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Abstract

Western China has experienced rapid industrialization and urbanization since the im-
plementation of the National Western Development Strategies (the “Go West” move-
ment) in 1999. This transition has affected the spatial and temporal characteristics of
nitrogen dioxide (NO2) pollution. In this study, we analyze the trends and variability of5

tropospheric NO2 vertical column densities (VCDs) from 2005 to 2013 over Western
China, based on a wavelet analysis on monthly mean NO2 data derived from the Ozone
Monitoring Instrument (OMI) measurements. We focus on the anthropogenic NO2 by
subtracting region-specific “background” values dominated by natural sources. We find
significant NO2 growth over Western China between 2005 and 2013 (8.6±0.9 %yr−1

10

on average, relative to 2005), with the largest increments (15 %yr−1 or more) over parts
of several city clusters. The NO2 pollution in most provincial regions rose rapidly from
2005 to 2011 but stabilized or declined afterwards. The NO2 trends were driven mainly
by changes in anthropogenic emissions, as confirmed by a nested GEOS-Chem model
simulation and a comparison with Chinese official emission statistics. The rate of NO215

growth during 2005–2013 reaches 11.3±1.0 %yr−1 over Northwestern China, exceed-
ing the rates over Southwestern China (5.9±0.6 %yr−1) and the three well-known pol-
luted regions in the east (5.3±0.8 % yr−1 over Beijing–Tianjin–Hebei, 4.0±0.6 % yr−1

over the Yangtze River Delta, and −3.3±0.3 %yr−1 over the Pearl River Delta). Ad-
ditional socioeconomic analyses suggest that the rapid NO2 growth in Northwestern20

China is likely related to the fast developing resource- and pollution-intensive indus-
tries along with the “Go West” movement as well as relatively weak emission controls.
Further efforts should be made to alleviate NOx pollution to achieve sustainable devel-
opment in Western China.
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1 Introduction

Nitrogen oxides (NOx = NO+NO2) are major constituents in tropospheric chemistry,
leading to ozone formation, acid deposition, and particulate matter pollution. NOx are
emitted into the troposphere from anthropogenic activities (thermal power plants, trans-
portation, industries, and residential use) and natural sources (lightning, open fires, and5

soil) (Lin, 2012; Russell et al., 2012). Rapid economic development and urbanization
across China in recent decades have caused serious air pollution problems, with NOx
becoming the fastest growing air pollutant in China over the last two decades (Richter
et al., 2005; Zhang et al., 2012; Zhao et al., 2013).

Vertical column densities (VCDs) of tropospheric NO2 retrieved from various satellite10

instruments have been used widely to study NOx pollution over China (Richter et al.,
2005; van der A et al., 2006; He et al., 2007; Wang et al., 2007b; Zhang et al., 2007b,
2012; Gu et al., 2013; Huang et al., 2013; J.-T. Lin et al., 2014). Satellite observations
provide a tool to infer patterns of anthropogenic and natural NOx emissions (Zhang
et al., 2007a, 2009b; Stavrakou et al., 2008; van der A et al., 2008; Zhao and Wang,15

2009; Li et al., 2010; Lin et al., 2010, 2015; Lamsal et al., 2011; Lin, 2012; Wang et al.,
2012; Reuter et al., 2014). They are also useful to analyze the large variations in NOx
pollution during several short-term socioeconomic events, such as the Sino-African
summit, Beijing Olympic Games, Shanghai Expo, Guangzhou Asian Games, Chinese
economic recession and Chinese New Year (Wang et al., 2007a, 2009; Mijling et al.,20

2009; Witte et al., 2009; Hao et al., 2011; Lin and McElroy, 2011; Lin et al., 2013).
Most of prior studies have focused on Eastern China, with little attention paid to

Western China. As shown in Fig. 1, Western China is specified here as the vast re-
gion covering six provinces (Gansu, Guizhou, Qinghai, Shaanxi, Sichuan and Yunnan),
five provincial-level autonomous regions (Guangxi, Inner Mongolia, Ningxia, Tibet and25

Xinjiang), and one provincial-level municipality (Chongqing City). Western China has
experienced significant socioeconomic changes following the National Western Devel-
opment Strategies (the “Go West” movement) launched by the Chinese government
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in 1999. Over the last decade, the rates of industrialization and urbanization in West-
ern China has accelerated (Deng and Bai, 2014). Western China is rich in natural re-
sources, such as water, coal, natural gas, petroleum, and minerals. With the adjustment
of regional development strategy at a national level, those energy-intensive industries
formerly located in Eastern China have been encouraged to move westward, although5

the ecosystems of Western China may be more fragile than those of Eastern China
(Shuai and Zhongying, 2008; Chen et al., 2010; Bai et al., 2014). Although the “Go
West” movement is beneficial for local industrial and economic development in West-
ern China, it may have led to unintended environmental impacts that have yet to be
understood. The short lifetime of tropospheric NO2 (hours to a day), its strong link and10

rapid response to emissions, and the availability of high-quality satellite measurements
allow to evaluating pollution changes and the possibility of sustainable development in
Western China. Satellite measurements are particularly important in lack of sufficient
ground-based measurements.

This study investigates the spatiotemporal variations of tropospheric NO2 VCDs be-15

tween October 2004 and May 2014 over Western China and potential human influ-
ences, by analyzing the monthly Royal Netherlands Meteorological Institute (KNMI)
Ozone Monitoring Instrument (OMI) NO2 data (DOMINO v2). We apply a wavelet
decomposition analysis to reveal the long-term trends and seasonal variation of tro-
pospheric NO2 over Western China. We also use a nested GEOS-Chem simulation20

and Chinese official emission statistics to confirm that anthropogenic emissions are
the main driver of NO2 variations. At last, we discuss the regional differences in NO2
growths between Northwestern and Southwestern China and between Western and
Eastern China, and we associate these differences with the driving socioeconomic fac-
tors of individual regions.25
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2 Data and study area

2.1 Satellite data

OMI is onboard the EOS-Aura satellite. The satellite measurements have a pixel size
of 13km×24km at nadir with a local overpass time around 13:40. VCDs of tropo-
spheric NO2 are derived in three major steps, including derivation of slant column5

densities (SCDs), separation of stratospheric and tropospheric SCDs, and calcula-
tion of tropospheric air mass factors (AMFs) for deduction of the tropospheric VCDs.
On a regional and monthly mean basis, the relative error of retrieved VCDs is about
30%+0.7×1015 moleculescm−2 (Boersma et al., 2011; Lin and McElroy, 2011). More
detailed algorithms and error descriptions involved in retrieving tropospheric NO2 VCDs10

can be found in Boersma et al. (2007, 2011).
We mapped the level-2 DOMINO v2 product (http://www.temis.nl/airpollution/no2.

html) to a 0.25◦ ×0.25◦ grid, and then averaged daily data to produce monthly mean
VCD values. We used data from October 2004 to May 2014 for the present analysis.
For data quality control, we excluded pixels with a cloud radiance fraction > 50 % or15

affected by row anomaly (Boersma et al., 2011). We filled the missing monthly mean
values in some grid cells using values in the adjacent years; the impact on the trend
analysis is found to be small by sensitivity analyses on the respective GEOS-Chem
simulation results (see Sect. 4.2).

2.2 GEOS-Chem modeling20

We used the nested GEOS-Chem chemical transport model version 9-02, on a 0.667◦

long. ×0.5◦ lat. grid with 47 vertical layers, to simulate the tropospheric NO2 and other
pollutants over Asia (Chen et al., 2009). The model is run with the full Ox-NOx-VOC-
CO-HOx gaseous chemistry and online aerosol calculations, and it is driven by the
GEOS-5 assimilated meteorology from the NASA Global Modeling and Assimilation25

Office. Vertical mixing in the planetary boundary layer follows the non-local parameter-
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ization scheme implemented by (Lin et al., 2010). Convection is simulated with a mod-
ified Relaxed Arakawa–Schubert scheme (Rienecker et al., 2008). Lateral boundary
conditions of the nested model are updated every 3 h by results from corresponding
global modeling on a 5◦ long. ×4◦ lat. grid.

Chinese anthropogenic emissions of NOx and other species adopt the monthly5

MEIC inventory with a base year of 2008 (www.meicmodel.org). We further scaled
monthly anthropogenic NOx emissions to other years, by applying the ratios of monthly
DOMINO v2 NO2 VCDs in those years over the VCDs in the respective months of 2008.
Emissions for other Asian regions follow the INTEX-B inventory (Zhang et al., 2009a).
Other model setups are referred to Lin et al. (2015).10

Due to limited meteorological inputs, model simulations were conducted from 2004
to April 2013. The first simulation year was used for model spin-up, and results from
2005 onward were analyzed in the present analysis. Modeled vertical profiles of NO2
were averaged over 13:00–15:00 local time, regridded to a 0.25◦ ×0.25◦ grid, applied
with the DOMINO averaging kernel (AK), sampled in locations and days with valid15

OMI data, and then averaged to derive monthly mean VCDs values. The use of AK
was to eliminate the effect of differences in NO2 vertical profiles between GEOS-Chem
and TM4 (that provides the priori profiles for the DOMINO retrieval). Modeled VCDs
data without applying the AK are also analyzed in Sect. 4.2 to test the effects of data
sampling and temporal interpolation.20

2.3 Official anthropogenic emission and socioeconomic data

We took Chinese official provincial-level NOx emission inventory for 2007 and 2010–
2013 to compare with trends in OMI NO2. Chinese central government commenced
its official estimate of anthropogenic NOx emissions following the first nationwide pol-
lution census in 2007 (The first nationwide pollution census committee, 2011). NOx25

emissions in 2010–2013 were also based on the estimating system of the first pollu-
tion census, allowing for a consistent comparison throughout time. We also included
the official emission targets aimed for 2015 from the 12th Five-Year Plan (2011–2015),
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a well-known socioeconomic planning step of China. We obtained all socioeconomic
data from the China Statistical Yearbooks Database (http://tongji.cnki.net/overseas/
engnavi/navidefault.aspx).

2.4 Study area

Figure 1 highlights the study area in China. We extracted provincial and regional NO25

data according to their administrative divisions. We separated Western China into two
sub-regions, including Northwestern China (Gansu, Inner Mongolia, Ningxia, Qing-
hai, Shaanxi and Xinjiang) and Southwestern China (Chongqing, Guangxi, Guizhou,
Sichuan and Yunnan). Tibet is excluded from the present analysis due to lack of socioe-
conomic data. We also selected three key regions from Eastern China for comparisons10

with Western China: the Beijing-Tianjin-Hebei region (BTH, including Beijing, Tian-
jin and Hebei Province), the Yangtze River Delta (YRD, including Shanghai, Jiangsu
Province and Zhejiang Province) and the Pearl River Delta (PRD, part of Guangdong
Province).

3 Methods15

3.1 Removing contributions from natural sources

This study is focused on areas that have been subjected to significant changes in
anthropogenic NOx emissions. Since NOx are emitted from both anthropogenic and
natural sources (Lin, 2012), we removed the natural contributions by taking advantage
of their distinctive seasonal patterns. Over China, anthropogenic emissions tend to20

maximize in winter, although the seasonal variation is often within 20 % (Zhang et al.,
2009a). Soil and lightning emissions exhibit summer maxima with very low values in
winter. Biomass burning emissions of NOx are negligible over China (Lin, 2012). In
addition, the lifetime of NOx in winter is several times longer than in summer. There-
fore the NO2 VCDs are the lowest in summer and the highest in winter over the areas25

34919

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/34913/2015/acpd-15-34913-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/34913/2015/acpd-15-34913-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://tongji.cnki.net/overseas/engnavi/navidefault.aspx
http://tongji.cnki.net/overseas/engnavi/navidefault.aspx
http://tongji.cnki.net/overseas/engnavi/navidefault.aspx


ACPD
15, 34913–34948, 2015

Rapidly growing NO2

over Western China

Y.-Z. Cui et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

dominated by anthropogenic sources, while the opposite seasonality occurs over the
regions dominated by natural emissions (Lin, 2012). Furthermore, lightning and soil
emissions are mostly independent of direct anthropogenic influences for 2005–2013,
albeit with certain effects from changes in climate and/or land use. There is no evi-
dence that these natural emissions underwent significant trends from 2005 to 2013. By5

comparison, anthropogenic emissions have exhibited dramatic changes along with the
rapid socioeconomic development, and these changes have affected the seasonality
of NO2.

Figure 2a shows the seasonal variation in OMI NO2 VCDs, averaged over 2005–
2013, for each 0.25◦ ×0.25◦ grid cell in Western China; the grid cells are ordered10

according to their 9 year mean NO2 values. Once a grid cell is ordered, its 9 year
mean monthly NO2 values are converted to their reverse ranks (from 1 to 12) in the
12 month dataset. Figure 2a shows that for grid cells with 9 year mean NO2 VCDs be-
low 1.0×1015 moleculescm−2, NO2 generally experiences summer maxima and winter
minima, reflecting the dominance of natural sources. In contrast, grid cells with 9 year15

mean NO2 VCDs above 1.0×1015 moleculescm−2 exhibit winter maxima, due to the
dominance of anthropogenic emissions as well as a longer lifetime.

Figure 2b further shows the standard deviation (SD) of monthly OMI NO2 VCDs year
by year for each 0.25◦×0.25◦ grid cell in Western China; the grid cells are ordered ac-
cording to their 9 year mean NO2 values. Once a grid cell is ordered, its SD values are20

converted to their reverse ranks (from 1 to 9) in the 9 year dataset. Figure 2b shows that
grid cells with 9 year mean NO2 VCDs above 1.0×1015 moleculescm−2 exhibit a large
growth in SD especially since 2009, as a result of large growth in anthropogenic emis-
sions that amplified the seasonality. By comparison, grid cells with 9 year mean NO2

VCDs below 1.0×1015 moleculescm−2 did not experience such significant changes in25

SD between 2005 and 2013.
Based on the above seasonality analysis, we determined the regions dominated

by anthropogenic emissions as those with 2005–2013 mean NO2 VCDs exceeding
1.0×1015 moleculescm−2. To further remove natural influences, we identified six “back-
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ground” areas that are away from cities and are supposed to be dominated by natural
emissions (see the hatched areas in Fig. 1), a method similar to Russell et al. (2012).
The “background” regions in Western China are normally the uninhabited areas with
very low 9 year mean NO2 VCDs (0.4–0.5×1015 moleculescm−2, much lower than in
the polluted areas, Table 1). The “background” regions in Eastern China have higher5

NO2 values, at 0.7–1.2×1015 moleculescm−2; however, these values are still several
times lower than the values in the polluted eastern regions (Table 1). When calculat-
ing the trends and seasonal variation of NO2 in the grid cells of the chosen human-
dominant areas, we subtracted NO2 VCDs at these grid cells by the NO2 value aver-
aged over the nearest “background” region. The subtraction was done on a monthly10

basis. We processed the model NO2 data with the same method. Note that the “back-
ground” regions may not be totally free from anthropogenic influences, as certain
amount of NOx in the polluted areas may be oxidized to produce peroxyacyl nitrates
(PANs), which can be transported to “background” areas and converted back to NOx.
The effect of this residual anthropogenic NOx on our trend analysis is small, since the15

NO2 values over the “background” regions are much lower than over the polluted areas.

3.2 Wavelet decomposition analysis

Due in part to the short lifetime of NOx, the tropospheric NO2 concentrations respond
quickly to emission changes at various temporal scales, from a general growth along
with socioeconomic development to short-term perturbations such as the Chinese New20

Year holidays and the economic recession (Lin and McElroy, 2011; Lin et al., 2013). We
thus conducted discrete wavelet transform (DWT) to distinguish temporal variability of
NO2 at multiple scales (Pišoft et al., 2004; Partal and Küçük, 2006; Nalley et al., 2012).
The multi-scale analysis in DTW is able to decompose a time series f (t) into n-scale
components (n is the decomposition level):25

f (t) =
n∑

i=1

Di +An (1)
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where Di is a detailed signal (high frequency) at level i and An is the approximate
signal (low frequency) at the set of maximum level n. The detailed and approximate
coefficients were produced by convolution of time series with wavelet functions and
scaling functions. Then both coefficients were reconstructed to have the same temporal
length as the original signal (Nalley et al., 2012).5

We chose Discrete Meyer (dmey) as the basis function with a wavelet decomposi-
tion number of five. The decomposition number is normally the number of data after
last subsampling, and it is smaller than the function length (de Artigas et al., 2006).
Increasing the decomposition level leads to smoother results for detailed and approxi-
mate signals at the compensation of increased estimate errors (Chou, 2011). We tested10

the decomposition number n from 3 to 7 and selected a number at 5 that separates
the trends and seasonality from smaller timescales. As a result, the approximate sig-
nal A5 represents the long-term trend of the original NO2 time series, and the detailed
components D1–D5 indicate higher-frequency variations. In particular, D3 reflects the
seasonal variation with a period of about 12 months. As an example, Fig. 3 presents15

the wavelet transform result for one grid cell (34.5◦ N, 108.9◦ E, in Xi’an City). Note
that our wavelet decomposition does not require prior assumptions on seasonality and
other temporal scales, different from the approaches adopted by previous NO2 studies
(e.g.,van der A et al., 2006).

4 Results and analysis20

4.1 Spatial patterns of tropospheric NO2 VCDs over China

Figure 4 shows the spatial distributions of annual average OMI NO2 VCDs over China
in 2005, 2012 and 2013. Here the “background” values have not been subtracted. The
NO2 VCDs exceed a high value of 6×1015 moleculescm−2 in many areas of Central-
East China and parts of Western China. Chengdu-Chongqing, Urumqi and Shaanxi-25

Guanzhong city clusters are well-known pollution “hot spots” of Western China (see
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Fig. 1 for region definitions). These “hot spots” have intensified since 2005, as well as
other polluted western areas including Gansu-Ningxia and Inner Mongolia industrial
city clusters. The annual and regional average NO2 VCDs over Western China has
increased by 51 % between 2005 and 2013, higher than the increase at 41 % in Central-
East China. The large growth of NO2 over Western China highlights the necessity of5

understanding potential human influences in these regions.
Figure 4 also compares the OMI derived and GEOS-Chem modeled annual average

NO2 VCDs in 2005 and 2012. OMI and model NO2 share similar spatial and temporal
patterns. Linear regression for model NO2 as a function of OMI NO2 reveals that for
a given year, model NO2 are highly correlated with OMI values in space (R2 is around10

0.90; see Fig. 4 for a scatterplot for 2012 and Table 2 for statistics for other years).
Table 2 shows that for 2008, the magnitudes of model NO2 are also close to OMI NO2
(slope = 1.09). For other years, the slopes are larger (1.11–1.26), indicating positive
model biases. The biases reflect the nonlinear relation between changes in NOx emis-
sions and changes in NO2 VCDs (Martin et al., 2003; Valin et al., 2011; Lin, 2012) that15

we did not account for when linearly scaling model emissions from MEIC 2008 to other
years based on the interannual variation in OMI NO2.

4.2 Trends and seasonal variation of NO2 over Western China

Figure 5 shows OMI and modeled NO2 trends at individual grid cells over Western
China, by applying a linear regression to the approximate signal A5 from the wavelet20

decomposition. All trend values are normalized relative to the 2005 mean NO2 VCDs.
All the NO2 data have been subtracted by its respective “background” values prior to
the wavelet analysis. Results are only shown for grid cells with 2005–2013 average
NO2 VCDs exceeding 1.0×1015 moleculescm−2 and with statistically significant trends
(P value < 0.05 according to an F test).25

Figure 5a shows that OMI NO2 grew at most grid cells from 2005 to 2013, with a re-
gional average annual growth at 8.6±0.9 %yr−1. NO2 grew the fastest over the city
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clusters, reflecting rapid economic development, urbanization, and population growth.
Parts of Chengdu-Chongqing, Shaanxi-Guanzhong and Urumqi city clusters experi-
enced NO2 growth of 15 %yr−1 or more. Most grid cells in yellow color are suburban or
rural areas, but they also underwent rapid NO2 growth since 2005 (6–10 %yr−1).

A comparison of Fig. 5b and c shows that GEOS-Chem generally captures the OMI5

NO2 trends from 2005 to 2012, suggesting that anthropogenic emissions are the main
driver of the observed NO2 trend. OMI data exhibit a stronger growth than modeled data
over North Xinjiang, East and South Inner Mongolia, South Sichuan, East Guizhou and
South Guangxi, whereas the OMI trends are weaker than the modeled trends over most
of other regions. The differences between modeled and OMI NO2 reflect the strong but10

nonlinear relation between NOx emissions and NO2 VCDs.
Table 1 shows the trends of OMI NO2 VCDs from 2005 to 2013, as a percentage

of mean values in 2005, on a provincial basis. NO2 grew the fastest over Xinjiang,
Ningxia and Qinghai with a growth rate at 15.1, 12.3 and 11.2 % per year, respectively.
The growth rates in Northwestern China (7.5–15.1 %yr−1) were much greater than15

the rates in Southwestern China (4.0–7.8 %yr−1), primarily as a result of the regional
differences in socioeconomic development (see Sect. 5.2).

Figure 6 further shows the A5 monthly time series for individual provinces as a result
of wavelet analyses on OMI NO2. All values are normalized with respect to 2005. In par-
ticular, the OMI_1 time series (black line) results from a wavelet analysis on OMI NO220

over October 2004–May 2014. OMI_1 shows that NO2 grew rapidly between 2007 and
2011 over all provinces. For Xinjiang, Qinghai and Yunnan, OMI NO2 increased contin-
uously from 2005 to 2013. Over other provinces, OMI NO2 peaked around 2011–2012
and then stagnated or even slightly declined thereafter. These stagnation or reduction
patterns likely reflect recent effective emission control policies (see Sect. 5.1).25

Figure 6 also compares the A5 time series for OMI NO2 (OMI_2, green line) and
model NO2 (GC_AK, red line) derived from wavelet analyses on the same time pe-
riod from January 2005 to April 2013. Model results were sampled coincidently with
OMI data and were applied with the AK. OMI_2 and GC_AK do not show a stag-
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nation/reduction feature as obvious as OMI_1 after 2011, because of a shorter time
series for wavelet decomposition. OMI_2 and GC_AK exhibit similar increasing trends
and variability in most western provinces, confirming that variations in anthropogenic
emissions (accounted for in the model) were the main driver of NO2 changes.

Our trend analyses may be affected by missing OMI data and the corresponding5

temporal interpolation procedure. To evaluate the effects, we compared two additional
datasets based on model results: GC_NAK1 (blue line in Fig. 6) represents model NO2
in all days without applying the AK, and GC_NAK2 (orange line) represents model NO2
sampled from days with valid OMI data but without applying the AK. Figure 6 shows
almost no differences between GC_NAK1 and GC_NAK2 for all provinces. Therefore10

the missing data have little influence on our trend analyses.
Figure 7 shows the seasonal variation of provincial mean OMI NO2, as represented

by the D3 component from the wavelet analysis. The dominant anthropogenic emis-
sions have resulted in winter NO2 maxima and summer minima. The NO2 seasonality
increased from 2005 to 2011/12 and decreased afterwards. The strength of seasonal-15

ity, in terms of absolute VCD values, varied by a factor of about six along with changes
in annual mean NO2 levels, revealing the rapidly changing anthropogenic influences.
The changes in NO2 seasonality mainly reflects a larger absolute increase in winter-
time NO2 VCD (due to a longer lifetime) than in summertime for a given amount of
emission increase. Also, an increase in emissions enhances the NOx lifetime in winter20

but with a reduction in summer (Lin and McElroy, 2011).

4.3 Comparison between satellite observations and bottom-up emission
estimates

Figure 8 shows Chinese official bottom-up provincial anthropogenic emission inven-
tory for 2007 and 2010–2013, together with the provincial emission targets for 201525

(as a goal of the 12th Five-Year Plan) (The State Council of the People’s Republic of
China, 2011a). Provincial mean OMI NO2 VCDs are also shown for comparison. Both
emission and VCD datasets were normalized to their 2007 mean values to remove
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the effect of regional dependence in the relation between NOx emissions and NO2
VCDs. Ningxia, Xinjiang and Inner Mongolia had the largest increases in NOx emis-
sions from 2007 to 2010, consistent with their growth of NO2 VCDs. NOx emissions in
most provinces grew significantly from 2007 to 2010 and peaked in 2011–2012, also
in general consistency with the trends in OMI NO2. On the other hand, the emission5

inventory suggests a reduction since 2011 for Xinjiang and Yunnan, inconsistent with
the notable growth in NO2 VCDs. This likely suggests an underestimate in the official
emission inventory.

5 Relating pollution changes to socioeconomic development and
environmental policies10

5.1 General discussion on NO2 trends over Western China

As described in Sect. 4, the tropospheric NO2 VCDs over Western China have grown
notably since 2005. The growth occurred not only over cities but also over many sub-
urban and rural regions, indicating an expansion of human influences from urban to
remote areas. This scale of pollution growth was associated with the rapid urbanization15

and industrialization over Western China following the “Go West” movement. Table 3
shows that the urban population (i.e., the percentage of total population living in urban
areas) increased by 10 % or more from 2005 to 2013 in all provinces of Western China
except Xinjiang. Over the same period, Western China experienced steep economic
growth with industrial GDP growth rates of 12.4–20.3 %yr−1 across the provinces.20

On the other hand, the NO2 VCDs declined or stabilized since 2011 in many
provinces (see Fig. 7), partly reflecting some improvements in environmental strate-
gies. China’s air pollution control strategy has been transformed from a traditional
end–of–pipe control strategy (i.e., only using low NOx combustion technologies in
some power plants) into a combined energy saving and emission reduction strategy25

after 2006 (Gu et al., 2013; Zhao et al., 2013). In particular, total NOx emissions have

34926

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/34913/2015/acpd-15-34913-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/34913/2015/acpd-15-34913-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 34913–34948, 2015

Rapidly growing NO2

over Western China

Y.-Z. Cui et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

become a major target of national pollution control in the 12th Five-Year Plan (2011–
2015), with a legally binding goal to reduce the national emissions by nearly 10 % in
2015 compared to 2010 (The State Council of the People’s Republic of China, 2011b).
Furthermore, Chinese central government has also decided to consider the effective-
ness of this reduction in evaluating local governments’ performance (The State Council5

of the People’s Republic of China, 2012). In aspect of energy saving measures, great
efforts have also been made to improve energy efficiency, to slow down growth of en-
ergy demand, and to adjust structure in various sectors (power plants, transportation,
industries, and residential use) over the past few years (Wang and Hao, 2012; Zhao
et al., 2013).10

5.2 On the contrast between Northwestern and Southwestern China

Northwestern China (Inner Mongolia, Xinjiang, Qinghai, Gansu and Shaanxi) has an
average NO2 growth rate at 11.3±1.0 %yr−1 from 2005 to 2013, about twice the
average growth rate (5.9±0.6 %yr−1) in Southwestern China (Sichuan, Chongqing,
Guizhou, Guangxi and Yunnan). The contrast in NO2 growth rate between Northwest15

and Southwest reflects their distinctive states of socioeconomic development. Accord-
ing to the nationwide pollution census, Northwestern China generates much more NOx
emissions per unit of GDP (11.94 tonnes/billion RMB in 2007) than the Southwest (6.98
tonnes/billion RMB) (The first nationwide pollution census committee, 2011). The dif-
ference in pollution intensities also reflects their dissimilar economic structures. In par-20

ticular, Northwestern China has recently become an important energy producer (due
to the “West to East Power Transmission” project) and a heavy industry base (in terms
of mining, fossil fuels and raw materials) (Chen et al., 2010; Deng and Bai, 2014), and
these industries are often associated with significant NOx emissions. The electricity
consumption of heavy industries in Northwestern China grew by 152.5 % from 2005 to25

2011, greater than the growth at 99.6 % in Southwestern China.
About 70 % of China’s industrial and residential energy consumption is supplied by

coal burning in 2009 (Li and Leung, 2012), and the value has not changed drastically
34927
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in later years. Figure 9 shows that Northwestern China has consumed more coal than
the Southwest since 2005, and by 2012 their difference has increased by a factor of 35
(from merely 9.03 million tonnes in 2005 to as large as 318.3 million tonnes in 2012).
For the Northwest, there is extremely high correlation between NO2 VCDs and coal
use across the years (R2 = 0.95, P value < 0.05), compared to a correlation at 0.845

(P value < 0.05) for the Southwest.
Furthermore, the annual amount of electricity generated by coal-fired power

plants in Northwestern China increased by 237 %, from 226.3 billionkWh in 2005 to
763.1 billionkWh in 2013; the annual growth rates are 9.8–22.8 %yr−1 for individual
provinces (see Table 3). The growth was smaller in the Southwest, about 110 % from10

165.6 to 347.9 billionkWh, translated to growth rates of 6.0–14.9 %yr−1 for individual
provinces. This difference was partly due to the stronger growth in hydropower produc-
tion in the Southwest (from 147.2 to 471.6 billionkWh over 2005–2013, at the rates of
8.9–21.6 %yr−1 in individual provinces) than the growth in the Northwest (from 40.0 to
107.3 billionkWh, 4.7–18.4 %yr−1).15

Transportation plays a more important role in NOx pollution over the Southwest,
comparing with the Northwest. Table 3 shows that transportation contributes to much
larger fractions of NOx emissions in the capital cities of Southwestern China than in the
Northwestern capital cities except Xi’an, Shaanxi. In addition, the number of vehicles
grew faster in the Southwestern capital cities during 2005–2012.20

5.3 On the contrast between Western and Eastern China

The average growth rate was 8.6±0.9 %yr−1 for Western China, much larger than the
rates in the three key eastern regions BTH (5.3±0.8 %yr−1), YRD (4.0±0.6 %yr−1)
and PRD (−3.3±0.3 %yr−1) (see Table 1). This regional contrast reflects both their
economic activities and the emission control policies adopted by the Chinese cen-25

tral and local governments. In particular, China’s development strategy for its west-
ern provinces might have led to unintended westward pollution migration, as many
resource- and pollution-intensive industries gradually moved from the East to the West
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after 2000. Table 3 shows that from 2005 to 2013, the average industrial GDP growth
rate in Western China was 17.2 %yr−1 (relative to 2005), higher than the rates in the
three key eastern regions (13.2 %yr−1 in BTH, 11.6 %yr−1 in YRD and 12.0 %yr−1 in
PRD). The fast economic and pollution growth in Western China in part reflects its
growing production to support consumption in other regions (J. Lin et al., 2014; Zhao5

et al., 2015). According to Zhao et al. (2015), NOx emissions over Western China in
2007 were largely attributable to the economic production to supply Eastern China and
foreign countries, with 366 Gg related to interprovincial trade and 49.1 Gg related to
international trade. Together with atmospheric transport, trade has become a critical
mechanism for transboundary pollution transfer at both the global and regional scales10

(Lin, J. et al., 2014), with significant consequences on public health (Jiang et al., 2015).
The west-east contrast in NO2 growth also reflected their different pollution control

strategies and measures. Although China has a national NOx emission reduction target
at 10 % (from 2010 to 2015), the targets are set differently for individual provinces.
Table 1 shows that the targets were higher, at 13.9, 17.7 and 16.9 %, for the three15

key eastern regions (BTH, YRD, and PRD), but they are as low as 5.7 % averaged
over Western China (The State Council of the People’s Republic of China, 2011a). In
particular, an emission increase by 15 % is allowed for Qianghai Province. In addition,
although NOx emission reduction measures have been taken in power plants and some
other industrial sectors since 2006 (via de-nitrification systems that involve selective20

catalytic or non-catalytic reduction), by 2010 as much as 57 % of these systems were
installed in the three key eastern regions (Zhao et al., 2013). The capacity of small
power generators being shut-down in Western China was about 10808 MW (excluding
small diesel generators), only accounting for about 19 % of the capacity of total shut-
down small power plants in China (55630 MW) during the 11th Five-Year Plan period25

(2006–2010) (NDRC, 2009–2011; Xu et al., 2013).
Furthermore, the vehicle emission control has also been implemented much more

stringently in the East than in the West (Li and Leung, 2012). Although large amounts
of “Yellow-Label Vehicles” (YLVs, highly-emitting vehicles that fail to meet the National
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I emission standard) have been banned from entering into big cites in Eastern China,
over the recent years a considerable number of used YLVs have been brought to the
West that has much weaker restrictions on YLVs (Qi, 2010). Greater efforts to reduce
NOx pollution in Western China, with lessons learnt from the East, will help to achieve
its sustainable development.5

6 Conclusions

This study investigates the spatiotemporal variations of tropospheric NO2 VCDs over
Western China during 2005–2013, by using a wavelet decomposition analysis to dis-
tinguish long-term trends, seasonal variation and other scales of temporal variabil-
ity. We focus on the anthropogenic NO2 by subtracting region-specific “background”10

values dominated by natural sources. We find NO2 grew rapidly over Western China
at a regional average rate of 8.6±0.9 %yr−1 from 2005 to 2013. Under the compet-
ing influences of economic growth and emission control, NO2 levels in most western
provinces increased from 2005 to 2011 and stabilized or slightly declined afterwards.
GEOS-Chem model simulations and the official emission statistics are used to confirm15

that the OMI observed NO2 trends were driven mainly by changes in anthropogenic
emissions.

Between 2005 and 2013, Northwestern China experienced much larger NO2 growth
(11.3±1.0 %yr−1) than Southwestern China (5.9±0.6 %yr−1) and the three traditional
key regions of Eastern China (BTH, YRD and PRD, −3.3 to +5.3 %yr−1). The rapid NO220

growth in Northwestern China was possibly attributed to the fast developing resource-
and pollution-intensive industries along with the “Go West” movement as well as rel-
atively weak emission controls. Rapid industrialization and urbanization in Western
China should be accompanied with more stringent pollution control to achieve sustain-
able development.25
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Table 1. Regional trends of OMI NO2 VCDs over 2005–2013 and NOx emission reduction plan
of 2015.

Region Average NO2 NO2 NOx emission
in 2005a trendb reduction plan of
1015 moleculescm−2 (%yr−1) 2015 (%)c

Northwest Gansu 0.9 (0.4, I) 7.5±1.2 3.1
Inner Mongolia 1.1 (0.4, I) 10.2±1.3 5.8
Ningxia 1.4 (0.4, I) 12.3±1.7 4.9
Qinghai 1.0 (0.5, II) 11.2±1.2 −15.3
Shaanxi 2.3 (0.5, II) 10.5±1.0 9.9
Xinjiang 1.0 (0.5, II) 15.1±2.0 0

Southwest Chongqing 2.2 (0.5, III) 7.8±0.9 6.9
Guangxi 1.2 (0.5, III) 4.0±0.5 8.8
Guizhou 1.3 (0.5, III) 6.9±1.0 9.8
Sichuan 1.7 (0.5, III) 6.1±0.7 6.9
Yunnan 0.7 (0.5, III) 4.2±0.3 5.8

Region West 1.3 (0.5, II) 8.6±0.9 5.7
Northwest 1.2 (0.5, II) 11.3±1.0 4.5
Southwest 1.4 (0.5, III) 5.9±0.6 7.6
BTH 9.2 (0.7, IV) 5.3±0.8 13.9
YRD 7.2 (1.2, V) 4.1±0.6 17.7
PRD 8.0 (1.2, VI) −3.3±0.3 16.9

a All the provincial NO2 data have been subtracted by its respective “background” values. The “background”
values and regions are indicated in the parentheses.
b NO2 trends are derived from the A5 time series. All trend values are relative to 2005 and are statistically
significant.
c NOx reduction represents the proposed emissions in 2015 relative to 2010. The value for PRD refers to the
proposed target for Guangdong Province. Qinghai Province is allowed to emit more NOx in 2015 compared
to 2010.
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Table 2. Linear regression for GEOS-Chem modeled annual mean NO2 VCDs as a function of
OMI values over China.

Year 2005 2006 2007 2008 2009 2010 2011 2012

Slope 1.11 1.18 1.19 1.09 1.15 1.17 1.26 1.22
Intercept 0.26 0.33 0.36 0.32 0.27 0.32 0.31 0.21
R2 0.88 0.86 0.89 0.88 0.88 0.89 0.90 0.89
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Table 3. Socioeconomic statistics for individual provinces and capital cities.

Region Provincial
regions

Urban
population
in 2005
(% of total)

Urban
population
in 2013
(% of total)

Industrial GDP
annual growth
rate
for 2005–2013
(%yr−1)

Thermal power
generation
annual
growth rate for
2005–2013
(%yr−1)

Hydropower
generation
annual
growth rate for
2005–2013
(%yr−1)

Capital
cities∗

Increase in vehicle
ownership between
2005 and 2012
(million vehicles)

Percentage of
transportation
to total NOx
emissions (%)

Northwest Gansu 30.0 40.1 13.8 9.8 9.9 Lanzhou – 21.1
Inner Mongolia 47.2 58.7 20.3 16.9 15.0 Hohhot 0.41 17.5
Ningxia 42.3 52.0 15.0 17.9 7.2 Yinchuan 0.18 21.3
Qinghai 39.3 48.5 16.0 12.0 13.2 Xining 0.03 27
Shaanxi 37.2 51.3 17.0 14.0 4.7 Xi’an 1.09 56.6
Xinjiang 37.2 44.5 12.4 22.8 18.4 Urumqi 0.37 25.7

Southwest Chongqing 45.2 58.3 19.4 11.2 14.5 Chongqing 2.79 40.9
Guangxi 33.6 44.8 17.4 14.9 11.2 Nanning 0.6 47.7
Guizhou 26.9 37.8 14.0 9.9 8.9 Guiyang 0.44 26.4
Sichuan 33.0 44.9 18.5 6.0 15.4 Chengdu 1.56 46.9
Yunnan 29.5 40.5 14.6 7.0 21.6 Kunming 1.02 34.1

∗ Vehicle data for Lanzhou are unavailable.
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Figure 1. The study regions. Several city clusters are also identified: (a) Urumqi city cluster,
(b) Inner Mongolia industrial city cluster, (c) Gansu-Ningxia, (d) Shaanxi-Guanzhong, and (e)
Chengdu-Chongqing.
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Figure 2. (a) 2005–2013 average seasonal variation of OMI NO2 VCDs for each 0.25◦ ×0.25◦

grid cell of Western China; the grid cell is sorted by its 9 year average NO2 VCD. For each grid
cell, the 9 year average monthly NO2 values are converted to their reverse ranks (from 1 to 12;
1 represents the smallest NO2 value). (b) Standard deviation (SD) of monthly OMI NO2 VCDs
in individual years over 2005–2013 for each 0.25◦ ×0.25◦ grid cell of Western China; the grid
cell is sorted by its 9 year average NO2VCD. For each grid cell, the seasonal SDs in the nine
years are converted to their reverse ranks (from 1 to 9; 1 represents the smallest SD value).
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Figure 3. An example of the 5-level wavelet decomposition. (a) The original monthly time series
of OMI NO2 at a grid cell in Xi’an (34.5◦ N, 108.9◦ E), (b) The 12 month moving average time
series, (c) The approximate signal A5 representing the long-term trend, (d–h) Five decomposi-
tion levels D1–D5 indicating temporal variability at various scales. In particular, D3 represents
the seasonality.
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Figure 4. Annual mean OMI NO2 VCDs over China in 2005, 2012 and 2013, annual mean
GEOS-Chem NO2 VCDs in 2005 and 2012, and a scatterplot with linear regression for model
vs. OMI NO2 in 2012.
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Figure 5. Percentage trends of annual mean OMI and Model NO2 VCDs over Western China
(relative to 2005), by applying a linear regression to the approximate signal A5 from the wavelet
decomposition. All the NO2 data have been subtracted by its respective “background” values
prior to the wavelet decomposition. Results are shown only for grid cells with 2005–2013 av-
erage NO2 VCDs exceeding 1.0×1015 moleculescm−2 and with statistically significant trends
(P value < 0.05 according to an F test). (a) OMI NO2 trends from 2005 to 2013, (b) OMI NO2
trends from 2005 to 2012, (c) Model NO2 trends from 2005 to 2012.
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Figure 6. The long-term trends (i.e., the A5 component out of the wavelet analysis) of OMI and
modeled NO2 in individual provinces and regions. The values are normalized to 2005. OMI_1
(black line) denotes the A5 signal from a wavelet analysis of OMI NO2 over October 2004–
May 2014, and OMI_2 (green line) corresponds to the wavelet analysis over January 2005–
April 2013. GC_AK (red line) corresponds to a wavelet analysis of coincident modeled values
(applied with the AK) over January 2005–April 2013. GC_NAK1 (blue line) represents the A5
signal for modeled NO2 in all days (without applying the AK) over January 2005–April 2013,
and GC_NAK2 (orange line) is similar to GC_NAK1 but with model results coincident with valid
OMI data.
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Figure 7. The seasonality component (D3) out of the wavelet analysis on monthly OMI NO2.
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Figure 8. Relative Changes in OMI NO2 VCDs and NOx emissions in 2007 and 2010–2013
(relative to 2007). (Top) Chinese official provincial-level NOx emission inventory for 2007 and
2010–2013 as well as its targeted emissions for 2015. (Bottom) Annual mean OMI NO2 levels
in 2007 and 2010–2013.
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Figure 9. Coal consumption and annual mean OMI NO2 levels over Western China.

34948

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/34913/2015/acpd-15-34913-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/34913/2015/acpd-15-34913-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

	Introduction
	Data and study area
	Satellite data
	GEOS-Chem modeling
	Official anthropogenic emission and socioeconomic data
	Study area

	Methods
	Removing contributions from natural sources
	Wavelet decomposition analysis

	Results and analysis
	Spatial patterns of tropospheric NO2 VCDs over China
	Trends and seasonal variation of NO2 over Western China
	Comparison between satellite observations and bottom-up emission estimates

	Relating pollution changes to socioeconomic development and environmental policies
	General discussion on NO2 trends over Western China
	On the contrast between Northwestern and Southwestern China
	On the contrast between Western and Eastern China

	Conclusions

