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[1] A global nine-year archive of monthly tropospheric NO2 data acquired by the SCanning
Imaging Absorption spectroMeter for Atmospheric CartograpHY (SCIAMACHY)
instrument was analyzed with respect to trends between August 2002 and August 2011.
In the past, similar studies relied on combining data from multiple sensors; however,
the length of the SCIAMACHY data set now for the first time allows utilization of a
consistent time series from just a single sensor for mapping NO2 trends at comparatively
high horizontal resolution (0.25�). This study provides an updated analysis of global
patterns in NO2 trends and finds that previously reported decreases in tropospheric
NO2 over Europe and the United States as well as strong increases over China and
several megacities in Asia have continued in recent years. Positive trends of up to
4.05 (�0.41) � 1015 molecules cm�2 yr�1 and up to 19.7 (�1.9) % yr�1 were found
over China, with the regional mean trend being 7.3 (�3.1) % yr�1. The megacity with the
most rapid relative increase was found to be Dhaka in Bangladesh. Subsequently focusing
on Europe, the study further analyzes trends by country and finds significantly decreasing
trends for seven countries ranging from �3.0 (�1.6) % yr�1 to �4.5 (�2.3) % yr�1.
A comparison of the satellite data with station data indicates that the trends derived from
both sources show substantial differences on the station scale, i.e., when comparing a station
trend directly with the equivalent satellite-derived trend at the same location, but provide
quite similar large-scale spatial patterns. Finally, the SCIAMACHY-derived NO2 trends are
compared with equivalent trends in NO2 concentration computed using the Co-operative
Programme for Monitoring and Evaluation of the Long-range Transmission of Air
Pollutants in Europe (EMEP) model. The results show that the spatial patterns in trends
computed from both data sources mostly agree in Central and Western Europe, whereas
substantial differences are found in Eastern Europe.
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1. Introduction

[2] Nitrogen dioxide (NO2) is one of most prominent air
pollutants and is emitted primarily by combustion processes
resulting from transportation, industry, and power plants
[Seinfeld and Pandis, 2006]. While NO2 concentrations have
been observed for air quality purposes at the station level for
many decades, such station measurements are often limited in
spatial coverage and/or density. More recently, space obser-
vations of NO2 have become available and now allow for
spatially continuous mapping of NO2 at regional, continental,
and global scales.

[3] Operational satellite remote sensing of NO2 has been
carried out since 1995 when the Global Ozone Monitoring
Experiment (GOME) [Burrows et al., 1999; Richter and
Burrows, 2002] was first launched. Beginning in 2002, the
observations were continued by the SCIAMACHY (SCan-
ning Imaging Absorption spectroMeter for Atmospheric
CartograpHY) sensor onboard of Envisat [Bovensmann
et al., 1999; Gottwald et al., 2006], and subsequently com-
plemented in 2004 by the Ozone Monitoring Instrument
(OMI) [Levelt et al., 2006] as well as the Global Ozone
Monitoring Experiment-2 (GOME-2) instrument in 2006
[Munro et al., 2006].
[4] The comprehensive data archive provided by these

sensors allows for quantifying global and regional trends in
NO2 concentration. Several studies have investigated this,
although this was always done using a combination of sev-
eral sensors due to the brevity of each sensor’s time series.
For example, several satellite-based studies have investi-
gated the recent increase in tropospheric NO2 over China
[Richter et al., 2005; van der A et al., 2006]. Richter et al.
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[2005] also found a decrease in tropospheric NO2 emissions
over parts of Europe. van der A et al. [2008] studied global
NO2 trends and seasonal variability from both GOME and
SCIAMACHY between 1996 and 2006. Also using a com-
bined GOME and SCIAMACHY data set in conjunction
with a continental-scale air quality model, Konovalov et al.
[2008] studied summertime trends in European NOx emis-
sions between 1996 and 2005. More recently, and using an
updated methodology, Konovalov et al. [2010] also reported
on summertime trends in NOx emissions for European and
Middle-Eastern megacities. Furthermore, Kim et al. [2006]
used a combination of GOME and SCIAMACHY data to
determine decreasing trends of NOx emissions over power
plants in the United States. Using a similar data set, Ghude
et al. [2008] estimated continental-scale NO2 trends and
Ghude et al. [2009] provided estimates of NO2 trends for
megacities in India.
[5] Due to the, at the time, short record length of

available SCIAMACHY data, all of the above mentioned
studies needed to combine data from both GOME and
SCIAMACHY in order to derive a time series long enough
for trend analysis. At the time of this study, however, nearly a
full decade of SCIAMACHY data is available and it is thus
possible and worthwhile to investigate to what extent this
data alone can be used to derive trends in tropospheric NO2

concentrations. This approach avoids potential uncertainty
associated with the combination of data from two different
instruments, such as differences in spatial resolution, sensor
calibration, local overpass time, and retrieval algorithms.
More specifically, using solely SCIAMACHY data allows
for the analysis of a stable and homogeneous time series
generated using a consistent retrieval algorithm and in addi-
tion avoids resampling to the coarser spatial resolution of
GOME data, and therefore allows for spatially more detailed
trend maps.
[6] As such, the primary objective of this study is to

investigate the general potential of a single-sensor 9-year
SCIAMACHY data set for temporal analysis of NO2 by
mapping trends in tropospheric NO2 column on a global
scale and comparing the results with those obtained from
other data sources. In this study we therefore first present an
updated analysis of global tropospheric NO2 trends between
2002 and 2011 based solely on SCIAMACHY data and
subsequently focus on a Europe-wide comparison of these
results with similar trends derived from station observations
and from NO2 concentrations and NOx emissions from the
Co-operative Programme for Monitoring and Evaluation of
the Long-range Transmission of Air Pollutants in Europe
(EMEP) model [Simpson et al., 2003].

2. Data and Methods

2.1. Satellite Data

[7] Data from the SCIAMACHY sensor onboard of
the European Space Agency’s Envisat platform was used for
the purposes of this project as it currently provides the lon-
gest single-sensor time series of NO2. SCIAMACHY is a
hyperspectral UV/VIS/NIR passive imaging grating spec-
trometer observing the wavelength range of 214–2386 nm
[Bovensmann et al., 1999; Gottwald et al., 2006]. Its over-
pass time is approximately 10:00 LST at the equator.
Monthly averaged SCIAMACHY NO2 data were obtained

from the Tropospheric Emission Monitoring Internet Service
(TEMIS) web site. The NO2 product is based on a combined
retrieval and modeling approach developed at the Royal
Netherlands Meteorological Institute (KNMI).
[8] In short, the NO2 retrieval is based on three steps: The

first step of the algorithm consists of a Differential Optical
Absorption Spectroscopy (DOAS) retrieval of the total slant
column of NO2 from the measured spectrum, where absorp-
tion cross sections of NO2, ozone, H2O as well as a synthetic
ring spectrum are taken into account, and a fifth order poly-
nomial is included in the fit to account for scattering effects.
[9] The second step consists of the separation of the

stratospheric and tropospheric NO2 contributions to the total
NO2 column, where the stratospheric NO2 column is esti-
mated by assimilating total slant columns in the TM4
chemistry transport model [Dentener et al., 2003; Boersma
et al., 2007]. The third and final step of the retrieval is the
conversion of the tropospheric NO2 slant columns into ver-
tical columns using a calculated Air-Mass Factor (AMF).
Further details on the specific retrieval methodology can be
found in Boersma et al. [2004, 2007, 2011], as well as on the
TEMIS web site (www.temis.nl). Solely data reprocessed
with version 2.0 of the retrieval algorithm was used.
Improvements in version 2.0 over previous versions of the
retrieval algorithm include an updated albedo database,
a modified calculation of the air mass factor, a correction of
the surface height calculation, a correction of the weekly
cycle in NOx emissions, as well as an increased number of
NOx tracers in the applied chemical transport model
[Boersma et al., 2011]. The NO2 data set used here only
considered cloud radiance fractions of less than 50%. It was
also resampled from the original SCIAMACHY spatial res-
olution to a 0.25 � 0.25 degree grid. For this study, monthly
data between August 2002 and August 2011 was available.
[10] Although the NO2 data set used in this study is based

to some extent on data assimilation using the TM4 model
[Dentener et al., 2003; Boersma et al., 2007], it is almost
independent of the used emission inventory due to the
retrieval set-up. The data assimilation results are mainly used
to provide the stratospheric NO2 column in the second step.
This stratospheric column is virtually independent of the
used emission database. For the calculation of the AMF in the
third step knowledge of the profile shape of the vertical NO2

distribution is needed. This profile shape is also taken from
the data assimilation. However, the profile shape is inde-
pendent of the emissions, since the data assimilation is scal-
ing the NO2 column with conservation of the shape. In
conclusion, the NO2 data are considered as retrieval results
independent of emission data.

2.2. Trend Analysis

[11] In order to compute trends from the satellite data we
follow the methodology suggested by Weatherhead et al.
[1998] and later applied by van der A et al. [2006], Good
et al. [2007], and van der A et al. [2008] for fitting a sea-
sonal signal and a linear trend to monthly data. The monthly
average NO2 tropospheric column Ct at time t (in months)
was thus modeled as

Ct ¼ mþ St þ 1

12
wt þ Rt ð1Þ

SCHNEIDER AND VAN DER A: GLOBAL NO2 TRENDS OBSERVED FROM SPACE D16309D16309

2 of 17



where m is a constant, St is a seasonal component, w is a linear
trend and Rt is the residual variability. The seasonal compo-
nent St is modeled as

St ¼
X4
j¼1

b1;j sin
2pjt
12

� �
þ b2;j cos

2pjt
12

� �� �
ð2Þ

where b1,1 through b2,4 are coefficients of the fit. The resid-
ual variability Rt is assumed to be autoregressive of order 1
and was modeled as

Rt ¼ fRt�1 þ �t ð3Þ

where f is the first order autocorrelation and � is a random
error component.
[12] The significance of the trend [Santer et al., 2000] was

computed based on the suggestion of Tiao et al. [1990] and
Weatherhead et al. [1998] such that a trend w is considered
to be significant and to represent a real geophysical trend
with a 95% confidence when |w/sw| > tw, where sw is the
uncertainty of the trend and tw is the value of the Student’s t-
distribution for a significance level of a = 0.05 and the
degrees of freedom given for the time series [Santer et al.,
2000]. This approach slightly differs from previous studies,
which assume a constant value of tw = 2 [Tiao et al., 1990;
Weatherhead et al., 1998; van der A et al., 2006]. Finally, sw
is approximated according to Weatherhead et al. [1998] as

sw ¼ sr

n3=2

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ f
1� f

s" #
ð4Þ

where sr is the standard deviation of the de-trended resi-
duals, n is the number of years with available data, and f is
the first-order autocorrelation. In order to eliminate spurious
significant trends for time series with extremely low long-
term averaged NO2 column values C that are obviously
below the uncertainty threshold of the satellite data (pri-
marily over the oceans), the uncertainty for such time series
was computed differently. If sw as computed in Equation 4
was found to be less than a minimum uncertainty value of
smin ¼ 0:65þ 0:3 � C [Boersma et al., 2009] with C given
in �1015 molecules cm�2, sw was set equal to smin. In addi-
tion, trends were only computed for grid cells that exhibited
a 9-year average of at least 1 � 1015 molecules cm�2.
[13] Country averages were only computed when the sat-

ellite was able to provide data year-round, i.e. countries
affected by polar night (Norway, Sweden, Iceland, and
Finland) were not included in the analysis in order not to
introduce a sampling bias for these countries. Furthermore a
monthly country mean was only computed if at least 90% of
the grid cells within the country boundaries exhibited valid
NO2 retrievals for this particular month. If trends are given
for a specific place other than the country scale, unless oth-
erwise noted the value was computed as the average trend
over 3 � 3 grid cells centered over the coordinates of the
location. Extreme outliers in the monthly data with a signif-
icance level of a < 0.001 were eliminated from each time
series prior to calculation of a trend using an iterative
implementation of the Grubbs Test [Grubbs, 1969].

2.3. EMEP Data

[14] For a comparison of the satellite-derived NO2 trends
with model results, data from the Unified EMEP model was
used. The model is described in detail in Simpson et al.
[2003]. The data used was 1) gridded modeled tropospheric
column of NO2 for direct comparison with the satellite
data 2) gridded modeled surface NO2 concentrations and 3)
gridded NOx emissions used as the input to the model. The
data sets were obtained from the Meteorological Synthesiz-
ing Centre-West of EMEP (MSC-W) at the Norwegian
Meteorological Institute.
[15] The EMEP model uses emissions collected by the

Centre on Emission Inventories and Projections (CEIP) within
the framework of the Co-operative program for monitoring
and evaluation of long range transmission of air pollutants in
Europe. A new emission inventory is produced every year at a
50 km by 50 km spatial resolution and is available at www.
ceip.at. There are two versions of the inventory, one contain-
ing the official emissions as submitted by each party and one
containing emissions that have been corrected and gap-filled.
The latter version is used for running the EMEP model. More
details on the emission inventory used for the EMEP model
can be found in Mareckova et al. [2009].
[16] All data obtained from the EMEPmodel were available

as gridded annual averages for the period 2002 to 2009. Data
obtained from slightly different model versions had to be used
for the approximately first and second half of the study period
since no single model run covered the entire period. For the
years 2002 to 2004 the Unified EMEP Model version 3.6 was
used, whereas for the years 2005 to 2009 the EMEP/MSC-W
Model version v2011-06 was used. A comparison during the
overlap period of the two model versions (2005–2008)
revealed nomajor differences with respect to spatial patterns in
NO2 except for a slight offset in values of the tropospheric
NO2 columns. The 2002–2004 version 3.6 NO2 column data
were corrected by this offset in order to make it match the data
set used between 2005 and 2009. All EMEP data sets were
provided in a gridded format at 50 � 50 km2 horizontal reso-
lution. For all comparisons with the EMEP model data, trends
for SCIAMACHY NO2 were recomputed specifically for the
period August 2002 to December 2009 following the same
methodology as described above. Note that the first 7 months
of 2002 were not available for the satellite data set, however a
closer investigation showed that this did not significantly alter
the satellite trend over this period as it is based on monthly
means rather than annual means. It was therefore decided to
include the year 2002 in this analysis to achieve the maximum
possible record length for comparison of the two data sets.

2.4. Station Data

[17] Europe-wide station observations of NO2 were
acquired from the European Air Quality Database (AirBase).
Values of mean annual NO2 concentration between 2002 and
2009 were available. Only background stations were con-
sidered for the purposes of this study. In addition, only sta-
tions with available data for all eight years of the study period
were considered for computing station trends, thus resulting
in a final number of 793 stations used. As the station data
were available as annual means, the corresponding trends
were computed using linear regression of the annual mean
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values. Trends were also calculated non-parametrically
using Sen’s slope [Sen, 1968; Gilbert, 1987], yet the results
of both methods were so similar that only the standard
regression results are given. For all comparisons with the
station data, trends for SCIAMACHY NO2 were recomputed
from monthly mean data specifically for the period August
2002 to December 2009 following the same methodology as
described above.

3. Results and Discussion

[18] In the following section we present the results of the
study, which are roughly divided into three parts. The main
focus lies in the spatial and temporal description of the
trends found from SCIAMACHY for the August 2002 to
August 2011 period. Global spatial patterns in trends are
analyzed and trend values for the world’s major megacities
are given before the focus turns to Europe and a discussion
of country-level average trends is given. Subsequently, these
results are briefly compared to similar trends obtained from
station data and from output of the EMEP model.

3.1. Trends From SCIAMACHY

[19] The presentation of the results obtained from the trend
analysis of the SCIAMACHY data is structured in two parts.
First, major global patterns in NO2 trends are analyzed. This
is subsequently followed by a more detailed look at trends in
Europe.
3.1.1. Global Trend Patterns
[20] Figures 1 and 2 show the global patterns of trends

derived from SCIAMACHY data between August 2002 and
August 2011 in absolute and relative terms, respectively.
Only trends statistically significant at the 95% level are
shown. The most prominent feature is the area of strong NO2

increase over eastern China. This phenomenon has been
reported earlier utilizing primarily GOME data by Richter
et al. [2005] and van der A et al. [2006]. Our study based
solely on SCIAMACHY data finds large areas with signifi-
cant trends exceeding 2� 1015 molecules cm�2 yr�1 south of
Beijing and northwest of Shanghai. These areas have been
exhibiting significant growth and industrial development in
recent years.
[21] Overall, the average of all significant trends over

China between August 2002 and August 2011 was found to
be 0.39 (�0.11) � 1015 molecules cm�2 yr�1 with a grid
cell-level minimum of -1.45 (�0.44) � 1015 molecules
cm�2 yr�1 and a grid cell-level maximum of 4.05 (�0.41) �
1015 molecules cm�2 yr�1. This maximum, which is equal to
an increase of 11.6 (� 1.2) % yr�1, was found over the city
of Zibo (36.8�N, 118.0�E) in the Shandong province, a
major transportation hub and industrial center.
[22] Figure 3 shows two time series of the mean monthly

NO2 concentrations over China, one for the mean of the
entire area in China over which trends were computed, and
one for only those areas that showed a statistically signifi-
cant change (approximately 75% of the total area for which
trends were computed). It further shows the associated linear
trend components of the fitted statistical model. Both the
annual cycle of NO2 with a maximum in the months of
December or January and an overarching linear trend are
clearly visible in both time series. A dramatic increase in the

annual range of NO2 column values can also be observed,
primarily expressed as an increase during the winter months.
[23] Figure 3 further shows the impact of the 2008/2009

global economic crisis on the Chinese economy. While
China itself was not as severely affected as Europe and North
America, the time series of average tropospheric NO2 con-
centrations clearly shows that the peak levels during the
2008–2009 winter are significantly lower than the winter
peak of the previous year, only reaching maximum levels of
7.4� 1015 molecules cm�2 in December 2008 versus a value
of 8.6 � 1015 molecules cm�2 reached in December 2007.
While the effect of temporary emission reductions enforced
during the 2008 Olympic games has been observed for NO2

from space [Mijling et al., 2009], the two time series shown
in Figure 3 are computed over very large areas (34.5% and
45.9% of the total area of China, respectively), so that the
impact of temporary emissions reductions carried out solely
in the greater Beijing area can be considered negligible.
[24] The observed clear deviation from an otherwise rap-

idly increasing trend is therefore likely caused by a lowered
demand from overseas and reduced emission levels of NO2

from the industrial areas in China. However, a rapid recov-
ery can be observed in the winter 2009/2010, when peak
NO2 concentrations again reached levels consistent with the
previously observed increasing trend. Similar results identi-
fying significant reductions of NO2 over China between late
2008 and mid 2009 have been recently report by Lin and
McElroy [2011] and attributed to the economic downturn.
Using the GEOS-Chem model they found emission reduc-
tions of 20% from January 2008 to January 2009, which is
very close to a reduction of 18% in thermal power genera-
tion during the same interval.
[25] Aside from the absolute values, the most rapid relative

increase in NO2 worldwide is also found in China, however
in contrast to the hot spots mentioned previously it is located
in an area of very low population density: A maximum of
19.8 (�1.9) % yr�1 was found at 25.4�N and 104.9�E. Also
interesting is a large, consistent area of strong relative
increase, centered around the city of Huolin Gol (45.52�N,
119.6�E) in the autonomous region of Inner Mongolia.
Widespread increases between 15% yr�1 and 19% yr�1 were
found in this area. The city’s industry revolves primarily
around coal production and power generation. Several major
coal mines and coal power plants are located in the area. Coal
production in China has been increasing in the last few dec-
ades and has done so quite rapidly with an average growth
rate of 11.4% yr�1 between 1999 and 2009 and peak pro-
duction not expected until around the year 2025 [Lin and Liu,
2010]. Related to these findings, Zhang et al. [2009] inves-
tigated the capability of OMI NO2 data products for detecting
new power plants or other large emitting facilities for a case
study in the Inner Mongolia region in China. Figure 4 shows
the relative trends in China in more detail.
[26] Two out of the three Chinese megacities listed in

Table 1, namely Beijing and Shanghai, exhibit statistically
significant positive NO2 trends with values of 0.86 (�0.40)�
1015 molecules cm�2 yr�1 and 0.90 (�0.30) � 1015 mole-
cules cm�2 yr�1, respectively. Considering the associated
uncertainties, these values are slightly lower than the results
reported by van der A et al. [2006], who found trends of
1.2 (�0.5) � 1015 molecules cm�2 yr�1 for Beijing and
1.3 (�0.3) � 1015 molecules cm�2 yr�1 for Shanghai
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between 1996 and 2006 using primarily GOME data. This
indicates that the increase in NO2 levels appears to have
slowed down slightly in these regions. However, the trends
in our study include the impact of the 2008/2009 global
financial crisis which has possibly slightly reduced the
longer-term magnitude of the trends.
[27] Strong increasing trends of NO2 are further visible in

Figures 1 and 2 over many large urban areas in southern
Asia, primarily in India (2.7 (�1.5) % yr�1 in Delhi) and
Bangladesh (9.5 (�1.7) % yr�1 in Dhaka), as well as in the
Middle East, particularly in Iraq (9.5 (�1.6) % yr�1 in
Baghdad), Iran (Kabul with a very rapid 16.1 (�2.1) % yr�1

albeit at a fairly low absolute value of 0.34 (�0.044) � 1015

molecules cm�2 yr�1), and over the Persian Gulf. The only
area in Asia with negative trends that are consistent over a
spatially comparatively large region is Japan. Tokyo was
found to have a quite rapid negative relative trend of
�5.7 (�1.2) % yr�1. Table 1 provides detailed trend values
for several of these areas and other global megacities.
[28] With a few exceptions over some areas of Eastern

Europe, both Europe and the United States generally exhibit
widespread decreases in average tropospheric NO2 con-
centrations. The strongest decreasing trends in Europe are
found in the Po basin of Italy (�0.59 (�0.22)� 1015 molecules
cm�2 yr�1), the Stuttgart and Rhein/Ruhr urban agglomerations
in Germany (�0.45 (�0.14)� 1015 molecules cm�2 yr�1 and
�0.55 (�0.26) � 1015 molecules cm�2 yr�1, respectively),
and in the Northwest of Spain. Large areas of decreasing NO2

levels can also be found over the United Kingdom. In the
United States, statistically significant trends can be found
primarily in the eastern half of the country with the strongest
reductions of found south of the Great Lakes in the area of
Ohio with relative decreases between �5% yr�1 and �10%
yr�1 for the period 2002 to 2011. Similar results were reported
by Kim et al. [2006], who found decreasing summertime
trends of approximately�5% yr�1 between 1997 and 2005 in
the Ohio River Valley, whose emissions are dominated by
large power plants, thus indicating that the majority of reduc-
tions in this area are due to emission control measures. Further,

significantly decreasing trends were also found in the Los
Angeles basin as well as the Central Valley and the Bay area
of California. In contrast to Kim et al. [2009] we found a
trend of approximately 5.1 (�1.4) % yr�1 for Los Angeles,
whereas they found �2.53% yr�1 for the period 2003
through 2007. Discrepancies are likely due to the substan-
tially longer time series used within our study. For San
Francisco we found a significant trend of �6.7 (�1.6) %
yr�1, whereas Kim et al. [2009] report �8.13% yr�1 for the
Bay area. It should be noted that not only different time
periods but also varying areas for spatial averaging were used
between these two studies, so quantitative comparisons
should be made with caution. The significant decreases in
tropospheric NO2 in the United States are likely due to pol-
icy-driven emission reductions for power plants and the
transport sector, with the dominant factor depending on
region. To some extent, the economic recession starting in
2008/2009 affects the trends as well, as has been shown for
Europe by Castellanos and Boersma [2012].
[29] Mostly weak and spatially non-consistent trends are

also visible over small parts of South America and Central
Africa. While the data over South America is known to be
affected by increased noise levels due to the South Atlantic
Anomaly (SAA) [Heirtzler, 2002] and therefore needs to be
treated with caution, the slightly decreasing trends over
central Africa could be associated to reduced biomass burn-
ing. Very similar weak trends over Africa were also found by
van der A et al. [2008] when using combined GOME/
SCIAMACHY data, however due to the very low overall
NO2 levels in the area and the noisy spatial patterns of the
trends it is quite possible that other factors such as changes in
cloud cover, surface albedo, aerosol, or meteorological con-
ditions and not real decreases in NO2 are the main reason for
these trends [van der A et al., 2006, 2008]. Further research
using reliable in situ data will be required to determine the
reality of such trends. One isolated area of significantly
increasing trends is visible in the northeastern region of
South Africa. This pattern is most likely associated with
intensified use of coal power plants and mining activities in

Figure 3. Time series of absolute mean monthly tropospheric NO2 column over China. The figure shows
average time series for all grid cells and for the grid cells with significant change only. The year label indi-
cates the beginning of the respective year. The trends shown are the linear component of the fitted seasonal
model. Relative trends are computed with respect to the 2002–2011 long-term average concentration.
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the coal-rich regions of the Mpumalanga province of South
Africa and in particular along the border to Swaziland
[Collett et al., 2010].
[30] The spatial patterns of tropospheric NO2 trends found

here confirm previous findings by Richter et al. [2005] and
van der A et al. [2008]. While a quantitative comparison is
challenging due to the different study periods and data sets
used, the major spatial patterns of the trends, i.e. the rapidly
increasing trends over Eastern China as well as decreasing
trends over some areas of Europe and the Eastern part of the
United States, remain consistent.
[31] In order to quantify trends for some of the most

interesting areas, Table 1 provides both absolute and relative
trend values in tropospheric NO2 for the world’s major
megacities with a population of more than 10 million. 20 out
of 27 sites exhibit trends which are statistically significant at
the 95% confidence level. Eleven out of these 20 sites show
increasing NO2 levels and are nearly exclusively located in
Asia and the Middle East (with the exception of Buenos
Aires). The remaining 9 significant sites show decreasing
trends. On an absolute level, Shanghai exhibits the most
rapid increase in NO2 with 0.90 (�0.30) � 1015 molecules
cm�2 yr�1, closely followed by Beijing with 0.90 (�0.30) �
1015 molecules cm�2 yr�1. The megacity with the most rapid

relative increase is Dhaka in Bangladesh with a trend of
9.50 (�1.66) % yr�1, closely followed by Baghdad with 9.37
(�1.56) % yr�1. The most rapid decrease on the absolute
scale was found for New York City with �0.98 (�0.24) �
1015 molecules cm�2 yr�1, and for Tokyo on the relative
scale with �5.74 (�1.25) % yr�1.
3.1.2. Trends in Europe
[32] Focusing on temporal NO2 variability in Europe,

Figure 5 provides a more detailed map of the August 2002 to
August 2011 trends from SCIAMACHY for the area, given
in both absolute and relative units. At the absolute scale
(Figures 5a and 5c), the majority of Europe exhibits negative
trends, with the highest absolute decreases in NO2 located
around the agglomeration of the Ruhr area in Germany, the
south of the Netherlands, and Belgium with values around
�0.55 (�0.26) � 1015 molecules cm�2 yr�1. The Stuttgart
area also shows rapidly decreasing trends of�0.45 (�0.14)�
1015 molecules cm�2 yr�1. Strong absolute decreases are also
found over the Po basin in Italy (�0.51 (�0.19) � 1015

molecules cm�2 yr�1), southern and central Great Britain
(around �0.40 (�0.14) � 1015 molecules cm�2 yr�1), as
well as northwestern Spain. Large areas in Eastern Europe
appear to indicate consistent patterns of slightly increasing
NO2 levels, however only small fractions of these trends are

Figure 4. Relative trends of tropospheric NO2 concentration in Eastern China. Trends were derived from
SCIAMACHY data between August 2002 and August 2011. Units are given in % yr�1. Only trends sig-
nificant at the 95% level are being shown. The absolute trend was normalized by the long-term mean value
for each grid cell.
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significant at the 95% confidence level. Such areas of sig-
nificant trends are for example located in Northern Poland
(0.09 (�0.05) � 1015 molecules cm�2 yr�1), Southern
Belarus (0.08 (�0.05) � 1015 molecules cm�2 yr�1), and
Eastern Ukraine (0.15 (�0.07)� 1015 molecules cm�2 yr�1).
[33] The relative trends shown in Figures 5b and 5d indi-

cate that several of the areas with very rapidly declining
absolute concentrations are in fact fairly consistent with the
surrounding areas when normalized by the mean level of
NO2 and are in the range between �1% yr�1 and �4% yr�1.
However, two spatially contiguous areas of rapidly decreas-
ing NO2 levels still appear in the map of relative trends and
exceed such rates, namely central Great Britain in the area of
Manchester and Leeds (�5.4 (�1.3) % yr�1), as well as the
northwest of Spain (�9.3 (�1.3) % yr�1). The strong abso-
lute and relative reduction in NO2 in the northwestern region
of Spain is particularly interesting in that no large urban areas
are located in the primarily affected provinces of Léon and
Asturias. However, several major power plants are scattered
throughout the area and it is likely that either DeNOx tech-
nology has been installed there in recent years in response
to policy-driven emission controls or that the impact of
the economic crisis was particularly strong in this region and
has led to substantially reduced NO2 concentrations. These
results have also been found very recently by Zhou et al.
[2012] and Castellanos and Boersma [2012]. The areas of
significant relative NO2 increases are mostly scattered
throughout eastern Europe. The only areas with spatially

contiguous increases appear to be northern Poland (3.9
(�1.9) % yr�1), eastern Ukraine (3.2 (�1.5) % yr�1), and
western Russia (4.2 (�2.2) % yr�1).
[34] Table 2 lists NO2 trends derived from SCIAMACHY

between August 2002 and August 2011 aggregated by
country. As expected, the majority of European countries
(27 out of 32) exhibit a negative trend in the NO2 column
concentration during this period. Five countries show a
non-significant positive trend. All statistically significant
trends are negative and are found in 7 countries overall
(Germany, Hungary, Ireland, Italy, Netherlands, Slovenia,
and the United Kingdom). No positive trends were found to
be statistically significant. The most rapid and significant
absolute mean trend was found for the Netherlands with a
value of �0.40 (�0.12) � 1015 molecules cm�2 yr�1, fol-
lowed by the United Kingdom (�0.21 (�0.05) � 1015

molecules cm�2 yr�1) and Germany (�0.20 (�0.1) � 1015

molecules cm�2 yr�1). However, on a relative scale, Ireland
shows the strongest significant decrease with a value of�4.5
(�2.3) % yr�1, closely followed by the United Kingdomwith
�4.4 (�1.1) % yr�1 and the Netherlands with�4.2 (�1.2) %
yr�1. Weighted equally, the overall average relative trend
among all studied countries was found to be �1.94% yr�1.
When computed as the trend of the mean monthly NO2

value averaged over the entire study site, this value was found
to be �2.0 (�2.3) % yr�1.
[35] Table 2 further indicates the range of trend values

found on a per-pixel level for each country. The most rapid
negative per-pixel trend found was �0.88 (�0.25) � 1015

molecules cm�2 yr�1 and occurred in the Rhein-Ruhr area
of Germany at approximately 51.4�N and 6.6�E. The most
rapid positive per-pixel trend was found to be 0.20 (�0.09)�
1015 molecules cm�2 yr�1 and was located at approximately
49.6�N and 2.1�E in northern France. This significant trend
was found in an area of two contiguous grid cells which are
centered over the town of Beauvais. The trend is likely
associated with the exceptionally rapid growth of the airport
Beauvais-Tillé, which has become a major destination for
low-cost airlines serving Paris during the last decade. Pas-
senger numbers at this airport have increased by nearly 400%
from 777,000 passengers in 2002 to 3.6 million in 2011
[Union des Aéroports Français, 2012].
[36] Despite fundamental differences in methodology these

results can be at least qualitatively compared to previous
studies. While Konovalov et al. [2008] studied primarily NOx

emissions estimated from satellite data (primarily GOME)
using model inversion, they also provide data on tropospheric
NO2 columns and they are one of the few studies that also
investigate trends aggregated on the per-country level and
provide such data for several countries. A relative compari-
son of the NO2 trends for several major European countries
shows similar magnitudes of the trends despite the different
study periods used (1996 to 2005 versus 2002 to 2011 in this
study) as well as a different methodology.
[37] For Germany, Konovalov et al. [2008] found a trend

of �3.7 (�0.7) % yr�1 whereas this study found a trend of
�3.3 (�1.6) % yr�1. For France, they reported a trend of
�2.3 (�0.8) % yr�1 while this study found �2.4 (�1.9) %
yr�1. Slightly larger differences exist for example for Great
Britain where Konovalov et al. [2008] found a quite rapid
NO2 column trend of �6.3 (�0.6) % yr�1, whereas this
study found a value of only �4.4 (�1.1) % yr�1. Overall,

Table 1. SCIAMACHY-Derived Tropospheric NO2 Trends for
Major Megacities Between August 2002 and August 2011a

City
N

(months)
Absolute Trend

(1015 molec. cm�2 yr�1)
Relative Trend

(% yr�1)

Baghdad 107 0.48 � 0.08 9.37 � 1.56
Beijing 100 0.86 � 0.39 2.48 � 1.14
Buenos Aires 99 0.20 � 0.10 3.11 � 1.61
Cairo 109 0.33 � 0.11 4.59 � 1.49
Delhi 101 0.20 � 0.11 2.72 � 1.45
Dhaka 81 0.45 � 0.08 9.50 � 1.66
Guangzhou 77 �0.40 � 0.31 �1.57 � 1.22
Istanbul 97 0.01 � 0.12 0.09 � 1.44
Jakarta 83 �0.21 � 0.11 �2.63 � 1.42
Karachi 105 0.09 � 0.05 2.79 � 1.63
Kolkata 88 0.08 � 0.07 2.10 � 1.69
Lagos 55 0.09 � 0.05 3.68 � 2.10
London 91 �0.44 � 0.17 �3.30 � 1.29
Los Angeles 103 �0.96 � 0.26 �5.07 � 1.36
Manila 83 �0.14 � 0.08 �3.23 � 1.82
Mexico City 80 �0.29 � 0.19 �1.67 � 1.07
Mumbai 84 0.14 � 0.08 2.72 � 1.48
Moscow 74 �0.25 � 0.24 �1.70 � 1.63
New York 105 �0.98 � 0.24 �5.31 � 1.29
Osaka 81 �0.35 � 0.14 �2.59 � 1.06
Paris 95 �0.37 � 0.14 �3.30 � 1.27
Rio de Janeiro 62 0.05 � 0.08 1.00 � 1.53
Sao Paulo 85 �0.04 � 0.13 �0.35 � 1.16
Seoul 92 �0.67 � 0.30 �2.77 � 1.23
Shanghai 86 0.90 � 0.30 3.26 � 1.07
Tehran 103 0.23 � 0.13 2.19 � 1.20
Tokyo 99 �1.23 � 0.27 �5.74 � 1.25

aNumbers set in bold indicate a trend significant at the 95% confidence
level. N indicates the number of months with valid data for each megacity.
The trends were obtained for a 3 � 3 grid cell window (≈ 0.75 degrees �
0.75 degrees) located over the center of the city. The relative trend was
obtained by normalizing the absolute trend using the long-term average
NO2 column for each location as a reference.

SCHNEIDER AND VAN DER A: GLOBAL NO2 TRENDS OBSERVED FROM SPACE D16309D16309

9 of 17



the magnitudes of the trends appear to be similar, though a
detailed comparison is impossible due to the different meth-
odologies used and the high uncertainties involved with each
trend estimate. It should be noted that while the long-term
decreasing trends in most of western Europe are primarily
due to policy-driven NOx emission controls, the global eco-
nomic downturn starting in 2008/2009 caused additional
reductions, and the relationship between the two factors has
been analyzed by Castellanos and Boersma [2012].

3.2. Comparison With Trends From Station Data

[38] In order to investigate to what extent the trends from
SCIAMACHY-derived tropospheric NO2 columns have the
potential to be representative of trends from measurements
taken at the ground level, the satellite-derived trends were
compared with trends computed from station observations
throughout Europe.

[39] Station-based studies of air quality trends have been
carried out over Europe in the past. For example, Guerreiro
et al. [2010] studied trends in European station observa-
tions of NO2 and NOx between 1999 and 2008 and found
a significant mean NO2 trend for background stations of
�0.28 mg m�3 yr�1 which is equivalent to �1.3% yr�1

during this period. While it is unlikely that such trends based
on station observations can be reproduced exactly with the
currently available satellite products of NO2 due to vastly
differing methodology and measurement scale, it is none-
theless valuable to investigate to what extent the two
data sources agree. Only very few studies have attempted to
compare satellite measurements of tropospheric NO2 column
with ground observations [Petritoli et al., 2004; Lamsal
et al., 2010; Blond et al., 2007], and to our knowledge
trends from both data sources have never been directly
compared. It should be noted here that directly comparing
observations made by satellite with observations made by

Figure 5. (a and c) Absolute and (b and d) relative trends of tropospheric NO2 concentration over
Europe. Figures 5a and 5b show all computed trends independent of their significance level whereas only
trends significant at the 95% confidence level are shown in Figures 5c and 5d. The trends were derived
from SCIAMACHY data between August 2002 and August 2011. Relative trends were computed by
normalizing the absolute trends by the overall mean NO2 level for each grid cell.
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ground stations is very challenging due to extreme differ-
ences in spatial scale of the observations, temporal sampling,
and are particularly complicated by the fact that the satellite
retrievals give measurements over the entire troposphere and
are not very sensitive toward the Earth surface, where station
observations are being made.
[40] Figure 6 provides a comparison of relative trends

between 2002 and 2009 derived frommonthly SCIAMACHY
tropospheric NO2 columns with trends obtained from mean
annual station observations of NO2 for the same period. For
clarity, only stations with statistically significant trends are
shown. The vast majority of stations are located in Germany
and France and exhibit negative trends of the same magnitude
as those obtained from SCIAMACHY for the same areas. In
general, the spatial patterns in trends appear to agree between
the two data sources. A few individual stations stand out as
having quite different trends than the satellite data. In several
such cases, these stations are surrounded by neighbors that do
not indicate such extreme trends. It is thus reasonable to
assume that these cases are outliers with respect to the larger
scale trends and are likely to be subject to very local changes
rather than to regional factors. Furthermore it should be noted
that discrepancies in trends between satellite and in situ sta-
tions might also be caused by measurement issues and possi-
bly inadequate quality control of the station data set.

[41] While the majority of stations exhibit negative trends,
in the west of Spain the satellite data indicated an area of NO2

increase and a cluster of three stations in the area (“Sala-
manca 4”, “Cáceres”, and “Monfragüe”) is consistent with
that trend. On the other hand, several stations located at the
coast of Portugal also indicate slightly increasing trends, yet
the satellite data does not show this pattern.
[42] The vast majority of stations exhibits negative NO2

trends. A total of 626 out of 793 stations showed a negative
trend whereas the satellite data indicated a negative trend
at 697 station locations. Computed over all 793 suitable sta-
tions, the overall mean trend was found to be �0.34 mg m�3

yr�1 or �1.65% yr�1. This is slightly more rapid than a
corresponding trend of �0.28 mg m�3 yr�1 or �1.3% yr�1

found by Guerreiro et al. [2010], who used a different subset
of the same data set. The mean relative SCIAMACHY trend
over the same locations was found to be �3.02% yr�1 with a
standard deviation of 2.59% yr�1. The situation improves
significantly when only stations with a statistically significant
trend (at the 95% confidence level) are considered. In this
case the mean station trend is �3.33% yr�1 with a standard
deviation of 3.29% yr�1 whereas the mean relative satellite
trend at the station locations is �3.15% yr�1 with a standard
deviation of 2.6% yr�1.

Table 2. SCIAMACHY-Derived 2002–2011 NO2 Trends Aggregated by Countrya

Country N (months)
Mean Abs. Trend

(1015 molec. cm�2 yr�1)
Min. Abs. Trend

(1015 molec. cm�2 yr�1)
Max. Abs. Trend

(1015 molec. cm�2 yr�1) Rel. Mean Trend (% yr�1)

Albania 90 �0.02 � 0.05 �0.08 � 0.03 0.09 � 0.04 �1.65 � 4.16
Austria 82 �0.02 � 0.06 �0.18 � 0.10 0.06 � 0.05 �0.93 � 2.48
Belarus 88 0.02 � 0.04 �0.06 � 0.05 0.15 � 0.05 1.15 � 2.38
Belgium 82 �0.20 � 0.13 �0.70 � 0.21 0.25 � 0.14 �2.08 � 1.31
Bosnia and Herz. 82 �0.03 � 0.04 �0.08 � 0.04 0.10 � 0.05 �1.81 � 2.79
Bulgaria 89 0.01 � 0.05 �0.07 � 0.05 0.12 � 0.05 0.41 � 2.74
Croatia 87 �0.08 � 0.05 �0.17 � 0.05 0.06 � 0.06 �3.15 � 2.00
Czech Republic 80 �0.11 � 0.08 �0.30 � 0.11 0.06 � 0.07 �2.77 � 2.21
Denmark 92 �0.07 � 0.06 �0.14 � 0.07 0.09 � 0.06 �2.21 � 1.91
Estonia 86 �0.01 � 0.03 �0.09 � 0.05 0.05 � 0.04 �0.61 � 2.70
France 85 �0.08 � 0.06 �0.52 � 0.12 0.20 � 0.09 �2.44 � 1.92
Germany 82 �0.20 � 0.10 �0.88 � 0.25 0.13 � 0.11 �3.29 � 1.57
Greece 100 �0.03 � 0.05 �0.38 � 0.10 0.14 � 0.06 �1.70 � 2.82
Hungary 86 �0.10 � 0.06 �0.26 � 0.06 0.10 � 0.07 �3.07 � 1.84
Ireland 78 �0.09 � 0.04 �0.22 � 0.08 0.10 � 0.12 �4.45 � 2.29
Italy 99 �0.11 � 0.06 �0.67 � 0.25 0.09 � 0.10 �3.00 � 1.56
Latvia 81 0.00 � 0.04 �0.06 � 0.04 0.07 � 0.04 �0.36 � 3.50
Lithuania 93 0.02 � 0.04 �0.03 � 0.04 0.12 � 0.04 1.36 � 2.72
Montenegro 82 0.00 � 0.03 �0.04 � 0.03 0.03 � 0.03 0.53 � 3.19
Netherlands 90 �0.40 � 0.12 �0.82 � 0.16 �0.06 � 0.07 �4.19 � 1.24
Poland 84 �0.05 � 0.06 �0.34 � 0.13 0.20 � 0.05 �1.41 � 1.77
Portugal 100 �0.05 � 0.05 �0.24 � 0.09 0.04 � 0.04 �4.09 � 3.63
Rep. of Moldova 90 0.00 � 0.05 �0.09 � 0.04 0.08 � 0.05 0.02 � 2.35
Romania 82 �0.03 � 0.05 ��0.15 � 0.05 0.08 � 0.05 �1.50 � 2.31
Serbia 82 �0.04 � 0.05 �0.10 � 0.06 0.14 � 0.08 �1.70 � 2.34
Slovakia 81 �0.07 � 0.05 �0.32 � 0.05 0.09 � 0.08 �2.52 � 1.81
Slovenia 89 �0.10 � 0.05 �0.22 � 0.07 0.04 � 0.06 �2.96 � 1.59
Spain 99 �0.08 � 0.06 �0.66 � 0.10 0.07 � 0.04 ��3.80 � 2.84
Switzerland 69 �0.10 � 0.06 �0.42 � 0.13 0.05 � 0.04 �3.60 � 2.27
Macedonia 91 �0.03 � 0.05 �0.10 � 0.05 0.06 � 0.05 �1.44 � 2.68
Ukraine 75 �0.01 � 0.05 �0.24 � 0.06 0.20 � 0.07 �0.26 � 2.17
United Kingdom 69 �0.21 � 0.05 �0.66 � 0.14 0.14 � 0.03 �4.44 � 1.14
Average 86 �0.07 — — �1.94

aOnly European countries with an area of at least 5000 km2 and a maximum latitude of 65�N were considered (see Section 2.2 for details). Numbers set in
bold indicate a trend significant at the 95% confidence level. N indicates the number of months with valid data for each country. Min. Abs. Trend and Max.
Abs. Trend indicate the range of trends found at the per-pixel level for each country.

SCHNEIDER AND VAN DER A: GLOBAL NO2 TRENDS OBSERVED FROM SPACE D16309D16309

11 of 17



[43] While this result is encouraging, aggregating this
information on the country level reveals larger differences.
Table 3 shows a comparison of station-based relative NO2

trends with SCIAMACHY-derived relative NO2 trends
aggregated on a per-country level for the period 2002 to 2009.
The country averages were only computed for countries that
had a minimum number of 10 stations with full temporal data
coverage. While in all cases the trends derived from the two
data sources agree in sign, the quantitative agreement between
the two data sources is quite variable. In the majority of cases
the difference between satellite and station trends is less than
2% yr�1, however in some cases the difference was found to
be exceeding 3% yr�1, such as for the United Kingdom. This
difference in trend can be explained by the fact that most

stations are located in England and not in Scotland where the
air is quite clean. In other cases, such as for Austria or
Poland, the trends from the two data sources are very close.
On average, the SCIAMACHY trend found at the station
locations was �2.9% yr�1 whereas the mean trend of country
averages was found to be �1.3% yr�1. The latter trend of
�1.3% yr�1 is consistent with the one found by Guerreiro
et al. [2010] using a different subset of the same data set.
Overall, the mean difference for all countries listed in Table 3
was found to be �1.5% yr�1.
[44] These results indicate that there appears to be a con-

sistent offset in terms of relative NO2 surface trends at the
stations and tropospheric NO2 columns measured by the
satellite - at least when station with both significant and non-

Figure 6. Comparison of relative 2002–2009 NO2 trends derived from SCIAMACHY with NO2 trends
obtained from Airbase station data over Europe for the period 2002 to 2009. SCIAMACHY trends are
plotted in the background whereas station trends are shown as squares with the color of the square indi-
cating the trend measured at the station. For clarity, all available satellite trends but only stations with sta-
tistically significant trends at the p < 0.05 level are shown. The same color scale is used for both data sets.
Note that satellite trends were only computed in areas with a mean concentration greater than 1 � 1015

molecules cm�2.

SCHNEIDER AND VAN DER A: GLOBAL NO2 TRENDS OBSERVED FROM SPACE D16309D16309

12 of 17



significant trends are considered. This discrepancy could be
caused by several reasons: Unfortunately, a common overlap
period of only seven years of data was available from both
data sets. Thus, the trends that were computed over this
period are subject to a higher uncertainty than the 2002 to
2011 trends computed above, thus complicating the com-
parison of the two data sets in addition to vastly different
methodologies.
[45] Furthermore, retrievals of NO2 are only obtained during

cloud-free atmospheres, and the entire satellite record there-
fore has a clear sky bias, causing possible effects particularly
during generally more polluted winter months. The trends
computed from both data sets are further based on observa-
tion at different times. Whereas the satellite observations
are made at approximately 10:00 local time, the trends
obtained from the stations are based on regularly sampled
averages. More research using significantly longer time
series and looking particularly at specific reason for this bias
will be necessary to validate these results and to draw further
conclusions. It should be noted in addition that comparing
country-wide trends from station and satellite observations
is further complicated by the spatial coverage of each
measurement type. While station observations, which are
generally highly accurate, are only representative of their
immediate surroundings and therefore many areas are not
considered when computing a country-wide average, satellite
data allows for a spatially continuous measurement for the
entire country albeit at the expense of a higher measurement
uncertainty.

3.3. Comparison With Trends From the EMEP Model

[46] The EMEP emission inventory [Vestreng et al., 2005]
and the output from the unified EMEP model [Simpson et al.,
2003] has been used in the past with respect to trend anal-
ysis. For example, Konovalov et al. [2008, 2010] used data
from the EMEP emission inventory for comparing them to
satellite-derived trends in NOx emissions. Fagerli and Aas
[2008] studied station observations of long-term trends for
several nitrogen compounds and compared them with results
from the EMEP model, however they did not study trends in
NO2 concentration specifically. Vestreng et al. [2009] stud-
ied long-term trends in NOx emissions in Europe based
partly on EMEP emission inventories.

[47] In order to estimate the model’s capabilities with
respect to correctly predicting magnitude and in particular
spatial patterns of trends of NO2 in the atmosphere, a simple
comparison was carried out. During the period for which
adequate data from both data sources was available (2002–
2009), trends were computed from the SCIAMACHY data
using the methodology explained above and subsequently
compared with corresponding trends obtained from the out-
put of the EMEP model, in particular from data on tropo-
spheric column trends as well as surface NO2 trends.
Furthermore trends in NOx emission estimates used for the
EMEP model were also computed and compared.
[48] While a comparative trend analysis does not neces-

sarily require two data sources to agree at an absolute level
but only in terms of the magnitude of temporal change, it is
nonetheless informative to investigate to what extent the
EMEP model is able to recreate the absolute tropospheric
NO2 columns as observed by SCIAMACHY. For this pur-
pose, 2005–2009 average tropospheric NO2 column maps
were derived from both sources and compared. Figure 7
shows the results. Qualitatively there is a good agreement
in terms of general spatial patterns. The large area of high
NO2 concentrations in the Po basin of Italy as well as most
major metropolitan areas are well replicated by the model. In
particular the three hot spots in Western Germany, the
Netherlands, and Belgium are visible in both data sources.
However, it is also clear from a simple visual analysis of
Figure 7 that the absolute values obtained from the model are
overall higher than those observed by SCIAMACHY. This is
particularly noticeable over Germany where the model indi-
cates values around 8� 1015 molecules cm�2 yr�1 throughout
most of the country, whereas the satellite instrument observes
such concentrations only over the more densely populated
areas.
[49] It should be noted, that the satellite observations made

by SCIAMACHY occur at approximately 10:00 local time,
whereas the EMEP model was run continuously and regu-
larly sampled and then averaged. Given the significant
diurnal cycle of NO2 a direct quantitative comparison of
these two data set is therefore not very meaningful. A sam-
pling of the model solely at the satellite overpass times
would be preferable for this purpose but was not possible in
this study due to the lack of hourly model data.

Table 3. Country-Level Averages of Relative NO2 Trends Between 2002 and 2009 From Both SCIAMACHY and Station Observationsa

Country N Satellite (Entire Country) (% yr�1) Satellite (at Stations) (% yr�1) Stations (% yr�1) Difference (% yr�1)

Austria 71 �1.2 � 3.5 �1.7 � 2.6 �1.1 � 0.7 �0.6
Belgium 19 �4.2 � 1.6 �4.0 � 1.9 �2.1 � 0.6 �1.9
Czech Republic 35 �3.9 � 3.0 �3.5 � 2.3 �2.0 � 0.7 �1.5
France 255 �2.7 � 2.7 �3.0 � 2.4 �1.9 � 0.7 �1.0
Germany 183 �4.1 � 2.1 �4.0 � 2.2 �1.7 � 0.6 �2.3
Italy 33 �3.0 � 2.0 �2.1 � 2.2 �0.6 � 0.6 �1.4
Netherlands 26 �5.2 � 1.7 �3.8 � 1.9 �2.1 � 0.8 1.7
Poland 11 �2.4 � 2.4 �0.1 � 2.3 �0.1 � 0.9 0.0
Spain 58 �3.0 � 3.3 �2.1 � 2.6 �1.2 � 0.7 �0.9
Switzerland 22 �3.8 � 3.2 �3.2 � 2.5 �1.4 � 0.7 �1.7
United Kingdom 22 �4.9 � 1.6 �4.5 � 2.3 �0.6 � 0.7 �3.9
Average 67 �3.5 �2.9 �1.3 �1.5

aAverages were only computed for countries that had a minimum number of 10 qualifying stations. Note that the computed uncertainty values of satellite
trends are generally higher due to the shortened study period. The difference was computed as the satellite trend averaged over the station locations minus
the average station trend for each country.
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[50] The annual mean derived from the SCIAMACHY
instrument might further be biased slightly low due to the
necessity for clear-sky conditions for obtaining valid retrie-
vals. Since SCIAMACHY might capture fewer of the NO2

peaks during the winter months due to increased cloud cover
in that period, its monthly mean estimates might be slightly
low. However, since the annual mean was computed from
monthly mean values weighting all months equally, the bias
should be reasonably small, as opposed to computing the
annual mean from averaging daily values, where the bias
could be more substantial.
[51] Nonetheless, given that the NO2 columns derived

from the model mostly agree with the SCIAMACHY NO2

columns in terms of spatial patterns, it is interesting to
investigate if the model is still able to simulate similar trends
in NO2levels as is shown by the satellite. Figure 8 shows a
comparison for the period 2002 to 2009 of tropospheric
column NO2 trends obtained from SCIAMACHY with
trends in EMEP model output, in particular with modeled
tropospheric NO2 column, modeled surface NO2 concen-
tration, as well as trends in NOx emissions used in the EMEP
model. The SCIAMACHY-derived spatial patterns in trends
computed for the period 2002 to 2009 (Figure 8a) are
obviously similar to the trend maps derived for the full study
period (see Figure 5), albeit they are associated with slightly
higher uncertainties due to the shorter time series. A quali-
tative comparison with the model-derived trends in NO2

columns (Figure 8b) shows relatively good agreement over
central and western Europe. All the major areas of decreas-
ing NO2 levels, in particular over western Germany, the
Netherlands, Belgium, northern Italy and the UK have been
captured by the model. Furthermore the previously dis-
cussed area of rapid NO2 decrease in the Spanish provinces
of Léon and Asturias has been adequately reproduced by the
model although the spatial patterns in trends appear more

localized than in the satellite-derived trend map. Over
northern Italy and the east of Great Britain the model indi-
cates slightly more rapidly declining NO2 levels that have
been observed by the satellite. The model has also been able
to adequately replicate areas of small or no change in NO2

column, such as over Austria, western and southern France,
Scotland, Ireland, as well as large parts of the Iberian pen-
insula. The model further shows slightly increasing trends
along the major shipping lanes in the Mediterranean which
has been observed to some extent by the SCIAMACHY data
as well.
[52] While the qualitative agreement over western and

central Europe is encouraging, major differences between the
trends from the two data sources can be observed throughout
Eastern Europe. While SCIAMACHY has detected increas-
ing trends in some parts of Eastern Europe, in particular over
northern Poland, southern Belarus, eastern Ukraine and
western Russia, the model-derived trends appear to be much
more wide-spread throughout all of eastern Europe. The
model further indicates very rapidly increasing trends in NO2

column over the North Sea. These are not visible in the
SCIAMACHY-derived trend map.
[53] As mentioned previously, two slightly different model

versions had to be used to cover the entire 2002 to 2009
period and a small bias that was found between the two
model versions with respect to mean NO2 column concen-
tration had to be corrected manually. This might have nega-
tively impacted the model trends, and further research using a
long and consistent model time series computed with the
exact same model version will be required to draw any fur-
ther conclusions.
[54] Figure 8c shows the trends in EMEP model output

for surface NO2 levels. While not directly comparable to the
SCIAMACHY-derived trends, it is nonetheless interesting to
investigate to which extent the spatial patterns in trend

Figure 7. Average tropospheric NO2 column for the years 2005 to 2009 (left) derived from SCIAMACHY
and (right) modeled using the EMEP model. Note that SCIAMACHY columns were observed only at
approximately 10:00 local time, whereas the EMEP model was run continuously and sampled regularly.
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computed from both data sources agree. Again, the EMEP
model output corresponds well to the SCIAMACHY trends
in central and western Europe. The declining trends in NO2

over western Germany, Belgium, Netherlands, and the
United Kingdom are well replicated. Furthermore the slightly
decreasing trends over large areas of France as well as in
northern Spain are shown by the model output. The surface
NO2 trends are particularly rapid over northwestern Italy.
This can also be seen to some extent in the NO2 column data,
but the satellite trends do not show such behavior.
[55] Finally, Figure 8d shows trends in NOx emissions that

are used for the EMEP model. As expected, estimated NOx

emissions have been declining over the majority of Europe
with only small areas of increase, such as over the North Sea
and a few isolated locations over eastern Europe.
[56] In order to quantify these results, Figure 9 shows a

scatterplot comparing 2002–2009 country-level trends in
tropospheric NO2 column from both SCIAMACHY data and

EMEP model output. The trends derived from the EMEP
model and from SCIAMACHY approximately follow the 1:1
line, thus indicating at least general correspondence. The
EMEP model underestimates the trends for countries with
more rapid decline in NO2 levels of around �0.2 � 1015

molecules cm�2 yr�1 and tends to indicate slightly increasing
trends when the SCIAMACHY data show no substantial
trend in either direction. The trends from both data sources
are correlated with a correlation coefficient of 0.79, a mean
bias of 0.037 � 1015 molecules cm�2 yr�1 and an RMSE of
0.09� 1015 molecules cm�2 yr�1. The overestimation of the
trends from the EMEP model for Eastern European countries
can be clearly seen in Figure 9. For most of the countries that
show a positive trend based on EMEP data, the satellite
trends are around zero.
[57] These results indicate that despite substantial differ-

ences in absolute levels of NO2, the EMEP model is capable
of replicating spatial patterns in trends observed from space

Figure 8. Comparison of 2002 to 2009 trends of (a) SCIAMACHY tropospheric column NO2 with
(b) EMEP-derived tropospheric column NO2, (c) EMEP-derived surface NO2, and (d) NOx emissions used
in the EMEP model.
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and furthermore to derive country-level trends of tropo-
spheric NO2 column with a negligible bias of 0.037 � 1015

molecules cm�2 yr�1 and an RMSE of 0.09 � 1015 mole-
cules cm�2 yr�1 with respect to SCIAMACHY trends.
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