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[11 Concurrent (August 2006) measurements of tropospheric NO, columns from OMI
aboard Aura (1330 local overpass time) and SCIAMACHY aboard Envisat (1000 local
overpass time) offer an opportunity to examine the consistency between the two
instruments under tropospheric background conditions and the effect of different observing
times. For scenes with tropospheric NO, columns <5.0 x 10" molecules cm ™2,
SCIAMACHY and OMI agree within 1.0-2.0 x 10'° molecules cm 2, consistent with the
detection limits of both instruments. We find evidence for a low bias of 0.2 x 10"
molecules cm ™2 in OMI observations over remote oceans. Over the fossil fuel source
regions at northern midlatitudes, we find that SCIAMACHY observes up to 40% higher
NO, at 1000 local time (LT) than OMI at 1330 LT. Over biomass burning regions in the
tropics, SCIAMACHY observes up to 40% lower NO, columns than OMI. These
differences are present in the spectral fitting of the data (slant column) and are augmented in
the fossil fuel regions and dampened in the tropical biomass burning regions by the
expected increase in air mass factor as the mixing depth rises from 1000 to 1330 LT. Using
a global 3-D chemical transport model (GEOS-Chem), we show that the 1000—1330 LT
decrease in tropospheric NO, column over fossil fuel source regions can be explained
by photochemical loss, dampened by the diurnal cycle of anthropogenic emissions that has

a broad daytime maximum. The observed 1000—1330 LT NO, column increase over
tropical biomass burning regions points to a sharp midday peak in emissions and is
consistent with a diurnal cycle of emissions derived from geostationary satellite fire counts.
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1. Introduction

[2] Nitrogen oxides (NO, = NO + NO,) play an impor-
tant role in atmospheric chemistry. Near the Earth’s surface,
emissions of NO, in the presence of hydrocarbons and
sunlight lead to the urban and regional-scale formation of
ozone. In the presence of ammonia (NH3), oxidation of NO,
to nitric acid leads to the formation of aerosol nitrate
(NH4NO3). Both ozone as well as fine particles at ground
levels have a detrimental effect on public health. Moreover,
there is a general interest in NO, as the limiting precursor
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for ozone in the global troposphere, as ozone is an efficient
greenhouse gas and a source of hydroxyl (OH). To obtain a
better understanding of how NO, is influencing air pollution
and contributing to the greenhouse effect, accurate and
precise measurements of NO, over large spatial domains
with sufficient temporal sampling are indispensable.

[3] Ground-based and airborne measurements of NO, are
temporally and spatially limited. Satellite instruments pro-
vide measurements with global coverage and fixed spatial
and temporal resolution. Data sets of tropospheric NO,
columns retrieved from the Global Ozone Monitoring
Experiment (GOME), the Scanning Imaging Absorption
Chartography (SCIAMACHY) and the Ozone Monitoring
Experiment (OMI) now span more than 10 years (1996—
2006) and have been used for trend studies [Richter et al.,
2005; van der A et al., 2006a]. GOME and SCIAMACHY
tropospheric NO, data has been used to estimate surface
emissions of NO, [Martin et al., 2003; Jaeglé et al., 2004,
2005; Miiller and Stavrakou, 2005; Bertram et al., 2005;
Toenges-Schiiller et al., 2006; Konovalov et al., 2006;
Martin et al., 2006; Kim et al., 2006] and lightning NO,
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production [Boersma et al., 2005; Beirle et al., 2006;
Martin et al., 2007].

[4] The latest generation of satellite instruments observes
the Earth with horizontal resolutions that allow a detailed
view of the NO, pollution patterns. SCIAMACHY
[Bovensmann et al., 1999] on board ESA’s Envisat
has a horizontal resolution of 30 x 60 km® and OMI
[Levelt et al., 2006] on board NASA’s EOS-Aura satellite
has a nadir pixel size of 13 x 24 km?. There is a growing
interest from various environmental and public health
agencies to start using these satellite observations to
verify emission inventories, investigate trends in emis-
sions, and forecast air quality. It is important to obtain
confidence in the satellite observations by validation and
error characterization. The quality of SCIAMACHY NO,
data retrieved by KNMI/BIRA has previously been validated
by Petritoli et al. [2005], Schaub et al. [2007] and Blond et al.
[2007], with SCIAMACHY columns generally being
within 20% of the validation data. Furthermore, near-real-
time OMI NO, retrievals from KNMI [Boersma et al., 2007]
are shown to be consistent within 5% with aircraft vertical
profiles during the INTEX-B campaign in situations where
assumptions on the unobserved part of the troposphere are
limited [Boersma et al., 2008].

[5] We present here an intercomparison of SCTAMACHY
and OMI observations using similar KNMI retrievals. The
consistency of the SCTAMACHY and OMI retrievals great-
ly facilitates our intercomparison, as it minimizes differ-
ences in retrieval assumptions that potentially lead to large
systematic differences between retrievals [van Noije et al.,
2006]. Of particular interest is to interpret the comparison in
terms of the implied diurnal variation of NO, emissions
and chemistry. Both SCIAMACHY and OMI are in sun-
synchronous orbits, with equator crossing times of 1000
and 1330 local time (LT) at subsatellite point respectively.
NO, emissions from transport are expected to peak during
the morning commute, while power plants and industrial
sources have in general little diurnal variation. Fire and soil
emissions are expected to peak in the middle of the day.
Chemical loss of NO, also peaks in the middle of the day.
Resolving the compounded effects of these different
diurnal variations is critical for the application of satellite
observations to estimate NO, emissions, although this has
not been properly recognized in previous studies. The
different overpass times of SCIAMACHY and OMI offer
an opportunity to test our current understanding.

2. SCIAMACHY and OMI Tropospheric
NO, Retrievals
2.1. Common Algorithm

[6] SCIAMACHY and OMI are UV/Vis spectrometers
that measure direct sunlight and backscattered light from the
Earth’s atmosphere. We use a common algorithm for the
retrieval of SCIAMACHY and OMI tropospheric NO,
columns. Slant columns of NO, are obtained by fitting the
absorption cross-section spectra of NO, to the observed
reflectance spectra (defined as the ratio between the Earth
radiance and solar irradiance spectra) around 440 nm. The
retrieved slant column represents the column of NO, (in
molecules per cm?) along the average photon path from the
Sun, through the atmosphere, to the satellite instrument.
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[7] To convert retrieved slant columns into vertical,
tropospheric NO, columns (»,), we follow the approach
described by Boersma et al. [2004]:

o Ns - Ns,st

N, )
Mtr

(1)

where N, is the stratospheric component of the NO, slant
column N,, and M, represents the tropospheric air mass
factor (AMF) that depends on viewing geometry, cloud
fraction, cloud pressure, surface albedo, and the a priori
NO, profile.

[8] For both SCIAMACHY and OMI retrievals, we
estimate the stratospheric slant column by data assimilation
of NO; slant columns in the TM4 chemical transport model
(CTM) [Dentener et al., 2003]. The estimate of stratospheric
NO, thus adjusts to observed NO, over regions dominated
by stratospheric NO, (e.g., oceans), while stratospheric
winds in TM4 ensure the propagation of the assimilated
information. See Boersma et al. [2007] for more details.

[v] Removal of the stratospheric slant column N, from
the total slant column N; defines the tropospheric slant
column, which we convert to the tropospheric vertical
column by applying the tropospheric AMF (M,) as in
equation (1). We compute tropospheric AMFs following
the formulation of Palmer et al. [2001] and Eskes and
Boersma [2003] with the DAK radiative transfer model
[Stammes, 2001], accounting for solar and viewing zenith
angle (at the surface), and relative azimuth angle, and
furthermore take into account the effects of clouds (for
SCIAMACHY from the FRESCO [Koelemeijer et al.,
2001] and for OMI from the O,-O, [Acarreta et al.,
2004] cloud algorithm), surface albedo (from the Herman
and Celarier [1997] and Koelemeijer et al. [2002] data sets
as described Boersma et al. [2004]), and the a priori vertical
profile shape from TM4. No independent aerosol correction
is applied as it is effectively accounted for in the cloud
retrievals as shown in [Boersma et al., 2004].

[10] A crucial aspect in comparing SCIAMACHY and
OMI NO, sets, is that they be retrieved in a consistent
manner. Slant columns have been retrieved by nonlinear
least-square fitting of backscattered radiance spectra for
both SCIAMACHY (by BIRA, the Belgian Institute for
Space Aeronomy) and OMI (by KNMI/NASA). For both
retrievals, we use the data assimilation of slant columns in
TM4 to estimate the stratospheric columns. The AMFs have
been computed with the same radiative transfer model, the
same surface albedo data set, and the same TM4 model to
obtain vertical profile shapes. Cloud information is taken
from the FRESCO and O,-O, algorithms that are based on
the same set assumptions (i.e., clouds are modeled as
Lambertian reflectors with albedo 0.8). Both SCIAMACHY
and OMI retrievals account for the temperature dependence
of the NO, absorption cross-section spectrum using actual
ECMWEF temperature information following Boersma et al.
[2004]. Here we have used version 1.04 of the KNMI/BIRA
SCIAMACHY and version 0.9 of the KNMI/NASA OMI
retrievals. Some aspects pertaining to the retrievals are
characteristic to each instrument, and we give here a short
overview of the main differences.
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Table 1. Instrument Characteristics Relevant for SCTAMACHY and OMI NO, Retrievals

Local Equator Nadir Field Global Spectral Spectral Resolution
Instrument Satellite Crossing Time of View Coverage Range (at 440 nm)
SCIAMACHY Envisat 1000 30 x 60 km? 6d 220-2380 nm 0.44 nm
OMI EOS-Aura 1330 13 x 24 km® 1d 270-500 nm 0.63 nm

2.2. Differences Between SCIAMACHY and OMI

2.2.1. Instrumental Differences

[11] Table 1 gives an overview of essential instrumental
characteristics of the SCIAMACHY and OMI tropospheric
NO, retrievals. Important differences are:

[12] 1. The horizontal resolution of SCITAMACHY nadir
viewing scenes (pixels) when the instrument is in nominal
operation mode is 30 x 60 km?. The horizontal resolution
of OMI in nominal operations mode is 13 x 24 km? for
scenes observed with a viewing angle of 0° (nadir) to
approximately 135 x 26 km? for scenes observed at the
edges of the swath with a satellite viewing angle of 57°
(M. Dobber, personal communication, 2007).

[13] 2. SCIAMACHY alternately takes limb and nadir
measurements. The observations in the limb mode are not
sensitive to the troposphere so that tropospheric (nadir) NO,
retrievals from SCIAMACHY are not continuous. This,
combined with SCIAMACHY’s field of view that corre-
sponds to 960 km on the Earth’s surface, leads to a global
coverage that is achieved within approximately 6 d. OMI
has a 114° field of view, which corresponds to an approx-
imately 2600 km wide swath on the Earth’s surface.
Because of the wide swath of the 14—15 orbits per day,
OMI achieves global coverage in 1 d.

[14] 3. SCTAMACHY measures direct and backscattered
solar radiation between 220 nm and 2380 nm with a spectral
resolution of 0.44 nm around 440 nm. OMI measures
between 270 and 500 nm, so that cloud retrieval using the
O, A-band (760 nm) is not possible with OMI, and the
0,-0, absorption feature (470 nm) is used instead.

2.2.2. Retrieval Differences

[15] Table 2 summarizes the main differences in the
fitting procedures followed for SCIAMACHY and OMI.
NO, retrievals from SCIAMACHY are the result of a
collaboration between KNMI and BIRA. Slant columns
are obtained by BIRA by fitting a modeled spectrum to
the measured reflectance in the 426.3—451.3 nm region. For
OMI, a wider fit window (405—465 nm) is used to account
for lower signal-to-noise ratios (~1400 for nominal midlat-
itude conditions) than in SCIAMACHY measurements
(signal-to-noise ~2000). In the work by Boersma et al.
[2002], we did not find a strong sensitivity of the OMI
fitting results for various combinations of fitting windows,

fitting techniques, or inclusion of species with minor
absorption features such as H,O and 0,-O,. Different
NO, absorption spectra are used in SCTAMACHY [Bogumil
et al., 2003] and OMI [Vandaele et al., 1998] but the
differences are less than 2% at all temperatures, affecting
differences in the temperature correction [Boersma et al.,
2004] in the SCIAMACHY and OMI retrievals by at most
2%. We do not expect significant differences between
SCIAMACHY and OMI slant columns from the fitting
differences in Table 2 or from the temperature correction.
We investigate the combined effect of differences in the
fitting methods and the postfitting temperature correction in
section 3, where we compare SCIAMACHY and OMI total,
stratospheric and tropospheric slant NO, columns.

[16] In the first stages of its operational lifespan, SCIA-
MACHY reflectances have been found to be systematically
underestimated by approximately 13% [Acarreta and
Stammes, 2005], largely because of radiometric offsets in
solar irradiances [Skupin et al., 2005]. Because of this lack
of usable solar spectra, KNMI/BIRA retrievals use a radi-
ance spectrum over the Indian Ocean as the reference
spectrum. This reference spectrum is assumed to contain
the signature of a 1.5 x 10'° molecules cm 2 vertical
stratospheric NO, column [van der A et al., 2006b]. For
reasons of consistency, this reference spectrum has con-
tinued to be used for SCIAMACHY retrievals, even after
high-quality irradiance measurements became available.
Moreover, the use of a radiance measurement as reference
spectrum for SCIAMACHY ensures long-term consistency
with KNMI/BIRA retrievals for GOME. For OMI, a solar
irradiance spectrum is used for the spectral fitting proce-
dure, and a correction for a NO, signature in the reference
spectrum is not necessary.

[17] Calibration errors in the OMI reflectance measure-
ments lead to spurious across-track variability. This vari-
ability is significantly reduced, but not removed altogether,
by the correction procedure described by Boersma et al.
[2007]. Any residual error that remains after the correction
procedure is an implicit part of the OMI slant column error
estimate of 0.7 x 10" molecules cm™? [Boersma et al.,
2007] that we use in the remainder of the manuscript.

[18] Cloud parameters for SCITAMACHY and OMI are
retrieved with algorithms that are somewhat different. A

Table 2. Spectral Fitting Characteristics for SCCAMACHY and OMI NO, Retrievals

Instrument SCIAMACHY OMI
Fitting window 426.3-451.3 nm 405.0—-465.0 nm
Signal-to-noise® ~2000 ~1400
Fitted species NO,, O3, Ring, 0,-0,, H,O NO,, O3, Ring
Spectral resolution 0.44 nm 0.63 nm

Fitting method
NO, cross section spectrum

nonlinear least squares

SCIAMACHY PFM [Bogumil et al., 2003]

nonlinear least squares
Vandaele et al. [1998] convolved with OMI ITF®

“Approximate ratio’s for nominal midlatitude conditions.
®Dirksen et al. [2006].
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comparison of the FRESCO and 0,-O, cloud algorithms
[Boersma et al., 2007] showed that mean cloud fractional
cover, on average, agreed to within 1.1% (absolute values).
Cloud pressures from the O,-O, algorithm (OMI) were found
to be higher (+58 hPa) than from FRESCO (SCIAMACHY).
The implications of the differences in cloud parameters will
be discussed in section 4.

[19] Local overpass times can vary within a subsatellite
track and cover two (SCIAMACHY) or sometimes three
(OMI) time zones. In principle, our 1000—1330 LT com-
parison could be affected by the effect of different overpass
time. In practice, this effect is small and in any case not
systematic. Some OMI observations will have times of
1200 LT, others 1500 LT, but the ensemble of OMI
observations is representative for 1330 LT. Furthermore,
there is a higher probability for detecting cloud-free
situations in small nadir (1330 LT overpass) pixels than
in the larger-sized pixels at the edges of the swath (1200
or 1500 LT), and this effectively reduces the potential effect
of different overpass times. The effect of different OMI
overpass times within a track could be reduced altogether by
excluding off-nadir observations at the expense of loss of
collocated observations.

3. Intercomparison of SCIAMACHY and OMI
Tropospheric NO, Columns

[20] Figure 1 shows the monthly mean tropospheric
NO, fields derived from SCIAMACHY and OMI for
August 2006, averaged over 0.5° x 0.5° grid cells. Cloud
screening was performed for both SCTAMACHY and OML
In order to assure that the dominant part of the observed
signal originates indeed from the cloud-free part of the pixel,
only observations with cloud radiance fractions less than
50% were included in the average. This ensures that only
those (cloud-free) OMI observations have been used that are
spatially coincident with (cloud-free) SCTAMACHY obser-
vations taken on the same day. Cloud information has been
obtained with the FRESCO and O,-O, algorithms for
SCIAMACHY and OMI, respectively, and both cloud frac-
tion and cloud pressure are fully accounted for in the
retrieval as discussed in section 2.1.

[21] The spatial distributions of SCIAMACHY and OMI
monthly mean tropospheric NO, columns have a correlation
coefficient » = 0.77 (n = 1.9 x 10'°). Both observe the
highest values over the urban regions of North America,
Europe, and China, and also high levels over the biomass
burning regions of South America, southern Africa, and
Indonesia. The OMI mean tropospheric NO, field is much
smoother than that of SCTAMACHY because it is based on
more pixels.

[22] Figure 2 shows absolute differences between the
SCIAMACHY and OMI monthly mean tropospheric NO,
columns for August 2006, and Figure 3 shows the
corresponding scatterplot. We estimate a 1-sigma uncertain-
ty for individual retrievals as the sum of a base absolute
component (from spectral fitting and the stratospheric back-
ground) and a relative component from the AMF [Boersma
et al., 2004, 2007]. For OMI, the base component is 0.5—
1.5 x 10" molecules cm? (depending on the AMF). For
SCIAMACHY retrievals, which have a better fitting pre-
cision, the base component is 0.3—1.0 x 10> molecules
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cm 2. Following Boersma et al. [2007], we adopt a
relative (AMF) component of ~30%, so that the total
error for individual retrievals is approximated by 0.65 X
10" + 0.3 x N, (SCIAMACHY) and 1.0 x 10" mole-
cules cm 2 + 0.3 x N, (OMI).

[23] SCIAMACHY NO, is generally higher than OMI
over fossil fuel source regions, which is particularly pro-
nounced in large urban areas such as megacities (Los
Angeles, Mexico City, Moscow, Riyadh, Tehran, Hong
Kong). This would be expected from the combination of
morning peak in emissions and midday maximum in NO,
chemical loss. In contrast, OMI observes higher NO,
columns over biomass burning regions in Brazil, southern
Africa, and Indonesia, and we attribute this to a midday
peak in emissions as discussed below. In some cases values
from OMI are higher than SCIAMACHY downwind of
isolated urban areas (this is particularly manifest for Riyadh
and the Highveld Plateau area), which could reflect trans-
port of the urban plume. Another area where OMI is higher
than SCIAMACHY is the southeastern United States, and
possible reasons for this will be discussed below.

[24] Figure 3 summarizes the differences between global
monthly mean SCIAMACHY and OMI NO, columns in
August 2006. The scatter between SCIAMACHY and OMI
data results from the combined uncertainty (random errors
given above) in both retrievals. The dashed-dotted lines in
Figure 3 show the error bounds computed from the com-
bined (theoretical) uncertainty for monthly mean SCIA-
MACHY and OMI averages at 0.5° x 0.5°. The error
bounds are based on estimated uncertainties for (1) SCIA-
MACHY of w, with the denominator taking
into account the averaging over multiple days (in this case
on average 3) in August 2006 and for (2) OMI of
W, with the denominator taking into account
the averaging over multiple days and multiple pixels (on
average, an OMI pixel is 3.5 times smaller than a
SCIAMACHY pixel). For tropospheric columns <3.0 X
10" molecules cm > (where the running average shows
no appreciable bias; 76% of all grid cells), 68% of the
observed scatter is within the error bounds, consistent with
expectations for a normal distribution of errors with some
error correlation (through the AMF) between the two instru-
ments. For tropospheric columns >3.0 x 10" molecules
cm 2, SCTAMACHY tropospheric NO, columns are, on
average, higher than OMI and for columns >8.0 X
10'> molecules cm ™2 even well beyond the combined
uncertainties of the two retrievals.

[25] Figure 4a shows the probability distribution func-
tions (PDFs) for the monthly mean SCIAMACHY and OMI
data sets. The median of the OMI PDF is left-shifted by
0.2 x 10" molecules cm ™ relative to SCTAMACHY. This
bias is a background feature, as shown in Figure 4b by a PDF
subset for the clean Pacific Ocean. We find that OMI NO,
within this region is on average 0.17 x 10" molecules cm >
lower than SCIAMACHY, and the mean is negative. We
conclude that OMI suffers from a small negative bias over
unpolluted regions. We find a similar negative bias from a
validation study over the remote Gulf of Mexico [Boersma et
al., 2008]. The negative bias is also apparent in Figures 1 and
2 as a stronger land-sea contrast in tropospheric NO,
columns for OMI than for SCTAMACHY, especially over
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Figure 1. Monthly mean tropospheric NO, columns in August 2006 from SCIAMACHY and OM], in
situations when both observe a mostly clear (cloud radiance fraction <50%) scene. Grey grid cells were
not observed or had persistent cloud cover.
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Figure 2. Absolute difference between monthly mean SCIAMACHY and OMI tropospheric NO,
columns for August 2006. Red colors indicate higher retrievals from SCIAMACHY than from OMI, and
vice versa for blue colors. The black rectangles enclose the regions studied in section 5.

the Mediterranean region. This bias is inconsequential for
polluted regions.

[26] Negative tropospheric NO, columns may occur if the
slant stratospheric column exceeds the total slant column
(see equation (1)). This would be caused by a bias in the
assimilation procedure used for the stratospheric column
estimate. Figure 5 shows that SCTAMACHY (normalized)
total slant columns are systematically smaller than OMI
(normalized) total slant columns; that is, the distribution of
differences peaks at —0.59 x 10'° molecules cm 2. This
is likely due to the differences in reference spectrum for
the SCIAMACHY (backscatter spectrum with residual
NO, signature) and OMI (solar irradiance spectrum) spec-
tral fitting procedures (see section 2.2.2). Figure 5 also
shows that the differences between SCIAMACHY and
OMI total slant columns are closely followed by the
differences between SCIAMACHY and OMI (geometric
AMF-normalized) stratospheric slant columns. On average,
(SCIAMACHY-OMI) stratospheric slant column differen-
ces are —0.58 x 10" molecules cm ™2, very close to the
slant column differences. This is expected from the assim-
ilation procedure: biased slant columns propagate into
similarly biased stratospheric slant columns (described in

section 2.1). The relative bias between SCIAMACHY and
OMI cancels (equation (1)) and only marginally affects the
tropospheric slant columns for any of the two data sets.
This is confirmed by the curve with the solid line in
Figure 5 that shows a median difference corresponding to
zero.

4. SCIAMACHY Versus OMI Differences in NO,
Source Regions

[27] We now investigate the cause of the large differences
between OMI and SCTAMACHY over polluted and biomass
burning regions (Figure 2). A first issue is to determine
whether they are driven by differences in tropospheric slant
columns (Ny — N, hereafter slant columns) or in AMFs.
Difference in the slant columns points to information in the
actual spectra, while difference in the AMF points to
information in the physics of the retrieval (such as higher
mixing depths at 1330 LT than at 1000 LT). As slant
columns and AMFs are both proportional to the length of
the light path, we normalize them by the local geometrical
AMF, (M, = m coslm where 0 is the satellite viewing
angle and 6, is the solar zenith angle) to remove the simple
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