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Abstract

Tropospheric NO2 column densities over China simulated with a regional model using different emission inventory input

are compared with Global Ozone Monitoring Experiment (GOME) satellite data. These emission inventories include

(i) emission estimates for the year 1995 from the Emission Database for Global Atmospheric Research (EDGAR),

(ii) regional emission inventory used in the Transport and Chemical Evolution over the Pacific (TRACE-P) program with

emission estimates for the year 2000 and (iii) national emission inventory used in the Chinese Ozone Research Programme

(CORP) with emission estimates for the year 1995. Model simulations were performed for a summertime period and the

results under clear-sky conditions were selected for comparison with GOME data of the years 1996 and 2000. The model

generally reproduces high tropospheric NO2 column densities in polluted areas of China that have been observed by

GOME. However, the model simulations do not agree with the GOME measurements in a quantitative sense for some

regions. Region-to-region comparisons show that with all the emission inventories the model underestimates the

tropospheric NO2 column density in remote and rural areas of China. It is found that TRACE-P underestimates the

tropospheric NO2 column density in all the regions with respect to the GOME measurements (by more than 50%). CORP

and EDGAR appear to behave well for the model simulations in the North of China (within 15% deviations), but poorer

for the model simulations in other regions (within 30–80% deviations). Linear regressions were performed with the NO2

column densities available from GOME, Y, and the model, X, of each grid cell in selected regions. For all the region of

China, comparison statistics are Y ¼ 0:361� X þ 0:935 with r2 ¼ 0:360 and bias ¼ �41% for EDGAR, Y ¼ 1:124�
X þ 0:920 with r2 ¼ 0:472 and bias ¼ �67% for TRACE-P, and Y ¼ 0:431� X þ 0:835 with r2 ¼ 0:509 and

bias ¼ �31% for CORP.
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1. Introduction

Nitrogen dioxide (NO2) plays a key role in the
chemistry of the atmosphere. It participates in the
.
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control of the strong oxidant, O3, and the strongest
atmospheric oxidizing agent, OH, which determine
the oxidizing capacity of the atmosphere (Crutzen,
1979; Logan et al., 1981; Thompson, 1992; Lelieveld
et al., 2004). Recently, it has been recognized that
NO2 contributes both directly and indirectly to the
radiative forcing of climate (Solomon et al., 1999;
Velders et al., 2001). In addition, NO2 is known to
cause respiratory problems for humans in the urban
atmosphere (Environmental Protection Agency
(EPA), 2000), and may impact the biogeochemical
cycling of nitrogen in marine and coastal ecosystems
by changing HNO3 deposition in the ocean basins
(Bey et al., 2001).

Nitrogen oxides (NOx ¼ NO+NO2) have natural
sources such as the production by lightning and
microbiological processes in soils, as well as
anthropogenic sources, especially fossil fuel com-
bustion and biomass burning (Lee et al., 1997;
Bradshaw et al., 2000). Although NO is produced
exceptionally or predominantly from all these
sources, it can be converted to NO2 mainly by its
reaction with O3. During daytime the NO–NO2

cycling in the troposphere occurs on a time scale of
a few minutes, which is sufficiently short to establish
a photostationary state between these species
(Parrish et al., 1986; Ridley et al., 1992). The sum
of NO and NO2 remains more or less constant
during this cycle. Global total NOx emissions are
increasing, with the most rapid increase being in
Asia (by about 4–6% per year) and China and India
being the largest contributors (Kato and Akimoto,
1992; Garg et al., 2001; Streets and Waldhoff, 2000;
van Aardenne et al., 1999; Richter et al., 2005).
However, our basic understanding of tropospheric
NOx over Asia is limited due to the lack of
observations with sufficient spatial and temporal
resolution. Moreover, there are still great uncer-
tainties in the estimate of NOx emissions in Asia
(Ma and van Aardenne, 2004).

Measurements of the global distribution of NO2

columns have become available with the Global
Ozone Monitoring Experiment (GOME) (Burrows
et al., 1999) which was launched in April 1995. The
NO2 maps derived from these measurements have
been used to study the NO2 fields on both global
and regional scales (e.g. Burrows et al., 1999; Leue
et al., 2001; Richter and Burrows, 2002; Martin
et al., 2002; Edwards et al., 2003; Beirle et al., 2003;
Schaub et al., 2005). Although the satellite instru-
ment provides measurements of the integrated
tropospheric column of NO2, the values are
dominated by the amounts in the lower troposphere
as a result of the relatively short lifetime of NOx.

The GOME tropospheric NO2 columns reveal
‘‘hotspots’’ of significance for the assessment of
regional, transnational and intercontinental air
pollution. Comparison of the model output to the
GOME data illustrates the degree to which present
models reproduce the hot spots seen in the GOME
data. In turn, the comparison of simulated NO2

columns and those derived from satellite measure-
ments may be helpful for evaluation of the satellite
measurement derived data, taking into account that
the procedure of retrieval of tropospheric NO2

columns from satellite measurements always in-
volves some priori assumptions which are difficult
to validate.

GOME data have been used to evaluate global
and regional models in their capability of simulating
tropospheric NO2 (e.g., Velders et al., 2001; Lauer
et al., 2002; Kunhikrishnan et al., 2004; Konovalov
et al., 2005), and to retrieve the NOx emissions
(Martin et al., 2003; Müller and Stavrakou, 2005).
The geographical distribution pattern and seasonal
variation of the GOME tropospheric NO2 columns
are generally reproduced with the models. However,
the quantitative comparison is limited both by the
uncertainty in the tropospheric NO2 columns
derived from GOME caused by the uncertainty,
e.g., in the air mass factors and cloud cover, and by
the quality of model performance in the simulation
of major chemical and transport processes that are
related to NO2 variations in spatial and temporal
scales. Although the NOx emission data used have
been recognized as one of the most important
uncertainties in the models, the influence of using
different emission databases on the comparison of
simulated NO2 columns and the GOME data has
not been well addressed to our knowledge.

In this paper we present the difference in
simulated tropospheric NO2 columns over China
due to the use of different emission inventories in a
regional model, and compare these tropospheric
NO2 columns with those retrieved from GOME
measurements. In the next section, the model along
with the three emission inventories used and the
GOME retrieval technique are briefly described.
Following that in Section 3, the model simulations
are compared with GOME NO2 observations, and
the sensitivity of model results to the selected
parameter is tested. Conclusions and remarks are
given in Section 4. The present study is the first
examination of tropospheric NO2 over China
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applying the combination of satellite tropospheric
NO2 column data together with a regional model
with different emission inventory input.

2. Methodology

2.1. Model description

The model used in this study is a 3-D regional
chemical transport model (Ma et al., 2002a), which
is extended from the regional acid deposition model
(RADM) and aimed at studying the distribution
and budget of tropospheric ozone and its precursors
over China. The model domain covers China with a
horizontal resolution of 100 km. In the vertical, the
model extends up to pressure levels of 10mbar for
meteorological simulations and to the local thermal
tropopause for chemical integration. The meteor-
ological fields for the model run are provided with
the fifth-generation NCAR/Penn state mesoscale
model (MM5), and the year of 1995 was selected for
the MM5 simulation in this study. The chemical
gas-phase mechanism in the model was initially
developed by Stockwell (1986), and modified by
updating the rate constants, introducing the effec-
tive photodissociation of ozone, incorporating the
permutation reactions of organic peroxy radicals,
and replacing the lumped NO3+N2O5 reaction rate
expressions with the explicit ones (Ma et al., 2000).
The revised chemical mechanism was well compared
with the explicit NCAR’s master mechanism using
the trace gas concentrations observed at the China
regional background atmospheric observatory as
model initial conditions. The mechanism was
further improved by adding acetone as a tracer into
the model and including parameterization of
heterogeneous reactions of N2O5 and NO3 on
sulfate aerosols (Ma et al., 2002a). The model
implemented with this mechanism has been used for
the study of tropospheric ozone over China (Ma
et al., 2002a, b). In addition to updated anthropo-
genic surface emissions, natural NMVOC emis-
sions, aircraft emissions and lightning NOx sources
are taken into account. The initial fields and lateral
boundary condition for most chemical tracers are
provided with a global chemical transport model for
ozone and related chemical tracers (MOZART).

2.2. Emission inventories

The NOx, CO and NMVOC emission inventories
used are (i) emission estimates for the year 1995
from the Emission Database for Global Atmo-
spheric Research (EDGAR v32; Olivier et al., 1999,
2002), (ii) regional emission inventory used in the
Transport and Chemical Evolution over the Pacific
(TRACE-P) program with emission estimates for
the year 2000 (Streets et al., 2003) and (iii) national
emission inventory used in the Chinese Ozone
Research Programme (CORP) with emission esti-
mates for the year 1995 (Bai, 1996). The reader is
referred to the ACP paper of Ma and Van Aardenne
(2004) for a detailed comparison of these emission
inventories (http://www.atmos-chem-phys.org/acp/
4/877/). The inventories are different in (i) year for
which emissions are calculated, (ii) level of detail
that is included, (iii) information source for emis-
sion factors and activity data, and (iv) method of
distributing emissions to (11� 11) grid cells. The
inventories share an important issue: due to the
nature of emission factor calculations all inventories
are known to be inaccurate representations of the
emissions that have taken place in China over the
year 1995.

The three emission inventories have been imple-
mented into the model followed by a sensitivity run
for each inventory. While different emission inven-
tories are used for China, the EDGAR inventory is
applied for other countries in the model domain in
all simulations. Since all other model settings are
kept constant, the difference in simulated tropo-
spheric NO2 will be due to various independent
emission inventories for China. Ma and Van
Aardenne (2004) investigated the difference in the
concentrations of ozone and its precursors including
NOx over China due to the use of these emission
inventories. The estimated NOx emissions for China
range from 11 to 19 Tg–NO2 yr

�1 with large
differences of up to 50% among the selected
emission inventories, and these result in large
differences of up to 200% in the simulated
concentrations of NOx on ground levels (Ma and
van Aardenne, 2004).

2.3. GOME data

GOME is a passive remote sensing instrument on
board the ERS-2 satellite, which was launched by
the European Space Agency in April 1995 (Eur-
opean Space Agency (ESA), 1995). ERS-2 is in a
sun-synchronous orbit, approximately 800 km
above Earth, crossing the equator at 10:30 local
time (LT) in the descending (N–S) node. The
GOME instrument observes the atmosphere in

http://www.atmos-chem-phys.org/acp/4/877/
http://www.atmos-chem-phys.org/acp/4/877/
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nadir view and global coverage is achieved every 3
days after 43 orbits with a footprint of 40 km
latitude by 320 km longitude. It is designed to detect
radiation reflected from the ground and scattered
from the atmosphere, as well as extraterrestrial solar
radiation, covering the wavelength range from 240
to 790 nm with the spectral resolution of 0.2–0.4 nm.
From these measurements, trace gas total column
amounts are retrieved utilizing the characteristic
spectral absorption features. Although the main
target species of GOME is ozone, other trace gases
such as NO2 can also be measured (Burrows et al.,
1999).

In this study we use the most recent version
(Version 2) of tropospheric NO2 column data
products that were created at the Institute of
Environmental Physics (IUP), University of Bremen
in the framework of European project POET
(http://nadir.nilu.no/poet/). Satellite data are ana-
lyzed for tropospheric NO2 in a four-step proce-
dure. First, the NO2 absorption averaged over all
light paths contributing to the signal is determined
using the differential optical absorption spectro-
scopy (DOAS) method in the 425–450 nm region
(Richter and Burrows, 2002). In the second step, the
stratospheric component is removed by subtracting
the daily stratospheric NO2 column simulated by
the 3D CTM SLIMCAT (Chipperfield, 1999) for
the time of the satellite overpass. To account for
differences between model and measurement, the
SLIMCAT data are scaled to the GOME data over
a clean region (1801–2101 longitude). In a third step,
a cloud screening is applied removing those
measurements with a cloud fraction of more than
0.2 as determined by the FRESCO algorithm
(Koelemeijer, et al., 2001). The last step is the
conversion of the tropospheric residual to a vertical
tropospheric column by applying the pre-calculated
air mass factors (AMF) with the radiative transfer
model SCIATRAN (Rozanov et al., 1997). AMF
prescribe an effective path of light in the tropo-
sphere and depend, in particular, on vertical
distribution of the absorbing gas, aerosol and
clouds in the troposphere, and on solar zenith angle
and surface albedo. Different approaches and
assumptions to evaluate AMF were used in different
versions of data products of IUP. In particular,
Version 1 data (see, e.g. Richter and Burrows, 2002;
Lauer et al., 2002) were derived under simplified
assumptions that all tropospheric NO2 is homo-
geneously distributed in vertical below 1.5 km. The
retrieval of Version 2 data is based on the use of
monthly AMF evaluated with NO2 profiles from a
run of the global model MOZART-2 model for
1997 (Horowitz et al., 2003).

GOME NO2 measurement errors have been
discussed in detail elsewhere (Richter and Burrows,
2002; Martin et al., 2002; Boersma et al. 2004)
Briefly, GOME errors are dominated by clouds
and airmass factor uncertainties. A rough
estimate of the errors is an additive error of
0.5–1.0� 1015molecules cm�2 and a relative error
of 40–60% over polluted areas. An additional
uncertainty is introduced into the comparison by
sampling and smoothing errors: GOME measure-
ments have lover longitudinal resolution than the
model which leads to apparent differences close to
pollution hot spots (see Fig. 1). Also, the GOME
orbital pattern and the cloud mask applied leads to
non-uniform sampling of the NO2 field, and can
lead to less representative monthly averages, in
particular in seasons and areas with high cloud
coverage.

3. Results and discussions

3.1. General distribution pattern

Fig. 1 presents the geographical distribution of
the tropospheric NO2 column over China for July
simulated with the model and retrieved from the
GOME satellite data. Since both emission inven-
tories EDGAR and CORP were developed for the
year 1995 when the GOME data was not yet
available, we use the GOME data for the year 1996
for comparison. The GOME data for the year of
2000 is also selected considering that the emission
inventory TRACE-P was developed for this
year. The GOME measurements in low and middle
latitudes are always taken at the same LT (the
northern mid-latitudes are crossed at about
10:45 LT). Correspondingly, we use the model
output for each grid at 10:00–12:00 LT for
comparison. One can see from the figure that high
tropospheric NO2 column densities (more than
4� 1015molecules cm�2) in polluted areas have been
observed by GOME, and are reproduced by the
model as well. The NO2 column increases from 1996
to 2000 in the polluted regions around Beijing,
Shanghai and Guangzhou have also been detected
by GOME. However, the NO2 column simulated
with TRACE-P, which is the emission inventory
for the year 2000, is lower than those simulated
with EDGAR and CORP, which are the

http://nadir.nilu.no/poet/
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Fig. 1. Tropospheric NO2 column densities in July calculated with the model using different emission inventories EDGAR (a), TRACE-P

(b), and CORP (c) for the clear-sky conditions over the period 10:00–12:00 LT in comparison with the GOME data for the years 1996

(d) and 2000 (e). GOME data, which are provided with grid cells of 0.51 latitude� 0.51 longitude, have been interpolated to the model

horizontal grids of 100 km� 100km in the Lambert projection.

J. Ma et al. / Atmospheric Environment 40 (2006) 593–604 597
emission inventories for the year 1995. When using
TRACE-P, the model underestimates the NO2

column in comparison to the GOME measurements
in both 1996 and 2000.

Missing values are found in Fig. 1 for both model
results and GOME measurements because data
taken under cloudy conditions have been removed.
As described in Section 2.3 above, the GOME
measurements with a cloud fraction of more than
0.2 as determined by the FRESCO algorithm were
removed (see Koelemeijer, et al., 2001). We also
tried to use the cloud fraction of 0.2 as threshold to
filter out the cloudy conditions for the model
simulation and, as a result, missing values occurred
for most regions in southern China. The cloud
fraction seems rather difficult to predict precisely
with current mesoscale models, and it appears
to be overestimated by MM5 for the simulated
period (see Ma et al., 2002a). Therefore, we use the
photodissociation coefficient of NO2, i.e., J-NO2, to
separate clear and cloudy conditions in the present
study. Specifically, a J-NO2 value of 1.0� 10�2 s�1

has been used as a threshold, with which the
geographical distribution pattern of model data
gaps matches that of the GOME 1996 data roughly.
The sensitivity of comparison results to the thresh-
old of J-NO2 value will be tested below. Fig. 2
presents the tropospheric NO2 to NOx column
density ratio under these clear-sky conditions over
the period 10:00–12:00 LT. Only the simulation with
the emission inventory of EDGAR is shown, as the
influence of the difference in emission inventories on
the ratio is negligible. As can be seen in the figure,
the NO2–NOx ratio is higher in polluted areas,
ranging from 0.5 to 0.7, due to higher ozone and
peroxy radical concentrations favoring the shift in
NOx from NO to NO2, while the effect of J-NO2

value on the geographical distribution of the
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Fig. 2. Tropospheric NO2 to NOx column density ratio in July

calculated with the model using the emission inventory EDGAR

for clear-sky conditions over the period 10:00–12:00 LT.

Fig. 3. PBL to tropospheric NO2 column density ratio in July

calculated with the model using the emission inventory EDGAR

for clear-sky conditions over the period 10:00–12:00 LT.

J. Ma et al. / Atmospheric Environment 40 (2006) 593–604598
NO2–NOx ratio is not so significant under clear-sky
conditions.

In this study, the model-simulated tropospheric
NO2 column density is an integration of the amount
of NO2 in each model layer from the ground to the
thermal tropopause. For a sensitivity test, we also
performed the integration of NO2 up to the height
of 150mbar that was used in previous studies, e.g.,
by Kunhikrishnan et al. (2004). The variation in the
NO2 column (less than 5� 1013molecules cm�2) was
so small that it can be neglected, especially over
polluted areas. The regional lifetime of NOx

estimated for China is about 14–21 h according to
Kunhikrishnan et al. (2004), and hence a large part
of NO2 would be found in the regions near the NOx

sources. Fig. 3 presents the ratio of the planetary
boundary layer (PBL) NO2 column to the total
tropospheric NO2 column. It is shown that NO2

accumulates predominantly in the PBL with a
contribution of more than 90% over highly polluted
areas.

3.2. Grid-to-grid and region-to-region comparisons

Scatter plots in Fig. 4 show grid-to-grid compar-
isons of the tropospheric NO2 column densities
calculated with the model using the emission
inventories EDGAR, TRACE-P and CORP with
the GOME data that have been interpolated into
the model grids (Table 1). Different colors are used
in the plots to specify the grids of different regions
that are specified in Fig. 5. These regions include the
North of China (Beijing surrounding area) denoted
with ‘BJ’, the Yangtze Delta (Shanghai surrounding
area) denoted with ‘SH’, the Pearl River Delta
(Guangzhou surrounding area) denoted with ‘GZ’,
the western part of China denoted with ‘WC’, and
the eastern part of China denoted with ‘EC’. It is
shown that with respect to the GOME measure-
ments the model with TRACE-P underestimates the
tropospheric NO2 column density almost in all areas
of China, and the model with EDGAR and CORP
underestimates the tropospheric NO2 column den-
sity in remote and most rural areas of China.
EDGAR and CORP behave better in the North of
China, but overestimate the NO2 column in the
Yangtze Delta and underestimate it in the Pearl
River Delta. With respect to the correlation with the
GOME measurements, the model with CORP
appears to be the best and EDGAR the poorest
when all the available data points in the model
domain are included.

Fig. 6 presents region-to-region comparisons of
mean tropospheric NO2 column densities calculated
with the model using different emission inventories
with the GOME data. The average values of
GOME 1996 are 3.1� 1015molecules cm�2 in the
North of China where Beijing is located
(1-BJ), 2.0� 1015molecules cm�2 in the Yangtze
Delta where Shanghai is located (2-SH),
1.5� 1015molecules cm�2 in the Pearl River
Delta where Guangzhou is located (3-GZ),
0.8� 1015molecules cm�2 in the western part of
China (4-WC), and 1.1� 1015molecules cm�2 in the
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Fig. 5. Specification of different regions in China selected for

comparisons. The North of China (35–421N, 112–1201E) where

Beijing is located is shown in red (denoted with ‘BJ’), the Yangtze

Delta (28–351N, 117–1231E) where Shanghai is located is shown

in green (denoted with ‘SH’), the Pearl River Delta (22–251N,

111–1171E) where Guangzhou is located is shown in blue

(denoted with ‘GZ’), the western part of China (to the west of

1051E) is shown in yellow (denoted with ‘WC’), and the rest of

China mainland are shown in gray (denoted with ‘EC’).
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rest of China mainland (5-EC). All the magnitudes
of NO2 columns are represented by the ratios of
their values to the GOME 1996 values in the same
regions. As found above, the model with TRACE-P
underestimates the GOME measurements in 2000
by more than 50% for all the regions. The tropo-
spheric NO2 column is simulated well (within
6–12% deviation) in the case of 1-BJ, overestimated
(by 43–77%) in the case of 2-SH, and under-
estimated (by 43–44%) in the case of 3-GZ by the
model with EDGAR and CORP when compared to
the GOME measurements in 1996. The model
underestimates the GOME measurements in remote
and less-polluted rural regions of China (69–84%
and 33–64% in the cases 4-WC and 5-EC,
respectively) no matter what emission inventory is
Fig. 4. Scatter plots of tropospheric NO2 column densities

calculated with the model using different emission inventories

EDGAR (a), TRACE-P (b) and CORP (c) versus the GOME

data in July for the years of 1996 (a, c) and 2000 (b). The color of

the symbols corresponds to the color of the individual regions in

Fig. 5. Solid curves refer to a linear regression with the data

points of all the regions. Note that logarithmic coordinates are

used and thus the linear regression looks curvilinear in the plots.

A summary of comparison statistics is given in Table 1. All data

have the same units of 1015molecules cm�2.
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Table 1

Comparison statistics for the data points in Fig. 4

Samples r2 Slope Intercept Bias (%)

1-BJ

GOME 1996/EDGAR 39 0.237 0.150 2.70 �12

GOME 2000/TRACE-P 39 0.186 0.367 2.84 �56

GOME1996/CORP 39 0.253 0.197 2.46 6

2-SH

GOME 1996/EDGAR 17 0.326 0.204 1.26 77

GOME 2000/TRACE-P 17 0.238 0.715 2.01 �55

GOME1996/CORP 17 0.147 0.132 1.60 43

3-GZ

GOME 1996/EDGAR 17 0.309 0.542 1.05 �43

GOME 2000/TRACE-P 17 0.099 1.572 1.36 �74

GOME1996/CORP 17 0.249 0.449 1.13 �44

4-WC

GOME 1996/EDGAR 186 0.059 0.121 0.828 �75

GOME 2000/TRACE-P 182 0.017 0.338 0.960 �84

GOME1996/CORP 186 0.063 0.119 0.822 �69

5-EC

GOME 1996/EDGAR 424 0.128 0.211 0.985 �45

GOME 2000/TRACE-P 420 0.283 0.792 0.995 �64

GOME1996/CORP 424 0.3336 0.342 0.856 �33

All the regions

GOME 1996/EDGAR 683 0.360 0.361 0.935 �41

GOME 2000/TRACE-P 675 0.472 1.124 0.920 �67

GOME1996/CORP 683 0.509 0.431 0.835 �31

Note: we use the linear equation Y ¼ A� X þ B, where X, Y, A and B refer to the model NO2 column, GOME NO2 column, slope and

intercept, respectively. Bias ¼ (Xmean�Ymean)/Ymean� 100.

Fig. 6. Normalized tropospheric NO2 columns for the regions

BJ, SH, GZ, WC and EC that are defined in Fig. 5. The mean

model NO2 columns for emissions inventories EDGAR,

TRACE-P and CORP and the mean GOME NO2 column for

the year 2000 are scaled to the mean GOME NO2 column for

1996 in the same region.

J. Ma et al. / Atmospheric Environment 40 (2006) 593–604600
used. Comparisons of the GOME 1996 and 2000
data show that the NO2 column increases during the
period in all the regions, even including western
China. The reason for the apparent NO2 increase in
the remote region could be either due to real
differences in the NO2 fields, or to errors in the
retrieval, which are estimated to be of the same
order of magnitude (see Section 2.3).

3.3. Sensitivity tests

As described in Section 3.1, we use a J-NO2 value
of 1.0� 10�2 s�1 as threshold to distinguish between
the clear-sky and cloudy conditions for the model
results. Since selection of this J-NO2 value is more
or less arbitrary, we performed calculations using
different J-NO2 values as threshold to investigate
the sensitivity of our results to the approach used in
the present study. Fig. 7 presents the changes in the
model-to-GOME 1996 tropospheric NO2 column
ratio as a function of J-NO2 threshold. The Beijing
surrounding area (BJ), which is a representative of
highly polluted regions, and eastern China rural
areas (EC), which belong to less polluted regions,
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Fig. 7. Changes in the model-to-GOME ratio of region mean

tropospheric NO2 columns as a function of J-NO2 threshold that

is used for the selection of model results for the clear-sky

conditions. Solid and dotted lines are the results for the Beijing

surrounding area (BJ) and eastern China rural areas (EC),

respectively, which are specified in Fig. 5. The J-NO2 value of

10� 10�3 s�1 has been used as a threshold for the present study.
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are chosen for presentation. It can be seen that for a
wide range of thresholds, i.e., J-NO2 larger than
2–3� 10�3 s�1, the changes in the model-to-GOME
NO2 column ratio are very small (within 10%).
Only when the threshold changes from 2–3� 10�3

to 0 s�1, the ratio changes significantly by up to
200%, but these J-NO2 values represent cloudy
conditions and hence cannot be chosen as the
threshold.

4. Conclusions

We have compared tropospheric NO2 columns
over China simulated with a regional model using
different emission inventories EDGAR, TRACE-P
and CORP, respectively, with measurements from
the GOME satellite. The model generally repro-
duces high tropospheric NO2 column densities in
polluted areas of China that have been observed by
GOME. However, the model simulations do not
agree with the GOME measurements in a quanti-
tative sense for some regions. We performed linear
regressions with the NO2 column densities available
from GOME, Y, and the model, X, of each grid cell
in selected regions. For all the region of China,
comparison statistics are Y ¼ 0:361� X þ 0:935
with r2 ¼ 0:360 and bias ¼ �41% for EDGAR,
Y ¼ 1:124� X þ 0:920 with r2 ¼ 0:472 and
bias ¼ �67% for TRACE-P, and Y ¼ 0:431� X þ

0:835 with r2 ¼ 0:509 and bias ¼ �31% for CORP.
Our study is the first to look at the regional
distribution of NOx emissions in China, while
previous studies always treated larger areas (China
or Asia).

In the polluted regions around Beijing, Shanghai
and Guangzhou, NO2 column increases from 1996
to 2000 have been detected by GOME. However,
the NO2 column simulated with TRACE-P, which is
the emission inventory for the year 2000, is lower
than those simulated with EDGAR and CORP,
which are emission inventories for the year 1995.
We have found that TRACE-P underestimates the
tropospheric NO2 column density in all the regions
with respect to the GOME measurements (by more
than 50%). There have been several studies using
CO observations from aircraft during TRACE-P
and from satellite which have come to the same
conclusion, which is that Chinese emissions in the
TRACE-P inventory are too low (e.g., Palmer et al.,
2003; Carmichael et al., 2003; Allen et al., 2004;
Heald et al., 2004). EDGAR and CORP appear to
behave well for the model simulations in the North
of China (within 15% deviations), but poorer for
the model simulations in the Yangtze Delta (over-
estimate by 45–75%) and in the Pear River Delta
(underestimate by 45%). All the emission inven-
tories used underestimate the tropospheric NO2

column density in remote and less-polluted rural
areas significantly. However, the uncertainties in
estimated difference are large due to larger relative
errors of GOME measurements over these regions.
On the other hand, a recent study of Wang et al.
(2004) used observations of CO and NOy over
China and found that in addition to increasing the
TRACE-P emissions they had to invoke a very large
source of NOx from soils because of fertilizers and
release of NOx from human and animal wastes to
bring model and measurements into agreement.

In this study we use the J-NO2 value as threshold
to select the clear-sky conditions for the model
results. Although the definition of J-NO2 threshold
value is more or less arbitrary, sensitivity test show
that this would not affect our result so much. On the
other hand, in order to filter out cloudy conditions
GOME measurements use cloud fraction as thresh-
old, which seems rather difficult to observe by
satellites and predict precisely with current mesos-
cale models. The GOME NO2 data analysis uses a
priori profile information taken from a MOZART
model run, which in turn is based on the EDGAR
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emissions, albeit on a coarse spatial scale. This
could have an impact on the comparison between
model and satellite measurement, although the
retrieval is affected not by the absolute amount
but only by the vertical distribution of the NO2.
According to Velders et al. (2001), the measured
tropospheric NO2 amounts derived from GOME
data are a factor of 2–3 larger than those
calculated by the MOZART model for Asia. In
the study of Martin et al. (2003), their global model
a posteriori estimate agrees closely with the
EDGAR 3.0 bottom-up inventory, but there are
significant differences in some regions including
Asia.

All the emission estimates we use are based on the
yearly statistical data that have no information on
seasonal variations. Seasonal variation in the
emissions can be significant at least in the northern
part of China due to heating in winter. Over Beijing
for instance, the emissions in July are estimated to
be 70% of those averaged over a year. Complete
comparisons of model simulated tropospheric NO2

columns with GOME data should be made for
different months and different years. The difference
in the total of NOx emissions over China is 50%
among the three emission inventories used in this
study, and the difference between EDGAR and
TRACE-P is less than 10%. However, larger
discrepancy in the tropospheric NO2 columns over
different regions between the model simulations and
the GOME measurements are found in this study.
This highlights the need for spatially high-resolved
NOx emission inventories with good accuracy as
they have a large impact on NOx concentrations
predicted by models. Measurements from satellite
instruments such as GOME, and in the future the
Scanning Imaging Absorption spectrometer for
Atmospheric Chartography (SCIAMACHY) on
board ENVISAT and the Ozone Monitoring
Instrument (OMI) on board Aura, which both
provide better spatial resolution, can help to
identify deficiencies in existing emission inventories
and might also be used to improve such estimates by
inverse modeling.
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