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Abstract. We present an approach to reduce topography-
related errors of vertical tropospheric columns (VTC) of NO»
retrieved from the Ozone Monitoring Instrument (OMI) in
the vicinity of mountainous terrain. This is crucial for reli-
able estimates of air pollution levels over our particular area
of interest, the Alpine region and the adjacent planes, where
the Dutch OMI NO; product (DOMINO) exhibits signifi-
cant biases due to the coarse resolution of surface parame-
ters used in the retrieval. Our approach replaces the coarse-
gridded surface pressures by accurate pixel-average values
using a high-resolution topography data set, and scales the
a priori NO» profiles accordingly. NO, VTC reprocessed in
this way for the period 20062007 suggest that NO; over the
Po Valley in Italy and over the Swiss plateau is underesti-
mated by DOMINO by about 15-20% in winter and 5% in
summer under clear-sky conditions (cloud radiance fraction
<0.5). A sensitivity analysis shows that these seasonal dif-
ferences are mainly due to the different a priori NO; profile
shapes and solar zenith angles in winter and summer. The
comparison of NO; columns from the original and the en-
hanced retrieval with corresponding columns deduced from
ground-based in situ observations over the Swiss Plateau and
the Po Valley illustrates the promise of our new retrieval. It
partially reduces the underestimation of the OMI VTCs at
polluted sites in winter and fall and generally improves the
agreement in terms of slope and correlation at rural stations.
It does not solve, however, the issue that the OMI DOMINO
product tends to overestimate very low columns observed at
rural sites in spring and summer.
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1 Introduction

Nitrogen dioxide (NOj) is an important air pollutant af-
fecting human health and ecosystems and playing a ma-
jor role in the production of tropospheric ozone (Seinfeld
and Pandis, 1998; Finlayson-Pitts, 2000). Nitrogen o-
xides (NOx=NO+NO») have both substantial anthropogenic
sources due to combustion of fossil fuels and human-induced
biomass burning, and natural sources such as microbial pro-
duction in soils, wildfires, and lightning. NOy concentrations
exhibit large spatial gradients due to the inhomogeneous dis-
tribution of sources and the relatively short lifetime of NOy
in the planetary boundary layer. Observations at high spatial
resolution are therefore crucial to reliably assess exposure
levels and corresponding environmental impacts.

Complementary to ground-based monitoring networks,
which provide detailed information of local near-surface
air pollution, satellite remote sensing can extend the spa-
tial coverage and provide area-wide data of NO, vertical
tropospheric column densities (VTCs). Satellite observa-
tions of tropospheric NO, using UV/VIS spectrometers be-
gan in 1995 with the Global Ozone Monitoring Experiment
(GOME) (Burrows et al., 1999) on ERS-2, followed by the
Scanning Imaging Absorption spectrometer for Atmospheric
Chartography (SCIAMACHY) (Bovensmann et al., 1999)
on Envisat, the Ozone Monitoring Instrument (OMI) (Le-
velt et al., 2006a, b) on Aura, and GOME-2 (Callies et al.,
2000) on MetOp. The global coverage available from space-
borne instruments has been proven useful in estimating the
large-scale distribution of NOx sources in studies combin-
ing the satellite data with information from global scale mo-
dels (Martin et al., 2003; Jaeglé et al., 2005; van der A et
al., 2008; Boersma et al., 2008a). The gradually improv-
ing spatial resolution of space-borne UV/VIS instruments
(GOME pixel size: 40x320km?, GOME-2: 40 kmx 80 km?,
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SCIAMACHY: 30x 60 km?, OMI: up to 13x24 km? at nadir)
increasingly allows them to detect NO, pollution features on
a regional scale. Bertram et al. (2005), for example, used
SCIAMACHY measurements to investigate the daily varia-
tions in regional soil NOy emissions, and Blond et al. (2007)
compared columns from a mesoscale model with SCIA-
MACHY columns over Western Europe. The comparatively
high resolution of the OMI instrument was demonstrated
valuable in analyzing urban-scale pollution and its changes
in time (Wang et al., 2007; Boersma et al., 2009).

A good knowledge of the precision and accuracy of the
observations is important for many applications. However,
due to the complex retrieval procedure this is more chal-
lenging to achieve for satellite observations than for ground-
based in situ measurements. A detailed general error analy-
sis for satellite NO, retrievals was presented by Boersma et
al. (2004). It shows that the retrieval uncertainties are dom-
inated by the uncertainty in the estimate of the tropospheric
air mass factor, which is of the order of 20-30% for polluted
pixels. Key input parameters for the calculation of the tro-
pospheric air mass factor are cloud fraction, surface albedo,
aerosol, and a priori NO; profile shape, each having its own
uncertainty. Extending on this work, Boersma et al. (2007)
described an additional error source associated with the im-
proved spatial resolution of recent sensors like OMI. True
variations of surface albedo and NO» profile shapes at the
scale of individual satellite pixels can no longer be resolved
by the input data sets used in the retrievals which are tradi-
tionally obtained from coarse global climatologies and mod-
els. To illustrate this problem, Fig. 1 shows the OMI overpass
over central Europe on 3 January 2006 together with the out-
lines of two input parameter grids used in the Dutch OMI
NO; (DOMINO) retrieval (Boersma et al., 2008b).

Our prime motivation for this study was to obtain reliable
NO; column estimates over Switzerland. In Switzerland as
well as in most other countries in Europe, NO, is a key air
pollutant that is still frequently exceeding the air quality lim-
its despite significant reductions since the late 1980s due to
the introduction of exhaust after-treatment for stack emis-
sions, 3-way catalysts and other measures. This is particu-
larly true for the heavily industrialized and densely populated
Po Valley in Northern Italy which is one of the most polluted
places in Europe and which affects air quality in southern
Switzerland. The Swiss plateau and the Po Valley are thus
our principal areas of interest. Both are located in the vicinity
of the Alps (see Fig. 1) which creates additional challenges
to the retrieval.

The altitude or pressure of a surface, in addition to its
albedo, is an important input for the retrieval as it affects the
pathways of photons and hence the sensitivity of the satel-
lite to measure NO; in a given atmospheric layer. The sur-
face altitude (pressure) is a parameter that in principle can
be estimated accurately. However, the way the topography is
treated differs quite strongly between different retrieval algo-
rithms and the details of the procedures are usually not well
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documented. Furthermore, the a priori NO, profile, which is
typically only available at a coarse resolution, often starts at
a different altitude than the high-resolution topography and
therefore needs to be adjusted. Today, most retrieval algo-
rithms employ a high-resolution topography data. However,
the algorithms differ in the way the a priori profile is ad-
justed to the high-resolution topography. For instance, in the
standard OMI algorithm of NASA (Bucsela et al., 2006) the
profile is simply cut if the true altitude is higher (E. Celarier,
personal communication, 2009) while in the standard GOME
and GOME-2 algorithms (ATBD GDP 4.0, 2004; GOME-2
ATBD, 2007) as well as in the Dalhousie University prod-
uct (Martin et al., 2002; R. Martin, personal communication,
2009) some method for rescaling is applied. To our knowl-
edge, meteorological variability in surface pressure is not ac-
counted for in these algorithms.

In the DOMINO retrieval, conversely, the surface pressure
is obtained at the same coarse resolution as the a priori pro-
files from the TM4 model, which is driven by meteorological
fields of the ECMWF (European Centre for Medium Range
Weather Forecast) model. Schaub et al. (2007) demonstrated
that this can lead to significant systematic errors over and in
the surroundings of mountainous terrain. The potential er-
rors were quantified based on a sensitivity analysis for a few
selected clear sky SCTAMACHY pixels and a priori profile
shapes.

Although the effects of the topography on the retrieval are
well known in the satellite community, a detailed quantitative
analysis of this problem is still missing in the peer-reviewed
literature. In this paper we therefore extend on the study
of Schaub et al. (2007) and present a simple approach for a
more accurate treatment of the surface topography than cur-
rently applied in DOMINO. The effect of these changes on
the retrieved NO, columns are quantified by reprocessing ex-
tended time periods with accurate pixel-average surface pres-
sures. A sensitivity study is then performed to investigate
the dependence of the topography-related error on other for-
ward model parameters including a priori profile shape, sur-
face albedo, solar zenith angle (SZA) and cloud parameters.
Finally, to demonstrate the potential improvement of this ap-
proach, NO; columns from the original and enhanced re-
trieval are compared with ground-based in situ observations
over the Swiss plateau (station Taenikon) and selected sta-
tions in the Po Valley in Italy where the effects of inaccurate
surface pressure are the largest.

While some details of our approach are specific to
DOMINO, the basic concepts can easily be adapted to other
algorithms and the results will add to a better understanding
of the differences between the different satellite data prod-
ucts. Despite our focus on the Alpine domain, the method
proposed here will be applicable to any other region of the
globe with complex topography.
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2 Data and methods
2.1 OMI tropospheric NO; observations

The Dutch-Finnish OMI instrument onboard the Earth Ob-
serving System (EOS) Aura satellite launched in 2004 offers
greatly enhanced spatial and temporal (daily global cover-
age) resolution as compared to its predecessors. The Aura
satellite (Schoeberl et al., 2006) passes over the equator in
a sun-synchronous ascending polar orbit at 13:45 local time
(LT). A near-real time retrieval algorithm has been devel-
oped for the rapid generation of NO; columns within 3 h of
the actual OMI measurement (Boersma et al., 2007). The
Dutch OMI NO, (DOMINO) offline product (in the follow-
ing referred to as the DOMINO product) is based on the
near-real time algorithm, but with the following improve-
ments: it is a more accurate post-processing data set based
on a more complete set of OMI orbits, improved Level 1B
(ir)radiance data (collection 3, Dobber et al., 2008), analyzed
meteorological fields rather than forecast data, and actual
spacecraft data. These improvements make the offline prod-
uct the recommended product for scientific use (Boersma et
al., 2008b). The improved instrument calibration parameters
used in collection 3 lead to much lower across-track vari-
ability, or stripes, in the OMI NO; products and therefore
no de-striping is currently applied. Whenever an OMI view-
ing scene contains snow or ice, this is detected based on the
NISE ice and snow cover data set (Nolin et al., 2005) us-
ing passive microwave observations. The albedo from the
TOMS/GOME albedo data set is then overwritten with a
value of 0.6 for snow over land. Detailed descriptions of
the algorithm for the DOMINO data products are given in
Boersma et al. (2008b, 2009). The NO, vertical columns
studied in this work are basically calculated in the same way
as the DOMINO product data (version 1.0.2) available from
ESA’s TEMIS project (Tropospheric Emission Monitoring
Internet Service, www.temis.nl). Deviations will be detailed
in Sect. 2.2. Data is available since October 2004.

The starting point in this study is the tropospheric
slant columns (SCDyyp) obtained from the measured slant
columns by subtraction of the stratospheric slant columns.
In the DOMINO retrieval the stratospheric slant columns are
obtained with a data-assimilation approach using the TM4
global chemistry transport model (Dentener et al., 2003).
The vertical tropospheric column (VTC) is then derived
by dividing SCDyp by the tropospheric air mass factor
(AMFirop).

AMFy,, depends on the a priori trace gas profile x, and a
set of forward model parameters b including cloud parame-
ters (cloud fraction, cloud pressure), surface albedo, surface
pressure and viewing geometry. For small optical thickness,
the altitude dependence of the measurement sensitivity to the
atmospheric species of interest (calculated with a radiative
transfer model) can be decoupled from the shape of the ver-
tical trace gas profile (calculated e.g. with an atmospheric
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Fig. 1. NO, tropospheric vertical columns over central Europe from
a single OMI overpass on 3 January 2006. The pixel size varies in
across-track direction within the swath, with the highest resolution
of about 0.15°x0.2° at nadir. For comparison, the grid of the albedo
data set (1°x1°) is overlaid as white lines and the grid of the TM4
chemistry-transport-model (2° x 3°) as black lines. The TM4 model
(Dentener et al., 2003) determines the resolution of both the a priori
profile and the surface pressure, with one grid cell almost as big as
Switzerland.

chemistry transport model). The AMFy, can then be writ-
ten as follows (Palmer, 2001; Boersma et al., 2004):

mi(b)xac1
AMthp=Zl—“ (1)

Zl Xa,l
where / is an index denoting the atmospheric layer, m; are
the altitude dependent box air mass factors, and x, the layer
subcolumns (molecules cm™2) of the a priori NO, profile.
The coefficients ¢; are layer-specific correction terms that
describe the temperature dependence of the NO, absorption
cross-section.

The box air mass factors m; are calculated with a pseudo-
spherical version of the DAK radiative transfer model
(Stammes, 2001; de Haan et al., 1987). For computational
efficiency, a lookup-table with precalculated box air mass
factors at discrete points of the forward model parameters
is used, and the values for a given set of parameters are ob-
tained by linear interpolation.

The a priori NO; profile x, for every location is obtained
from the TM4 model. The profiles are collocated daily
with a model output at overpass time of the satellite. The
TM4 model version used for DOMINO has a horizontal reso-
lution of 2° latitude by 3° longitude and 34 terrain-following
hybrid layers extending from the surface to 0.38 hPa with ap-
proximately 15 layers in the troposphere (below 11km) and
6 layers in the boundary layer (below 2 km) to assure a good
representation of the vertical structure of air pollution near
the surface. The layers are defined by two sets of hybrid
level coefficients a and b:

poy =a(l) + prma - b(0)
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pri=al+ 1D+ prma-bl+1) @

where pp,; and p;; are the bottom and top pressure of layer
[ (I=1...34), and prm4 is the TM4 model surface pressure
which corresponds to the bottom pressure of layer one (since
a(1)=0 and b(1)=1). The mid pressure of each layer is de-
fined as the mean of pj; and p; ;. Over marked topography,
pTM4 may strongly deviate from the effective pixel-average
surface pressure (denoted pegr in the following) due to the
coarse resolution of the TM4 model data, which is responsi-
ble for the systematic retrieval errors discussed in this study.

In Sect. 3.3 we will show that these errors are particu-
larly important for cloudy scenes. The AMF for a partly
cloudy scene is determined with the independent pixel ap-
proach (Boersma et al., 2007), which assumes that the air
mass factor can be written as a linear combination of a cloudy
and a clear sky air mass factor:

AMFtrop=U)AMFcloud(pc) + (1—w)AMF jear (ps) (3)

where AMFjouq is the AMF for a completely cloudy pixel,
and AMF_je,r the AMF for a completely cloud-free pixel. A
single cloud pressure p. is assumed within a given viewing
scene, p; is the surface pressure. The AMF o4 is obtained
with Eq. (1) with m;=0 for all layers below cloud. The cloud
radiance fraction w is defined as
W= f el
fcllcl +d - fCI)Icr

where f,; is the OMI effective cloud fraction, and /; and 1.,
are the radiances for cloudy and clear scenes, respectively.
1.; mainly depends on the viewing geometry and the assumed
cloud albedo (Koelemeijer et al., 2001) and /., depends on
surface albedo and viewing geometry. The retrieval method
for OMI cloud parameters uses the top-of-atmosphere re-
flectance as a measure to determine cloud fraction, and the
depth of the O,-O, band as a measure to determine cloud
pressure (Acarreta et al., 2004).

“

2.2 Retrieval with effective pixel-average surface
pressures

To calculate more accurate effective pixel-average surface
pressures, the topography height from the global digital
elevation model GTOPO30 (http://eros.usgs.gov/products/
elevation/gtopo30/gtopo30.html) available on a high resolu-
tion (~1x1km?) was averaged over each OMI pixel. The
resulting effective terrain height A of each pixel was con-
verted to an effective surface pressure per based on the
TM4 surface temperature Ty, surface pressure ptms and
topography height Atym4 available in the DOMINO product.
The conversion follows the hypsometric equation and the
assumption that temperature changes linearly with height,
which is often used for reducing measured surface pressures
to sea level (Wallace and Hobbs, 1977):

Tsurf —8/RE
(Tsurf + l—‘(hTM4 - heff)))

Peff = PTM4 X < (5)
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where R=287JTkg ! K~! is the gas constant for dry air,
'=6.5Kkm™! the lapse rate, and g:9.8ms’2 the acceler-
ation by gravity.

The absolute difference between effective and TM4 terrain
height Ah=heg—hTM4 18 plotted in Fig. 2, which demon-
strates the large mismatch in the Alpine region. In the TM4
model, the topography is averaged over extended grid ele-
ments (cf. Fig. 1) leading to an underestimation of the ef-
fective elevation of up to 1400 m for the highest mountains
near the border between Switzerland, France and Italy. Con-
versely, there is an overestimation in the surrounding areas
of up to 500 m over the Swiss plateau and more than 700 m
over the Po Valley in Italy.

With the other forward model parameters kept the same as
in the DOMINO product, the AMFq, and NO; VTC was
first calculated for the TM4 surface pressure ptma, and then
recalculated for the effective surface pressure pefr for all the
pixels within the domain of interest (latitude between 44° N
and 52° N, longitude between 5° E and 12° E) from January
2006 to May 2008. The retrieval with ptm4 in principle re-
produces the DOMINO product. However, we eliminated a
problem in the calculation of box air mass factors close to the
surface which was detected at the beginning of this investi-
gation. For any given pressure the algorithm interpolates the
box AMF between the values at the two neighboring pres-
sure levels of the lookup table, but the lower level may be
located below the surface. In that case the box AMF at the
lower level was assigned a value of zero which resulted in a
too low interpolated box AMF. The magnitude of this error
largely depended on the position of the actual surface pres-
sure relative to the reference points in the lookup table and
therefore its impact on the estimated NO, VTC differed with
location and time. The averaged relative difference between
the NO, VTC (cloud radiance fraction <50%) before and af-
ter elimination of this error was between 10 and 26% over
the Swiss Plateau and the Po valley depending on season.
Elimination of this error increases the air mass factors and
therefore decreases the NO» columns. This problem will be
eliminated in future versions of the DOMINO product. Thus,
it should be kept in mind that even our product retrieved with
PTM4 is not identical to the DOMINO data set up to date.

For the retrieval with pesr the a priori NO; profiles had to
be rescaled vertically to be consistent with pegr. This scaling
is performed in a way that preserves mixing ratios rather than
subcolumns to account for the fact that only mixing ratios
are conserved when a vertical column of air is compressed or
expanded:

eff eff

£f Pp1— P
xS = g x (2L 6)

Pb,l — Dt

where ngf and x,; are the a priori NOy profile with pest

and prma, respectively. p;ff and pfflf are obtained following

Eq. (2) with pegr replacing ptma in the formula. An exam-
ple for the difference between original and rescaled profile is
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presented in Fig. 8. Preserving mixing ratios or subcolumns
makes almost no difference for the calculation of AMFs and
NO; VTCs since it is only the shape of the a priori profile
that matters but not the absolute values.

3 Results and discussion
3.1 Monthly mean and annual cycle

The relative change in retrieved NO, VTC defined as
(VTCett—VTCrMa)/VTCrma was calculated for all snow-
free (surface albedo <0.6) clear sky OMI pixels. Corre-
sponding monthly mean maps are plotted exemplarily for
December and June 2006 in Figs. 3 and 4, respectively, and
for two different thresholds for the cloud radiance fraction of
50% (a), and 10% (b). Observations over snow were elim-
inated because for these pixels it is known that the contrast
between cloud and the surface is too low to make a proper
distinction between the two, leading to an incorrect effec-
tive cloud fraction (King et al., 1992), and therefore an ill-
determined cloud pressure and less reliable retrieval.

Comparing the relative change in retrieved NO; VTCs
in Figs. 3 and 4 to Ah in Fig. 2 shows that for nega-
tive Ah(hetr<hTma, €.2. over the Swiss Plateau and the Po
Valley) NO, VTCs are underestimated when retrieved with
TM4 surface pressure while for positive Ah(hetf>hTM4, €.8.
over the Alps) the columns are overestimated by more than
20% near the highest mountain ranges. Since NO; is gener-
ally low over the mountain regions and the retrieval is more
uncertain due to the complex topography and snow, we fo-
cus on the more polluted areas over the planes. Comparing
Figs. 3 and 4 further suggests that the relative changes in NO;
VTCs are depending on season. For example, NO, VTCs are
underestimated by more than 25% over some places in the Po
Valley in December whereas in June the differences do not
exceed 15%. Another interesting finding is that there is an
obvious difference in the results for the different cloud radi-
ance fraction criteria. For areas with negative Ah, a 50%
threshold results in more serious underestimation of NO;
VTCs than a 10% threshold, and this difference is much more
obvious in December than in June. The large sensitivity of
the results to the selected threshold implies that the relative
change in NO, VTCs is particularly large for the cloudy part
of the pixels, especially in winter. This issue will be dis-
cussed in Sect. 3.3.

For illustration of the seasonal differences, two small ar-
eas were selected over the Swiss Plateau and the Po Valley
(labels A and B in Fig. 2), respectively. The averaged Ah
of the selected areas are about 400 and 700 m, respectively,
corresponding to a difference of about 45 hPa and 80 hPa be-
tween prma and pegr. Figures 5 and 6 show the time series
of monthly averaged NO, VTCs from January 2006 to May
2009 for all pixels centered in areas A and B, respectively,
retrieved with ptms4 (black solid line with square symbols)
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Fig. 2. Difference between effective and TM4 model terrain height
(heff—hTM4) in meters (averaged over January, 2006). The heights
hegr and hTp4 are first determined for each OMI pixel separately
and then mapped onto a fine regular grid by averaging over all pixels
covering a given grid cell. Two areas of interest over the Swiss
Plateau and the Po Valley in northern Italy referred to in the text are
highlighted with labels A (latitude between 47.3° N and 47.6° N,
longitude between 8.2° E and 8.6° E) and B (latitude between 45° N
and 45.3° N, longitude between 8° E and 8.3° E), respectively.

and pegr (black dashed line with diamonds). Winter months
have much higher NO,; VTCs than summer months due to
the increased lifetime of NO; (Schaub et al., 2007). At the
same time, both the absolute (black solid lines with crosses)
and relative changes in NO, VTCs (grey lines) exhibit a sea-
sonal cycle with higher values in winter months. However,
the seasonal cycle of the changes does not necessarily align
with the seasonal cycle of NO, VTCs itself. For pixels with a
cloud radiance fraction lower than 50% the underestimation
of NO;, VTCs reaches values larger than 20% in both areas in
some winter months (Figs. 5a and 6a). The changes in NO;
VTCs are generally smaller over the Swiss Plateau than over
the Po Valley consistent with the smaller altitude shift. In
summer, the relative change is typically of the order of 5%
and the absolute change is rather small due to the much lower
NO;, VTCs. With a cloud radiance fraction threshold of 10%,
the changes in NO, VTCs have a much less pronounced sea-
sonal cycle for both areas (Figs. 5b and 6b). The cause of
this difference will be discussed in Sect. 3.3.

3.2 Sensitivity analysis for cloud free pixels

According to Eq. (1) the AMFqp is entirely determined by
the profile of the altitude dependent box air mass factors m;
and by the a priori NO, profile shape obtained from the TM4
model. The effect of a surface pressure change on these pro-
files is illustrated in Figs. 7 and 8 for the two selected pixels
separately. Comparing Fig. 7a and b it can be seen that the
profiles of m; differ significantly between the two pixels due

Atmos. Meas. Tech., 2, 401-416, 2009
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Fig. 3. Relative change in NO, VTC retrieved with effective surface
pressure pefr instead of TM4 surface pressure pty4 for December
2006. (a) Cloud radiance fraction <50% (corresponds to a cloud
fraction of only about 20%, and has often been used in previous
studies to distinguish between clear and cloudy pixels), (b) Cloud
radiance fraction <10% (much more stringent than (a) and reduces
the data set to virtually cloud-free pixels).

to the large difference in the forward parameters. In the up-
per atmosphere the values approach the geometric air mass
factor which is determined by the SZA and viewing zenith
angle (VZA) (Palmer, 2001). The trends of the two profiles
are similar with decreasing m; towards the ground, which
represents the decreasing sensitivity of the satellite instru-
ment towards the surface due to increased scattering of light
above the level of interest.

The effect of a vertical displacement of the surface on
the box AMF profile may be summarized as follows: For
a given atmospheric layer at a fixed altitude, the box AMF
is reduced over an elevated surface because fewer photons
will be scattered from the atmospheric layers below. How-
ever, for a layer at a fixed altitude relative to the surface (e.g.
0-100 m above ground) the box AMF is enhanced over the
elevated surface because fewer photons are scattered by the
atmosphere above and hence more light reaches the elevated
surface.

Atmos. Meas. Tech., 2, 401-416, 2009
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Fig. 4. Same as Fig. 3 but for June 2006. (a) Cloud radiance fraction
<50%, (b) <10%.

For a systematic analysis of the influence of the differ-
ent retrieval parameters on the topography-related NO; er-
ror, two sets of forward parameters and a priori NO, pro-
files corresponding to the two pixels on 4 August and 1 De-
cember 2006 were selected to represent typical summer and
winter conditions over the Po valley, respectively. The indi-
vidual effects of the a priori NO; profile, SZA, and albedo
as well as their combined effects were then investigated by
systematically replacing each parameter by its value of the
opposing season. The corresponding retrieval parameter set-
tings are listed in Table 1, and the results are shown in Fig. 9.
The TM4 surface pressure was assumed to be 928 hPa in all
cases as a reference point and the effective surface pressure
Petf Was varied about this point over a realistic range thereby
shifting up or down the profiles of box air mass factors and a
priori profiles as described in Sect. 2.2. In the Po Valley, the
differences between pefr and ptma are of the order of 80 hPa.
The relative changes in AMFy;op and NO, VTCs for this spe-
cific point on the sensitivity lines in Fig. 9 are summarized in
Table 1.

The shape of the a priori NO, profile is an important fac-
tor in determining the AMFy, (see Eq. 1). Due to the poor
spatial resolution of the TM4 model the a priori NO; profile
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varies only slowly in space such that our selected profile
is representative for large parts of the Po Valley. As seen
in Fig. 8, the selected winter profile exhibits a pronounced
peak in the boundary layer since vertical mixing is gener-
ally weak in winter, and both the lifetime of NOy and the
emissions are enhanced in this season (Richter et al., 2002;
Jaeglé et al., 2005). In contrast, the selected summer profile
shows a much lower NO; abundance near the ground result-
ing from enhanced vertical mixing and a reduced lifetime.
Figure 9a shows how the sensitivities of the AMFy,p and
NO; VTCs to varying surface pressure change when replac-
ing the winter profile by the summer profile while keeping
all other parameters constant. In comparison to summer, the
more pronounced a priori NO; profile in winter results in a
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stronger sensitivity of the retrieved NO, VTCs to errors in
the assumed surface pressure. This is understandable since
changes in surface pressure most strongly affect the box air
mass factors m; at the lowest levels, and this effect is am-
plified in the computation of AMFy, if the a priori profile
predicts most of the NO, at these levels.

A similar analysis was made for the other two retrieval
parameters changing strongly with season, solar zenith an-
gle and albedo. As seen in Fig. 9b, for the larger SZA in
winter, the relative changes in AMFy, and NO, VTCs are
more sensitive to differences between prya and pegr than for
the smaller angles in summer. This effect thus adds to the
differences observed between winter and summer. Fig. 9c
shows that, in contrast to the two previous parameters, the
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Table 1. Retrieval parameter settings in the case studies of retrieval parameter effects on sensitivity of relative changes in AMFiqp
(AAMFyop) and NO2 VTC (ANO; VTC) respect to change in surface pressure, and the results of selected surface pressure (reference

point pTma=928 hPa, p.s=1008 hPa).

Case  Parameter varied a priori profile Albedo SZA VZA AZA AAMFyop  ANO, VTC
Al iori profil winter profile 0.116 70° 11.5°¢ 122.8° —7.4% 8.0%

A2 Aapnomprofiie o mmerprofile  0.116  70°  11.5°  122.8° —5.0% 5.3%

B1 SZA summer profile  0.116 70° 11.5° 122.8° —5.0% 5.3%

B2 summer profile  0.116 31° 11.5° 122.8° -3.7% 3.86%

Cl1 Ibed summer profile  0.116 31° 11.5° 122.8° —-3.7% 3.86%

c2 Ao summer profile  0.057  31°  11.5° 122.8° —3.8% 3.94%

C3 bined winter profile 0.116 70° 11.5° 122.8° —7.4% 8.0%

cq  COmDING summer profile  0.057  31°  11.5° 122.8° —3.8% 3.94%
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Fig. 7. Profiles of box air mass factors for cloud free pixels in the
Po Valley on (a) 4 August 2006 (longitude: 8.3°, latitude: 45.14°,
albedo=0.057, SZA=31°, AZA=136°, VZA=3°) and (b) 1 De-
cember 2006 (longitude: 8.22°, latitude: 45.12°, albedo=0.116,
SZA=70°, AZA=122.8°, VZA=11.5°). Black lines: For surface
pressure prma. Blue lines: for effective surface pressure pegr. Each
symbol in the curves represents the value at the middle of one of the
34 layers in the TM4 model from the ground to the model top. Due
to the hybrid coordinate system, the location of these layers scales
with the surface pressure (see Eq. 2).

sensitivity of relative changes in AMF;p and NO; VTCs to
changing surface pressure is almost the same in winter and
in summer, even though the largely different albedos have a
significant effect on the absolute values of the AMFyp.

Figure 9d finally illustrates the combined effect of the
three parameters above. For the selected location in the Po
valley, where prm4 is 928 hPa and pegr is 1008 hPa, the rela-
tive NO, VTCs change for cloud-free pixels is about 8% in
winter and 4% in summer. The sensitivity of the retrieval er-
ror to the surface pressure error is thus almost twice as large
in winter as in summer which is mainly a consequence of
the differences in a priori profile shape and SZA as described
above. The other forward model parameters VZA and rela-
tive azimuth angle (AZA) were not included in this sensitiv-
ity study as they do not vary with season but rather within a
single swath.
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Fig. 8. Same as Fig. 7 but for a priori NO, profiles.

3.3 Sensitivity analysis for cloudy pixels

To illustrate the effect of the inaccurate topography for partly
cloudy pixels, we took the same forward model parameters
as for the cloud-free pixel presented in Fig. 7b but assumed a
cloud fraction of 15% and a cloud pressure of 900 hPa. The
profile of box AMFs of the completely cloudy part is shown
in Fig. 10a, and the corresponding profile of the partly cloudy
pixel in Fig. 10b, which is the weighted sum of the values in
Figs. 7b and Fig. 10a. Clouds are modeled as opaque Lam-
bertian reflectors with an albedo of 0.8 (Acarreta et al., 2004).
The sensitivity is enhanced above the bright cloud but drops
to zero below the top of the opaque cloud as seen in Fig. 10a.
The box AMF corresponding to the pressure just larger than
the cloud pressure (903 hPa) behaves like a transition point,
since the cloud is located within this layer, and the fraction of
the layer above the cloud still has non-zero m;. This sudden
change in m; is also reflected in the profile of effective box
AMFs of the partly cloudy pixel shown in Fig. 10b. Below
cloud the box AMFs drop to values much smaller than for
the cloud free case in Fig. 7b.

AMF;op is determined by the m; of the partly cloudy pixel
and the a priori NO; profile according to Eq. (1). Figures 3
and 4 suggest that the AMFy, is generally more sensitive to

www.atmos-meas-tech.net/2/401/2009/



Y. Zhou et al.: Improved tropospheric NO; retrieval for satellite observations

S
@
o
c
©
=
o
u_‘é
=
<
-20 . . . . -20
800 850 900 950 1000 1050
Surface pressure (hPa)
20 20
(©
< 10
@
o
=
2
3] 0
o
=
< -10
-20 . . . . -20
800 850 900 950 1000 1050
Surface pressure (hPa)
¥—X AMF,, change with case1(%)

NO, Column change(%)

NO, Column change(%)

409

20 20
(b)
g
£ g
g 5
S S
%ﬁ £
13 =
L S
< o
z
-20 . . . -20
800 850 900 950 1000 1050
Surface pressure (hPa)
20
g
10 ©
o)}
=4
©
<
o
° E
=
o
o
10 3
z
-20 . . . -20
800 850 900 950 1000 1050
Surface pressure (hPa)
G—*H AMF,, change with case2(%)

&——% NO, Column change with case1(%) A——2A NO, Column change with case2(%)

Fig. 9. Effect of different retrieval parameters on the sensitivity of the change in AMFrop (black lines) and NO, VTC (grey lines) to a change
in surface pressure. The corresponding retrieval parameter settings are listed in Table 1. (a) Effect of a priori NO; profile (case Al: winter
profile, case A2: summer profile), (b) solar zenith angle (case B1: SZA=70°, case B2: SZA=31°), (c¢) albedo (case C1: albedo=0.116, case
C2: albedo=0.057°), (d) combined effect (case D1: winter, case D2: summer).

0 T T
&—< Box AMF
(Prms=928hPa)
X—* Box AMF
(po;=1008hPa)

200

400

600

Pressure (hPa)

800

1000 1000

1200 L L L I
2 3 4
Completely cloudy pixel Box AMF

1200 L L L I
2 3
Partly cloudy pixel Box AMF

Fig. 10. Profiles of box air mass factors for (a) a completely
cloudy pixel (cloud albedo=0.8, cloud pressure=900 hPa, SZA=70°,
AZA=122.8°, VZA=11.5°) and (b) for the same pixel but as-
sumed to be only partly cloudy (surface albedo=0.116, cloud frac-
tion=15%, cloud radiance fraction=38%, cloud pressure=900 hPa).
Black lines: For original surface pressure ptypg. Blue lines: for
effective surface pressure pegr.

the change in terrain height for cloudy pixels than for cloud
free pixels. The reason for this high sensitivity is illustrated
in Fig. 11 showing the situation for a partly cloudy pixel and
a low level cloud. Shifting the surface to a lower effective
pixel altitude (right hand part of Fig. 11), e.g. over the Po
Valley, results in more levels becoming poorly visible to the
satellite and effectively places a larger fraction of the polluted
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|Box AMF
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Effective surface

Fig. 11. Illustration of the inaccurate topography effect on partly
cloudy pixels. Red lines are the a priori NO, profiles, blue dashed
lines the box air mass factors. The cloud level remains unchanged
when the surface is lowered to the effective altitude in the right hand
part of the figure. The a priori NO, profile is scaled to the new
surface level with all polluted layers now located below cloud top
where the sensitivity of the measurement is very low.

part of the NO; profile below the cloud (red line in Fig. 11b).
This results in a much lower AMFyop and correspondingly
higher NO, VTC.

The sensitivity to the surface pressure change depends on
cloud pressure, cloud radiance fraction, and the a priori NO;
profile shape. To demonstrate the cloud pressure dependence
the relative changes in AMF, and NO, VTC are shown in
Fig. 12 as a function of the change in surface pressure for
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Fig. 12. Effect of cloud pressure on the sensitivity of the change
in AMFop (black lines) and NO, VTC (grey lines) to a change
in surface pressure (reference point ptng=928 hPa, cloud frac-
tion=15%).

two different cloud pressures for the winter pixel (retrieval
parameters as in case Al in Table 1). The NO, VTC re-
trieved with pe=1008 hPa instead of pTm4=928 hPa is close
to 40% higher when the cloud is located close to the surface
(cloud pressure=900 hPa), which is a much larger change
than for the cloud free situation. However, when the cloud
is located higher at 850 hPa the increase is only about 10%.
Obviously, these numbers also depend on the assumed cloud
radiance fraction. By varying the cloud radiance fraction
between 0% and 50% for the pixel shown in Fig. 12 (with
ptM4=928 hPa and p.=1008 hPa), for example, we found
that the NO, VTC difference varies linearly from about 8%
(cloud radiance fraction=0%) to 55% (cloud radiance frac-
tion=50%) for a cloud with a pressure of 900 hPa, but only
from 8% to 12.5% for a cloud with a pressure of 850 hPa.

Interestingly, the very high sensitivity to surface pressure
only occurs over a range of about 50 hPa below cloud, which
corresponds to the depth of the boundary layer with elevated
NO; in Fig. 8b. Thus, for a cloud located inside the polluted
boundary layer the retrieval error due to inaccurate surface
pressure is large, especially in the winter season with pro-
nounced NO; in the boundary layer. Conversely, when the
cloud is located above the boundary layer, the retrieval er-
ror is comparatively small and similar to the cloud free case.
Low clouds were frequently observed over some areas in the
Po Valley during winter. For example, the monthly mean
cloud pressure over area B in Fig. 2 was 917 hPa in December
2006, which contrasts with a much lower pressure of 789 hPa
in June 2006. The predominance of low clouds likely ex-
plains the very high relative changes in retrieved NO, VTCs
in December 2006 over some areas in Fig. 3a.
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The high sensitivity of our results to the cloud pressure
highlights the importance of an accurate retrieval of cloud
parameters. However, a recent comparison of the OMI cloud
retrieval with other cloud products indicated that the uncer-
tainty in retrieved cloud pressures is probably larger than
50hPa and can be significantly larger for small cloud frac-
tions below 20% (Sneep et al., 2008). Improvements in
the representation of the surface may thus easily be offset
by cloud effects. It should be noted that by adopting the
GTOPO30 data set the NO» retrieval becomes more consis-
tent with the OMI cloud retrieval which is already using a
high-resolution topography data set.

4 Validation

4.1 Calculation of tropospheric NO,; VTCs from
ground-based measurements

In-situ ground-based measurements of NO, for the pe-
riod January 2006 to December 2007 were obtained from
two sources, from the Swiss National Air Pollution Mon-
itoring Network (NABEL) (http://www.bafu.admin.ch/luft/
00612/00625/index.html) for stations over the Swiss plateau,
and from the Lombardy Regional Agency for Environmental
Protection (ARPA), Italy, for stations in the Po Valley/Milano
area (http://www.ambiente.regione.lombardia.it). From a to-
tal of more than 100 stations only 35 were selected for the
validation. All the selected stations are background stations
not affected by local traffic or industrial pollution sources,
and have a data coverage of more than 80% at the time of the
OMI overpass during the analysis period. At these stations,
nitrogen oxides are measured using commercial instruments
with molybdenum converters. NO» is catalytically converted
to NO on a heated molybdenum surface, and then measured
as NO by chemiluminescence after reaction with ozone. It
is well known that these converters do not only convert NO;
but also other odd nitrogen species such as PAN, HNO3 and
organic nitrates to NO (Winer et al., 1974; Grosjean and Har-
rison, 1985; Steinbacher et al., 2007). Nevertheless, it is the
standard method applied in air quality monitoring networks.
In a similar study using the Lombardy station network for
validation of GOME observations, Ordoéiiez et al. (2006)
quantified the interference in the molybdenum converter at
GOME overpass time based on simultaneous measurements
of surface NO; performed with a photolytic converter (se-
lective for NO> only) and a molybdenum converter at the
rural site Taenikon (47.47° N, 8.90° E, 539 ma.s.l.), Switzer-
land, during the period 1995-2001. The ratios of the monthly
medians of these two measurements on sunny days (pho-
tolytic divided by molybdenum) at GOME overpass time
(~10:30LT) were then used as factors to correct the molyb-
denum converter measurements. As a first approximation,
we followed the same approach yet quantifying the interfer-
ence at the overpass time of OMI instead of GOME. The
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calculated monthly correction factors are shown in Table 2.
The ratios show a clear seasonal cycle with a summertime
minimum. This is expected since during the warm season
the photochemistry leads to a higher production of oxidized
nitrogen species such as HNO3z and PAN which results in a
more pronounced overestimation of the NO, surface concen-
trations. The ratios at OMI overpass time differ by less than
5% from those of Ordéiiez et al. (2006) at GOME overpass
time from October to January but are about 10% lower in the
other months due to the more pronounced diurnal cycles of
the interference with a larger overestimation of NO, concen-
trations in the afternoon than in the morning (Steinbacher et
al., 2007).

Monthly mean ratios can not reflect the potentially large
temporal and spatial variations in the ratios due to varying
photochemistry. In this study we therefore adopt the refined
correction method proposed by Steinbacher et al. (2007)
which models the ratios by a multiple linear regression ap-
proach using daily O3 mixing ratios as a proxy for pho-
tochemical activity and month as a factor variable to esti-
mate the seasonal variation. We used the same regression
coefficients as Steinbacher et al. (2007) which are based on
an analysis of the same Taenikon data used by Ordoiez et
al. (2006). We then corrected the NO, measurements for
each station separately using the ozone data of the respective
station if available. For 7 out of 35 stations no ozone mea-
surements were available and therefore the monthly median
ratios of the Taenikon data had to be used. For comparison,
Table 2 also lists the monthly median correction factors de-
duced from the regression approach for the 28 stations with
O3 measurements. The regression-based median ratios are
slightly smaller (up to —6.3%) in winter but are significantly
higher (that is closer to one corresponding to a smaller cor-
rection) in the other seasons compared to Taenikon monthly
median ratios with a maximal relative difference as high as
58.4% in August. The reason for this is that the Po valley
stations tend to be more polluted and closer to the pollution
sources than the station Taenikon and therefore the interfer-
ences from higher oxidized NOy species tend to be smaller.
In winter the overestimation of NO; by molybdenum con-
verters is smallest and therefore the results are more reliable
in this season.

Hourly NO; measurements averaged over 13:00-14:00 LT
were used for the comparison with the NO, VTCs measured
from OMI at about 13:30 LT. Only measurements coincident
with a valid OMI observation (see selection criteria below)
and only days with a surface NO, mixing ratio larger than
1 ppb were considered since the instrument detection limit
for NO, is approximately 1 ppb (NABEL, 2007). For quan-
titative comparison with the satellite observations, corrected
NO, mixing ratios measured at the surface were scaled to
NO> VTCs using the same TM4 vertical NO; profiles used
also as a priori. These profiles are representative for the time
and location of each OMI observation. The “ground based
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Table 2. Monthly medians of the ratio of NO, measurements per-
formed with photolytic and molybdenum converters at Taenikon,
Switzerland, under clear-sky conditions (sunshine fraction of at
least 0.8) from 13:00 to 14:00 LT during the period January 1995
to mid-August 2001 (applied for the 7 stations without ozone mea-
surements). The second column shows monthly medians of the
correction factors (mean corrected NO, divided by mean measured
NO; for each station) based on regression analysis of the 28 stations
with ozone measurements. The relative differences between the two
median ratios ((regression ratio-Taenikon ratio)/Taenikon ratio) are
also shown.

Month Median ratio  Median ratio Relative
difference

(Taenikon)  (Regression) (%)

January 0.850 0.822 —-33
February 0.774 0.726 —6.3
March 0.667 0.696 4.4
April 0.537 0.653 21.6
May 0.463 0.669 44.6
June 0.488 0.668 36.9
July 0.466 0.722 54.9
August 0.517 0.819 58.4
September 0.647 0.856 32.3
October 0.767 0.866 129
November 0.806 0.870 79
December 0.873 0.855 —2.1

in-situ NO, VTCs” were calculated according to:

VTCo= TC™E g 7
ST™4

where S represents the surface level mixing ratio and sub-
script G denotes ground based measurement. VTCrpyg is
calculated by summing up the TM4 model subcolumns from
the surface to the tropopause level. Stma is the NO; mixing
ratio of the model at the lowest level. For comparison with
the OMI NO, VTCs retrieved with ptyvua, the original TM4
profile was used. For comparison with the OMI NO, VTCs
retrieved with pegr, however, the profile scaled to the effec-
tive surface pressure following Eq. (6) was used. Due to our
choice of preserving mixing ratios in the rescaled NO; pro-
file, the VTCg calculated with pty4 are somewhat smaller
than those calculated with the higher effective surface pres-
sure pefr. These differences are of a similar order but gen-
erally smaller than the differences between the satellite NO,
VTC obtained for ptma and pefr. Note that, as mentioned at
the end of Sect. 2, the differences in the OMI NO, VTC are
a result of the differences in the box AMFs near the surface
rather than of the conservation of mixing ratios.

The selection of OMI pixels was based on the following
criteria: (1) pixel center within 10 km of the station and east-
west extension of the pixel of less than 70 km, (2) cloud radi-
ance fraction lower than 50%, (3) albedo smaller than 0.6 to
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exclude snow cover. If there was more than one pixel meet-
ing the criteria on the same day then the OMI pixel with the
smallest effective cloud fraction was selected. The thresh-
olds for these criteria were set to balance data quality with a
sufficient number of measurements for good statistics.

4.2 Comparison of in situ and OMI tropospheric
NO;, VTCs

Figure 13 shows the correlation coefficients (r) between in-
situ and OMI NO, VTCs retrieved with pegr. For most of
the stations, the in-situ NO, VTCs are well correlated with
the satellite observations, with r ranging from 0.6 to 0.82 for,
on average, 180 data points per station. Poorer correlations
are observed for a few elevated stations in the pre-Alps. Due
to enhanced spatial variability, both the representativeness of
the surface measurement itself and the representativeness of
the a priori profile for these stations become more uncertain.

The measurement sites are classified by land use type as
rural, suburban and urban. The medians of the ratios at each
station between seasonal means of the OMI and in-situ NO,
VTCs are shown in Fig. 14 for each station type separately.
For urban stations, the ratios are closer to unity in all four
seasons compared to rural and suburban stations. As re-
ported by Boersma et al. (2009), good agreement between
OMI and in situ measurements was also found for Israeli ur-
ban stations. The retrieval with accurate surface pressure pesr
improves the agreement in winter for both urban and subur-
ban stations where the retrieval with ptymg4 underestimates
NO;, VTCs. For rural and suburban stations, the ratios ex-
hibit a pronounced seasonal variation with highest ratios in
spring months suggesting a significant overestimation of the
OMI NO;, VTCs in this season. It is important to note, how-
ever, that in these cases the absolute values and also the ab-
solute differences between OMI and in-situ NO, VTCs are
small, with an average absolute overestimation of 4.3 and 3.4
(10" molecules cm~?) for rural and suburban stations, re-
spectively. Lamsal et al. (2008) reported similar differences
between OMI and in situ measurements over North America
with strongest overestimation in summer. They concluded
that the larger seasonal bias at rural sites suggests an incom-
plete removal of stratospheric NO; which has a larger rela-
tive effect where tropospheric NO» columns are lower. How-
ever, different from Lamsal et al. (2008), the ratios are larger
than one in most of the seasons for rural and suburban sta-
tions in our study, which may be explained by the use of dif-
ferent OMI NO» products (standard product from NASA ver-
sus our modified DOMINO product). As suggested by Buc-
sela et al. (2008), the NASA and KNMI algorithms produce
significantly different tropospheric NO, amounts mainly due
to the different retrieval parameters used.

Two examples of the comparison between OMI and in-situ
NO; VTCs at individual stations are shown in Fig. 15 for
the rural station Motta (45.29° N, 9° E) and the urban station
Pavia (45.19°N, 9.16° E). The OMI VTCs follow the sea-
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Fig. 13. Topographic map of the Alpine domain with all in situ
measurement stations used for validation shown as colored sym-
bols. Colors are correlation coefficients (r) between the in-situ and
OMI NO, VTCs retrieved with effective surface pressure pegr for
measurements in 2006 and 2007. Circles represent rural, triangles
suburban and diamonds urban stations.
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Fig. 14. Medians of the ratios of seasonal mean of OMI NO, VTCs
and seasonal mean of in-situ NO, VTCs (OMI mean divided by
in situ mean for each station). The vertical lines depict the central
half of the data between the lower (gg5) and the upper quartile
(90.75)- The measurement sites are classified by land use type as
rural, suburban and urban. The number of stations included is given
in parentheses.

sonal variation of the in situ VTC data very well, but the OMI
columns tend to be too high at the rural station Motta in all
months, and to be too low at the urban station Pavia in winter
and fall. A weighted least squares orthogonal regression was
performed for each station which considers the uncertainties
in both measurements and minimizes the distances in both
y- and x-direction by a chi-square minimization procedure
(Press et al., 1992). The uncertainties of the OMI NO; VTCs
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(albedo lower than 0.6) days considered for each month during the two year period 2006-2007. The right column shows the corresponding
regression analysis for all individual OMI NO, VTCs versus in situ NOy VTCs at (b) Motta and (d) Pavia. Black stars indicate VTCs
retrieved with pegy, grey crosses with pyvig. Dotted lines are the 1:1 lines, black and grey solid lines are the weighted orthogonal fits to the

data with pegr and pTma, respectively.

were taken to be the estimates of the tropospheric column
error as provided in the DOMINO product following the ap-
proach of Boersma et al. (2004). For the majority of the OMI
pixels, this uncertainty ranges from 30% to 60% of the NO»
VTCs. The uncertainties of the in-situ NO, VTCs were com-
puted as the square root of the sum of the squares of two inde-
pendent errors: (1) The representativeness uncertainty, which
depends on how well the TM4 NO, vertical profile used in
calculating the in-situ NO, column represents the real NO,
profile at the location of the station, and also how well the
station NO; represents the NO, abundance over the whole
extent of an OMI pixel. This uncertainty is assumed to be
20% of the in-situ NO, VTCs. (2) The uncertainty due to
the in situ measurement error, which is estimated as the sum
of the instrument detection limit (1 ppb) and a measurement
accuracy of 10% of the NO, mixing ratio (NABEL, 2007).
The uncertainty of the in situ NO; is converted to a column
uncertainty using Eq. (7).

For both stations the slope of the regression line is closer
to one when retrieved with pefr implying a better agreement
between in situ and OMI VTCs. For the station Pavia this is
clearly a result of the better agreement of OMI NO; columns
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retrieved with pegr in winter and fall. It is interesting to see
that both slope and correlation are improved with pesr for the
rural station Motta while the corresponding monthly mean
OMI VTCs tend to be more strongly overestimated. This
may be explained by the fact that the points with strong over-
estimation in the upper left part of the figure have little influ-
ence on the regression analysis due to their high uncertainties
while they significantly contribute to the monthly means. In
summary, it may be concluded that the amplitude of the sea-
sonal variations of NO, VTCs over the Po Valley and the
Swiss Plateau is better captured with our enhanced retrieval
due to the increases in autumn and winter while the problem
of overestimation of the lowest columns in spring and sum-
mer remains.

5 Discussion and conclusions

An improved NO; retrieval for satellite observations over
mountainous terrain was presented and applied to more than
two years of OMI observations over the Alpine region and
the adjacent planes. The method eliminates topography-
related biases caused by the use of a too coarse surface
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pressure (or altitude) data in the DOMINO retrieval. Accu-
rate pixel-average surface pressures were calculated by cor-
recting the original values with information from a high res-
olution topography model. A priori NO; profiles used in the
retrieval were then scaled to the new surface pressures and
tropospheric AMFs and NO, VTCs were recomputed using
a modified version of the DOMINO retrieval algorithm.

The comparison between original and enhanced retrieval
indicates that the coarse surface pressure data set lead to a
significant overestimation of NO, VTCs over the Alps and
an underestimation over the adjacent planes. For clear sky
observations with a threshold for the cloud radiance frac-
tion of 50% the original retrieval is about 25% too low in
winter and about 5% in summer over the Po Valley and the
Swiss Plateau. However, these errors are much smaller when
a more stringent threshold for the cloud radiance fracton of
10% is applied, which reduces the data set to essentially
cloud-free pixels.

These findings differ from those of our previous study
published by Schaub et al. (2007), which estimated the
topography-related error to 13-38% for cloud free pixels over
the Swiss plateau. The main reason for this discrepancy is
the error detected in the interpolation of box AMFs from
the lookup table described earlier. The results by Schaub
et al. (2007) were based on a few selected cases only with
specific prma and pefr. Unfortunately, the pegr of the limited
pixels (~960 hPa) analyzed by Schaub et al. (2007) (as listed
in their Table 2) were located near the position with largest
errors, while errors at ptyg are much smaller. This causes a
very high sensitivity to surface pressure changes. This lower
part of the profile is particularly important in determining the
AMFop following Eq. (1) since the a priori NO; profile x,
has highest values in the boundary layer close to the ground
as shown in Fig. 8. Moving the surface down into a region
where the interpolation errors were much larger therefore re-
sulted in much too large changes in AMFs and NO; VTCs in
their sensitivity study.

Schaub et al. (2007) tried to explain this high sensitivity
by assuming that with the surface level shifted to a lower
altitude the profile of box air mass factors would be a simple
extension of the original profile to the lower altitude (as in
their Fig. 13). This would result in a strong reduction in box
airmass factors near the surface and hence a strong sensitivity
of the AMFy, to surface pressure changes. However, this
explanation is an oversimplification since the profiles are not
extended but rather rescaled to the new surface altitude as
shown in our Figs. 7 and 8, which results in a more moderate
sensitivity.

The strong dependence of our results on the chosen cloud
radiance threshold suggests that the AMFs calculated for the
cloudy part of the pixels are more sensitive to errors in sur-
face pressure than the AMFs of the clear part. This was con-
firmed by a detailed analysis for a partly cloudy pixel which
further revealed that this sensitivity is particularly large when
the cloud is located inside the polluted boundary layer.
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To examine the reason for the pronounced seasonal dif-
ferences of our results we performed a systematic sensitivity
analysis of the dependence of the topography-related error on
those retrieval parameters changing with season. For cloud
free pixels, the seasonal differences in the a priori NO, pro-
file shape was found to be the dominating factor. Differences
in SZA were also found to be important while changes in
albedo had no significant effect. Overall, the sensitivity of
the retrieval error to the surface pressure error is almost twice
as large in winter as in summer.

To analyze the influence of the improved treatment of the
topography on the quality of the retrieved NO; VTCs we
compared the original and enhanced OMI data with NO,
VTCs deduced from ground-based in situ measurements.
Our validation focused on 35 selected stations over the Swiss
plateau (station Taenikon) and the Po Valley in Italy where
the effects of inaccurate surface pressure are the largest.
Only background stations in urban, suburban and rural en-
vironments were selected as they are less affected by nearby
sources and are therefore expected to be representative for
their respective environment. The in-situ NO, measurements
were corrected for known interferences from higher oxidized
nitrogen species such as PAN and HNOs using ozone as
a proxy for photochemical activity as proposed by Stein-
bacher et al. (2006). Corrected NO, mixing ratios were then
scaled to NO, VTCs using NO» vertical profiles from the
TM4 model. With the accurate surface pressure data set,
in-situ and OMI NO, VTCs exhibit a significant correlation
(r=0.6-0.82) for most stations. A particularly good agree-
ment between OMI and in situ measurements in terms of both
correlation and absolute values was found for urban back-
ground stations in the Po valley. Considering that the uncer-
tainty in vertical NO, columns derived from the in situ mea-
surements is generally larger than the differences between
the original and new retrieval, it is difficult to draw firm con-
clusions from this validation. Conclusions for winter and fall
are more robust since the uncertainties in the correction fac-
tors applied to the in situ measurements are smallest in these
seasons. The most significant improvement seen with the
new retrieval is therefore its better agreement for both urban
and suburban stations as it partially corrects the underestima-
tion of NO, VTCs retrieved with ptyva. However, for rural
and suburban stations, the ratios between OMI and in-situ
NO; VTCs exhibit an obvious seasonal variation with high-
est values close to 2 in spring months.

This work is only the first step in a process of replacing
the external parameters used for the retrieval by more accu-
rate high-resolution data sets. Work on an improved ground
reflectance data set is in progress and will be followed by re-
placing NO, a priori profiles by output from a regional scale
model. It is expected that these changes will be more impor-
tant than the topography effects discussed here. However,
only when all these parameters will be available at a resolu-
tion appropriate for the scale of an individual satellite pixel a
consistent retrieval will be possible.
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