Air Qual Atmos Health (2018) 11:95-109
https://doi.org/10.1007/s11869-017-0523-7

@ CrossMark

Spatial and temporal variations in criteria air pollutants in three
typical terrain regions in Shaanxi, China, during 2015

Yong Xu' - Qi Ying*? - Jianlin Hu® - Yuan Gao' - Yang Yang' - Dexiang Wang'(® -

Hongliang Zhang**

Received: 17 July 2017 / Accepted: 6 October 2017 /Published online: 23 October 2017

© Springer Science+Business Media B.V. 2017

Abstract Numerous studies have investigated air pollution in
severely polluted plains, but the characteristics of pollutants
are not well understood in other terrain regions. In this study,
air pollution characteristics were analyzed in three typical ter-
rain regions (plateau, plain, and mountain regions) in Shaanxi,
based on hourly ambient monitoring of particulate matter with
diameter less than 2.5 um (PM, s) and less than 10 pum
(PM]Q), CO, SOz, NOz, and 03 in2015. PM2_5 and PMIO WeEre
the dominant pollutants in three regions, and their annual con-
centrations exceeded the Grade II standards by 9.4-68.6 and
6.0-73.9%, respectively. PM, 5, PM;y, CO, SO,, and NO,
concentrations had similar seasonal trends with highest values
in winter and lowest values in summer, whereas O3 concen-
trations exhibited the opposite trend. Guanzhong Plain had
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higher PM, 5, PM;o, NO,, and SO, concentrations but lower
CO, 1-h peak Os, and 8-h peak O5 (8 h-O3) compared to other
regions. PM, 5, PM, and 8 h-O; were the three main domi-
nant pollutants. The nonattainment rate was highest in winter
and lowest in summer or autumn. Pollution also exhibited
synergy, especially in the plateau region and Guanzhong
Plain. PM, 5 was significantly correlated with PMy. NO,
and SO, were positively correlated with PM, 5 and PM,
while 8 h-O; generally had significant negative correlations
with other pollutants, especially in the winter. These results
provide a comprehensive understanding of pollution status in
the three typical terrain regions in Shaanxi and are helpful for
improving air quality.

Keywords Air pollutant - Terrain region - Guanzhong -
Spatial variation - Temporal variation

Introduction

China has experienced severe air pollution due to economic
growth in recent years (Guo et al. 2014). Haze has occurred
more frequently on a large scale according to satellite obser-
vations (http://www.weather.com.cn/air), especially in the
winter, thereby suggesting that air pollution is no longer
limited to megacities and urban areas. The air pollution
levels are determined based on the composition and
concentrations of a complex mixture of air pollutants. The
main air pollutants emitted into the atmosphere are SO,
NO,, CO, volatile organic compounds (VOCs), and
particulate matter with diameter less than 2.5 um (PM, s)
and less than 10 um (PM;(). In addition, the reactions
between VOC and nitrogen oxides (NOy) producing O; in
the planetary boundary layer (PBL) have major effects on
human health (Lei et al. 2007; Tie et al. 2007; Zhao et al.
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2006). SO,, NO,, CO, O3, PM, 5, and PM,, are generally
defined as criteria air pollutants for quantifying air pollution
levels. These pollutants are investigated to evaluate the air
quality, pollution formation/transport mechanisms, health
risks, and to assess the effectiveness of proposed air pollution
control measures (Gurjar et al. 2008; Hu et al. 2015; Wang
et al. 2014b; Wang et al. 2014c; Zhang et al. 2004).

The Ministry of Environmental Protection of China (MEP)
started publishing daily air pollution index (API) data for a
number of key cities in 2000 (increasing from 47 cities in
2000 to 120 cities in 2011) based on ground monitoring of
the 24-h average concentrations of SO,, NO,, and PM;,
(http://datacenter.mep.gov.cn/index). Thus, studies based on
monitoring data before 2011 were restricted to the values
obtained for API, SO,, NO,, and PM;q (Gao et al. 2011; Qu
etal. 2010; Jietal. 2012). The monitoring of PM, 5 and O3 was
not required as per Chinese Ambient Air Quality Standards
(CAAQS) guidelines until February 2012 when the third revi-
sion of the Chinese Ambient Air Quality Standards GB 3095—
2012 (CAAQS) (http://kjs.mep.gov.cn/hjbhbz/bzwb/dghjbh/
dqhjzlbz/201203/W020120410330232398521.pdf) was
released. In addition, the MEP also released an official
revision of the ambient air quality index (AQI), which was
calculated based on the values observed for six criteria
pollutants comprising SO,, NO,, PM, 5, PM;,, CO, 1-h peak
O3 (1 h-O3), and 8-h peak O; (8 h-O3) in March 2012.
Subsequently, more cities (from 76 cities in 2013 to 367 cities
in 2015 after many less-developed cities were added) began to
release the concentrations of these six criteria pollutants and
the calculated AQI values to the public (http://datacenter.mep.
gov.cn/index). Using this rich dataset, it is possible to perform
comprehensive evaluations of the air quality at a fine spatial
scale.

Characteristics of criteria pollutants have been analysis in
different areas of China. For example, Chai et al. (2014) de-
termined the spatial and temporal variations of the six criteria
pollutants in 16 Chinese provincial cities using data collected
between August 2011 and February 2012. Hourly monitoring
data for the six pollutants in 31 provincial capital cities in
China from March 2013 to February 2014 were analyzed by
Wang et al. (2014b) and Zhao et al. (2016). Temporal and
spatial variations in PM also were investigated with fine pre-
cision at the city scale (Hu et al. 2014; Zhang and Cao 2015).
Most studies only focused on the spatial and temporal varia-
tions of a few pollutants in provincial cities throughout China,
so the spatial scale was relatively coarse and the pollution
characteristics at city scale for less-developed provinces con-
taining different terrains have not been comprehensively
studied.

Shaanxi is a major province in northwest China, which
has the three type terrains from north to south (plateau,
plain, and mountains regions), and previous studies of this
region have focused mainly on limited pollutants in the
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Guanzhong area, especially Xi’an (Qu et al. 2010; Wang
et al. 2014a; Zhang et al. 2016; Zhao et al. 2016). Thus,
this study aimed to investigate the temporal and spatial
variations of criteria air pollutants, the air quality attain-
ment status, major pollutants, correlations among cities for
each pollutant, and regional relationships among pollutants
based on 1-year monitoring data at the city scale in the
three typical terrain regions in Shaanxi.

Methods and data
Study domain

The study area of Shaanxi ranges from 105° 29" E to 111° 15’
Eand 31°42'N to39° 35’ N, and it contains ten administrative
cities (Fig. 1). The topography is complex, and it can be di-
vided into three types from north to south, i.e., the Loess
Plateau in the north including Yulin and Yan’an; the
Guanzhong Plain in the middle including Baoji, Xi’an,
Xianyang, Tongchuan, and Weinan; and the Qinba
Mountains region in the south including Hanzhong, Ankang,
and Shangluo. The north—south climate is divided by the
Qinling Mountains and precipitation plays an important role
in determining the two climates. Thus, humid, semi-humid,
and semiarid areas are categorized according to the three to-
pographies from south to north. In general, the spring is warm
and dry with less precipitation, while the temperature is
changeable and it increases quickly. The summer is hot and
rainy with occasional droughts. The autumn is cool and wet,
and the winter is cold and dry with rare rain and snow. To
evaluate the annual and seasonal air quality in each city in the
three terrains in Shaanxi, we analyzed ambient monitoring
data for PM2.5, PMIO’ CO, SOz, NOz, 1 h-03, and 8 h-03
during 2015 for the whole year. Ten cities were categorized
into three general regions, i.e., plateau, Guanzhong plain, and
Mountain representing the Loess Plateau, Guanzhong Plain,
and Qinba Mountains regions, respectively. The population,
number of vehicles, and gross domestic product for each city
are listed in Table 1.

Data collection

Real-time hourly observation data for PM, 5, PM; o, CO, SO,,
NO,, and O3 at each monitoring site in the ten cities were
downloaded from the website of the China National
Environmental Monitoring Center (http://113.108.142.147:
20035/emcpublish/). Multiple national air quality
monitoring sites (2—13) are present in each city, with most
in urban areas and a few in suburban areas (Fig. 1). The SO,,
NO,, O3, and CO measurements were determined according
to China Environmental Protection Standards HJ 193-2013
(http://www.es.org.cn/download/2013/7—-12/2627—1.pdf),
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Fig.1 Geographical location of Shaanxi, terrain elevation, and locations of air quality monitoring sites. The colour shows the elevation height and black

triangles repesent the locations of air quality monitoring sites in each city

and those for PM, 5 and PM;, were obtained according to
China Environmental Protection Standards HJ 655-2013
(http://www.es.org.cn/download/2013/7-12/2626—1.pdf).
SO,, NO,, and O; are measured by the ultraviolet fluores-
cence method (TEI, Model 431 from Thermo Fisher Scientific
Inc., USA, or EC9850 from Ecotech Pty Ltd., Australia), the
chemiluminescence method (TEI Model 42i from Thermo
Fisher Scientific Inc., USA, or EC9841 from Ecotech Pty
Ltd., Australia), and the UV-spectrophotometry method (TEI
model 49i from Thermo Fisher Scientific Inc., USA, or
EC9810 from Ecotech Pty Ltd., Australia), respectively. CO
is measured using the nondispersive infrared absorption meth-
od and the gas filter correlation infrared absorption method

(API Model 300 from Teledyne Advanced Pollution
Instrumentation, USA, or TEI, Model 48i from Thermo
Fisher Scientific Inc., USA, or EC9830 from Ecotech Pty
Ltd., Australia). The microoscillating balance method
(TEOM from Rupprecht & Patashnick Co., Inc., USA) and
the 3 absorption method (BAM 1020 from Met One
Instrument Inc., USA or Tianhong Co., China or Xianhe Co.,
China) are used to measure PM, s and PM,,. The concentra-
tions of the gases and aerosols are relatively high during the
study period and are always higher than the minimal detection
limit of the instruments. The details of the methods were ex-
plained by Zhao et al. (2016). The values were automatically
uploaded to the NEM and published after validation according

Table 1  Region category, population, vehicle numbers, gross domestic product (GDP), and number of nonattainment days in the ten cities in Shaanxi
during 2015

City Region Population ~ Vehicle numbers GDP Number of nonattainment Number of nonattainment Number of

category  (million) (thousand) (billion yuan) days (for standard II) days (for standard I) valid days

Yulin (YL) Plateau 3.38 510 262.1 71 336 362
Yan’an (YA) Plateau 221 246 119.9 73 346 362

Baoji (BJ) Plain 3.75 205 178.9 86 339 362

Xi’an (XA) Plain 8.63 1966 581.0 96 342 362
Xianyang (XY) Plain 5.05 271 215.6 93 337 362
Tongchuan (TC) Plain 0.85 69 325 92 341 362
Weinan (WN) Plain 5.34 394 146.9 92 342 362
Ankang (AK) Mountain  2.64 94 77.2 66 286 362
Hanzhong (HZ) Mountain 3.43 174 99.1 71 282 362
Shangluo (SL) Mountain  2.35 67 62.2 50 321 356

Source: http://www.shaanxitj.gov.cn/site/1/html/126/132/142/list.htm
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to the Technical Guideline on Environmental Monitoring
Quality Management HJ 630-2011(http://kjs.mep.gov.cn/
hjbhbz/bzwb/other/qt/201109/W020120130585014685198.
pdf). The hourly data were subjected to a sanity check in order
to remove any problematic data points according to CAAQS,
as described by Zhao et al. (2016).

In order evaluate the effect of meteorology on pollutants,
temperature, relative humidity, and wind speed was
downloaded from NOAA’s National Climatic Data Center
(ftp://ftp.ncdc.noaa.gov/pub/data/noaa/2015) and the daily
data of atmospheric pressure, temperature, relative humidity,
wind speed, and sunshine hours were obtained from the
National Daily Surface Climate Dataset (V3.0) (http://data.
cma.cn/data/cdcdetail/dataCode/SURF_CLI_CHN MUL
DAY CES V3.0.html), which was prepared by the National
Meteorological Information Center from the automatic
uploaded hourly surface monitoring data.

Analytical methods

The daily concentrations at each site were calculated only
when 18 valid hourly values were available for that day. The
citywide daily average concentrations of PM, s, PM;,, CO,
SO,, and NO, were the average values of the corresponding
daily average concentrations at all monitoring sites in each
city. The citywide average hourly concentrations were calcu-
lated when valid hourly data for the corresponding pollutant
were available for more than two thirds of the monitoring
sites. The daily 8 h-O5 concentrations were calculated based
on the average diurnal O; concentrations when valid data were
available for at least 6 h out of every 8 h, and the maximum
value was selected among all the calculations. The daily 1 h-
O; concentration was the maximum value among the valid
diurnal data. The citywide seasonal average values were cal-
culated by averaging the citywide daily average values, with a
requirement for more than 81 values during each season.
Similarly, the citywide annual average values were also cal-
culated based on the citywide daily average values, with a
requirement for more than 324. The citywide daily, seasonal,
and annual average concentrations of PM, 5, PM;,, CO, SO,,
and NO,, as well as the 1 h-O5 and 8 h-O5 concentrations were
calculated according to these principles. The same dataset and
method were also used in previous studies (Hu et al. 2014;
Wang et al. 2014c¢). The days when the daily average concen-
trations of at least one pollutant exceeded the CAAQS Grade
II standard were defined as nonattainment days.

Correlation coefficients were calculated to analyze the pos-
sible synergy among pollutants, and the interregional relation-
ships among pollutants were determined based on the daily
average concentrations. To assess the diurnal variations in
PM, 5, PM;, CO, SO,, NO,, and O3, the citywide seasonal
diurnal concentrations were determined when more than 81 of
the corresponding citywide hourly average values for each

@ Springer

hour were available in each season. Similarly, the citywide
annual diurnal values were calculation based on the corre-
sponding citywide hourly average values, with a requirement
for more than 324. Additionally, the average diurnal variations
in temperature, relative humility, and wind speed in four sea-
sons and annual and seasonal average values of atmospheric
pressure, temperature, relative humility, wind speed, and sun-
shine hours were also calculated. Besides, 72-h air mass back-
ward trajectory analysis (Rolph et al. 2017; Yerramilli et al.
2012) was conducted in the most polluted 11 consecutive days
in each cities in the four seasons using NOAA HYSPLIT
Model (http://ready.arl.noaa.gov/HYSPLIT.php) to
understand the seasonal variations in inter- and extra-
regional pollutions among different terrain regions in Shaanxi.

Results and discussion
Overall air pollutant concentrations

The annual average concentrations of the six pollutants were
calculated for the ten cities (Table 2). The ten cities experi-
enced air pollution where the daily average concentrations of
at least one pollutant exceeded the CAAQS Grade I standard
on more than 2 out of 3 days, and the CAAQS Grade II
standard was exceeded on 16-28% of the total days in 2015.
All ten cities were affected by severe particulate matter
pollution.

The annual average concentration of PM, 5 ranged from
38.3 ug/m® (Yulin) to 59.0 pg/m® (Xianyang), thereby exceed-
ing the corresponding Grade II standard (35 pug/m’) by 9.4—
68.6%, and PM;, ranged from 74.2 ug/m3 (Ankang) to
121.7 pg/m® (Xi’an), which exceeded the corresponding
Grade II standard (70 ug/m3) by 6.0-73.9% (Table 2). SO,
ranged from 4.9 ppb (Hanzhong) to 8.6 ppb (Yan’an), where
seven cities exceeded the Grade I standard (20 pg/m®, ~ 7 ppb),
excluding Yulin, Baoji, and Hanzhong, but no cities exceeded
the Grade II standard (60 ug/m>, ~ 21 ppb). NO, ranged from
8.3 ppb (Ankang) to 20.7 ppb (Yan’an), and only Xi’an and
Yan’an exceeded the Grade I and II standards (40 pg/m’,
~ 19.5 ppb). The CO concentration ranged from 0.9 ppm
(Weinan) to 1.42 ppm (Yan’an). The annual average 1 h-O;
concentration ranged from 41.0 ppb (Xianyang) to 51.9 ppb
(Shangluo), and the 8 h-O; concentration ranged from
33.8 ppb (Xianyang) to 45.3 ppb (Shangluo). Daily average
CO, 1 h-Os, and 8 h-O5 standards are defined in CAAQS, but
CO, 1 h-O3, and 8 h-O; annual standards are not defined in
CAAQS for evaluating the annual concentrations of CO and
05 in these cities.

The annual and seasonal distributions of the pollutant con-
centrations in the ten cities are shown in Figs. 2 and 3. In terms
of their temporal distributions, the concentrations of PM, s,
PM,, CO, SO,, and NO, all exhibited similar seasonal trends,
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Table 2  Annual average concentrations of the criteria air pollutants in the ten cities in Shaanxi

PM, 5 (jug/m”) PM (ug/m’) CO (ppm) SO (ppb) NO; (ppb) 1 h-O5 (ppb) 8 h-O5 (ppb)
Yulin (YL) 383 +£23.5 86.6 £ 46.4 1.37+£0.77 6.5+4.7 17.3+72 515+173 45.1+17.1
Yan’an (YA) 45.1 £24.0 99.8 +42.0 142 +0.74 8.6+83 20.7+5.3 50.5+18.5 42.7+18.0
Baoji (BJ) 56.1 £42.3 105.7 £61.2 1.10 £ 0.49 5.0+3.6 16.8 +5.6 41.9 +£20.7 34.8+18.7
Xi’an (Querol et al.) 56.7 +£38.3 121.7 £ 67.7 1.30+0.54 85+5.0 19.5+6.9 42.8 +£23.2 34.8+19.9
Xianyang (XY) 59.0 +44.3 112.4 + 66.1 0.99 + 0.40 8.0+4.5 18.1+7.5 41.0 +£20.2 33.8+17.6
Tongchuan (TC) 55.3 +38.5 103.6 £52.6 0.96 + 0.44 83+6.9 16.5+6.3 475+17.3 40.6 +£16.2
Weinan (WN) 58.7+49.0 1119+ 729 0.90 + 0.50 8.0+48 193+7.5 443 +21.1 36.8 +18.6
Ankang (AK) 50.0 +£35.7 74.2 +46.5 0.92+0.44 83+4.7 83+4.6 46.6 £17.1 39.7+16.0
Hanzhong (HZ) 53.5+39.9 76.9 +46.9 1.03+£0.46 49+26 128 +5.3 452 +18.8 374+17.0
Shangluo (SL) 432 +£273 76.5+45.7 1.38£0.53 8.0+5.0 125+44 51.9+15.8 453 +15.2

with the highest levels in the winter and the lowest in the sum-
mer, while there were intermediate concentrations in the spring
and autumn, with little difference among all three regions. The
high concentrations of pollutants in the winter were caused di-
rectly by large increases in coal combustion and the burning of
biomass or biofuel for heating. In addition, temperature inver-
sion, and the highest atmospheric pressure (Table S1) causing
low PBL height allowed pollutants to accumulate in a shallow
layer with descending air motions (Ji et al. 2012). By contrast, in
the summer, the temperature was high with low atmospheric
pressure (Table S1), the usually unstable state was beneficial
for dispersing pollutants, and heavy precipitation also removed
pollutants, thereby leading to low concentrations. However, the
8 h-O; and 1 h-O5 concentrations exhibited the opposite season-
al trends compared with the other pollutants.

In terms of their spatial distributions, the concentrations of
PM, 5, PM;, NO,, and SO, in Guanzhong Plain cities were
usually higher than those in other two regions, whereas those
of CO, 1 h-O5, and 8 h-O; were lower. In general, the spatial
distributions of pollutants are influenced greatly by local
sources. Guanzhong Plain was the most developed region
with the highest GDP (Table 1), where coal-fired power plants
and industries with large units, including factories producing
cement, chemicals, and metals, were mainly concentrated in
2015 (Fig. S1). Furthermore, due to the surrounding high
mountains, there is a lack of air movement and the air mass
encounter obstacles when moving out from the plain
(Jazcilevich et al. 2005). However, the 8 h-O5 concentrations
exhibited contrasting spatial variations, where they were al-
ways slightly higher in the plateau and mountain regions,
possibly because of the relatively higher solar radiation with
long sunshine hours (Table S1) and lower NO, concentrations
(Fig. 3), respectively.

Variations in species

The detailed spatial variations in the concentration of each
pollutant among the three regions during the four seasons

were compared to determine their spatial and temporal differ-
ences. The annual concentration of PM, s followed the order
of Guanzhong Plain > mountain region > plateau region.
There were almost no differences among the ten cities in the
three regions during the spring and summer. In the autumn, the
concentrations in Guanzhong Plain were slightly higher than
those in the other two regions, which had similar concentra-
tions. In the winter, the concentrations were lowest in the
plateau region, while the concentrations in the mountain re-
gion (except Shangluo) were similar to those in Guanzhong
Plain. The air mass trajectory analysis of the cities in the two
terrain regions when PM, s concentration was high in winter
(Fig. S2) showed that the two regions had interregional trans-
port in the winter, and the frequent short trajectory also indi-
cated that pollutants were retained easily in the mountain re-
gion (except Shangluo). In addition, poor meteorological con-
ditions with less rainfall and poor restricted in the south con-
tributed to the increased concentration (Gao et al. 2011).
However, Shangluo is in a valley toward the northwest along
the path of the winter monsoon and the wind speed was rela-
tively high (two times of that in Ankang and Hanzhong)
(Table S1), which favors the dispersion of pollutants. The
concentration of PM;, was also highest in Guanzhong Plain
(Fig. 2). However, the concentration of PM;, was higher in
the plateau region than the mountain region, except during the
winter, which contrasted with the trends in PM, 5. This differ-
ence occurred because there is a source of suspended particu-
late matter in the plateau region during dry and windy weather
as the Loess Plateau is arid and much of its surface is exposed
(Zhang et al. 2002; Zhao et al. 2006), especially during the
spring when dusty weather occurs(Wang et al. 2014c; Yang
et al. 2011). Back-trajectory analysis for the two cities when
PM;o concentration was high in spring showed dust
transported by the strong winds from the Mongolia can be a
significant contributor (Fig. S2). Furthermore, the number of
industries was much lower in the mountain region, and thus,
they produced less PM . The ratios of PM, 5 relative to that of
PM; in the four seasons was in the order of mountain region
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Spring Summer

Autumn Winter

Fig. 2 Seasonal concentrations of PM; s and PM; (in ug/m3) as well as the PM, s/PM ratios

> Guanzhong Plain > plateau region, corresponding to the
seasonal PM;, and PM, 5 orders. The cities with relatively
lower PM, 5/PM; ratios in the plateau region were likely
having more primary PM sources, such as PM;, from dust.
The ratios in the mountain region were highest did reflect
there were less PM emissions sources, and the frequent short
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back-trajectory lines indicated the longtime for the formation
of'second PM, 5 (Fig. S2). The ratio increased from the spring
to winter in all regions, as the PM, s/PM;, ratio increased
during high PM events (Hu et al. 2014). The ratios in the three
regions were all larger than 0.5 in the winter, partly because
the poor meteorology were responsible for the weak dilution
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of primary pollutants and enhanced secondary PM formation,
e.g., the conversion rates of NO, and SO, from the gas phase
to the particle phases of NO3 and SO, were higher (Quan et al.
2014). The substantial fraction of PM;, mass was in the PM, 5
size range suggests that PM, 5 control strategies will also be
effective in reducing the PM,, pollution, especially in the
mountain region.

Higher CO concentrations were observed in the plateau
region (Fig. 3), which may have been due to the large number
of coal-fired power plants and industries in Yulin (Fig. S1).
Yan’an is a linear narrow city stretching along a “Y”-type
valley, which induces the formation of a local confluence line
in the city, thereby accumulating the CO produced mainly by
traffic and residents, with high CO concentrations (Jazcilevich
etal. 2005). This could also explain why most of the pollutant
concentrations in Yan’an were higher than those in Yulin de-
spite the fact that Yulin contained many more industries.
Besides, back-trajectory analysis in the two cities showed that
although air mass were mainly from northwest regions,
Yan’an was more frequently influenced by Yulin and other
regions, i.e., Guanzhong Plain and eastern China (Fig. S2).
However, although Shangluo had the lowest levels of coal
consumption and vehicles, it was unexpectedly affected by
severe CO pollution. It has been studied that the concentra-
tions of long-lived pollutants (i.e., CO and SO,) are influenced
significantly by wind, and regional transport is also a major
determinant of high CO concentrations (Zhu et al. 2016). The
concentration of SO, in the mountain region was slightly
higher than that in the plateau region during all seasons except
the winter (Fig. 3). Unexpectedly, Yan’an had the highest
concentration of SO, among the ten cities in the winter, which
may be attributable to the “Y-type valley where it is located.
The concentrations of NO, in the plateau region were similar
to those in Guanzhong Plain, but higher than those in the
mountain region during all four seasons (Fig. 3). The NO,
concentration was high in the plateau region because of the
many industries present in Yulin and the special urban terrain
of Yan’an. The NO, was derived mainly from mobile and
stationary sources, and the concentrations were low due to
the small number of vehicles and industries in the mountain
region (Table 1). The concentration of NO, was considerably
higher than that of SO, in all cities, partly because the effi-
ciency of flue gas desulfurization was much higher than that
of denitrification in the coal-fired power plants in Shaanxi
Xuetal.2017).

Nonattainment pollutants

The daily “dominant pollutant™ is identified as the pollutant
that contributes the most to air quality degradation on
nonattainment days. The daily individual air quality index
(TAQY) is calculated based on the daily concentration of each
criteria pollutant according to Technical Regulation on

Ambient Air Quality (HJ 633-2012) (http://kjs.mep.gov.cn/
hjbhbz/bzwb/dqhjbh/jcgftfbz/201203/t20120302 224166.
htm), where the IAQI is 100 when the corresponding pollutant
concentration is equal to the CAAQS Grade II standard. The
pollutant with the maximum [AQI is defined as the dominant
pollutant on nonattainment days (Cheng et al. 2007). The
nonattainment days for standard II in each city are shown
in Table 1, and the frequencies of each pollutant as the dom-
inant pollutant on the nonattainment days are also illustrated
(Fig. 4). PM, 5 was the most frequent dominant pollutant
(40-90%), followed by PM;( (4-40%) and O3 (3-23%).
The frequency of PM, 5 was much higher than that of PM;,
in the mountain region especially in Ankang and Hanzhong
(~ 19 times higher), followed by Guanzhong Plain (0.3-2.9
times higher), whereas the frequencies of both were similar
in the plateau region. CO, NO,, and 1 h-O3 occurred much
less frequently as the dominant pollutants (less than 2%).

In order to illustrate the complexity of air pollution, a
“nondominant pollutant” was defined as a nonattainment pol-
lutant (IAQI > 100) but not the dominant pollutant. Based on
the number of days for each nonattainment pollutant (Fig. 5),
PM,, was frequently a nondominant pollutant, especially in
Guanzhong Plain (40-60%), followed by the mountain region
(30—40%) and plateau region (10-20%). In addition, when
PM,, was a nondominant pollutant, PM, 5 was always the
dominant pollutant. During 60-90% of the total days when
PM, 5 was the dominant pollutant, PM;, was a nondominant
pollutant in Guanzhong Plain, and the rates were 30-50% in
the plateau and mountain regions (Table S2). Furthermore, the
days when PM;, was a nondominant pollutant were concen-
trated mostly in the winter, i.e., 80—-100% in the plateau and
mountain regions, and 60-80% in Guanzhong Plain
(Table S2). Therefore, PM;( occurred frequently as a nondom-
inant pollutant when PM, s was the dominant pollutant in
Guanzhong Plain (~ 81%), the mountain region (~ 46%),
and the plateau region (~ 48%) during the winter on
nonattainment days (Table S2). The results showed that all
of the cities were also affected by combined pollution with
PM, 5 and PM;( on nonattainment days, especially in
Guanzhong Plain during the winter. PM, 5, 1 h-O3, 8 h-O3,
and NO, were rarely nondominant pollutants, with rates lower
than 6%.

Nonattainment rates

According to the seasonal rates of nonattainment days in each
city, the seasonal variations were similar in cities in the same
region whereas there were some differences among regions
(Fig. 6). Furthermore, the frequencies of different criteria pol-
lutants as the dominant pollutants varied among seasons in the
three regions (Table 3).

In general, the worst air quality occurred in all of the cities
during the winter, where nonattainment days accounted for
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Fig. 3 Seasonal average
concentrations of gaseous air
pollutants in cities in Shaanxi.
The unit is ppm for CO and ppb
for other pollutants
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30-60%. PM, 5 was the most frequent dominant pollutant
(77-96%), possibly because of increased coal combustion
(Ji et al. 2012), and poor meteorological conditions are not
conducive to the dispersion of air pollutants in the winter
(Gao et al. 2011) as discussed above. During the summer,
the nonattainment rate was lowest in the mountain region
(~3%), where 8 h-O3 was the most frequent dominant pollut-
ant (> 70%). Similarly, the nonattainment rate was also low in
Guanzhong Plain (~ 10%) with comparable frequencies for
8 h-O3 (~ 51%) and PM, 5 (~ 40%) as dominant pollutants.
However, the nonattainment rate was not the lowest during the
summer in the plateau region where 8 h-O3 made the greatest
contribution (~ 78%) under conditions with high solar radia-
tion (Querol et al. 2014; Santurtin et al. 2015) and long sun-
shine hours (Table S1). During the autumn, the nonattainment
rate was also lowest in the mountain region (~2%). PM, 5 was
the most frequent dominant pollutant (63—71%), and PM;,
was the second most frequent (14-38%) in the three regions,
but the nonattainment rates were quite different, i.e., ~ 2% in
the mountain region, ~ 21% in Guanzhong Plain, and ~ 9% in

the plateau region, thereby indicating severe PM, 5 pollution
in Guanzhong Plain during the autumn. During the spring, the
nonattainment rate was ~ 22% in the plateau region where
PM,, made the main contribution (~ 74%) due to the effects
of dusty weather (Wang et al. 2014c; Yang et al. 2011). The
contributions of PM, 5 (~ 41%) and PM;, (~ 48%) to the
nonattainment rate (~ 19%) as dominant pollutants were sim-
ilar in Guanzhong Plain. In the mountain region, PM, s
(~ 54%) and PM;( (~ 30%) were the two main dominant
pollutants that contributed to the nonattainment rates
(~ 13%), and 8 h-O; was the third main dominant pollutant,
which made similar contributions (12—-15%) to the
nonattainment rates in the three regions during the spring.

Synergy among pollutants

In general, the concentrations of air pollutants can be in-
fluenced greatly by regional transportation within the same
region, where the similar geography and meteorology have
important effects (Gao et al. 2011; Zhu et al. 2016).

Fig. 5 Number of days when 100 T

each criteria air pollutant is a 90 L

nondominant pollutant on

nonattainment days 80 F
70

Days

Z I I I Non-attainment
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Correspondingly, the intercity relationships for each pol-
lutant may reflect their regional synergy. Thus, we calcu-
lated the coefficients of determination (R?) among the ten
cities for the six pollutants both annually and seasonally
(Table 4 and Table S3) to assess the possible synergy
among pollutants in different terrains.

The correlations among cities in each region were highest
for PM, 5, PM;, 1 h-O3, and 8 h-O3 both annually and sea-
sonally, i.e., cities were significantly correlated (R* > 0.5) in

Table 3  Annual and seasonal frequencies of different criteria air
pollutants as the dominant pollutant on nonattainment days

PM,s PM,, CO SO, NO, 1h-O5 8h-O;

Plateau

Annual  424% 375% 0.7% 0.0% 0.7% 0.0% 18.8%
Spring 77%  744% 2.6% 00% 0.0% 0.0% 15.4%
Summer 0.0%  222% 0.0% 0.0% 0.0% 0.0% 77.8%
Autumn  62.5% 37.5% 0.0% 0.0% 0.0% 0.0% 0.0%
Winter  774% 21.0% 0.0% 0.0% 1.6% 0.0% 0.0%
Plain

Annual  664% 255% 0.0% 0.0% 0.0% 04% 7.6%
Spring 40.7% 47.7% 0.0% 00% 0.0% 0.0% 11.6%
Summer 44%  40.0% 0.0% 00% 0.0% 4.4% 51.1%
Autumn  68.0% 299% 0.0% 0.0% 0.0% 00% 2.1%
Winter  87.4% 12.6% 0.0% 0.0% 0.0% 0.0% 0.0%
Mountain

Annual  834% 9.6% 0.0% 0.0% 0.0% 0.5% 6.4%
Spring 54.1% 29.7% 0.0% 0.0% 0.0% 0.0% 16.2%
Summer 0.0% 143% 0.0% 00% 00% 143% 71.4%
Autumn  714% 143% 0.0% 0.0% 0.0% 0.0% 14.3%
Winter 963% 37% 00% 00% 0.0% 0.0% 0.0%
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both Guanzhong Plain and the plateau region, except for 1 h-
and 8 h-Oj during the summer in the plateau region, and
significantly or moderately correlated (0.25 < R* < 0.5) in
the mountain region, except for PM, 5 and PM;, during the
winter when only Ankang and Hanzhong were significantly
correlated. For Guanzhong Plain, there were significant corre-
lations for CO during the winter, as well as for SO, and NO,
during the autumn and winter. For the plateau region, cities
were significantly correlated for CO and SO, during the au-
tumn and for NO, during the winter. For the mountain region,
cities were moderately correlated for NO, during the spring
and winter, but weakly correlated (0 < R? < 0.25) for CO and
SO, in all four seasons.

The three regions also had moderate correlations in
some cases. The plateau region cities were moderately cor-
related with Guanzhong Plain cities for PM, 5 and SO,
during the autumn and winter, for PM;, and CO during
the autumn, and for NO, and 1 h- and 8 h-O5 during the
spring, autumn, and winter. They were all moderately cor-
related during the autumn because PBL was high, which
facilitated the transportation of air pollutants, and the
mountain-plain solenoid circulation usually occurred dur-
ing the afternoon in the autumn months (May and Wilczak
1993; Sun and Zhang 2012). The mountain region cities
were moderately correlated with Guanzhong Plain cities
for PM; 5 during the autumn, for PM;, from the spring to
the autumn, for CO during the autumn (except Shangluo),
and for NO, during the autumn and winter (except
Ankang). Besides, there were mostly moderate correlations
for 1 h- and 8 h-Oj in all four seasons.

The back-trajectory analysis was conducted during the
most polluted days. For the plateau region, the trajectory
showed that the air mass in the two cities mostly from the
same direction except in summer, demonstrating their synergy
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Table 4 Annual coefficients of determination (R) for criteria air pollutants between cities

1-h 03

Colors represent the value range for R

,1.e., green, R~ > 0.5; light blue, 0.25 <R” < 0.5; yellow, 0 < R” < 0.25. For each pollutant, the three red frames

from the upper left comer to the lower right corner show the R* values between cities in the plateau region, Guanzhong Plain, and mountain region,

respectively

among PM, 5/PM;q. For Guanzhong Plain, the same most
polluted period and similar back-trajectories of the five cities
in the same season showed that their air quality were influ-
enced by the similar air mass, and the several short twining
trajectories in the plain also indicated their strong synergy for
O3 in summer and PM, 5 in other seasons. Furthermore, the air
mass from the mountain region indicates their synergy among

PM, 5. For the mountain region, their back-trajectories were
different, i.e., they were short and winding in Ankang and
Hanzhong, indicating the strong air mass retention by
surrounded mountain. However, some trajectories stretched
to northwest, indicating that it was influenced much by other
regions, e.g., 8 h-O; and PM, s were moderated with that in
Guanzhong Plain in summer and winter, respectively.
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Besides, the trajectories in the plateau region and Guanzhong
showed that the two regions shared air mass in fall and winter.

Correlations between air pollutants

According to the synergy among pollutants within each
region, as discussed above, correlations were also tested
among pollutants to investigate their relationships in the
three regions (Table 5). We found that there were some

common correlations among the three regions. PM; s
was always significantly correlated (R > 0.5) with
PM,;, in all three regions, possibly because the ratios
of PM, 5 to PM;o were high (0.4-0.8) (Fig. 2), and
implied that they may have the same source regions or
that they are influenced by the same local conditions
(Deshmukh et al. 2013; Rashki et al. 2013). SO, and
NO, were always moderately (0.25 < R < 0.5) or sig-
nificantly correlated, thereby suggesting that they had

Table 5 Correlation coefficients (R) between criteria air pollutants in the three regions of Shaanxi

Plateau Guanzhong Mountain

1 h- 8 h- 1 h- 8 h- 1h- 8 h-
Yearly PM,, CO SO, O5 PM,, CO SO, NO, O4 PM;, CO SO, NO,
PM, 5
PM,o
CcoO
SO,
NO,
1h-O5
Spring
PM; 5 - -0.04 _ 0.02 -0.14 - 0.01 0.24 0 -0.04
PM,, -0.01  0.18 021 -0.06 0.03 0.15 0.02  0.04
Cco -0.06 -0.01  0.01
SO, 022 016 0.15
NO, -0.06
o, oo oo
Summer
PM, 5 _ 009 0.15 014 0.13 _ 0.11 0.13  0.08 0.09 1 0.21
PM,y -0.06 0.08 021 0.03 -0.01 0.15 0.18 0.06  0.04 0.24
(€0) -0.09 0.06 -0.01 0.02 0.12 0.05 0.03 0.09  0.07
SO, 024  0.16 024 0.18 0.2
NO, 0.24 0.21 0.12  0.09
1h-O;
Autumn
PM, 5 -0.02 - 0.13 021 0.24 0.2
PM, -0.01 0.09 0.14 022 0.19
(6(0) 0.19 0.14  0.15
SO, 0.13 0.11 0.12
NO, -0.14
1h-0;
Winter
PM, 5 -0.12 -0.22 -0.24 -
PM,, 0.11  0.07 -0.13  -0.23
(6(0) -0.04
SO, -0.02 -0.12  -0.17
NO, -0.21
1h O

Colors represent the value ranges for R, i.e., green, R > 0.5; light blue, 0.25 < R < 0.5; yellow, — 0.25 <R < 0.25; red, R < — 0.25
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common sources (e.g., fossil fuels) and elimination re-
actions (e.g., secondary inorganic aerosol (SIA) forma-
tion). NO, and SO, always had positive correlations
with PM, s and PM;,, where the correlation with
PM, 5 (significant or moderate) was better than that
with PM;, (moderate or weak (0 < R < 0.25)). This is
mainly because sulfate and nitrate, which are emitted
directly together with NO, and SO,, or as SIA generat-
ed via gas-phase oxidation or aqueous reactions from
the two species, have important effects on PM, s
(Ervens et al. 2011; Fang et al. 2009; Guo et al.
2014; Huang et al. 2014). In addition, the difference
between the two correlations may be explained by the
contribution of nitrate exceeding that of sulfate in SIA.

There were seasonal and spatial variations in the other cor-
relations (i.e., 8 h-Oz with other species, and CO with PM, s,
PM;o, SO,, and NO,). We found that 8 h-O; had the most
significant negative correlations (R < — 0.25) with other pol-
lutants during the winter in all three regions, possibly because
the meteorological conditions were conducive to the accumu-
lation of the other five pollutants, but not for 8 h-O5 because
the solar radiation level was lower with high aerosol pollution.
NO, had a negative correlation with 8 h-O;. During the sum-
mer, 8 h-O5 was significantly correlated with PM, s and PM
only in the mountain region, thereby indicating that the simul-
taneous formation of secondary O3 and PM, 5 via photochem-
ical reactions (Sakulyanontvittaya et al. 2009; Ying et al.
2015) was greater than that in the other two regions. During
the spring and autumn, 8 h-O; had significant negative corre-
lations with CO and SO, in the plateau region, where the main
difference was that 8 h-O; was weakly correlated with NO,
during the spring but significantly negatively correlated dur-
ing the autumn. During the spring and autumn, 8 h-O; was
also significantly correlated with CO in Guanzhong Plain,
whereas the other correlations (i.e., 8 h-O; with PM,; s,
PM; o, SO,, and NO,) were weak. The correlations were weak
(= 0.25 £ R < 0.25) in the mountain region during the two
seasons.

There were significant or moderate correlations between
CO with PM, 5, PM;, SO,, and NO,, during the winter in
all three regions, thereby suggesting that their common origin
was fossil fuel combustion. During the autumn, their corre-
lations were similar to those during the winter in the plateau
region and Guanzhong Plain, whereas the correlations were
weak in the mountain region, except for a moderate corre-
lation with NO,, which indicates that less coal was burned
in the mountain region, and thus, the CO and NO, concen-
trations were influenced greatly by vehicles. During the
spring, there were moderate correlations in Guanzhong
Plain but CO was only moderately correlated with SO, in
the other two regions. CO was also moderately correlated
with PM; 5 and NO, in the plateau region during the sum-
mer, but only moderately correlated with PM, 5 and weakly

correlated with NO, in Guanzhong Plain. 1 h-O3 was much
significantly correlated with 8 h-O; and their correlation
with other pollutants was similar.

Comparison among cities

To further assess the terrain effects on air pollution, compari-
sons among three cities with similar population (Yulin, Baoji,
and Hanzhong) were conducted in the three corresponding
terrain regions. The concentrations of most pollutants in
Baoji were usually higher than Hanzhong and Yulin (Fig. 2).
The concentrations of most pollutants such as PM, s and PM;
in Baoji are usually higher than those in Hanzhong and Yulin
especially in the winter, as the plain terrain was easy for air
pollutants emitted from Xi’an, Xianyang, and Weinan, which
had much more population than Baoji, to reach Baoji. Loess
Plateau is arid and much of its surface is exposed, so PM is
relatively high in Yulin in spring. The PM; level in Yulin was
close to that in Baoji and was slightly higher than that in
Hanzhong from spring to autumn. Besides, the relative high
altitude may made the region receive stronger solar radiation
and have longer sunshine hours, leading to high 1 h- and 8 h-
05 in all seasons. The mountain region can retain pollutants by
surrounding mountains especially in winter. The concentra-
tions of PM, 5 and PM,, in Hanzhong increased to approxi-
mate to those of Baoji in winter.

PM, 5, PM;q, and 8 h-O3 were the three most frequent
dominant pollutants in Yulin. PM, s was the most frequent
dominant pollutant in Baoji, and PM,, appeared as dominant
pollutant in all seasons. PM, 5 also was the most frequent
pollutant in Hanzhong, but PM;, was the dominant pollutant
only in spring (Table S4). The correlation coefficients of the
five pollutants (except 8 h-O3) were lowest in Yulin, especial-
ly in summer (Table S5), indicating that there was complex
relationship in plateau region. PM, 5 showed significant cor-
relation with PM; in the three cities, and the correlation was
always highest in Hanzhong, indicating the close relationship
between PM, 5 and PM .

Conclusion

In this study, the characteristics of six criteria pollutants were
analyzed in the three terrain regions in Shaanxi in 2015.
Shaanxi was mainly affected by 8 h-Os during the summer
and by PM, 5 and PM; in the other seasons. The high con-
centrations of the pollutants (except 8 h-O3) and the number of
nonattainment days showed that the air quality was poorest
during the winter, especially in the Guanzhong Plain and
mountain regions. Cities in the three regions were mostly sig-
nificantly correlated for PM, 5, PM;, and 8 h-O5, especially
in Guanzhong Plain, which suggests that the location of cities
in plains surrounded by mountains can readily lead to synergy
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among pollutants with high concentrations. The moderate cor-
relations among the three regions for some pollutants showed
that synergy among pollutants also occurred on a large scale in
some cases. In addition, nonattainment days in the mountain
region were rare during the summer and autumn, but they
increased greatly during the winter when PM, 5 was the dom-
inant pollutant, showing the special polluted characteristics in
the mountain region in winter. These results provide insights
into the combined influence of air pollution from regional
cities, and they may also help governors of different cities to
understand the importance of working together to reduce air
pollution.

Future studies should focus on the effects and contributions
of extra-regional transport of pollutants to obtain a more com-
prehensive understanding of air pollution in Shaanxi. The lo-
cal sources, the transport of pollutants, and chemical compo-
sitions of PM, 5 in the synergistic pollution-affected region
during highly polluted seasons should also be investigated to
elucidate the mechanisms responsible for the formation of air
pollution and to design effective control strategies.
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