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Emissions from fossil fuel combustion and biomass burning
reduce local air quality and affect global tropospheric chemistry.
Nitrogen oxides are emitted by all combustion processes and play
a key part in the photochemically induced catalytic production of
ozone, which results in summer smog and has increased levels of
tropospheric ozone globally1. Release of nitrogen oxide also
results in nitric acid deposition, and—at least locally—increases
radiative forcing effects due to the absorption of downward
propagating visible light2. Nitrogen oxide concentrations in many
industrialized countries are expected to decrease3, but rapid eco-
nomic development has the potential to increase significantly the
emissions of nitrogen oxides4–7 in parts of Asia. Here we present the
tropospheric column amounts of nitrogen dioxide retrieved from
two satellite instruments GOME8,9 and SCIAMACHY10 over the
years 1996–2004. We find substantial reductions in nitrogen
dioxide concentrations over some areas of Europe and the USA,
but a highly significant increase of about 50 per cent—with an
accelerating trend in annual growth rate—over the industrial
areas of China, more than recent bottom-up inventories suggest6.

Measurements of the satellite instruments GOME and SCIAMA-
CHY have been used to retrieve tropospheric columns of NO2 from
space8,11–13, and validation of the data product used in this study has
been performed14. Analysis of the satellite data has revealed the
spatial and temporal distribution of tropospheric NO2 on a global
scale (for example, see refs 8, 11–13, 15 and 16). These studies have
highlighted the areas of intense pollution in industrialized regions,
emissions from biomass burning, soil emissions and lightning
signatures.

In contrast to in situ data from pollution monitoring networks,
which measure the concentration near the ground, the remote
sensing measurements, after correction for vertical sensitivity, yield
the column amount integrated over the troposphere. With the
exception of aircraft and lightning, the sources of nitrogen oxides
(NOx) are located close to the surface. As a result of this NOx source
distribution and the relatively short NO2 chemical lifetime, the
tropospheric NO2 columns observed from space are dominated by
the NO2 amount in the boundary layer.

The NO2 columns retrieved from space can be used to improve the
currently uncertain estimates of NOx emissions. This requires knowl-
edge of the lifetime of NOx and of the ratio NO2/NOx (refs 11, 17,
18). To a first-order approximation these values are independent of
NOx concentrations17, and local changes in NO2 columns can be
assumed to be proportional to changes in local emission. The
objective of this study has therefore been to investigate temporal
changes in global tropospheric NO2 patterns retrieved from GOME
and SCIAMACHY measurements and thereby to infer changes in
NOx emissions from 1996 to 2004. Initially, annual averages of
tropospheric NO2 columns derived from GOME measurements

were determined on a 0.58 £ 0.58 grid for the years 1996–2002,
during which the instrument provided global coverage. For each
grid cell, a linear regression was performed. The resulting average
gradients are shown in Fig. 1. For the majority of the globe the change
in NO2 amount over the period investigated is smaller than 6 £
1014 molecules cm22 (,1 £ 1014 molecules cm22 yr21), which is
below the detection limit. However, significant reductions are
observed over parts of Europe and the central east coast of the
USA, in particular over the Ohio valley region, which has large power
plants. At the same time, an increase in NO2 is observed in the
northeast of the USA as well as a large upward trend over parts of
China.

To illustrate the extent and the spatial distribution of NO2, the
averages of the tropospheric NO2 columns derived using SCIAMA-
CHY measurements from December 2003 to November 2004 are
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Figure 1 | Average annual changes in tropospheric NO2 as observed by
GOME from 1996 to 2002. The gradient obtained from a linear regression
of the annual averages of tropospheric GOME NO2 vertical columns,
retrieved close to 10.30 a.m. LT from 1996 to 2002 is shown. Reductions in
NO2 are observed over Europe and the Central East Coast of the United
States, while large increases are evident over China.
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shown in Fig. 2 for North America, Europe and Asia. As expected, the
largest changes are observed in areas with large NO2 columns. For the
regions selected in Fig. 2, the temporal development of the NO2

column is shown in Fig. 3 relative to the value measured in 1996. It is
evident from these time series that the changes depicted in Fig. 1 are
systematic and not dominated by year-to-year variations, in particu-
lar over Europe and China. GOME retrieval errors have been
discussed in detail in several publications12,17,19. Briefly, the error
comprises an additive part, being approximately (0.5–1) £
1015 molecules cm22, and a multiplicative part, being 40–60% for
monthly averages over polluted regions. A large part of the error
budget is associated with uncertainties in the assumptions made for
the radiative transfer calculations, and is systematic, because the
same air-mass factors are used for each year (see Methods). Conse-
quently only changes in these parameters contribute to the relative
error, shown in Fig. 3, and the uncertainty for an annual value is
reduced to about 15%.

Reductions in NOx emissions over the last two decades have been
reported for some regions. For example, a 30% NOx emission
reduction for Europe between 1990 and 2000, and 18% from 1996
to 2002 has been published3, in excellent agreement with the GOME
values shown in Fig. 3. These decreases are attributed to efforts to
reduce emissions by the use of catalytic converters on automobile
exhaust systems, the transition to cleaner fuels, changing economic
circumstances, and so on.

The evolution of the columns of NO2 above the region of central
east China (308N, 1108 E to 408N, 1238 E; see Fig. 2) are shown in
more detail in Fig. 4, where monthly averages are plotted from both
GOME and SCIAMACHY. A pronounced seasonal variation and a
significant increase from year to year is observed, most notably in the
winter values. The large NO2 annual cycle is explained by the seasonal
variation of the lifetime of NOx in the boundary layer16, related
variations in meteorological conditions, and possibly also by higher
winter emissions20.

The annual averages used for the linear regression in Fig. 1 are
dominated by the winter values. However, if only summer months
are analysed, a comparable increase of 42% (in May, June, July and
August 1996–2002, ^20%) is found, indicating a consistent increase
in NO2 concentrations over the industrialized part of China. This

Figure 2 | SCIAMACHY tropospheric NO2 vertical columns averaged
between December 2003 and November 2004 for selected industrial
regions. SCIAMACHY measurements are taken close to 10.00 a.m. LT. A
nonlinear colour scale has been used because of the large range of NO2

vertical columns. The numbered rectangles indicate the regions used in Fig. 3.

Figure 3 |The temporal evolution of tropospheric NO2 columns fromGOME
for selected areas. The mean annual NO2 column amount normalized to
that in 1996 for the geographical regions USA, Central East Coast USA,
Western Europe, Poland, Japan, East Central China, and Hong Kong, which
are defined in Fig. 2. The error bars represent the estimated uncertainty
(s.d.) for an individual year, the values over China being larger as a result of
the poorer knowledge and therefore larger uncertainty of the aerosol loading
and its changes.
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growth accelerated over the past years, from a 4% annual increase in
1997 to 12% in 2002. These GOME results are supported by recent
data from SCIAMACHY, also shown in Fig. 4. The two instruments
made overlapping measurements from August 2002 to June 2003,
and although the measurement pattern is not identical for the two
instruments (see Methods), the resulting time series fit almost
seamlessly together, indicating a continuing increase in NO2 con-
centrations and ruling out unidentified drift or ageing issues in the
GOME data record.

To interpret the observed behaviour of retrieved NO2 and identify
its origins, the following potential effects, which might explain an
increase of the observed NO2 columns over China, should be
considered.

(1) Change in measurement sensitivity. The satellite sensitivity
would increase if surface reflectance increased significantly. From the
GOME data there is no indication for a systematic trend in reflec-
tance. An increase in reflecting (sulphate) aerosols would also
increase sensitivity, as would a reduction in black carbon and dust
aerosols17. Aerosol precursor emissions of both black carbon and
sulphate in China were reported to be lower in 2000 than in 1995
(ref. 6), while TOMS (total ozone monitoring spectrometer) ultra-
violet absorbing aerosol optical depths show no trend over this
period21. Given the lack of information on aerosol trends for China,
we assume that the uncertainty introduced by aerosol changes from
1996 to 2002 is of the order of the 5–10% total effect of aerosols over
the USA17.

(2) Change in NO2/NOx partitioning. Variation of the ratio of
NO2 to NO can lead to an apparent increase of NO2 at constant NOx.
The chemistry-transport model MOZART-2 (ref. 22) was used to
quantify possible changes in the NO2/NOx ratio over Asia. A
simulation was performed for the 1990–1999 period, where changes
in surface emissions of all the chemical species included in MOZART
were specified according to the POET emission scenario23. The results
of the simulations showed that, for a 60% increase in emissions, typical
of the increase in the anthropogenic emissions in China, the NO2/NOx

ratio at the overpass time of GOME increased by 8% in summer and
decreased by 3% in winter. These values are significantly lower than the
NO2 changes, retrieved from GOME and SCIAMACHY.

(3) Lifetime of NO2. This is determined primarily by the rate
of production of HNO3 from homogeneous and heterogeneous
chemistry and its uptake in aerosol and clouds, and subsequent
deposition. If OH concentrations are reduced, then for constant
emissions, the observed NO2 column increases. A decrease in OH

concentration can result from larger aerosol loading24, but on the
other hand, increasing amounts of hydrocarbons from pollution are
likely to increase OH levels. In any case an OH reduction would also
have large effects on the lifetime of many other atmospheric trace
gases. There is no evidence from measurements for a change in OH
concentration sufficient to explain our observations of the changes in
the retrieved tropospheric NO2 columns.

(4) Increase in NO2 emissions. As result of the rapidly growing
economy powered by the generation of energy from fossil fuels, large
increases have been predicted for NOx emissions from China4–7. The
MOZART-2 model indicates that a 60% increase in anthropogenic
NOx emissions results in a 50% increase of the NO2 column in winter
and 57% in summer over China. So to a first approximation, changes
in NO2 columns and changes in NOx emissions are expected to be of
the same order of magnitude.

Thus, a significant increase in NOx emissions appears to be the
most plausible explanation of the observed increase in NO2 retrieved
over China. In this context, a recent bottom-up inventory study6

concluded that NOx emissions from China increased by 13% from
1994 to 2000, but showed signs of reducing growth rates between
1995 and 2000. Interestingly, this conclusion is not supported by
GOME observations, which show a continuing increase in NO2

columns. Apparently, any decreases in NOx emissions for example,
from improved coal-fired power stations are more than offset by
other changes in emissions or sources not yet included in the
inventory. The number of vehicles has doubled from 10.4 million
in 1995 to 20.5 million in 2002 in China25, and this in addition to
increasing industrial and domestic heating sources could contribute
to the observed increase of NO2. Detailed inventory studies are
needed to confirm the conclusions drawn from the satellite obser-
vations and to assign emissions to sources. The rapid increases in
NO2 observed by GOME and SCIAMACHY over the last decade
demonstrate that the expanding Chinese economy has significantly
increased air pollution.

METHODS
GOME and SCIAMACHY. GOME (Global Ozone Monitoring Experiment)8,9 is
a smaller version of SCIAMACHY (Scanning Imaging Absorption spectroMeter
for Atmospheric CHartographY)10. Both are passive remote-sensing instruments
observing the back-scattered radiance from the earth and the extraterrestrial
irradiance. GOME measures in nadir whereas SCIAMACHY observes in alter-
nate limb and nadir viewing.

The GOME is a four-channel ultraviolet/visible spectrometer observing
scattered sunlight in nadir viewing geometry (ref. 8 and references therein).
GOME is part of the core payload of the ESA ERS-2 platform, which was
launched in April 1995 and provided global coverage from August 1995 to June
2003. The instrument observes simultaneously the spectral region from 240–
793 nm having a channel-dependent spectral resolution of 0.2 to 0.4 nm. The
ground scene of GOME typically has a footprint of 320 £ 40 km2. With an
across-track swath of 960 km, global coverage at the equator is achieved within
three days.

SCIAMACHY was launched in March 2002 on ENVISAT. Nadir and limb data
are available since August 2002. The ultraviolet/visible nadir measurements of
SCIAMACHY used here are similar to those from GOME, the two main
differences being the improved spatial resolution (60 £ 30 km2 over most
parts of the world) at reduced coverage. The latter is a result of the alternate
limb nadir viewing, global coverage at the Equator being achieved in six days.
NO2 data analysis. Satellite data are analysed for tropospheric NO2 in a four-
step procedure. First, the NO2 absorption averaged over all light paths con-
tributing to the signal is determined using the Differential Optical Absorption
(DOAS) method in the 425–450 nm region12. In the second step, the strato-
spheric component is removed by subtracting the daily stratospheric NO2

column simulated by the 3d-CTM SLIMCAT26 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 (1808–2108
longitude). In a third step, a cloud screening is applied to remove those
measurements with a cloud fraction of more than 0.2 as determined by the
FRESCO algorithm27.

The last step is the conversion of the tropospheric residual to a vertical
tropospheric column by accounting for the vertical sensitivity of the

Figure 4 |Monthly averages of tropospheric vertical columns of NO2 over
East Central China. A plot of the monthly mean of the three-day composite
of the tropospheric NO2 vertical column versus time is presented for the area
defined by latitudes 308N to 408N and longitudes 1108E to 1238E. Both
GOME data (open symbols) and SCIAMACHY measurements (filled
symbols) are shown. SCIAMACHY nadir measurements started in August
2002, but limited data are available prior to 2003. Shaded areas represent the
standard deviation estimated for the monthly mean three-day composite,
and take into account the variability of the measurements resulting from
changes in NO2 and data gaps arising from cloud cover and any missing
observations.
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measurement with the radiative transfer model SCIATRAN28. In this last step, a
priori information is needed on surface spectral reflectance29, surface altitude,
aerosol loading and the shape of the vertical distribution of NO2. The latter is
taken from a run of the chemistry-transport MOZART-2 model (ref. 22) for
1997, which was used to determine monthly averaged air-mass factors on a
2.58 £ 2.58 grid. Although the a priori assumptions used in the analysis have a
significant impact on the retrieval results12,13,19, the observed changes in NO2 are
unlikely to be affected because the same input was used for all years (see
Supplementary Information). Please note that for the year 1998, no GOME data
are available for January. To avoid a bias in the annual averages from the seasonal
variation in NO2, data from January 1997 were used instead.

Data analysis for GOME and SCIAMACHY is identical except that (1)
SLIMCAT data are not yet available for 2004 and therefore the stratospheric
correction is based on the use of a clean reference sector only, and (2) FRESCO
cloud fractions are not yet available for all SCIAMACHY data and therefore an
intensity criterion was used which was selected to be comparable to a threshold
of 20% FRESCO cloud cover.
MOZARTmodel. For the sensitivity studies, a MOZART-2 (ref. 22) model run at
T63L47 (1.8–1.88 resolution) was used covering the time period 1990–1999.
Emissions for all species for the 1990–1999 period are based on a linear
interpolation for the years 1990–1995 and 1995–1997. The 1997 inventory has
been compiled by combining the inventory for 1995 with regional trend data for
various sources for 1995–1997. For the years 1997 to 1999 an extrapolation,
based on the 1995–1997 trend, has been performed for each type of emission for
each species23. These assumptions lead to a 60% increase in anthropogenic NOx

emission over Central East China between 1990 and 1999.
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