includes 98 chemical and 39 photochemical
reactions, including heterogeneous chemistry on liquid and solid aerosols. The error
associated with this model-based adjustment is not included in the above quoted
21% accuracy. OMI stratospheric NO2 data are also adjusted to local noon with the
same model. The magnitude of the adjustment depends, apart from time of overpass,
on season and latitude. For the SAOZ sunrise to noon correction the adjustment
ranges from <0.1x1015 molecules/cm2 (5%) in the tropics to >2x1015 molecules/cm2

(30%) for the high latitude stations in summer. For DOMINO the adjustment to local
noon is typically smaller (up to 0.4x1015 molecules/cm2, or 12%).

4.3.2 NDACC UV-Vis zenith sky data

In addition to the SAOZ stations a considerable number of independently operated
SAOZ-like instruments contribute to the NDACC network (http://www.ndsc.ncep.noaa.
gov/). Similar to the SAOZ stations these instruments record the UV-Vis zenith sky
spectrum at sunrise and sunset. NDACC and SAOZ instruments are comparable,
but not identical and often of higher quality. The operational wavelength range or
the employed fitting window for NO2 retrieval is different for some of the NDACC in-
struments, as are other instrument characteristics such as spectral profile sampling
and resolution. Furthermore different radiative transfer codes are used to determine
the AMFs. The resulting error budget has been reported to be similar to the SAOZ
instruments, with a 21% accuracy of the stratospheric vertical NO2 column [Ionov
et al., 2008]. The twilight NO2 columns retrieved by the NDACC instruments are
adjusted to local noon columns by the same model that was used to adjust the SAOZ
and OMI measurements.

4.3.3 Ground-based FTIR stations

The NDACC network also contains several NO2 observing Fourier Transform Infra-
Red (FTIR) instruments. A major advantage of the FTIR systems is the use direct
Sun measurements under clear sky conditions, which removes the need for com-
plicated radiative transfer calculations to compute the air mass factor. Owing to
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its wavelength range and high spectral resolution the FTIR method is sensitive
to the pressure and temperature dependence of the NO2 cross section spectrum.
Camy-Peyret et al. [1983] and Flaud et al. [1983] presented error estimates of FTIR
NO2 column retrievals, showing accuracies of approximately 10%. However, the
dominant error source in FTIR are inaccuracies in the a priori NO2 profile assumed
in the retrieval and these can result in errors of approximately 30% [Rinsland et al.,
2003] as we will discuss later. Other sources of error are the assumed temperature
profile, signal to noise, and the accuracy of the absorption cross section.

4.4 Evaluation of OMI stratospheric NO2

4.4.1 Evaluation of ground-based techniques

First we investigate the consistency between the FTIR and UV-Vis measurements of
stratospheric NO2. This is motivated by an earlier study by Vaughan et al. [1997]
that reported discrepancies of up to 30% in the NO2 column between different UV-Vis
instruments. At the NDACC stations Jungfraujoch and Izaña, FTIR instruments
are collocated with zenith sky observing instruments, which enables the evaluation
of both techniques against each other. The Kiruna station is located 300 km west
of Sodankyla, close enough to compare the Kiruna FTIR to the Sodankyla SAOZ
instrument in absence of strong gradients in stratospheric NO2.
Figure 4.4 shows a comparison of stratospheric NO2 columns inferred from ground-
based FTIR and UV-Vis instruments with those retrieved from OMI for Sodankyla,
Jungfraujoch and Izaña. The FTIR measurement closest in time to the OMI overpass
was used, and the time difference ranges from 30 minutes to two hours. The time
series in the upper row of Figure 4.4 show how the amplitude of the seasonal cycle
increases with latitude, with the largest stratospheric NO2 columns over Sodankyla
(67.4◦N) in summer. This reflects the larger number of sunlit hours at high latitudes,
which causes the complete conversion of the N2O5 reservoir specie to NOx in summer
[Solomon and Keys, 1992]. The 12h00 adjusted SAOZ data are always at the lower
end of the grey bars that indicate measurements of stratospheric NO2 at sunrise and
sunset. In the summer months, the SAOZ sunrise measurements over Sodankyla
are well above the adjusted noon values, for the same reason (N2O5 depletion).

The scatter plots in the bottom row of Figure 4.4 show that over Sodankyla
the agreement between SAOZ and FTIR (and DOMINO) is very good (r=0.96,
slope=+1.01, offset=+0.23x1015 molecules/cm2). Over Jungfraujoch we find good
agreement between UV-Vis and FTIR (r=0.91, slope=+1.28, offset=–0.66x1015 mole-
cules/cm2), but only after careful inspection of the effect of the a priori profile in the
retrieved columns. The original a priori profile was replaced with a profile taken
from the AFGL standard mid-latitude atmosphere [Anderson et al., 1986] that has
less NO2 in the troposphere, reducing the retrieved NO2 columns by 30% (Philippe
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Figure 4.4 Comparison between SAOZ, FTIR and DOMINO stratospheric NO2
columns for Sodankyla/Kiruna (left column), Jungfraujoch (middle column) and
Izaña (right column). OMI pixels within 10 km of the measurement station have been
used. SAOZ and OMI data have been adjusted to local noon using a SLIMCAT-based
chemical box-model. For days with multiple FTIR measurements, the data closest in
time to OMI overpass is taken, with a typical time difference between OMI overpass
and FTIR measurement of 30 minutes to two hours. The grey bands in the upper
plots represent the range covered by the SAOZ sunrise and sunset measurements. The
solid line in the scatter plots (bottom row) denotes unity, the dashed lines represent a
reduced major axis fit [Clarke, 1980] to the data.

Demoulin, personal communication). Over Izaña the FTIR data are consistently
higher than the zenith sky values with poorer correlation (r=0.69, slope=+1.26,
offset=–0.14x1015 molecules/cm2). Recently, a thorough inspection of the UV-Vis
instrument at Izaña revealed improper illumination of the detector and issues with
the stray light correction resulting in a 15% underestimation of the UV-Vis strato-
spheric NO2 columns (Manuel Gil, private communication). Correcting for these
inaccuracies would bring UV-Vis more in line with FTIR and OMI. We conclude
that the ground-based techniques are mutually consistent within 15-20%, which is
consistent with accuracies reported in other studies. De Mazière et al. [1998] found a
+5% offset between the ground-based FTIR and zenith sky measured vertical NO2

columns at Jungfraujoch. Kerzenmacher et al. [2008] performed a comprehensive
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validation study of ACE-FTS (a spaceborne FTIR recording solar occultation spectra)
versus ground-based FTIR and UV-Vis (SAOZ) instruments and found a +15% offset
between the spaceborne FTIR and SAOZ techniques.

Table 4.1 Statistical summary of comparison DOMINO and SP versus ground-
based observations.

Station abs.diff. rel. diff. (%) RMS r

(SAOZ) DOMINO SP DOMINO SP DOMINO SP DOMINO SP

Dumont d’Urville 0.471 0.074 11.7 1.9 0.435 0.401 0.886 0.926
Kerguelen 0.338 0.024 10.6 0.8 0.399 0.369 0.886 0.894
Bauru –0.109 –0.163 –3.4 –5.1 0.318 0.252 0.535 0.726
Reunion –0.040 –0.084 –1.3 –2.8 0.349 0.334 0.660 0.732
OHP –0.049 –0.381 –1.5 –11.6 0.454 0.467 0.824 0.767
Sodankyla 0.090 –0.101 2.6 –3.0 0.316 0.292 0.965 0.971
Scoresby 0.198 0.041 5.8 1.2 0.288 0.232 0.980 0.980

Mean 0.128 –0.084 3.5 –2.7 0.366 0.335 0.819 0.857

(other NDACC)

Lauder 0.355 0.279 12.3 9.7 0.360 0.404 0.896 0.867
Mauna Loa –0.154 –0.239 –5.5 –8.5 0.276 0.339 0.946 0.928
Izaña 0.681 0.617 29.1 26.4 0.291 0.198 0.794 0.897
Moshiri 0.137 –0.119 4.2 –3.7 0.511 0.428 0.706 0.803
Jungfraujoch 0.519 0.261 21.0 10.6 0.450 0.447 0.891 0.814
Aberystwyth 0.438 0.298 17.1 11.6 0.422 0.320 0.953 0.951

Mean 0.329 0.183 13.0 7.7 0.385 0.356 0.864 0.877

(FTIR)

Izaña 0.205 0.127 6.8 4.3 0.414 0.354 0.627 0.730
Jungfraujoch 0.619 0.424 25.3 17.3 0.355 0.411 0.929 0.859
Kiruna –0.120 –0.272 –3.6 –8.8 0.347 0.384 0.958 0.957

Mean 0.235 0.093 9.5 4.3 0.372 0.383 0.838 0.849
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4.4.2 Evaluation of OMI stratospheric NO2 with ground-based measurements

DOMINO and ground-based observations of stratospheric NO2 over Sodankyla agree
very well, as shown in Figure 4.4. Figure 4.5 shows the seasonal variation in stra-
tospheric NO2 columns measured by DOMINO, the Standard Product (SP) and
ground-based instruments from the NDACC network, with high NO2 columns in
summer and smaller columns in winter. DOMINO and SP both show reasonable
agreement with the ground-based data. The bias between the latitude and sea-
sonally averaged OMI products and ground-based data is generally within 1x1015

molecules/cm2, and as shown in Figure 4.6, the stations do not share a clear persist-
ent bias pattern. Figure 4.6 shows the differences between OMI and ground-based
measurements of stratospheric NO2 at individual stations. The Figure does not
reveal a consistent seasonal cycle in the bias among the stations. On average, the
bias for both retrievals is always smaller than 0.3x1015 molecules/cm2 with an RMS
error of approximately 0.4x1015 molecules/cm2. The agreement between OMI and
ground-based stratospheric NO2 is on average within 13%. We consider this agree-
ment optimal, given the estimated accuracy of the ground-based techniques of 21%
and errors in OMI retrievals of approximately 0.2x1015 molecules/cm2. Over the
SAOZ and NDACC stations, DOMINO exceeds ground-based stratospheric NO2 by
+0.23x1015 molecules/cm2 and SP by +0.06x1015 molecules/cm2 which implies that
DOMINO is on average approximately 0.2x1015 molecules/cm2 higher than SP over
these stations.

4.5 Detailed comparison of stratospheric NO2 from DOMINO and SP

Figures 4.5 and 4.6 show that the DOMINO stratospheric columns exceed those
from SP. This is confirmed by Table 4.1, which summarizes the annual mean bias
between the OMI retrievals and the ground-based measurements. Figure 4.7 shows
a comparison for DOMINO and SP stratospheric NO2 retrievals for January and July
2005. The left panel confirms that stratospheric NO2 from DOMINO is generally
higher than stratospheric NO2 from the Standard Product, more so in January than
in July 2005. The Figure also shows that the bias between the two retrievals is not
uniform, but reveals large, synoptic-scale spatial features. Such differences have
been reported earlier by Lamsal et al. [2010], who found DOMINO and SP strato-
spheric slant columns to agree within ±1x1015 molecules/cm2. The stratospheric
NO2 field retrieved from SCIAMACHY limb measurements [Beirle et al., 2010] shows
considerable longitudinal variation at mid-latitudes, which is similar to the zonal
variations in DOMINO stratospheric NO2. This indicates that the synoptic-scale
spatial features in the difference between DOMINO and SP stratospheric NO2 result
from the SP not properly capturing the longitudinal variation in the stratospheric
NO2 field. Here we examine the origin of the differences between DOMINO and SP
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Figure 4.5 Comparison of DOMINO (blue), SP (red), and ground-based (cyan)
stratospheric NO2 observations as a function of season in 2005. Coincident and
collocated (< 10 km) OMI measurement data were adjusted to local noon. For days
with multiple OMI overpasses, the overpass closest to local noon was selected. The
numbers in the bars represent the number of ground-based observations contributing
to the plot. The error bars give an indication of the measurement precision (0.1x1015

molecules/cm2 for DOMINO and SP, 10% for the ground-based data). Bauru (22.3◦S)
data between 15 September-31 January have been excluded because these are affected
by high tropospheric NO2 concentrations from biomass burning.

Table 4.2 Overview of algorithm differences between OMI DOMINO and OMI SP.

albedo

algorithm stripe
correction

RTM λ (nm) source stratospheric
column

profile shape

DOMINO No DAK 440 TOMS-GOME TM4 assimilation TM4

SP Yes TOMRAD 440 GOME wave-2 fit Climatology of
GEOS-Chem &

GSFC CTM

stratospheric NO2, by comparing the stratospheric AMFs of both algorithms. The
middle panel of Figure 4.7 clearly shows that DOMINO AMFs are smaller than
those from the SP, especially at large solar zenith angles. This is supported by the
comparison between stratospheric AMFs near the equator shown in Figure 4.8. For
this particular part of the orbit, we find discrepancies between DOMINO and SP
AMFs on the order of 5% with a notable increase around viewing zenith angles of
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Figure 4.6 Differences between OMI stratospheric NO2 columns and ground-based
observations for various stations in 2005. Blue symbols indicate the differences
between DOMINO and ground-based stratospheric NO2, red symbols represent SP
minus ground-based. Only satellite observations within 10 km of the ground-based
station have been selected, and ground-based and satellite data have been adjusted
to 12h00 local time. In case of multiple OMI overpasses per day, the overpass closest
to local noon was selected.

45◦. Investigation of the look-up tables of the DOMINO and SP revealed that the
latter has reference points for VZA=0◦, 30◦, 45◦ & 70◦, indicating that the large
discrepancy for VZAs between 45◦ and 70◦ is most likely due to interpolation errors
in the SP look-up table. In future versions, the SP look-up table will use more
reference points to resolve this issue. The systematic discrepancy of approximately
5% between the AMFs for VZA < 45◦ result from differences in the AMF calculation
between the DOMINO and SP algorithm. Table 4.2 gives an overview of all differ-
ences between both algorithms. Different NO2 profile shapes (DOMINO profiles are
taken from TM4 assimilation whereas Standard Product profiles are derived from
merged GSFC CTM and GEOS-Chem simulations) accounts for a 1-2% difference
between the DOMINO stratospheric AMF and AMFinit,SP. Similarly, the correction
for the temperature sensitivity of the NO2 spectrum discussed in Section 4.2.2 will
introduce differences as DOMINO uses ECMWF temperature profiles whereas SP
uses climatological profiles. The different radiative transfer models used for the AMF
calculation (DAK in case of DOMINO and TOMRAD for SP) account for another
1-2% difference in the AMFs. Both models assume plane-parallel atmospheres, how-
ever TOMRAD includes a correction for atmospheric sphericity while DAK includes
polarization [Stammes et al., 1989].
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AMFstrat,D – AMFinit,SP VCDstrat,D – VCDinit,SPVCDstrat,D – VCDstrat,SP

July July July

JanJan Jan

Figure 4.7 Comparison between DOMINO and Standard Product (SP) retriev-
als of stratospheric NO2 for January 2005 (upper row) and July 2005 (bottom
row). The left column shows the monthly mean difference VCDstrat,D–VCDstrat,SP, the
center column shows AMFstrat,D–AMFinit,SP, and the right column shows VCDstrat,D–
VCDinit,SP. In the right column regions with high tropospheric NO2 concentrations
(>1x1015 molecules/cm2 in annual mean DOMINO) are masked.

The right panels of Figure 4.7 show the impact of the AMF differences alone.
The DOMINO stratospheric columns deviate more strongly from the SP initial
vertical columns (VCDinit,SP) than the ultimately reported (wave-2 processed) SP
stratospheric columns. Apparently, masking out polluted areas, accounting for
tropospheric contributions to VCDinit,SP, and the wave-2 processing itself, compensate
to some extent for the higher SP AMFs, as indicated by the smaller differences
between DOMINO and SP stratospheric NO2 columns than between DOMINO
VCDstrat,D and SP VCDinit,SP in the left panel of Figure 4.7.

4.6 Day-to-day dynamical effects

The Arctic polar vortex of the 2004-2005 winter was dynamically active with various
excursions to lower latitudes between January and March [Singleton et al., 2007]. A
major stratospheric warming in mid-March caused the final breakup of the vortex
[Manney et al., 2006, Singleton et al., 2007].

Figure 4.9 shows the dynamic behavior of the polar vortex in the period from 9
to 21 March 2005. The PV and temperature at 50 hPa (third and fourth column
of Figure 4.9, respectively) show that until 14 March the polar vortex appears
stationary over the north Atlantic. On 17 March the vortex has tilted in East-West
direction, after which it collapsed and broke up as seen on the 21st.
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(b)(a)

Figure 4.8 Comparison between stratospheric air mass factors (AMF) between
DOMINO and Standard Product (SP) retrievals of stratospheric NO2 on 23 January
2005. (a) shows AMFstrat,D–AMFinit,SP for OMI orbit 2806 over the Pacific. The inset
shows for a single OMI measurement the variation of AMFstrat,D and AMFinit,SP as a
function of viewing zenith angle (VZA). The red line marks the location of the selected
OMI measurement. (b) shows the AMFstrat,D/AMFinit,SP as a function of VZA. The
negative viewing zenith angles correspond to the western part of the swath.

The stratospheric NO2 profile peaks between 30-50 hPa, and therefore we expect
good spatial correlation between the DOMINO stratospheric NO2 field (left column of
Figure 4.9) and the temperature distribution at 50 hPa (middle column of Figure 4.9).
During 9-14 March OMI observes reduced stratospheric NO2 columns inside the
vortex over the North Atlantic and Greenland and enhanced NO2 over Siberia and
southern Europe. The boundary between reduced and enhanced stratospheric NO2

roughly coincides with the –65◦C contour at 50 hPa. On 17 March, the reduced NO2

columns over Great Britain coincide with the low temperatures inside the tilted and
weakening vortex.

The synoptic-scale variations in the stratospheric NO2 field around the vortex
are not observed by the Standard Product (second column of Figure 4.9), but are
smoothed by the wave-2 fitting instead. Actually, the enhanced stratospheric NO2 at
the vortex edge shows up as a reduction in the SP NO2, probably resulting from the
masking of polluted areas.

We now focus on the effect of the movement of the vortex edge on stratospheric NO2

over Sodankyla. Temperature and PV at 50 hPa show that on 9 March Sodankyla
is inside the vortex, close to its edge and the warmer air mass with enhanced
stratospheric NO2 outside the vortex. The westward displacement of the vortex on 12
March moves NO2-rich air over Sodankyla, which results in an episodic enhancement
of the stratospheric NO2 columns of more than 1x1015 molecules/cm2. Figure 4.10
shows DOMINO and FTIR observations over Sodankyla and Jungfraujoch of this
episodic enhancement, that peaks on 14 March and lasts approximately 7 days.

Figure 4.10 shows that the stratospheric NO2 column over Sodankyla is coupled to
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4.6 Day-to-day dynamical effects

Figure 4.9 Time series (9, 12, 14, 17, and 21 March 2005) of polar vortex dynamics.
Left columns represent stratospheric NO2 fields from DOMINO and SP at local time
of approximately 13h30. Third and fourth columns indicate the temperature and
potential vorticity at 50 hPa (12h00 UTC) from ECWMF (ERA interim model version
1, analysis data).

the temperature at 30 hPa. The persistent low temperatures (T ≈–80◦C) at 30 hPa
in the first half of February coincide with low and unchanging FTIR-observed NO2

columns (approximately 1x1015 molecules/cm2). After 21 February the stratospheric
NO2 column increases steadily in accordance with the increasing temperature,
and the episodic enhancement of stratospheric NO2 around 15 March correlates
with a sudden increase in the 30 hPa temperature over Sodankyla. Such positive
correlations between short term changes and local stratospheric temperature have
been observed before [Mount et al., 1987, Pommereau and Goutail, 1988]. We find
a temperature dependence of dNO2/dT=7x1013 molecules/cm2/K (r=0.95), which is
consistent with the 6x1013 molecules/cm2/K over Kiruna reported by Pommereau
and Goutail [1988]. It is unlikely that the observed temperature dependence of
the stratospheric NO2 column results from the temperature sensitivity of the NO2
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Figure 4.10 Right column: time series of ground-based and collocated OMI observa-
tions of stratospheric NO2 column over Jungfraujoch (top) and Sodankyla (bottom).
OMI pixels within a 10 km radius of the ground station were selected. For mul-
tiple overpasses the OMI measurement closest to 13h00 local time was used. Shown
are ground-based FTIR (green diamonds), together with OMI DOMINO (blue) and
OMI Standard Product (red) stratospheric NO2 columns. The Jungfraujoch FTIR
measurements were adjusted (factor:+1.23, offset:–0.125) to correct for the mismatch
between FTIR and DOMINO as shown in Figure 4.4. The dashed line represents the
ECMWF temperature at 30 hPa. The left column shows scatterplots of FTIR (green)
and DOMINO (blue) stratospheric NO2 columns versus temperature. The dashed line
in the insets represents a linear fit of the stratospheric NO2 to the temperature data.

absorption cross section in the spectral fitting. First of all, the DOMINO retrieval
takes this sensitivity into account (see Section 4.2.2). Furthermore, if this sensitivity
were to be neglected, it is much weaker and different in sign (-0.3%/K) than the
effect we find here (+3.5%/K over Kiruna). We attribute the coupling between
temperature and stratospheric NO2 to the temperature dependence of the N2O5

(photo)dissociation rate and the NO/NO2 partitioning, as proposed by Van Roozendael
et al. [1994]. The weaker correlation between temperature and stratospheric NO2

column over Jungfraujoch (upper panel of Figure 4.10) most likely results from
stronger stratospheric dynamics at this location.

During the cold winter of 2004-2005, over a large area the stratospheric temper-
atures fell below the formation temperature of polar stratospheric clouds (PSC),
resulting in increased ozone loss in the Arctic stratosphere [Singleton et al., 2007].
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However, after 21 February the stratospheric NO2 column over Sodankyla, which
lies inside the vortex until 11 March, increases steadily with the rising temperature
at 30 hPa. This implies that the N2O5 and HNO3 reservoirs in the vortex air over
Sodankyla are not depleted by denitrification and subsequent sedimentation, but
are still present to be (photolytically) converted into NOx.

Figure 4.10 shows that the Standard Product reproduces the seasonal trend of the
stratospheric NO2 but does not capture the short-term increases associated with the
vortex displacement. This is also shown by the sequence of SP stratospheric NO2

plots in Figure 4.9 (second column). The lower panel in Figure 4.10 shows that the
discrepancy between DOMINO and SP stratospheric NO2 in case of large gradients
in the stratospheric NO2 field can be as large as 1x1015 molecules/cm2.

4.7 OMI observations of the diurnal variation of stratospheric NO2

As a result of OMI’s 2600 km wide swath, consecutive orbits start to overlap poleward
of 30◦ latitude. The overlap increases with increasing latitude and results in up
to 4 OMI overpasses per day at the same ground location near the arctic circle.
The number of overpasses is even higher for regions in midnight Sun when OMI
observations are also possible during the descending part ("night-side") of the orbit.
For instance, Scoresby (70.5◦N) can have as much as 7 OMI overpasses in summer.
Therefore, OMI is able to sample the diurnal variation of stratospheric NO2 from
space with an interval of 100 minutes. Initial attempts to observing the diurnal
variation of stratospheric NO2 from space made use of climatological data [Sassi
and Salby, 1999, Brohede et al., 2007]. Here we report for the first time on the
direct observation of the diurnal variation in stratospheric NO2 columns. Figure 4.11
(a) shows the diurnal variation of DOMINO stratospheric NO2 over Scoresby on
individual days between 9 March and 8 October 2005. With the exception of very
early measurements in June and July, stratospheric NO2 increases quasi-linearly
during the day. The number of daily overpasses increases from winter to summer
as a result of the increasing number of sunlit hours with season. The slope of the
curves in Figure 4.11 (a) indicates that the increase rate of stratospheric NO2 is
larger in spring and fall than during summer. The low increase rate in summer
results from the depletion of the N2O5 reservoir by photo-dissociation during the
long sunlit hours, while the nights are too short to replenish the reservoir. The
DOMINO stratospheric NO2 column over Scoresby in June-July (represented by
the light and dark green lines in Figure 4.11 (a)) decreases before 10h00 LT (OMI
measurements from descending part of the orbit), and increases quasi-linearly after
10h00 LT (OMI measurements from ascending part of the orbit). We hypothesize
that the early-morning decrease is caused by the rising Sun, shifting the NO-NO2

partitioning towards NO. The observed early-morning decrease and consecutive
increase after 10h00 LT is consistent with SLIMCAT-based box-model simulations
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Figure 4.11 OMI stratospheric NO2 column over (a) Scoresby (70.5◦N, 22◦W) and
(b) Jungfraujoch (46.5◦N, 8◦E) as a function of local time of observation. The colors
refer to the day and month of observation.

(see e.g., Figure 2 in Celarier et al. [2008]). For comparison, Figure 4.11 (b) shows
the diurnal variation of DOMINO stratospheric NO2 over Jungfraujoch. Because of
its lower latitude (46.5◦N), Jungfraujoch has at most two OMI overpasses per day.
Apart from the seasonal increase in stratospheric NO2, we find that the increase
rate is more constant throughout the year compared to the high-latitude sites. The
weaker seasonal dependence of the increase rate is caused by the longer nights that
allow for the replenishing of N2O5.

Figure 4.12 shows the OMI-inferred (a) and SAOZ-inferred (b) linear increase
rate of stratospheric NO2 for Scoresby and other high-latitude SAOZ stations. The
linear increase rates of stratospheric NO2 for these high-latitude sites both show a
distinct seasonal dependence, with strongest increases in spring and fall, reflecting
the formation of N2O5 during the night in those seasons.

The increase rate is determined by a linear fit to OMI stratospheric NO2 (forecast
based on assimilation) of consecutive overpasses after 10h00 LT. We also determined
the increase rate using the measured slant columns divided by the geometric air
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Figure 4.12 Increase rate of stratospheric NO2 as a function of month for (a) seasonal
variation in the increase rate of the DOMINO stratospheric NO2 column over high-
latitude stations with 3 or more daily overpasses. (b) Linear increase rate for high-
latitude stations derived from sunrise and sunset SAOZ measurements. (c) same
as (a) for mid-latitude stations with two or more daily overpasses. (d) same as
(b) for mid-latitude stations. The OMI increase rate follows from a linear fit to
the observations performed during the ascending part (when the spacecraft flies
northwards) of consecutive orbits. Curves in (a) and (c) were smoothed by a 9-point
median filter followed by 15-day averaging, curves in (b) and (d) were smoothed by
3-day averaging. The filled boxes in (a) represent the increase rate derived from OMI
NO2 slant column observations over Kiruna. The black boxes in (c) and (d) represent
the increase rate measured by FTIR at Zugspitze, data taken from Figure 3(b) in
Sussmann et al. [2005]. The grey boxes in (c) and (d) represent the annual mean
increase rate at Izaña [Gil et al., 2008]. In the plots OMI pixels within 100 km of the
measurement site were used.

mass factor. The resulting increase rates were very similar to the results presented
in Figure 4.12 (a), suggesting that the increase rates reported here do not result
from the assimilation, but are actually observed.

At high latitudes, in spring and fall the increase rate is approximately 0.2x1015

molecules/cm2/h and drops to 0.05-0.1x1015 molecules/cm2/h in summer. For Salekhard
and Zhigansk (orange and red data points) the OMI-inferred increase rate in
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Figure 4.13 Average diurnal linear increase rate of DOMINO stratospheric NO2
columns for the Northern Hemisphere for 1-15 March 2005 (upper panel) and 16-31
March 2005 (lower panel). The linear increase rate is calculated for locations with
two or more OMI overpasses per day.

spring (0.4x1015 molecules/cm2/h) is considerably higher than in fall (0.15x1015

molecules/cm2/h). This asymmetry between spring and fall is likely caused by the
collar of NOy-rich (and warmer) air, which girds the Arctic polar vortex, that lies
over Salekhard and Zhigansk in spring. In fall, the vortex and its surrounding collar
are absent. The position and movement of the Arctic polar vortex in spring 2005
was discussed in Section 4.6. The seasonal dependence of the increase rate derived
from SAOZ measurements (Figure 4.12 (b)) is similar to DOMINO, with a maximum
in spring and fall, and a minimum in summer. SAOZ-inferred increase rates over
Salekhard also indicate a higher increase rate in spring than in fall. During summer,
SAOZ-derived increase rates for high-latitude sites are close to 0, which is consist-
ent with the identical morning and evening SAOZ NO2 columns over Sodankyla
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in summer reported by Goutail et al. [1994]. For mid-latitudes, the OMI-derived
increase rates (Figure 4.12 (c)) are similar to those derived from SAOZ (Figure 4.12
(d)), with weak seasonal dependence. The OMI and SAOZ-inferred increase rates
over Jungfraujoch are comparable to the annual mean increase rate of 0.1x1015
molecules/cm2/h reported for Zugspitze [Sussmann et al., 2005]. For comparison, Gil
et al. [2008], reported an annual mean increase of 0.06x1015 molecules/cm2/h over
Izaña (28.3◦N).

Figure 4.13 shows a map of the mean linear increase rate of OMI stratospheric
NO2 for the Northern Hemisphere, derived for the first (upper panel) and second
half (lower panel) of March 2005. The geographical distribution of the increase rate
closely resembles the morphology of the stratospheric NO2 that was presented in
Figure 4.9: the region with low increase rates coincides with the low NO2 values
inside the denoxified polar vortex and we find high increase rates for the air outside
the vortex that is rich in reactive nitrogen. The mid-March break-up of the polar
vortex is reflected in the geographical distribution and the values of the increase rate
for the second half of March (lower panel of Figure 4.13): the area with low increase
rates has shrunk, and the value of the increase rates themselves has grown.

4.8 OMI observed trends stratospheric NO2

The DOMINO dataset covers more than five years (October 2004-May 2010) of global
stratospheric and tropospheric NO2 observations, which allows for the study of
temporal variability on various timescales in stratospheric NO2.

4.8.1 Seasonal variation and QBO

Figure 4.14 shows a multi-year time series of zonally averaged DOMINO strato-
spheric NO2 columns. Over the polar and mid-latitudes, stratospheric NO2 shows
a distinct annual cycle, that is related to the number of sunlit hours and peaks in
summer. The annual cycle is strongest over the polar regions, because of winter-
time denoxification in the polar night when stratospheric NO2 is converted into the
long-lived HNO3 and N2O5 reservoirs. The latitudes between 60◦-90◦S show reduced
NO2 columns in Antarctic spring (OND) as a result of denitrification inside the polar
vortex during winter and early spring.

Figure 4.14 shows consistently higher summertime values of stratospheric NO2

over the Antarctic in comparison to the Arctic. This interhemispheric asymmetry
in the summertime stratospheric NO2 columns has also been observed in GOME
[Wenig et al., 2004] and in ODIN/OSIRIS measurements [Brohede et al., 2007].
Solomon et al. [1984] attribute this interhemispheric asymmetry to differences in
the meridional circulation as the Southern Hemisphere exhibits much less planetary
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Figure 4.14 Timeseries of zonal mean DOMINO stratospheric NO2 columns as a
function of latitude, spanning 1 October 2004 to 1 January 2010. Data are collected
in seven-day bins and gridded to 1◦x1◦. The plot shows the zonal average in 1◦ wide
latitude bands. The white regions poleward of 55◦ denote missing data because of the
polar night.

wave activity than the Northern Hemisphere. The weaker planetary wave activity
in the Southern Hemisphere should result in less efficient transport away from the
pole. Naudet et al. [1987] suggested that the lower albedo (more ocean) at visible
wavelengths and larger solar zenith angles in the Southern Hemisphere (resulting
from the smaller Earth-Sun distance in Southern Hemisphere summer) lead to less
photodissociation and thus higher concentrations of NO2 in the stratosphere. Model
calculations by [Cook and Roscoe, 2009] show that the NOx partitioning depends
on temperature, with an increase of the modeled NO2 vertical column of 0.5%/K.
Therefore, it is likely that the higher summertime stratospheric NO2 over Antarctica
is also related to the Antarctic summer stratosphere is up to 8 K warmer than
over the Arctic, owing to radiative (shorter Earth-Sun distance in January) and to
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dynamical effects [Rosenlof , 1996, Siskind et al., 2003].
For mid-latitudes, we see a clear annual cycle in stratospheric NO2, with an

amplitude of approximately 1x1015 molecules/cm2. At higher latitudes the seasonal
cycle is stronger as a result of the denoxification in winter. In the tropics the
amplitude of the seasonal cycle is comparable to the amplitude of semiannual
harmonics that, as we will show later, results from the quasi-biennial oscillation
(QBO, [Reed et al., 1961]). The weaker seasonal cycle in the tropics reflects the
weak seasonal variation in the solar irradiation and the lower stratospheric NO2

concentration. In the tropics, tropospheric air enters the stratosphere. During the
poleward transport by the Brewer-Dobson circulation, N2O in this imported air is
converted into NOy by the reaction with atomic oxygen. This leads to an increase of
stratospheric NO2 concentration with latitude and a build up of NO2 in the polar
regions.

The QBO is an oscillation in the equatorial zonal winds between 20 and 35 km
altitude. The period of the oscillation ranges between 23 and 34 months, with a
mean period of 28 months, hence the name quasi-biennial. The QBO in stratospheric
ozone has been observed for many years [Funk and Garnham, 1962], but its effect
was observed for the first time in stratospheric NO2 by analysis of altitude-resolved
SAGE II measurements [Zawodny and McCormick, 1991]. They attribute the
NO2-QBO mainly to QBO-induced modulations in the vertical transport of NOy

in the equatorial region, because changes in the NOx partitioning due to changes
in observed temperature and ozone concentrations are insufficient to explain the
NO2-QBO. Ground-based observations at mid- and high latitudes suggest that
the NO2-QBO is not confined to the tropics: analysis of long-term measurement
series reveals a correlation between the QBO cycle and variations in the overhead
stratospheric NO2 column at Lauder [Liley et al., 2000] and over Antarctica [Cook
and Roscoe, 2009]. Liley et al. [2000] propose that the QBO affects stratospheric NO2

outside the tropics "dynamically", by changing transport rates of relevant chemical
species.

We now analyze the OMI NO2 time series with the multilinear regression methods
described by Zawodny and McCormick [1991], Liley et al. [2000] and Gruzdev and
Elokhov [2009] in search of the QBO. The employed fitting model

y(t) = A0 +

3∑
i=1

Γi +A4t+A5IQBO(t+φQBO) +A6ISI(t) +A7IENSO(t+φENSO) (4.4)

contains background (A0) and linear trend (A4t). Γi = Ai sin( i2πt
365.25 ) + Bi cos( i2πt

365.25 )

are harmonic terms with 12, 6 and 4 month periodicity. The harmonic terms with
12 and 6 months periodicity describe the annual cycle and the asymmetry between
the equinoctial periods, respectively. Additional index terms describe the QBO
(IQBO), Solar Index (ISI) and El Niño Southern Oscillation (IENSO). φQBO and
φENSO represent the phase (lag) of the QBO and of the ENSO terms, respectively.
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Table 4.3 Fitted trends in ground-based (middle column) and OMI (right column)
stratospheric NO2 over Lauder. The errors are estimated by varying the length of the
fitting window with ±1 year.

Trend (%/decade)

Period Lauder OMI

1981-1999 5.2(±0.5)
1981-2010 5.2(±0.5)
2004-2010 0.4(±2)
2004-2010 0.6 (±2)

The QBO index is given by the monthly mean of the zonally averaged equatorial
winds at 30 hPa calculated by the NCEP/NCAR Climate Data Assimilation Sys-
tem (http://www.cpc.ncep.noaa.gov/data/indices/qbo.u30.index). The Solar Index ISI
is parameterized by the monthly means of the solar radio flux density at 10.7 cm
(ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SOLAR_RADIO/FLUX/Penticton_Absolute/monthly).
The ENSO index IENSO is based on the monthly mean sea level pressure difference
between Tahiti and Darwin (http://www.bom.gov.au/climate/current/soihtm1.shtml).
IQBO, ISI and IENSO are scaled to [–1,+1]. Prior to applying the fitting model to
the OMI data series, we tested our fitting procedure by reproducing the coefficients
reported by Liley et al. [2000] for stratospheric NO2 observed at NDACC station
Lauder between 1981-1999. As shown in Table 4.3 we found a trend of +5.2(±0.5)%
per decade, which is consistent with the +5% per decade reported by Liley. Similar
to their approach we fixed the lag of the QBO and ENSO terms of 140 days and
13 months, respectively. Additional terms were used to account for the El Chichón
(April 1982) and Pinatubo (June 1991) eruptions (see Liley et al. [2000] for details).
The amplitude and lag of the QBO index are free parameters in the fit to the global
OMI data set, SI and ENSO were not fitted because these parameters affect fitting
stability at certain latitudes.

As a confidence check we also employed the fitting model of Zawodny and Mc-
Cormick [1991] who parameterize the QBO by harmonics with 18, 24 and 30 month
periodicity. These harmonic functions adequately parameterize the QBO index for
the limited time range of the OMI data set, and this parameterization yields more
stable fits than the tabulated monthly mean QBO index. The harmonic fitting model
produces the same results as the fitting model based on Liley et al. [2000]. The
fitting model, whose results are presented in Figure 4.15, shows that the ratio of the
NO2-QBO and the annual term (green trace in Figure 4.15 (f)) peaks in the tropics
with maxima located around 15◦S and 5◦N. The amplitude of the NO2-QBO in the
tropics is comparable to the annual term, which is illustrated by Figure 4.15 (a), (b)
and (e) and by Figure 4.14. The OMI time series show a clear interhemispheric asym-
metry in the NO2-QBO: its peak value is nearly two times larger in the Southern
Hemisphere than in the Northern Hemisphere. Furthermore the NO2-QBO peaks at
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15◦S in the Southern Hemisphere versus 5◦ in the Northern Hemisphere. This is
illustrated by Figures 4.15 (a), (b), (d) and (e), showing the OMI time series for 5◦S,
15◦S, 5◦N, and 15◦N, respectively.

Other studies into the QBO such as Zawodny and McCormick [1991], Dunkerton
[2001] and Randel and Wu [1996], usually report QBO anomalies that are equat-
orially symmetric in the tropics. However, these studies involve altitude resolved
measurements of trace species, whereas OMI observes integrated stratospheric
NO2 columns. Integrated columns based on SAGE II measurements between 25-40
km also seem to suggest a stronger NO2-QBO in the southern tropics (Figure 7 of
Zawodny and McCormick [1991]), the same is seen for integrated GOMOS-observed
partial NO2 columns between 20-50 km (Figure 21 of Kyrölä et al. [2010]).
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Figure 4.15 (a)-(e) Time series of total mean OMI stratospheric NO2 (black dia-
monds) and multilinear regression fit (solid line) to the data at selected latitudes.
The red trace represents the fit with a model that parameterizes the QBO using the
tabulated monthly mean QBO index, and the blue trace represents a fitting model that
parameterizes the QBO with harmonic functions of 18, 24 and 30 month periodicity.
The dashed lines represent the QBO-term in the resulting fit. (f) Background (black),
annual (blue), and QBO fitting coefficients for the 2004-2010 OMI stratospheric NO2
record as a function of latitude. The green trace shows the ratio of the QBO and the
annual term (right y-axis).
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4.8.2 Long-term trends in stratospheric NO2

Figure 4.16 shows the agreement between collocated OMI stratospheric NO2 data
and the 1981-2010 time series of ground-based stratospheric NO2 columns measured
at Lauder at sunrise. OMI generally reproduces the values of the summer maxima
and their year-to-year variability. This shows the potential of instruments such as
OMI, and presumably also GOME and SCIAMACHY, to contribute to observing
trends in stratospheric NO2 from space, provided that the the data record is of
sufficient length.

For the 1981-1999 period Liley et al. [2000] report a 5.3% per decade increase in
stratospheric NO2, which is twice the well-known 2.5% per decade increase rate of
tropospheric N2O [WMO (World Meteorological Organisation), 2007]. This increase
remains unchanged when the Lauder data record is extended to 2010. As shown
in Table 4.3, this trend in stratospheric NO2 over Lauder cannot be reproduced by
OMI because of the short time period with measurements. For the time span of the
OMI mission (2004-2010) the Lauder data yields an increase of 0.4(±2)% per decade,
which is similar to the 0.6(±2)% per decade increase of stratospheric NO2 derived
from the OMI data over Lauder. For instance, for 1995-2010 we find a trend of +3.0
(±1)% per decade, showing that a 15-year period is also too short to reproduce the
trend observed in Lauder between 1981 and 1999 (and 1981-2010).

This dependence of the trend on the period considered has also been reported by
Cook and Roscoe [2009], who found little or no trend in NO2 over Antarctica between
1990 and 2007 (1±4% per decade), and reported different trends for 1990-2000 (+11%
per decade) and for 2000-2007 (–21% per decade). This indicates that in addition
to the increase of N2O, additional factors influence the trend in stratospheric NO2.
Cook and Roscoe [2009] found correlations between the annual variability in the
summer maxima of stratospheric NO2 over Antarctica and QBO, ENSO and Solar
activity, but these factors still leave a considerable part of the observed annual
variability unexplained. In contrast to the findings of Cook and Roscoe [2009], Liley
et al. [2000] found no correlation between the Solar activity and the annual variab-
ility of stratospheric NO2. Gruzdev and Elokhov [2009] estimated the latitudinal
dependence of the stratospheric NO2 trend from ground-based measurements. Save
a few exceptions, the employed data records cover an observational period of 10
years or longer.

This dependence of the trend on the period considered has also been reported
by Cook and Roscoe [2009], who suggested that in addition to the increase in N2O,
additional factors influence the trend in stratospheric NO2 on timescales less than
15 years.

They reported predominantly positive trends, up to +10% per decade, for the
Southern Hemisphere. For the Northern Hemisphere trends of similar magnitude
but with positive and negative sign were found. There is considerable scatter in the
trends reported by Gruzdev and Elokhov [2009] which illustrates the sensitivity of
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Figure 4.16 Upper panel: Time series of sunrise stratospheric NO2 columns
measured at Lauder (black) and collocated DOMINO stratospheric NO2 columns
(red diamonds). Data were averaged in 7-day bins and a three point wide
running average filter was applied. The Lauder data was downloaded from
ftp://ftp.cpc.ncep.noaa.gov/ndacc/station/lauder/ames/uvvis/. Lower panel:
multi-year trend of the summer maximum of the hemispheric average of DOM-
INO stratospheric NO2. Zonal average data between 40◦ and 85◦ latitude were used.
Latitudes below 40◦ were excluded to rule out the QBO. The summer maxima are
indexed with respect to the 2005 summer value. The dashed black line serves to guide
the eye.

the trendfitting to the length of the time series.
The linear trend in OMI stratospheric NO2 at various latitudes was fitted as part

of the NO2-QBO analysis, as described in Section 4.8 above. The 5+ years covered
so far by the OMI mission are obviously too short a period to reliably distinguish
long term trends from inter-annual variability. Nevertheless, we find indications for
negative trends in the Southern Hemisphere and for positive trends in the Northern
Hemisphere. This finding is consistent with the trend of the hemisphere-averaged
summer maximum (lower panel of Figure 4.16). Over the Northern Hemisphere, the
summer maximum is reduced by 3% in 2006, and rises afterwards to be 2% higher in
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2009 than in 2005 (a net positive trend). On the Southern Hemisphere the summer
maximum declines to reach a 7% reduction in 2008 in comparison with 2005, and
recovers to 97% of the 2005 value in 2010 (a net negative trend). The variability of
the hemisphere-averaged summer maximum is uncorrelated with the Solar activity
that goes through a minimum in 2009. Cook and Roscoe [2009] found a considerable
inter-annual variability in the summer maxima of stratospheric NO2 over Antarctica
that could not be accounted for by QBO and Solar activity, and concluded that other
(unidentified) processes affect the long term variability of stratospheric NO2. Based
on the OMI data record, the long-term variability in the Southern Hemisphere
appears stronger and its trend appears to lag the trend in the Northern Hemisphere.
The need for an extended data record, e.g., by including GOME and SCIAMACHY
observations, is obvious to quantify the global trend in stratospheric NO2 from space.

4.9 Summary and Conclusions

We have presented stratospheric NO2 columns obtained from OMI with a data as-
similation approach that makes use of the TM4 chemistry transport model. For
each OMI observation, we calculate the stratospheric NO2 column from the TM4
forecast that is based on the analyzed model state. The assimilation of OMI NO2

total columns in TM4 corrects the tendency of the stratospheric part of the model
to diverge from the observations. The scheme is insensitive to tropospheric contri-
butions, and results in a forecast model state that is generally within 0.15x1015

molecules/cm2 of the analysis over remote areas where stratospheric NO2 dominates
the total column.

The evaluation of ground-based techniques for measuring stratospheric NO2 shows
that UV-Vis and FTIR retrievals are only consistent within 15-20%, casting some
doubt on their usefulness as ‘ground-truthing’ for satellite retrievals. Lacking an
alternative, we used ground-based UV-Vis and FTIR measurements from 13 mostly
pristine locations in the world to validate the Dutch OMI NO2 (DOMINO) retrieval
(based on data assimilation) and the NASA GSFC Standard Product. OMI retrievals
and ground-based estimates of stratospheric NO2 columns agree on average within
0.3x1015 molecules/cm2 (13%), comparable to the accuracy of the ground-based
instruments.

Stratospheric NO2 retrieved from the DOMINO retrieval on average exceeds the
Standard Product by 0.2x1015 molecules/cm2, but on short spatial and timescales,
larger biases occur (up to 1x1015 molecules/cm2). Synoptic-scale differences between
the two retrievals are explained by differences in the stratospheric air mass factors,
and by the spatial smoothing technique used in the Standard Product algorithm.
Differences between stratospheric air mass factors can be as high as 8% for specific
satellite viewing angles, partly because of interpolation errors in the Standard
Product air mass factor look-up table that has only few reference viewing angles.
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The considerable differences resulting from the air mass factors are dampened by
the spatial smoothing (wave-2 fit) in the Standard Product.

The OMI data record runs from October 2004 onwards and at the moment of
writing covers more than 5 years of measurements. This allows for the study of
temporal variability in stratospheric NO2 columns on various timescales. During
Arctic winter, DOMINO retrievals show low stratospheric NO2 concentrations within
the Arctic polar vortex, and higher NO2 in adjacent regions. The morphology of the
stratospheric NO2 field in the wider vortex area closely resembles the temperat-
ure distribution at 50 hPa. A study of day-to-day variability in stratospheric NO2

shows that DOMINO captures the collapse of the polar vortex during late winter,
corroborated by ground-based NO2 observations over Sodankyla and Jungfraujoch.
The early springtime stratospheric NO2 columns correlate strongly with strato-
spheric (30-50 hPa) temperatures, reflecting the temperature dependence of the
N2O5 (photo)dissociation rate and of the NO/NO2 partitioning.

Using the overlapping orbits poleward of 30◦ latitude, we find that it is possible
to observe the diurnal variation in stratospheric NO2 columns from space. At high
latitudes (> 60◦), the diurnal increase rate has a distinct seasonal dependence with
a maximum in spring and fall, which is consistent with increase rates inferred from
SAOZ measurements at sunrise and sunset. The low increase rates at high latitudes
in summer are attributed to the near-depletion of stratospheric N2O5, resulting from
the long sunlit hours. A map of OMI-derived increase rates shows that in late winter
its geographical distribution follows the morphology of the stratospheric NO2 field
with low increase rates inside the denoxified Arctic polar vortex and high increase
rates in the NOx-rich air outside the vortex.

We analyzed the 5+ year time series of DOMINO stratospheric NO2 columns with
a multilinear regression model that includes background, linear trend, and harmonic
terms, as well as the quasi-biennial oscillation (QBO). The background and the
annual terms are smallest over the tropics and increase gradually towards the poles.
Our analysis shows that the QBO in stratospheric NO2 over the tropics is comparable
to the annual term, and stronger over the Southern Hemisphere than over the
Northern Hemisphere. The ability to detect long-term trends in stratospheric NO2,
possibly resulting from the well-known positive trend in its N2O source, with the
relatively short OMI satellite data record is limited. Our regression model, when
applied to the well-established data record for Lauder, reproduces the previously
found +5% per decade in stratospheric NO2 columns for the 1981-1999 period. This
increase remains unchanged when extending the Lauder data record to 2010, but for
shorter, more recent periods the derived trend strongly depends on the time range
chosen. For the time span of the OMI mission (2004-2010) +0.4% per decade is found,
consistent with the trend in collocated OMI stratospheric NO2 observations over
Lauder (+0.6% per decade). The good agreement between the Lauder data record
and collocated DOMINO stratospheric NO2 observations, as well as the first ever
space-based observation of diurnal variation in stratospheric NO2 columns, indicate
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that OMI makes a valuable contribution to the study of stratospheric NO2. The issue
of long-term trend detection from space deserves further examination; the current
OMI data record should be extended with the stratospheric NO2 columns from the
GOME, SCIAMACHY, and GOME-2 measurements.
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Chapter Five

An aerosol boomerang: Rapid around-the-world
transport of smoke from the December 2006
Australian forest fires observed from space

Abstract
We investigate rapid around-the-world transport of a smoke aerosol plume

released by intense forest fires in southeastern Australia in December 2006.
During the first half of December 2006, southeastern Australia suffered from
severe drought and exceptionally high temperatures. On 14 December 2006, a
passing cold front in combination with the intense heat from the fires causing
pyro-convective lofting, injected a large mass of aerosol particles into the jet
stream. We track the resulting aerosol plume using Aerosol Absorbing Index
(AAI) observations from the Ozone Monitoring Instrument (OMI) and find that
it circumnavigated the world in 12 days. Using observations from OMI and the
CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) spaceborne lidar, we
show that the plume resided in the high troposphere at different stages of its
evolution. In absence of CALIOP data, we explored OMI O2-O2 pressures to obtain
information on the aerosol plume height. Detailed radiative transfer calculations
suggest that the current OMI O2-O2 retrievals contain useful information on the
altitude of the aerosol plume under specific conditions (high AAI, no clouds below).
The observed two-dimensional evolution of the smoke aerosol plume and the
vertical distribution of the plume detected by CALIOP is matched by simulations
with the TM4 chemistry transport model for an injection height of 248 hPa (≈10
km). Injection heights at the surface and at 540 hPa (≈5 km) resulted in simulated
vertical distributions that were 2-3 km too low relative to CALIOP observations,
and showed less agreement with the AAI patterns. The high injection altitude of
10 km mimics the effect of pyro-convective lofting as the additional buoyancy from
the intense fires is not accounted for in the model. TM4 simulations with an inert
and a water soluble tracer reproduce the observed dilution of the plume and show

The contents of this chapter have been adopted from the paper by Dirksen et al. [2009], with
minor modifications.
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that the latter gives the best agreement with the observations, suggesting that
the ultimate removal of the aerosol particles is by scavenging. To our knowledge,
this is the first detailed study of around-the-world long-range transport of forest
fire emissions in the extratropical Southern Hemisphere.

5.1 Introduction

In December 2006, southeastern Australia suffered from exceptionally intense forest
fires. Although forest fires are common in Australia’s hot summer months, this
particular episode was being described by government officials as exceptional [e.g.,
http://en.wikipedia.org/wiki/2006-07_Australian_bushfire_season]. In this study
we use three-dimensional (3-D) satellite observations of aerosols and clouds, and
simulations with a global 3-D chemistry transport model (CTM) to examine the
origin, long-range transport, and removal of an exceptionally persistent Australian
biomass burning pollution plume in December 2006.

Biomass burning and forest fire emissions contribute significantly to atmospheric
composition on regional and global scales. Emissions from fires contain a variety of
chemically active trace gases that affect the oxidizing capacity of the troposphere and
ultimately lead to the formation of tropospheric ozone. Another major component
of fire emissions is aerosol, which has strong radiative effects, and serves as a site
for heterogeneous chemistry impacting trace gas concentrations. The sensible heat
produced by the fires often leads to convective lofting of emitted species to the free
troposphere [Pickering et al., 1996]. Once in the free troposphere the gases and
aerosols can be transported over vast distances affecting the concentrations of trace
substances in remote regions.

So far, few studies into long range transport of pollution in the extra-tropical
Southern Hemisphere have been performed. These events are relatively rare due
to few prominent sources. The first satellite observation of long range transport in
the extra-tropical Southern Hemisphere was reported by Wenig et al. [2003], who
described the transport of a NO2 plume of anthropogenic origin from South Africa to
Australia. Fromm et al. [2006] revealed that forest fires near Canberra (southeastern
Australia) in 2003 injected smoke into the stratosphere. Studies of the long range
transport of biomass burning pollution in the southern tropics showed that the
majority of the pollutants end up circulating in large accumulation regions over the
southern Atlantic and over the Indian ocean [Staudt et al., 2002, Stein et al., 2003,
Edwards et al., 2006]. Under favorable meteorological conditions, i.e., by the passage
of a frontal system, air from these accumulation regions is flushed and subsequently
transported eastward, traveling as far as the Pacific [Staudt et al., 2002, Sinha et al.,
2004]. The fraction of the pollutants following this pathway, based on Figure 3 in
Edwards et al. [2006], is estimated to be less than 10% of the total emission in South
America and Africa. Boreal fires are also important sources, and inter-continental
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transport of pollution from such fires has been reported on several occasions [Forster
et al., 2001, Spichtinger et al., 2001, Damoah et al., 2004].

Satellite measurements are particularly useful to study the evolution of pollution
from fires. Herman et al. [1997] used the Absorbing Aerosol Index (AAI) for the first
time to track aerosol plumes with satellite measurements. The recent availability of
space borne remote sensing instruments such as the Ozone Monitoring Instrument
(OMI) [Levelt et al., 2006b] and the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) [Winker et al., 2003] enables us to observe and evaluate the sources, 3-
D long range transport and dissipation of biomass burning plumes. The global
daily coverage of AAI measurements by OMI is elemental in following the evolution
of rapidly moving pollution plumes as was previously demonstrated for the 2006
Australian forest fires by Torres et al. [2007]. CALIOP measurements provide
information on the vertical distribution of the biomass burning plume. Here we
also investigate the possibility, in absence of CALIOP measurements, to derive the
aerosol plume height from OMI O2-O2 retrievals.

Fire plumes can reach a wide range of altitudes. Labonne et al. [2007], employing
CALIOP measurements to determine plume heights, states that the majority of
biomass burning plumes remains in the mixing layer and only sporadically reaches
the free troposphere. This relates to the fact that the majority of wild fires occur
in high-pressure ("good-weather") conditions with corresponding thermal stability
by subsidence [Kahn et al., 2007]. Using MISR data, Kahn et al. [2008] showed
that approximately 20% of fires over Alaska-Yukon inject smoke directly into the
free troposphere and the tendency of CALIOP to predominantly observe boundary
layer plumes is attributed to its narrow swath. Mazzoni et al. [2007] report the
majority of the biomass burning plumes over North America to reside in the lower
troposphere between 2 and 3 km altitude. Detailed studies of summertime fires
in northern Canada showed that under favorable meteorological conditions, i.e.,
an unstable atmosphere, pyro-convection can quickly loft forest fire smoke to the
upper troposphere or even into the lower stratosphere [Fromm and Servranckx,
2003]. The term pyro-convection refers to convection triggered by an intense heat
source at the surface, e.g., forest fires. Plumes in the upper troposphere have a much
longer lifetime than their lower tropospheric counterparts, because of prevailing
low humidity and low temperatures that suppress scavenging, thereby augmenting
the horizontal range over which they are transported. We will show here that the
aerosol plume from the 14 December 2006 Australian forest fires was lofted by
pyro-convection in an unstable atmosphere into the jet-stream and circumnavigated
the world in 12 days. A comparable event was reported by Damoah et al. [2004]
for a boreal fire plume; here we report for the first time on rapid circumnavigation
by forest fire plumes of the Southern Hemisphere. As pointed out by Hyer et al.
[2007], the effective injection height of fire emissions depends on both the energy
of the fire and on the local meteorological conditions. Currently, CTMs ignore the
energy of fire plumes, and biomass burning emissions are released in the lower model
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levels [e.g., [Lavoué et al., 2000, Colarco et al., 2004]]. Consequently, lofting of the
plume depends solely on meteorological conditions. We show that using appropriate
injection heights is essential for simulation of the observed 3-D transport of the
Australian aerosol plume.

5.2 Satellite observations and Transport Model

5.2.1 OMI

The Dutch-Finnish Ozone Monitoring Instrument (OMI) is a UV-Vis imaging spec-
trometer that records the backscattered radiance from the Earth’s atmosphere in
three spectral channels between 264-504 nm at an average spectral resolution of 0.5
nm. It combines a wide swath (2600 km) with high spatial resolution (24x13 km2

at nadir). OMI is part of the EOS-Aura mission (launched July 2004) which is in
a Sun-synchronous ascending node orbit that crosses the equator at 13h40m local
time. In this study we use the OMI scientific data products AAI, cloud fraction and
cloud pressure, and false color RGB images. A detailed description of OMI’s scientific
objectives is given in Levelt et al. [2006b], instrument details are available in Dobber
et al. [2006].

5.2.2 OMI AAI

The Absorbing Aerosol Index (AAI) is a measure of the spectral slope of the atmo-
spheric backscattered radiance in the UV as compared to the spectral slope of a pure
molecular atmosphere described by Rayleigh scattering [Herman et al., 1997]. The
AAI is the positive part of the residue which is defined as

rλ1,λ2 = −100 ·

{
10log

(
Rmeas
λ2

Rmeas
λ1

)
− 10log

(
RRay
λ2

RRay
λ1

)}
(5.1)

with λ1, λ2 the wavelength pair used to calculate the residue, Rλ the reflectance at
wavelength λ, Rmeas the measured reflectance, and RRay the calculated reflectance
for a Rayleigh atmosphere. Here the surface albedo of the Rayleigh atmosphere
is adjusted such that RRay

λ1
= Rmeas

λ1
. To calculate RRay

λ2
, the surface albedo at λ2 is

assumed to be equal to the surface albedo at λ1.
Positive values of the residue denote the presence of UV absorbing particles.

Clouds or scattering aerosols produce zero or negative residue values. Although the
AAI does not represent one single aerosol property but rather depends on several
properties [de Graaf et al., 2005], its advantage is that it can detect aerosols over a
wide variety of scenes, including bright surfaces and clouds. The AAI is a powerful
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method for tracking aerosol plumes in satellite measurements, and it has been
employed in various studies of the transport of aerosol plumes [Herman et al., 1997,
de Graaf et al., 2005, Fromm et al., 2005]. Here we use the AAI that is included in
the OMI TOMS Ozone product [Bhartia and Wellemeyer, 2002]; the wavelength pair
used to calculate the AAI is 331/360 nm. Ahn et al. [2008] successfully verified the
consistency of OMI AAI with other aerosol products.

5.2.3 OMI RGB images

False color RGB images are constructed from the OMI data by integrating three 20
nm wide wavelength bands in the VIS channel centered at 360, 420 and 484 nm,
the "B", "G" and "R" wavelength bands respectively. Kroon et al. [2008] describes
the construction of the RGB images in detail and applied these in the validation of
OMI’s geolocation. The B wavelength band is close to the wavelength pair that is
used for determining the AAI, so that UV-absorbing aerosols are well visible as a
brown hue in the OMI RGB images.

5.2.4 OMI O2-O2 data products

The OMI cloud retrieval algorithm uses the O2-O2 absorption feature at 477 nm [Acar-
reta et al., 2004]. The continuum reflectance of the scene is used to determine the
effective cloud fraction ceff. A DOAS (Differential Optical Absorption Spectroscopy)
fit of the OMI reflectance spectrum between 460 and 490 nm is used to determine
the slant column amount of O2-O2. This quantity represents the O2-O2 column
along the average photon path from the Sun through the atmosphere to the effective
scattering pressure level, and back to the satellite instrument. Sneep et al. [2008]
showed that over cloudy scenes, the effective scattering height is situated in the
middle of the cloud. The O2-O2 slant column, together with the viewing and solar
geometry, is used to find the effective scattering pressure by means of a lookup table.
The lookup table was produced using the DAK (Doubling Adding KNMI) radiative
transfer model [de Haan et al., 1987, Stammes, 2001]. Clouds are approximated as
Lambertian surfaces with albedo 0.8. Light can also be reflected by aerosols, and the
O2-O2 algorithm, using the assumed cloud model, will retrieve an effective O2-O2

pressure and ceff for scenes with aerosols. The reflectance due to aerosols in the pixel
is ascribed to a cloud with albedo 0.8, thus yielding a small value for the effective
cloud fraction. The retrieved O2-O2 cloud pressure belongs to this cloud fraction.
OMI O2-O2 cloud fractions have been validated successfully against MODIS-Aqua
cloud observations [Stammes et al., 2008], and OMI cloud pressures were generally
within 100 hPa of PARASOL cloud pressures.
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5.2.5 CALIOP/CALIPSO

The CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation)
satellite carries a two-wavelength (532 and 1064 nm) lidar, named CALIOP (Cloud-
Aerosol Lidar with Orthogonal Polarization), and uses backscattered lidar pulse
to measure the vertical distribution of aerosols and clouds, with a horizontal res-
olution of 333 m along track and a vertical resolution of 30-60 m [Winker et al.,
2003]. Together with EOS-Aura, CALIPSO is part of the A-train, (http://www-
calipso.larc.nasa.gov/about/atrain.php) a formation of five scientific platforms in
near-identical orbits with 15 minutes separation between the leading and the trail-
ing satellite. CALIPSO observes the same scene 5-10 minutes prior to OMI, albeit
with a much narrower swath. McGill et al. [2007] reported good agreement between
cloud top altitude determination by CALIOP and the airborne Cloud Physics Lidar
(CPL). Kim et al. [2008] showed that in comparison with a ground based lidar
CALIOP measurements of cloud top height agree within 0.1 km, and that CALIOP
retrieval of aerosol vertical distributions agree well when not obscured by overlying
clouds.

5.2.6 TM4

The Tracer Model version 4 (TM4) is a 3-D CTM based on the parent model TM3
(Dentener et al. [2003] and references therein). We conduct TM4 simulations with a
spatial resolution of 3◦x2◦ and 34 sigma-pressure levels up to 0.1 hPa in the vertical
direction. The model is driven by 6-hour (3-hour in the boundary layer) meteorolo-
gical fields from 90-layer ECMWF operational analysis data. The transformation of
the vorticity, divergence, and surface pressure fields in the spectral representation of
the ECMWF model to the velocity and surface pressure fields on the regular model
grid is performed using the method described by Segers et al. [2002]. Model transport
of SF6 in the troposphere has been evaluated with flask measurements showing good
agreement [Peters et al., 2004]. The latter study was performed with the successor of
TM4, TM5, but the meteorological input data and transport scheme are identical
between both model versions. Gloudemans et al. [2006] and de Laat et al. [2007]
compared TM4 simulations of CO concentrations with CO measurements from SCIA-
MACHY, and found good agreement between the simulated and observed transport
of CO, with the model bias most likely due to uncertainties in the emission database.
In this study we focus on transport of biomass burning aerosols, here represented by
a passive tracer with a molar mass similar to that of air. The location and amount
of this biomass burning tracer emission were taken from version 2 of the Global
Fire Emission Database (GFED-2) [van der Werf et al., 2006]. GFED-2 provides
monthly and 8-day means of biomass burning emissions on a 1◦x1◦ data-grid. For
our relatively cloud-free study region, we scaled the monthly emissions to a daily
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resolution using Terra and Aqua MODIS fire hotspots [Giglio et al., 2003], consistent
with the GFED approach.

Figure 5.1 Evolution of the biomass burning aerosol plume from 14 to 20 December
2006. The left panels represent false color image derived from OMI observations
where the aerosol plume appears in brown. The right panels show the OMI-derived
absorbing aerosol index (AAI) included in the OMI TOMS O3 product. The dark
blue pixels in the false-color images show the locations of the viewing scenes used to
calculate the altitude of the clouds adjacent to the plume shown in Figure 5.2.

5.3 Origin and Vertical Transport of the Australian Biomass Burning Event

Figure 5.1 presents OMI observations of the time evolution and transport of the
Australian biomass burning event from 14 to 20 December 2006. The RGB and AAI
images show that a large amount of absorbing aerosol was released into the atmo-
sphere on 14 December 2006 from southeastern Australia, and that the resulting
plume was subsequently transported over the Pacific Ocean. Figure 5.1 indicates
that the aerosol plume travelled from Tasmania to Chile within a period of five days,
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corresponding to an average (Eastward) plume velocity of more than 100 km/h. We
will later show (Figure 5.9) that the frontal part of the plume completed its journey
around the world and reached the point where it was emitted after 12 days.
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Figure 5.2 Temporal evolution of (O2-O2) effective scene pressure for clouds adja-
cent to the aerosol plume (blue squares), and the aerosol plume (brown diamonds)
originating from Australian forest fires in December 2006, as observed by OMI. The
error bars represent the standard deviation of the distribution; the number of pixels
used for each datapoint are given in the upper x-axis. The right y-axis represents
approximate altitudes for the pressures on the left y-axis. The pixels used for the
adjacent cloud pressures are marked blue in Figure 5.1. The black line represents the
ECMWF tropopause height (WMO 1985 criterion).

The RGB images in Figure 5.1 shows that the dark brown aerosol plume was often
situated over white cloudy areas, and persisted for more than a week, suggesting that
the aerosol plume resided in the dry air well above the clouds. This is considerably
longer than the average lifetime of 3.8 days for aerosols in biomass burning outflow
plumes as calculated by Edwards et al. [2006]. Because CALIPSO was switched off
between 6 and 18 December 2006 due to space weather conditions, we use effective
cloud/aerosol pressures from the OMI O2-O2 algorithm [Acarreta et al., 2004] to
evaluate the vertical distribution of the aerosol plume.

Figure 5.2 shows that clouds adjacent to the plume (indicated by the dark blue
pixels in the RGB images of Figure 5.1) on average reside between 800 and 400 hPa,
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corresponding to altitudes of up to 6 km. These O2-O2 cloud levels provide a lower
limit for the height of the aerosol plume. Using the O2-O2 pressures retrieved for
the OMI pixels with enhanced AAI, we find significantly lower pressures (brown
diamonds in Figure 5.2) than for the adjacent cloud scenes, which confirms that
the absorbing aerosol plume is situated in the upper troposphere above the clouds.
Figure 5.2 also shows the tropopause pressure from ECMWF meteorological fields,
using the WMO 1985 definition of the tropopause (lowest level where the lapse rate
is smaller than 2◦C/km). CALIOP measurements of the plume altitude, which will
be discussed in the next section, suggest that the aerosol plume resided near the
tropopause, and that part of the plume may have entered the lower stratosphere.
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Figure 5.3 Weather chart showing the mean sea level pressure (manual analysis) for
the Australian region on 14 December 2006 at 0600 UTC. The cold front that caused
the lofting of the smoke plume stretches over southeastern Australia. Image based on
data from the Australian Government Bureau of Meteorology and on NCEP/NCARR
reanalysis.

The OMI O2-O2 pressure for the plume on 14 December indicates that the plume
is at approximately 450 hPa right after the biomass burning event. This is most
likely due to pyro-convection and rapid uplifting by a frontal system that reached
southeastern Australia on 14 December. Until 13 December, the meteorological
situation over southeastern Australia was dominated by a subtropical high. A
normal situation for that time of year, which is characterized by intense drought
and heat, creating favorable conditions for spawning forest fires. On 14 December,
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a low pressure trough, associated with a depression at 60◦S, 140◦E, approached
southeastern Australia from the west as shown in the weather chart of Figure 5.3.
The approaching trough resulted in a strong pressure gradient between this low and
the subtropical high situated between Australia and New Zealand. The location and
timing of the rapid eastward transport and frontal uplifting of the aerosol pollution
plume on 14 and 15 December corresponds well with this pressure gradient.

We see from Figure 5.2 that on 15-17 December, right after the biomass burning
event on 14 December, the plume appears to be particularly high, with O2-O2

pressures of approximately 300 hPa. At these altitudes, the aerosol plume is rapidly
transported in easterly direction by the subtropical jet stream, in line with the
observations shown in Figure 5.1. Between 18 and 23 December, the plume O2-O2

pressures gradually decrease to values around 500 hPa. To investigate whether this
apparent subsidence of the aerosol plume is real, we now compare the OMI O2-O2

pressures to backscatter information from CALIOP.

5.4 Evaluation of OMI O2-O2 pressures for aerosol vertical distribution

5.4.1 Comparison with CALIOP results

Figure 5.4 shows a comparison between the vertical distribution of the aerosol plume
observed by CALIOP and by OMI for four cases on 19 and 21 December 2006. We
selected OMI pixels with AAI>2 collocated with the CALIOP track. For all four cases,
the altitude associated with the OMI O2-O2 pressures is significantly lower than the
vertical distribution of the plume observed by CALIOP. For OMI orbit 12923, shown
in Figure 5.4(a), CALIOP observed the aerosol plume at approximately 10 km above
a low-lying cloud layer at approximately 1 km altitude (illustrated by gray colors
indicating high backscatter signals).

For this situation, OMI O2-O2 pressures agree well with the altitude of the low-
lying cloud layer (solid red line). For OMI orbit 12924, when the aerosol plume
crossed South America, CALIOP indicates the aerosol plume at 12 km altitude
above a 8 km high cloud layer (Figure 5.4(b)). Again, the OMI O2-O2 pressures
correspond with the CALIOP cloud levels, indicating that OMI O2-O2 pressure
retrievals are mainly sensitive to bright clouds in such situations, and not to aerosol
plumes residing above. Figure 5.4(c) shows the comparison for a situation with a
high aerosol plume (10-14 km) over high, intermittent clouds (OMI orbit 12925,
western Atlantic). Here, O2-O2 pressures indicate altitudes as high as 8 km, notably
between 33◦S and 36◦S, a region where CALIOP did not observe clouds. This finding
suggests that the OMI O2-O2 retrieval is sensitive enough to detect the presence of a
high aerosol plume over cloud-free scenes, but also that the O2-O2 pressures are an
overestimate of the actual aerosol plume pressure. This is confirmed by Figure 5.4(d)
showing the comparison for orbit 12953, observed on 21 December 2006 over South
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Orbit 12924(b)

Orbit 12925(c)

Orbit 12953(d)

Orbit 12923(a)

Figure 5.4 CALIOP observation of the aerosol plume on 19 and 21 December 2006.
The color coding represents the total attenuated backscatter (1/km/sr) from the
CALIOP aerosol and cloud layer product. The OMI O2-O2 derived plume height
is co-plotted in red. The insets show the OMI RGB image of the plume together
with the CALIOP footprint in orange. The dashed white line represents the ECMWF
tropopause level. Panel (a) shows OMI orbit 12923 (southern Atlantic, 19 December),
(b) OMI orbit 12924 (South America, 19 December), (c) OMI orbit 12925 (southern
Atlantic, 19 December), and panel (d) OMI orbit 12953 (South America, 21 December).

America. On this clear-sky day, CALIOP measured the plume between 12 and 14
km, but the OMI O2-O2 pressures correspond to altitudes up to 5 km.

Figures 5.4(c)-(d) suggest that the discrepancies between CALIOP and OMI plume
heights over cloud-free scenes decrease with increasing backscattered signal from
the plume. This is most evident in orbit 12925 where OMI observes highest altitudes
for backscatter values up to 0.006 km−1sr−1. We evaluate the sensitivity of OMI O2-
O2 pressures of the aerosol plume to the density of the aerosol plume in Figure 5.5.
Figure 5.5 indicates that the OMI O2-O2 pressures of aerosol plumes generally
decrease with increasing AAI (and that the agreement with CALIOP altitudes
improves), i.e., that high aerosol plumes are best obtained from OMI scenes with
high AAI. For such situations there is a smaller contribution from scattering from
the atmosphere below the plume than for situations with low AAI, resulting in less
O2-O2 absorption.
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Figure 5.5 OMI O2-O2 cloud pressure versus AAI for pixels of the smoke plume
collocated with the CALIOP footprint. The solid lines represent a linear fit to the OMI
data points (diamonds). The asterixes represent the CALIOP altitude for collocated
pixels. In case of orbit 12923 (black) a low lying cloud layer yields high cloud
pressures. For orbits 12924 (blue) and 12925 (red) a high lying cloud layer resides
below the aerosol plume. Orbit 12953 (cyan) represents a truly cloud-free scene (see
Figure 5.4).

5.4.2 Radiative transfer results

To further investigate the low bias in OMI aerosol altitude retrievals relative to
CALIOP, we conducted radiative transfer simulations with the atmospheric situation
(cloud and plume height) observed by CALIOP as input, and top-of-atmosphere UV-
Vis reflectance spectra as output. We subsequently applied the OMI O2-O2 and AAI
retrieval algorithms to the simulated spectra. The simulations were done with the
DAK radiative transfer model that includes all relevant physical processes including
Rayleigh and multiple scattering, trace gas absorption, scattering by aerosol or cloud
particles, and polarization. Aerosols were characterized by their single scattering
albedos (0.79-0.94, consistent with values observed for biomass burning plumes
[Dubovik et al., 2002, Mitchell et al., 2006, Qin and Mitchell, 2009] and aerosol
optical thicknesses. Further details about the radiative transfer simulations are
listed in Table 5.1. We found that our simulations result in AAI values that agree
well with the actually observed AAI values, supporting the assumptions on aerosol
characteristics in our simulations. Figure 5.6 shows the aerosol height input to DAK,
and the subsequently retrieved aerosol height from the O2-O2 algorithm.
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Figure 5.6 Retrieved (simulated) OMI O2-O2 plume altitudes as a function of pre-
scribed plume altitude for various cloud-aerosol plume scenarios. The bands indicate
the plume altitude observed by OMI (green) and CALIOP (brown). In panel (a) the
cloud is situated at 2 km and the prescribed plume altitude varies between 3 and
14 km. The dashed black line represents the altitude of the cloud in the radiative
transfer calculation. The solid lines represent the resulting plume altitude from the
RTM simulations. The single scattering albedo (ω) of the aerosols and the optical
thickness (τ) of the plume are given in the legend of each plot. In panel (b) the cloud is
situated at 8 km and the prescribed plume altitude was varied between 9 and 14 km.
In panel (d) the prescribed plume altitude was varied between 0 and 14 km over a
cloudless scene. Panel (c) shows a schematic drawing of the photonpath lengthening
caused by an aerosol layer lying closely above a cloud (left drawing) or high above a
cloud (right drawing).

Simulations of orbits 12923 (Figure 5.6(a)) and 12924 (Figure 5.6(b)) confirm that
the O2-O2 algorithm is sensitive to the altitude of the cloud rather than the altitude
of the aerosol plume in situations of an optically thin aerosol plume above a lower-
lying cloud deck. In Figure 5.6(d), a simulation of orbit 12953, we see that the
O2-O2 algorithm does detect the lofted plume, but underestimates its altitude; for
a 13-15 km aerosol plume (as observed by CALIOP), OMI retrieves a plume at 3-6
km, consistent with the observations shown in Figure 5.4(d). We also performed a
simulation of an optically thick (τ >3) aerosol plume over a cloud deck, similar to the
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situation observed for OMI orbit 12856 on 15 December, in absence of CALIOP data.
In this case the O2-O2 algorithm retrieved the altitude of the aerosol plume with a
scene pressure of approximately 200 hPa, comparable to the OMI O2-O2 pressure
observed on 15 December (Figure 5.2). Figure 5.6(a) and (b) show that when using
the O2-O2 algorithm for determining aerosol plume height, the altitude of the cloud
rather than the altitude of the aerosol plume is retrieved. This is attributed to the
fact that the brighter cloud outshines the plume. Figure 5.5 suggests that when the
plume is dense enough, the cloud no longer outshines the plume, and information on
the altitude of the plume is retrieved.

Table 5.1 Input parameters used in the radiative transfer calculations of Figure 5.6.
The cloud optical thickness τ=40 was chosen to be consistent with the cloud model
(Lambertian reflector, with albedo 0.8) used in the O2-O2 algorithm.

Size Parameters RefractiveIndex SSA

Aerosol Model Scattering Type τ Altitude (km) g reff (µm) veff Re(m) Im(m) ω477

Cloud Henyey-Greensteina 40 1-10 0.85 – – – – 1.0
BBA∗ Log normal Mieb 0.5–4 cloudtop – 15 – 0.08c 1.45c 1.55c 0 1.0
BBA Log normal Mie 0.5–4 cloudtop – 15 – 0.08 1.45 1.55 –0.005 0.97
BBA Log normal Mie 0.5–4 cloudtop – 15 – 0.08 1.45 1.55 –0.01 0.94
BBA Log normal Mie 0.5–4 cloudtop – 15 – 0.08 1.45 1.55 –0.02 0.88
BBA Log normal Mie 0.5–4 cloudtop – 15 – 0.08 1.45 1.55 –0.04 0.79

Spectral Properties Trace Gas Columns (molecules/cm2)

Surface Albedo Atmosphere Type Range Resolution O3 NO2

0.05 Mid–lat summerd 460–490 nm 0.2 nm 9.0 · 1018 5.9 · 1015

aSee Henyey and Greenstein [1941]
bSee de Rooij and van der Stap [1987]
cValues for biomass burning aerosol were taken from de Graaf et al. [2005]
dSee Anderson et al. [1986]
∗BBA = Biomass Burning Aerosol

Figure 5.6(a) and (b) also show that for the plume above a cloud layer, increasing
the plume height decreases the retrieved plume altitude. This apparently contradict-
ory finding can be explained by lengthening of the light path by reflections between
the cloud top and the aerosol plume. A longer light path will increase the observed
O2-O2 column which in turn will result in a decrease of the retrieved altitude, as
sketched in Figure 5.6(c).

We conclude that for determining the altitude of the aerosol plume an active
sounding instrument like CALIOP gives the best results. In absence of CALIOP
data, OMI O2-O2 pressures of adjacent clouds provide constraints on the lower limit
of the plume’s altitude. Direct application of the O2-O2 algorithm to the aerosol
plume gives under specific conditions some indication for the plume altitude, but
this depends on the atmospheric conditions, especially the optical thickness of the
plume. In general, the O2-O2 pressure of the aerosol plume is most indicative for
situations with high AAI ('5) and no clouds. The radiative transfer simulations
show that the O2-O2 algorithm always underestimates the altitude of the plume. The
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O2-O2 algorithm in its current form was designed and optimized for cloud retrieval,
as illustrated by the employed scattering model (a Lambertian reflector with albedo
0.8). We hypothesize that by the use of a scattering model which is adjusted to the
scattering and absorption properties (optical thickness, single scattering albedo) of a
smoke aerosol layer of sufficiently high optical thickness, will produce better O2-O2

retrievals of the pressure of smoke aerosol plumes.

CALIOP

CALIOP

(a) (c)

(d)(b)

CALIOP

Figure 5.7 Mixing ratio profiles of a passive tracer emitted in TM4 on 14 December
2006. Different injection heights result in different profiles (colors). The profiles have
been scaled to unity peak intensity. Each panel shows the profiles for a specific day
and location; see Figure 5.9 for the 2-D shape of the tracer field on these dates. In
panels (b)-(d) the plume altitude observed by CALIOP is indicated in green.

5.5 Injection Height and Long-Range Transport of the Australian
Biomass Burning Event

According to the GFED-2 record [van der Werf et al., 2006], resampled to a daily
time step using fire counts from four daily overpasses of the MODIS sensors on
board the Terra and Aqua satellites ([Giglio et al., 2003]), wildfires blazed on 14
December 2006 between 30-40◦S, and 140-154◦E. To evaluate the injection height
and subsequent transport of the biomass burning plume, we released a passive,
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Figure 5.8 Schematic drawing illustrating the lofting of the biomass burning plume
by a passing cold front. The heat of the fire provides the plume with additional
buoyancy, allowing it to rise above the top of the cold front.

but water soluble, tracer in TM4 on this date in the grid cells with fires between
30-40◦S, and 140-154◦E. We conducted simulations with tracer emissions at the
surface level (1013 hPa), and at 540 hPa. Figure 5.7 shows that emissions at the
surface and at 540 hPa, lead to remarkably similar tracer vertical distributions, with
highest tracer concentrations between 300 and 400 hPa. Figure 5.7(b) and 5.7(d)
clearly show that after 5-7 days the simulated tracer plumes are too low by 2-3 km
relative to CALIOP observations. These results suggest that TM4 has some skill in
simulating the lofting of the plume by the cold front, but also that the model fails to
push the plume towards altitudes where it is picked up by the jet stream and where
it has actually been observed. A schematic picture of the pyro-convective lofting
mechanism is sketched in Figure 5.8. This deficiency of the model is likely a result
of TM4 not accounting for the enhanced buoyancy of the plume provided by the heat
of the extensive fires. To circumvent this shortcoming, and to mimic the effects of
pyro-convection, we conducted a simulation where we released the tracer at 248 hPa.
Figure 5.7 shows that injection at 248 hPa results in tracer plumes that are higher
by 2-5 km, and closer to the observed CALIOP plume altitudes.

That injection at 248 hPa closely approximates the true emission height is con-
firmed by Figure 5.9 that compares the evolution of the passive tracer with the OMI
AAI observations. The tracer fields represent simulated vertical tracer columns
between 540 and 130 hPa (5-15 km), sampled at 13h30, close to the OMI overpass
time.

A primitive kernel, accounting for the increasing AAI-sensitivity with height
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[de Graaf et al., 2005], has been applied to the simulated fields for consistency. We
see a good correspondence between the simulated tracer columns and the observed
AAI fields between 14 and 19 December. The elongated structure simulated over the
southern Pacific on 16 December (Figure 5.9 (c)) coincides with the observed split-up
in the AAI field.

The locations of the AAI plumes are captured very well on 18 and 19 December
although the modeled feature west of South America has dispersed more and is
spatially more extended than the AAI plume marked N1. On 20 and 21 December
the remaining AAI plumes are all captured by the model, especially the narrow
band-like structure over South America on 21 December is reproduced well. We also
see that the modeled tracer features appear more extended than the AAI plumes,
and that tracer features persist over the east Pacific Ocean which are not seen in
the AAI observations, such as the feature marked N2 on 21 December. However,
the AAI observations coincide remarkably well with the maximum values of the
tracer simulations for 18-21 December. For 22 and 23 December the discrepancy
between model and observations appears larger, but the scattered remains of the
AAI plume still coincide with the front moving part of the modeled tracer. On 25
December, when the aerosol plume completes its circumterrestrial tour, AAI and the
simulations do not correspond anymore.

In the modeling experiment we tested various injection heights where we focused
on the agreement between AAI observations and model for the passage of the plume
over South America between 18 and 21 December. The tests showed that for injection
heights below 455 hPa the AAI plume marked N1 on 19 December was not reproduced
by the model. For injection heights above 455 hPa this feature was reproduced, with
little influence of the injection height. The agreement between model and AAI for
the plume bridging South America on 21 December also varies slightly with injection
height. The choice for injection at 248 hPa resulted in the best agreement between
model simulations and OMI AAI and CALIOP observations on 19 and 21 December.
Furthermore, simulations with lower injection heights exhibited discrepancies with
the observations that immediately showed up in the first days after their release: a
considerable amount of tracer remained in the region between Australia and New
Zealand whereas the higher injection heights did not exhibit this stagnant behavior.

Figure 5.9 shows that TM4 reproduces the dilution of the plume similar to the OMI
AAI observations, although the observed plume appears to shrink and thin more
rapidly than the model tracer. This can be due to too strong diffusivity in the model
or due to scavenging processes acting on the plume that are not accounted for by the
model. Most likely, it is related to the thinning of the plume which causes the AAI to
drop below the detection limit. This would explain why we see chunks of plume in
the AAI whereas the model simulates a continuous band of enhanced concentrations.
The role of scavenging processes in the model is demonstrated by Figure 5.10 which
compares the model results for the water soluble, depositable tracer to a completely
inert tracer. The tracer densities for the inert tracer are consistently higher than for
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the water soluble tracer, which shows that by incorporating wet deposition the TM4
model is capable of simulating not only the transport of the aerosols in the plume
but also their ultimate fate: removal by scavenging.

Extreme lofting by pyro-convection, although rare, is important because of the
rapid pathway it offers for biomass combustion products to reach the high tropo-
sphere or lower stratosphere [Fromm et al., 2005]. The meteorological conditions
of a pyro-convection case described by Fromm et al. [2005] that enabled injection of
biomass burning aerosol into the lower stratosphere via pyro-cumulonimbus clouds
are very similar to what we find here. In both cases a passing cold front transported
unstable air to a previously anti-cyclonal situation, which, in combination with the
intense heat from the fires caused rapid lofting to high altitudes. Unlike Fromm’s
study, the aerosols from the December 2006 Australian forest fires did not reach
the lower stratosphere but settled near the tropopause. It has been observed before
that smoke emissions from large fires in Australia’s temperate forests reached high
altitudes. Mitchell et al. [2006] reported a plume altitude of 14 km following the
January 2003 Canberra firestorm. Fromm et al. [2006] discussed the abnormally viol-
ent pyro-cumulonimbus triggered by this event that injected smoke from these fires
into the stratosphere. Apparently in some cases the meteorological conditions that
foster ferocious forest fires, strong winds after a prolonged drought, also stipulate
the occurrence of pyro-convection (unstable air, frontal passage).

Currently, the TM4 model does not incorporate pyro-convection. Forest fire emis-
sions are released at surface level and convection and advection of the released
tracers are governed by meteorology alone, ignoring the buoyancy from the sensible
heat of the fire. As pointed out by Hyer et al. [2007], most CTMs do not treat lofting
of fire plumes properly and the common workaround in transport studies of forest
fire events is to impose an injection height for the emission, as we did in this study.
Leung et al. [2007] reported reasonable agreement between model results and meas-
urements for monthly variations in CO concentrations when emitting half of the CO
from fires in the free troposphere. Studies of various fire events have shown that
the injection height of emission plumes varies considerably among the fires. The
lofting of fire emissions depends on the energy of the fire and the local meteorological
conditions [Hyer et al., 2007]. Therefore it is not sufficient to have CTMs release
the emissions of forest fires at pre-defined, fixed, injection heights. Especially when
dealing with exceptional fire events as in this study, a parameterization of the lofting
of the plume is needed. To implement this in TM4 we suggest an approach similar to
Freitas et al. [2006, 2007], who embedded a sub-grid plume model in a 3-D CTM and
obtained good results for CO distributions in regions close to the source. The plume
model needs the buoyancy flux [Freitas et al., 2007], which requires an additional
database of vegetation type to estimate the heat flux and information on the fire
size to calculate the buoyancy flux. Preliminary tests with a 1-D plume-rise model,
adapted from Freitas et al. [2007], and currently in development to be implemented
in GEOS-Chem [Bey et al., 2001], suggest that aerosols emitted from large fires on

104



5.6 Conclusions and Outlook

14 December reached the upper troposphere (≈380 hPa), in agreement with the
OMI O2-O2 pressure of the aerosol plume retrieved on 14 December as shown in Fig-
ure 5.2. Although this is somewhat lower than the injection height used in the TM4
simulations, it demonstrates the importance of pyro-convection for the December
2006 Australian forest fires. The fact that there is a difference between the injection
height in TM4 (248 hPa) and the injection height suggested by the plume rise model
may indicate that, apart from pyro-convection, another process contributed to the
lofting. Absorbing aerosols situated above bright clouds are known to be subject to
considerable heating (up to 80 W/m2; Stammes et al. [2009]), which may have lead to
so-called sunlight-induced upward forcing.

5.6 Conclusions and Outlook

We studied an exceptional case of aerosol transport originating from intense forest
fires in southeastern Australia on 14 December 2006. On this date, a dense plume
was injected into the jet stream by pyro-convection into a highly unstable atmosphere
with a passing cold front. Daily observations of OMI Absorbing Aerosol Index
reveal that the plume was transported eastward across the Pacific in 5 days, and
circumnavigated the globe in 12 days.

In absence of CALIOP data, we explored OMI O2-O2 pressures to obtain informa-
tion on the altitude of the aerosol plume. O2-O2 pressures retrieved from OMI pixels
with high aerosol loading were consistently lower than O2-O2 pressures for cloudy
scenes adjacent to the plume, showing that the plume resided well above the clouds.
OMI O2-O2 pressures indicate that the plume resided close to the tropopause in the
first 3 days after emission. Data from the CALIOP spaceborne lidar (available from
19 December 2006 onwards) show that the plume was still situated in the upper
troposphere 5-7 days after emission. Detailed radiative transfer calculations suggest
that the current OMI O2-O2 retrievals contain useful information on the altitude of
the aerosol plume under specific conditions (high AAI, no clouds below). Detecting
the altitude of aerosols from space with passive remote sensing could be improved
by including a scattering model that incorporates the optical properties of aerosol
layers rather than those of clouds.

Simulations with emission of a passive, soluble tracer in the TM4 chemistry
transport model show that an injection height of 248 hPa (≈10 km) gives the best
agreement with 2-D OMI AAI observations and with the vertical distribution of
the plume observed by CALIOP. Injection at the surface and at 540 hPa (≈5 km)
yields similar tracer vertical distributions that are too low relative to the vertical
distribution observed by CALIOP. The similarity of the surface and 540 hPa injections
shows that the lofting of the plume by the cold front is properly simulated by TM4.
The reason behind the fact that the plumes are too low relative to CALIOP is because
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Figure 5.9 Time series of TM4 simulation of a water soluble passive tracer released
on 14 December at 248 hPa. Panels show the integrated tracer column density between
540 and 130 hPa at 24 hour intervals. The dashed contour represents the 1% level.
Simultaneous OMI AAI observations with AAI > 2 are co-plotted with the colorscale
indicating the AAI value between 2 and 20.
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Figure 5.10 Same as Figure 5.9, but only for 20-24 December. The plots in the left
column show the TM4 results for a water soluble tracer subject to deposition, whereas
the plots in the right column show the TM4 results for an inert passive tracer.
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TM4, like most CTMs, ignores the additional buoyancy resulting from the heat of
the fire.

TM4 simulations with a soluble and depositable tracer better reproduce the
observed (OMI AAI) dilution of the aerosol plume than simulations with an inert
tracer. This suggests that TM4 is successful in describing removal by scavenging of
the aerosols.

Our study illustrates that neglecting plume rise due to pyro-convection can be
a source of considerable model error. To better understand the effects of biomass
burning on the global atmospheric composition, emissions from fires should be re-
leased at the appropriate heights. One promising approach [Freitas et al., 2007] is to
incorporate injection heights computed with a 1-D cloud model that takes into ac-
count the convective energy of the fire in the context of environmental meteorological
conditions.
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Chapter Six

Summary and outlook

6.1 Overview

In this thesis I have covered several aspects of the chain of OMI data processing,
starting with uncalibrated instrument data (level 0 –L0–) and ending with an as-
similated climatology of stratospheric NO2 (L4). My work involved instrument
calibration, contributing to a consistent DOMINO tropospheric NO2 data set, valida-
tion, and interpretation of OMI measurements in terms of transport and chemistry.
In the introduction of this thesis the following four questions were formulated:

1. How to determine the spectral slitfunction of OMI?

2. How to set up, maintain and validate a near real time and offline retrieval of
tropospheric NO2 from OMI?

3. What is the quality of stratospheric NO2 retrievals from OMI and what can we
learn about the photochemical behavior and trends of stratospheric NO2?

4. How to use satellite data to monitor and characterize transport phenomena in
the atmosphere?

The first question was addressed by using a novel method based on an echelle grating.
The spectral slitfunction for each wavelength and viewing angle was sampled by one
of approximately 50 diffraction orders that scanned the OMI spectral range with
wavelength increments 10 times smaller than the spectral resolution of OMI. The
slitfunction parameters that were determined this way are used in the retrieval of
NO2 and of several other OMI products.

The second question resulted in the set up of the operational DOMINO system
to retrieve tropospheric and stratospheric NO2 columns from OMI measurements.
The DOMINO system provides a near real time (NRT) data stream that is avail-
able within 3-4 hours after measurement and a consistent set of offline processed
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and reprocessed data (collection 3, data version 1.0.2) for the entire OMI mission
(October 2004 – present). DOMINO data are widely used by the scientific and air
quality community, and have resulted in various publications. Conclusions and
recommendations formulated in validation studies contribute to further improving
the DOMINO product to the benefit of the users.

The answer to the third question is split in three parts. First, an analysis of
the performance of the assimilation showed that the assimilation scheme is insens-
itive to tropospheric contributions, and results in a forecast model state that is
generally within 0.15x1015 molecules/cm2 of the analysis over remote areas where
stratospheric NO2 dominates the total column. The second step was the validation,
showing that stratospheric NO2 from DOMINO and from the OMI Standard Product
agree within 0.3x1015 molecules/cm2 (13%) with ground-based observations from
the NDACC/SAOZ network. However, DOMINO performs superior to the Standard
Product by capturing the dynamic variability of NO2 in the stratosphere, as was
shown by DOMINO observations of the daytime increase of stratospheric NO2 and
the day-to-day variations in the NO2 field associated with the collapse of the Arctic
Polar vortex. The third step was the analysis of the 5 year data record of OMI
observations of stratospheric NO2, showing a profound interhemispheric asymmetry
in the QBO signal over the tropics. There is good agreement between the Lauder
data record and collocated DOMINO stratospheric NO2 observations, that both show
a small increase of approximately +0.5% per decade for the timespan of the OMI
mission (2004-2010).

In response to the fourth question, I investigated the rapid around the world
transport of an aerosol plume emitted on 14 December 2006 by intense forest fires
in southeastern Australia. OMI Absorbing Aerosol Index observations show that
the plume crossed the Pacific in 5 days and circumnavigated the globe in 12 days.
This transport event was initiated by pyro-convective lofting of the plume into
the tropopause region, triggered by the combination of a passing cold front and
the latent heat of the fires. The OMI O2-O2 algorithm is sensitive to the height
of the aerosol plume, but it underestimates the plume’s altitude obtained from
coincident CALIOP observations. Results from radiative transfer simulations help
to explain the underestimation of the plume’s altitude by showing that photons that
are scattered from lower-lying clouds outshine the diluted plume. Nevertheless, for
high AAI and cloud-free scenes, the O2-O2 retrievals contain useful information on
the altitude of the aerosol plume. TM4 simulations agree best with the observed
transport of the aerosol plume when a passive tracer is released at 248 hPa (≈10 km).
Simulations with lower injection heights underestimate the CALIOP observations
because TM4 does not simulate pyro-convection. TM4 simulations with a soluble
and depositable tracer better reproduce the dilution of the aerosol plume that is
observed in the OMI-AAI than simulations with an inert tracer.
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6.2 Outlook

Based on the work described in this thesis several issues for further research can be
identified.

• Accurate estimations of the height of aerosols is of great importance. The
OMI O2-O2 cloud retrieval algorithm can provide information on the vertical
distribution of aerosols, but underestimates their altitude, partly because the
employed scattering model is optimized for the retrieval of clouds. Detection
of the altitude of aerosols by the O2-O2 algorithm could be improved by using
a scattering model that incorporates the optical properties of aerosol layers.
Because of the relatively small optical depth of typical aerosol layers, the
concept of a Lambertian reflector should be replaced by an semi-opaque layer
that allows photons to pass through it.

• Pyro-convection significantly enhances the impact of forest fires by increasing
the lifetime and the range over which the emissions are transported. Most
global CTMs do not include pyro-convection, which leads to inaccuracies in
model simulations of emissions from (intense) forest fires and biomass burning
events. Pyro-convective lofting can be simulated by embedding a sub-grid
plume rise model that takes into account the meteorological conditions at the
fire location and the fire’s latent heat to simulate the vertical transport of the
plume. Embedding a 1-D plume rise model into a regional model has shown
promising results for simulations of the transport of CO emitted by forest fires
in the Amazon basin [Freitas et al., 2007].

• The current 5+ year OMI data record is too short to reliably distinguish long
term trends in stratospheric NO2 from phenomena with multi-annual period-
icity, like the QBO. Extending the OMI data record with measurements from
GOME (1995-2003) and SCIAMACHY (2002-present) yields a data set that
spans more than 15 years of global observations of NO2 in the stratosphere.
This data series can then be used to determine the latitudinal dependence
of the trend in stratospheric NO2, as well as to determine the influence of
phenomena such as the QBO, Solar Index and ENSO on the latitudinal distri-
bution of stratospheric NO2. Comparing the satellite-observed climatology of
stratospheric NO2 to simulations with a coupled chemistry-climate model of
the stratosphere will improve understanding of the processes that drive the
variations in the global stratospheric NO2 field.
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Summary

On satellite observations of atmospheric composition and their
interpretation

Since more than 30 years satellites contribute significantly to our understanding
of the composition of the atmosphere by performing global observations of atmo-
spheric constituents from space. A recent addition to the series of Earth observing
instruments is the Ozone Monitoring Instrument (OMI) that since October 2004
performs daily global measurements at high spatial resolution.

The work presented in thesis focuses on spaceborne observations of NO2 and tro-
pospheric aerosols, and the interpretation of the behavior of these constituents. NO2

plays an important role in the chemistry of the atmosphere due to its involvement
in the catalytic destruction of ozone in the stratosphere, and by being a precursor
of tropospheric ozone, linking NO2 to air quality and climate change. Aerosols also
play an important role in chemistry and climate.

For the DOAS-based retrieval of NO2 from OMI measurement data an accurate
characterization of the OMI spectral slitfunction is essential. The spectral slit-
function was characterized with a novel method where the slitfunction for each
wavelength and viewing angle was sampled by the spectrally narrow diffraction
orders of an echelle grating, with wavelength increments 10 times smaller than the
spectral resolution of OMI. The resulting parameterization of the spectral slitfunc-
tion is used in the retrieval of NO2 and other DOAS-based products from OMI.

Tropospheric NO2 columns are retrieved from OMI measurements on an opera-
tional basis by the Dutch OMI NO2 (DOMINO) system. The DOMINO algorithm
assimilates NO2 slant column in the TM4 chemistry transport model to estimate
the stratospheric NO2 column. DOMINO data are available as a near-real time
(within 3-4 hours after measurement) and as a consistent reprocessed offline dataset
of collection 3, version 1.0.2. Based on the findings of validation studies involving
DOMINO data, improvements to the DOMINO algorithm regarding surface albedo
and a priori profile shape are identified .

An extensive validation study shows that OMI stratospheric NO2 columns are
consistent within 13% with ground-based observations from the SAOZ and NDACC
network. The DOMINO product performs superior to the parallel existing Standard
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Product by capturing the dynamic variability of NO2 in the stratosphere, such as the
daytime increase of stratospheric NO2 and the day-to-day variations in the NO2 field
associated with the collapse of the Arctic Polar vortex. Analysis of the 5+ year OMI
data record shows that OMI observes variations in stratospheric NO2 on a seasonal
and multi-annual scale, e.g., the quasi-biennial oscillation (QBO) and trends. The
NO2 QBO signal exhibits a distinct interhemispheric asymmetry over the tropics,
and is stronger over the Southern Hemisphere. There is good agreement between
the Lauder data record and collocated OMI stratospheric NO2 observations, both
showing a small increase of approximately +0.5% per decade for the timespan of the
OMI mission (2004-2010).

Observations from OMI and the spaceborne lidar CALIOP were used to charac-
terize the around the world transport of an aerosol plume that was released by the
intense Australian forest fires of December 2006. The plume crossed the Pacific
in 5 days and completed the circumnavigation of the globe in 12 days. Estimates
of the plume’s altitude from the OMI cloud retrieval algorithm indicate that the
plume was injected into the tropopause region by pyro-convection, triggered by the
combination of a passing cold front and the latent heat of the fires. The high altitude
of the plume was confirmed by CALIOP that detected the plume at 11-15 km altitude
as it passed over South America. Radiative transfer calculations indicate that the
underestimation of the OMI plume height in comparison with CALIOP in a later
stage of the plume’s transport is caused by photons scattered from lower-lying clouds
that outshine the diluted plume. Simulations with TM4 agree best with OMI and
CALIOP observations of the plume’s transport when a passive tracer is released at
approximately 10 km altitude, to mimic the effect of pyro-convective lofting which is
not simulated by the model.
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Nawoord
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