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The trend, seasonal cycle, and sources of tropospheric
NO, over China during 1997—2006 based on satellite
measurement
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The characteristics of spatial and temporal distribution of tropospheric NO, column density concen-
tration over China are presented, on the basis of measurements from the satellite instruments GOME
and SCIAMACHY. From these observations, monthly averaged tropospheric NO, variations are deter-
mined for the period of 1997 to 2006. The trend and seasonal cycle are also investigated. The possible
source of tropospheric NO, over megacity area is discussed in this paper. The results show a large
growth of tropospheric NO, over eastern China, especially above the industrial areas with a fast eco-
nomical growth, such as, Yangtze Rive Delta region and Pearl River Delta region because of the
prominent anthropogenic activity. There is a rapid increase of tropospheric NO, over megacities in
China. For instance, Shanghai had a linear significant increase in NO, columns of ~20% per year (ref-
erence year 1997) in the period of 1997—2006, which is the rapidest increase among all the selected
cities. The seasonal pattern of the NO, concentration shows a difference between the east and west in
China. In the eastern part of China, an expected winter maximum in seasonal cycle is found because of
the prominent anthropogenic activity and meteorological conditions. In the western part this cycle
shows a NO, maximum in summer time, which is attributed to natural emissions, especially soil emis-
sions and lightning. A quickly increasing vehicle population may contribute to the increase of tropo-
spheric NO, over megacities in China for the remarkable correlation for vehicle population with tropo-
spheric NO,,

tropospheric NO,, satellite instruments, trend, seasonal cycle and sources

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
globally™. The photolysis of NO, leads to the photo-
chemical formation of ozone (O;) during daytime by a
catalytic cycle involving organic peroxy radicals (RO,),
the hydroperoxy radical (HO;), the hydroxyl radical
(OH), volatile organic compounds (VOC) and carbon
monoxide (CO). NO, can also react with O3 to form the
nitrate radical (NO;), which is a strong oxidant and
plays an important role in the nighttime chemistry. The
main products of NO; in the troposphere are peroxyace-
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tyl nitrate (PAN or CH3;C(O)OONO,) and nitric acid
(HNOs3). The stability of PAN in the atmosphere is
highly temperature-dependent, and NO, is released with
increasing temperature. Nitric acid is produced by day-
time reaction of NO, with the OH radical or by night-
time formation of N,Os followed by hydrolysis on aero-

solsi3l, Nitrogen dioxide (NO;) as one of the most im-
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portant species in tropospheric chemistry has attracted
great attention of governments and scientists.

In addition, NO, also contributes to radiative forc-
ing™, because of its short lifetime, mainly locally and
not on a global scale. However, its atmospheric chemis-
try controls in part the oxidizing capacity of the tropo-
sphere, as well as the abundance of ozone. Therefore
NO, can also modify the radiative balance of the Earth
through its influence not only on the tropospheric ozone
chemistry, but also on the lifetimes of methane (CHy)
and other greenhouse gases'™.

Nitrogen oxides (NOy = NO + NO,) play an important
role in atmospheric chemistry. The abundance of NO, in
the troposphere is highly variable and influenced by
both anthropogenic and natural emissions. NOy has sig-
nificant natural sources (e.g., lighting and soil emissions)
and anthropogenic (e.g., biomass burning, fossil fuel
combustion) sources. Global tropospheric NO, distribu-
tions are measured by the satellite instruments GOME
(from 1995 to 2003) aboard ERS-2, SCIAMACHY
(from 2002) aboard Envisat platform and OMI aboard
EOS-AURA (from 2004)=%,

Recent studies on the tropospheric NO, columns
show that the satellite measurements are suitable for
improving emission inventories and air quality studies.
Jaegle et al."” ysed GOME measurements over the Sa-
hel to map the spatial and seasonal variations of NOy,
mainly caused by biomass burning and soil emissions.
Martin et al."™ used GOME measurements to derive a
top-down emission inventory. The top-down inventory
in combination with bottom-up emission inventory is
used to achieve an optimized posterior estimate of the
global NO, emissions. Boersma et al.'* used GOME
measurements to estimate the global NOy production
from lightning by comparing modeled and measured
spatial and temporal patterns of NO, in the tropics. In
the work by Heue et al'3] SCIAMACHY measure-
ments are compared with an air quality model and
ground measurements. They showed that SCIAMACHY
measurements are able to monitor the air pollution over
Europe and its day-to-day changes. Analysis of the sat-
ellite data has revealed the spatiotemporal distribution of
tropospheric NO, on a global scale!®#14=1 Thege stud-
ies have highlighted the areas of intense pollution in
industrialized regions, emissions from biomass burning,
soil emissions and lightning signatures.

Nitrogen oxide concentrations in many industrialized
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countries are expected to decrease™”, but rapid eco-
nomic development has the potential to increase signifi-
cantly the emissions of nitrogen oxides in parts of
Asia®®=2 China has one of today’s fastest growing
economies of the world. This increase in economic ac-
tivity is accompanied by a strong increase of emissions
of tropospheric pollutants and therefore leads to extra
pressure on the environment. Here we present the tro-
pospheric column amounts of nitrogen dioxide retrieved
from two satellite instruments GOMEM*2! and

SCIAMACHY"2# over the years 1997 —2006.

1 Methods and sources of data

Measurements of the satellite instruments GOME and
SCIAMACHY have been used to retrieve tropospheric

Mﬂl, and validation of the

columns of NO, from space
data product used in this study has been performed®.

GOME (Global Ozone Monitoring Experiment)-*!1
is a smaller version of SCIAMACHY (Scanning Imag-
ing Absorption spectrometer for Atmospheric CHarto-
graphY)22L Both are passive remote-sensing instru-
ments observing the back-scattered radiance from the
earth and the extraterrestrial irradiance. GOME meas-
ures in nadir whereas SCIAMACHY observes in alter-
nate limb and nadir viewing.

The GOME is a four-channel ultraviolet/visible spec-
trometer observing scattered sunlight in nadir viewing
geometry"*. 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 spec-
tral region from 240—793 nm with a channel-dependent
spectral resolution of 0.2 to 0.4 nm. The ground scene of
GOME typically has a footprint of 320 kmx40 km. 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 have been available
since August 2002. The ultraviolet/visible nadir meas-
urements of SCIAMACHY used here are similar to
those from GOME, with the two main differences being
the improved spatial resolution (60 kmx30 km 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.

Satellite data are analyzed for tropospheric NO, in a
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four-step procedure. First, the NO, absorption averaged
over all light paths contributing to the signal is deter-
mined using the Differential Optical Absorption (DOAS)
method in the 425—450 nm regions . In the second
step, the stratospheric component is removed by sub-
tracting the daily stratospheric NO, column simulated by
the 3d-CTM SLIMCAT2 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 removing
those measurements with a cloud fraction of more than
0.2 as determined by the FRESCO algorithm®*.. The last
step is the conversion of the tropospheric residual to a
vertical tropospheric column by accounting for the ver-
tical sensitivity of the measurement with the radiative
transfer model SCIATRANZ2S. In this step, a priori in-
formation is needed on surface spectral reflectance29,
surface altitude, aerosol loading and the shape of the
vertical distribution of NO,. The latter is taken from a
run of the chemistry-transport MOZART-2 model®®! 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 signifi-
cant impact on the retrieval results™ the observed
changes in NO, are unlikely to be affected because the
same input was used for all years.

All the tropospheric NO, data from satellite used in
this study were downloaded form the website,
http://www.temis.nl/. And the concentration of NO; in
ground produced from air pollution index (API) sup-
ported by EPA in Beijing and Shanghai during 2000 to
2006 was obtained from the websites (http://www.bjee.
org.cn/api/index.php and http://www.envir.online.sh.cn/
airnews/index.asp). API was converted to NO, concen-
tration according to the following formula:

C=Ciow+ [(I = liow)/(Ihigh — liow)] X (Chigh — Ciow),
where C is the concentration of NO, and | is the API
value of NO,. lpign and lioy, the two values most ap-
proaching to value | in the API grading limited value
table (Table 1), stand for the value larger and lower one

Table1l API grading limited value table

Cc=1.61 when 0<I<50
C=0.81+40 when 50<I1<<100
C=1.61-40 when 100<1<200
C=2.851-290 when 200<I<300
C=1.85I+10 when 300<1<<400
C=1.91-10 when 400<I<500
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than |, respectively; Cpign and Ci, represent the NO,
concentration corresponding to lngn and iy, respec-
tively.

2 Results and discussion

2.1 Spatial and temporal distribution

We combined GOME and SCIAMACHY measurements
to obtain a 10-year data for this study. The heavy pollu-
tion of NO, over the east of China is shown in Figure 1,
especially the four regions: (1) Jingjinji region (2)
Yangtze delta region; (3) Pearl River Delta region; and
(4) Sichuan Basin. The average tropospheric NO, verti-
cal column density over the east of China (110—123°E,
30—40°N) is about 9.3x 10" molec ¢m 2, which is more
than fifteen times to the value over the west of China
(80— 100°E, 30—40°N), 0.6x10"° molec cm .

The temporal variations of the columns of tropo-
spheric NO, above the region of the east of China and
west of China are shown in more detail in Figure 2,
where monthly averages are plotted from both GOME
and SCIAMACHY. It can be seen clearly that there is
distinct increase in tropospheric NO, over the east of
China and no obvious change in the west of China in
recent ten years. Figure 3 exhibits the rapid increase in
tropospheric NO, over the east of China with about
0.82x10" molec cm™ a™' during 1997 to 2006 (regres-
sion coefficient, R”=0.96). The strong increase in tropo-
spheric NO, emissions in the east of China is due to an

. o 27-29
increase in industry and traffic2—2%.

2.2 Seasonal variations

Since the lifetime of NOy is longer in the winter, a NO,
maximum is expected in the winter ">, Figure 2 shows a
monthly average of tropospheric NO, vertical columns
over the east and west of China. It can be seen that in the
east of China a seasonal NO, maximum is found ac-
cording to the expected winter maximum, but in the
west of China a NO, maximum during summertime is
found. The reason for the difference existed in the east
and west of China will be discussed in detail in Section
24

Figure 4 show the fours seasons (spring: Mar.—
Apr.—May; summer: Jun.—Jul. — Aug.; autumn: Sep.—
Oct.—Nov.; winter: Dec.—Jan.—Feb.) variation of tro-
pospheric NO, over east and west of China respectively
during the recent ten years. In the east of China, the four
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Figure 1 Tropospheric NO, vertical columns averaged between 1997 and 2006. (1) Jing-Jin-Ji region (2) Yangtze delta region; (3) Pearl River Delta

region; (4) Sichuan Basin.
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Figure 2 Monthly variations of tropospheric NO, over the east and west of China.
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Figure 3 Temporal evolution of tropospheric NO, vertical columns

density over the east of China.
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with the east with summer > spring > autumn > winter. It
can be seen clearly that there is distinct seasonal charac-
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Figure 4 Seasonal variations of tropospheric NO, over the east and west
of China. (a) East of China; (b) west of China.

teristic between the east and west because of the differ-
ent pollution sources and location geography.

2.3 Characteristics of tropospheric NO, over meg-
acity in China

Table 2 shows the trend estimates and start values of
tropospheric NO, for some megacities in China, where
the population is more than 10 million. A yearly growth
is determined in terms of percentage with respect to the
start value in 1997 to indicate the increase of the NO,
column. It should be noted that this percentage is given
relative to the start value in 1997 because we applied a
linear model. Shanghai is the fastest growing industrial
areas, which is reflected in a large growth in NO,. The
growth rate of tropospheric NO, in Shanghai is the larg-
est among those megacities, since Shanghai is the eco-
nomic centre of China including a harbor and industrial
activities that are stimulated by the Chinese government.
The trend over background (86+0.5°Ex40+0.5°N) is not
significant in this period.

The temporal development of the NO, column for the
megacities and background area is shown in Figure 5
relative to the value measured in 1997. It can be seen
clearly that all the values are on the increase except for
background area. It is economic centre and industrial
activities in megacity in China including high population

density, thus inducing rapid increase of tropospheric
NO;.

Table 2 Tropospheric NO, vertical columns over megacities in China

Mean concentra-  Linear trend in Growth
tion NO, in 1997 NO, (10"° molec  (reference year
(10" molec cm™) cm?2a’) 1997)
Beijing 12.7 23 18.0
Tianjin 13.0 2.0 20.0
Shanghai 10.1 1.7 13.1
Guangzhou 10.7 0.9 16.4
Chengdu 3.8 0.7 19.1
Chongging 3.7 0.7 19.0
Background
(86+0.5°Ex 0.6 —-0.03 =52
40+0.5°N)
34 —o— Shanghai
e Chengdu
= '-é" 29 - Chongging Gl
g —— Beijing
g ; 24 —=— Guangzhou
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E ?_: 1.9 —s— Background
'_3 E 1.4
s'5
Z £
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Figure 5 Temporal evolutions of tropospheric NO, columns for magaci-
ties areas.

2.4 Source appointment

in China
(http://www.agro-labs.ac.cn/21¢c/jpg/5-1-5.jpg), it could
be clearly seen that those emissions of tropospheric NO,

Based on the population distribution

are concentrated on the densely populated and industri-
alized eastern part of China. The western part of China
has a low population density?”. As a consequence natu-
ral emissions are expected to dominate the tropospheric
column. But in the north and west, above the large city
(Urumgqi), a winter maximum is found, which strength-
ens the idea that the summer maximum in NO, over the
rest of west China is caused by natural emissions.

The NO, lifetime is on the order of one day depend-
ing on many factors like meteorological conditions,
photolysis timescale and OH concentrations. The com-
bination of the variability in meteorological conditions,
chemistry and emissions leads to a seasonally dependent
NO; concentration with an expected maximum of NO,
in wintertime in regions with strong anthropogenic
emissions. In wintertime, the anthropogenic emissions
are expected to be higher because of heating of buildings,
as shown for China by Streets et al.">. Beirle et al.'>!
found variability with a weekly pattern in the NO, con-
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centration above Europe, related to reduce anthropo-
genic emissions during the weekend. In Figure 2, it
could be clearly seen that there is an expected maximum
of NO, in wintertime in the east of China, which is
strong anthropogenic emissions. And the summer
maximum in NO, over the west of China is caused by
natural emissions as discussion above.

Some researchers measured lightning flash densities
by the Optical Transient Detector (OTD) (http://thunder.
msfc.nasa.gov/otd/). A comparison between the summer
and winter flash densities can indicate that lightning
above China especially occurs during summertime when
the flash rate is about 5—6 times higher than during
wintertime®%. The contribution of lightning to the tro-
pospheric NO, column is strongest in the tropics, with
an estimated maximum of 0.4x10" molec/cm™. Be-
cause the difference between summer and winter tropo-
spheric columns is typical of the order 1.0X10"
molec/cm’, lightning alone cannot account for all the
natural emissions in west China. Duncan et al.®% show
that there is no biomass burning in the western part of
China. In the work by Yienger and Levy (1995) it is
suggested that in remote and agricultural regions soil
emissions contribute 50% to the total NOy budget and
that in July these percentages can rise to more than
75%2L Yienger and Levy?®! also suggested that soil
NOyx emissions are temperature-dependent, soil- de-
pendent and precipitation-dependent. A higher surface
temperature leads to more NOy emissions, which would
explain higher NOy concentrations in summer time.

As the increase emission of tropospheric NO, over
megacity in China, we selected two typical cities Beijing
and Shanghai for study. In order to compare with the
data from the ground measurement, the ground NO,
concentrations in Beijing and Shanghai have been col-
lected. The positive correlation between ground NO,
concentration and tropospheric NO, column has been
found in these two cities (see Figure 6), which demon-
strates that the NO, emission from the ground contrib-
utes much to tropospheric NO, over the megacity.

Another light sight has been generated in the study on
vehicles population with the tropospheric NO, column
in megacity. The number of vehicles population has
rapidly increased from 1.1 million in 1997 to 2.9 million
in 2006 in Beijing, and the number will be about 320
million in 2008 (http://www.tranbbs.cn/Html/TechArti-
cleData/0703121247921.html). Figure 7 shows the re-

markable positive relationship between vehicles popula-
tion and tropospheric NO;, column in Beijing with re-
gression coefficient R*=0.9 (see Figure 8) during 1997 to
2006. Aggressive measures were instituted by the
Beijing municipal authorities to restrict vehicular traffic
in the Chinese capital during the recent Sino-African
Summit®*. The reductions in associated emissions of
NOy were detected by the Dutch-Finnish Ozone Moni-
toring Instrument (OMI) aboard the Aura satellite. They
conclude that traffic restrictions implemented during the
Sino-African Summit were remarkably successful in
reducing emissions of NO, by as much as 40%"Y. It
could conclude that increasing vehicles population with
the exhausted gas could contribute to the observed in-
crease of tropospheric NO,.
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Figure 6 Variations of ground NO, concentration and tropospheric NO,

column in megacity. (a) Beijing; (b) Shanghai.
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Figure 7 Variations of vehicles population and tropospheric NO, col-
umn in Beijing.
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3 Conclusions

The tropospheric NO, columns measured by GOME and
SCIAMACHY during 1997 to 2006 have been used for
the study for trend, seasonal cycle and sources analysis
of tropospheric NO, over China. The geographic annual
average distribution of tropospheric NO, over China was
studied. The eastern part of China, a high populated and
industrial area has high tropospheric NO, columns. And
in western China, as there is nearly no anthropogenic
activity, a low tropospheric NO, column has been found.

In the eastern part of China, an expected winter
maximum in seasonal cycle is found due to the promi-
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Over megacities areas, the tropospheric NO, columns
show increasing emission in the last ten years and there
is no significant change in background areas in China.
Shanghai is the fastest growing megacity with a yearly
increase of ~20% according to 1997.

The ground NO; concentrations show the positive
correlation with its tropospheric NO, column over
megacity. Furthermore, the vehicles population in Bei-
jing shows remarkable positive relationship with its tro-
pospheric NO, columns, which proves that prominent
anthropogenic activity and increasing vehicles exhausted
gas could contribute to the observed increase of tropo-
spheric NO,.

The rapid increases in NO, observed by GOME and
SCIAMACHY over the last decade demonstrate that the
expanding Chinese economy has significantly increased
air pollution.
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