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Ground observation data from 8 meteorological stations in Xi'an, air mass concentration
data from 13 environmental quality monitoring sites in Xi'an, as well as radiosonde
observation and wind profile radar data, were used in this study. Thereby, the process,
causes and boundary layer meteorological characteristics of a heavy haze episode occurring
from 16 to 25 December 2013 in Xi'an were analyzed. Principal component analysis showed
that this haze pollution wasmainly caused by the high-intensity emission and formation of
gaseous pollutants (NO2, CO and SO2) and atmospheric particles (PM2.5 (fine particles) and
PM10 (respirable suspended particle). The second cause was the relative humidity and
continuous low temperature. The third cause was the allocation of the surface pressure
field. The presence of a near-surface temperature inversion at the boundary layer formed
favorable stratification conditions for the formation and maintenance of heavy haze
pollution. The persistent thick haze layer weakened the solar radiation. Meanwhile, a
warming effect in the urban canopy layer and in the transition zone from the urban friction
sublayer to the urban canopy was indicated. All these conditions facilitated the
maintenance and reinforcement of temperature inversion. The stable atmospheric
stratification finally acted on the wind field in the boundary layer, and further weakened
the exchange capacity of vertical turbulence. The superposition of a wind field with the
horizontal gentle wind induced the typical air stagnation and finally caused the
deterioration of air quality during this haze event.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Along with the rapid socio-economic development, industrial-
ization, urbanization, and traffic transport modernization in
China recently, the demands for fossil fuels (e.g., coals,
petroleum and natural gas) have increased abruptly. Conse-
quently, aerosol particles (direct emissions from vehicle
p.ac.cn (Yang Sun).

o-Environmental Science
exhaust, oil-burning, coal-burning, and waste combustion)
react photochemically with gaseous pollutants to form second-
ary aerosol pollutants, which lead to a new type of disastrous
weather in China, i.e., haze and low-visibility events (Lin et al.,
2014). According to statistics, China possesses four obvious
haze-prone regions concentrated in the most developed re-
gions, including theBeijing–Tianjin–Hebei region, YangtzeRiver
s, Chinese Academy of Sciences. Published by Elsevier B.V.



Fig. 1 – Map of observation sites and geographical distribu-
tion in Shaanxi province.
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Delta, Pearl RiverDelta, and SichuanBasin (Tao et al., 2013). This
type of pollution is rapidly spreading from East China to
midwest China, where central Shaanxi is becoming another
haze-prone region.

Xi'an (107°40′ to 109°49'E, 33°29′ to 34°44'N, and 400 m
above sea level) is located in Guanzhong Basin in the central
Yellow River Basin in the inland area of mainland China.
Xi'an, with total area of 9983 km2 and an urban population of
more than 8million, is the capital city of Shaanxi Province and
also the largest city in Northwest China. In this typical
northern city, severe atmospheric pollution (Cao et al., 2005;
Li and Feng, 2010; Shen et al., 2009) and frequently-occurring
haze weather (Wang et al., 2014b) make Xi'an the
most-polluted megacity in Northwest China. Pollution has
severely harmed the urban environment and human health,
and also strikingly impacted world-renowned cultural relics
such as the Terra-Cotta Warriors (Cao et al., 2011).

A heavy haze weather process hit Xi'an consecutively
from 16 to 25 December, 2013. The air quality index (AQI)
exceeded 500 several times, reaching level six pollution, and
Xi'an became the city with the worst air quality in China.
In this study, we probed into the environmental quality
characteristics, major influencing factors, and boundary
layer meteorological characteristics of this heavy haze
weather process.
1. Data and meteorological stations

The data used in this study included routine high-altitude
data and ground data provided by MICAPS (meteorological
information comprehensive analysis and process system);
routine observations of radiosonde data and ground meteo-
rological elements provided by Jinghe atmospheric observa-
tion station; and meteorological observation data from 7
observation stations (Xi'an, Zhouzhi, Huxian, Chang'an,
Lantian, Lintong, and Gaoling) from 16 to 26 December, 2013.
Other data included the wind profile radar data provided by
the Chang'an atmospheric observation base in the south
suburb of Xi'an; and the hourly monitored concentrations of
PM10 (respirable suspended particles), PM2.5 (fine particles),
NO2, SO2, CO, and O3 provided from 13 air quality monitoring
stations in Xi'an (Caotan, Qujiang, Guangyun Tan, Xingqing
District, economic development zone, Chang'an District, Xi'an
Stadium, Yanliang, Lintong, High-Voltage Switch Factory,
textile zone, Xiaozhai, and Gaoxin). Specifically, the time
intervals of ground observation and radiosonde were 1 and
12 hr respectively, at 08:00 and 20:00 (Beijing time); and the
time interval of wind profile radar data was 6 min, at the
measuring height of 6000 m. Fig. 1 shows the spatial
distribution of all data observation stations.
2. Results and discussion

2.1. Characterization of air quality in heavy-polluted days

Based on the hourly monitored data from the 13 air quality
monitoring sites in Xi'an, Fig. 2 shows the average hourly
average concentrations of PM2.5, PM10, SO2, NO2, CO and O3 in
Xi'an, and the hourly curves of PM2.5/PM10 from 00:00 on day
16 to 10:00 on day 26, December 2013.

Themass concentrations of PM2.5 andPM10 changed basically
in the same way, as both experienced a sustained growth stage,
a high level stage, one limited clearance stage, and one rapid
clearance stage. The consistent change trends indicate that the
coarse and fine particles during the pollution period came from
the same sources. Beginning at 00:00 on day 16, mass concen-
trations of PM2.5 and PM10 both increased in an undulating
fashion and peaked at 478.2 and 692.9 μg/m3 respectively at
21:00 onday 18. After the first cumulative growth, both PM2.5 and
PM10 fluctuated around the peak levels. From 01:00 on day 20 to
23:00 on day 21, the concentrations of both PM2.5 and PM10

declined in an undulating pattern, but the clearance degrees
were not very large. During this period, the lowest concentra-
tions were 357.9 and 478.8 μg/m3 respectively, indicating that
the air quality inXi'anwas notmuch improved, but still severely
deteriorated. Beginning on day 22, PM2.5 and PM10 gradually
accumulated again, and the mass concentrations rapidly
increased and peaked during this whole event at 21:00 on day
23 and at 13:00 on day 25 respectively (649.9 vs. 887.2 μg/m3).
These peak levels were 8.7 and 5.9 times higher respectively
than the second-level standard thresholds in the Technical
Regulation on Ambient Air Quality Index (on trial) (HJ633-2012)
issued by the PRC (the People's Republic of China) Ministry of
Environmental Protection, and were 26.0 and 17.7 times higher
respectively than the 24-hr average thresholds provided by the
World Health Organization (WHO). These comparisons indicate
that the air quality in Xi'an deteriorated to an extremely low
level. Beginning at 14:00 on day 25, the mass concentrations of
PM2.5 and PM10 dropped rapidly, and decreased to 44.3 and
108.2 μg/m3 respectively at 08:00 on day 26.

The ratio of PM2.5/PM10 reflects the enrichment degree of fine
particles (Querol et al., 2004; Wang et al., 2007). During the first
continuous accumulation of PM2.5 and PM10 particles, the ratio
of PM2.5/PM10 experienced a complete peak-valley change
process (Fig. 2). At 13:00 on day 16, the ratio of PM2.5/PM10 was
maximized at 0.82, then sharply dropped, and was minimized
at 0.44 at 10:00 on day 17. After that, the fine particles were
obviously enriched again, and beginning at 00:00 on day 18, the
PM2.5/PM10 ratio was stably maintained at a very high level
(around 0.7). As reported, a higher PM2.5/PM10 ratio indicates
more severe urban secondary pollution, and the ratio is 0.5–0.7
in heavily polluted cities (Maraziotis et al., 2008; Yang et al.,
2011). Therefore, the PM2.5 pollution in this study was mainly
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Fig. 2 – Hour average concentration curves of PM2.5 (fine particles), PM10 (respirable suspended particles), SO2, NO2, CO, PM2.5/PM10

and SO2/NO2 from 16 to 26, December 2013 at Xi'an District.

Table 1 – Correlation index of atmospheric pollutants
from 16 to 26, December 2013.

Correlation index PM2.5 PM10 SO2 NO2 CO

PM2.5 1.000 0.986 ⁎⁎ 0.568 ⁎ 0.831 ⁎⁎ 0.843 **
PM10 1.000 0.559 ⁎ 0.826 ⁎⁎ 0.820 **
SO2 1.000 0.725 ⁎⁎ 0.496 ⁎

NO2 1.000 0.771 **
CO 1.000

PM2.5: fine particles; PM10: respirable suspended particle.
⁎ 0.05 significance level test.
⁎⁎ 0.01 significance level test.
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induced by fine particles, and displayed the general character-
istics of typical PM2.5 pollution in China.

2.2. Principal component analysis

The data on the air pollutants and meteorological factors
associated with the polluting process of this heavy haze were
evaluated by principal component analysis (PCA) in SPSS
(Statistical Product and Service Solutions), and three major
influence factors were found.

The first component included 5 air pollutants, i.e., NO2

(load 95.2%), PM2.5 (90.1%), PM10 (89.3%), CO (83.5%), and SO2

(81.7%), indicating that these pollutants were highly associat-
ed but were not correlated with meteorological conditions.
The correlation coefficients among the 5 pollutants (Table 1)
show that under the joint impacts of regional transportation
and local discharge, SO2 and the other 4 pollutants were
slightly correlated, while the other 4 pollutants were highly
correlated, indicating similar sources. Besides the long dis-
tance transport, anothermajor source of atmospheric SO2 was
the coal combustion during winter heating by residents. NO2

and CO mainly reflect the exhaust emissions from vehicles,
the coal consumption by residents, and the combustion of
fossil fuels (e.g., industrial oil) (Lee et al., 1997; Elansky, 2014;
Xue et al., 2006). The sources of PM2.5 and PM10 are very
complex and extensive. A quantitative source apportionment
of PM2.5 was carried out for winter 2013 in Xi'an and it was
found that fossil emissions (from coal combustion and vehicle
exhaust), biomass burning (including combustion of crop
residues, heating and cooking), secondary emissions of other
non-fossil sources, fugitive dust (originating from deserts in
northwest China, construction sites and unpaved roads), and
formation of secondary aerosol (from precursors such as SO2,

NO, and VOCs) mainly contributed to atmospheric particles
(Zhang et al., 2015; Cao et al., 2012; Huang et al., 2014).

The second component included relative humidity (load
90.5%) and air temperature. The contribution of relative
humidity to this event was only smaller than that of primary
emissions, while the continuous low temperature was largely
correlated with the aggravation of pollution. Along with the
increase of relative humidity, the vapors would be more easily
coagulated on aerosols and promote the hygroscopic growth of
aerosols, which further intensified the heavy haze. At night, the
vapors also inhomogeneously react with gaseous pollutants
(e.g., NO2 and SO2) to form inorganic particles (e.g., nitrates and
sulfates), which thereby adhere to haze particles and aggravate
the pollution (Turšič et al., 2004; Gupta et al., 2008).

The third component includes air pressure (load 88.8%),
which indicates that the weather background and the surface
pressure field distribution induced by the circulation pattern
play key roles in the formation andmaintenance of this heavy
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haze. During this pollution, the stagnant weather formed
under a weak pressure field is unfavorable for the diffusion of
pollutants, and the low pressure will facilitate the conver-
gence of near-ground pollutants and aggravate pollution.

2.3. Temperature inversion at boundary layer

Fig. 3 shows the air temperature radiosonde curves at 08:00
and 20:00 from 16 to 25 December 2013 plotted on the basis of
radiosonde observations from Jinghe station. Table 2 shows
the thickness and intensity of the low-altitude temperature
inversion layer at 08:00 and 20:00 in Xi'an on the basis of
statistics. During this haze process, double or even multiple
inversion occurred inmost cases (Fig. 3). Specifically, under the
influence of the southwest warm current, inversion layers
appeared at medium to low altitude of 850–750 hPa; another
temperature inversion layer appeared from ground to 950 hPa,
especially ground inversion.At 08:00, the top of thenear-ground
inversion layer was usually located at 950 hPa: it had average
thickness 226 m and inversion intensity at 0.5–1.6°C/100 m,
and was generally thicker than that at 20:00 (Table 2). The
lowest inversion layer at 20:00 was very thin and the height
from the ground was smaller, and the average top height of
inversion was 97 m, but the inversion intensity was larger
(0.6–2.2°C/100 m). The existence of near-ground inversion
stabilized the atmospheric stratification, and inhibited the
vertical movement and turbulent exchange (Ye et al., 2015;
Wang et al., 2014a). These changes would facilitate the
near-ground accumulation of low-altitude vapors and aerosols,
and provide sufficient condensation nuclei for the formation of
haze (Wang et al., 2014a). Consequently, favorable stratification
conditions were formed for the formation and maintenance of
heavy haze pollution (Yang et al., 2015; Rao et al., 2008; Xie et al.,
2010).
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Fig. 3 – Temperature (T) sounding curve of the Xi'an Jinghe river s
2013.
2.4. Radiation at boundary layer

The absorption and scattering of the haze would significantly
reduce the surface solar radiation reaching the ground at
daytime. From 16 to 25 December, the maximum total
radiation was 4.568 MJ/m2, but the value was 8.529 MJ/m2

before or after this haze in other days of December, indicating
that the daily radiation was attenuated by 46.4% and that the
haze weather severely weakened the daytime solar radiation
reaching the ground. In order to further confirm this
phenomenon, we researched daily total radiation over
7 years, and found a value of 7.828 MJ/m2 after eliminating
the influence of clouds in the Xi'an region from 2006 to 2012 in
the same period (16 to 25 December); by contrast, during the
haze period of 16 to 25 December, 2013, the daily total
radiation was attenuated by 41.6%. The great reduction of
solar radiation severely weakened the warming effect of
daytime solar radiation on the ground layers. From 16 to 25
December, the daily maximum temperature in Jinghe Station
declined in an undulating fashion, and the average was only
3.1°C. Excluding days 26 to 28 with the occurrence of strong
cold air, the average daily maximum temperature was only
30% of that in the non-haze days in December (10.3°C).

The radiosonde observations at 20:00 from Jinghe Station
indicate that in December 2013 when the pollution of
atmospheric particles reached level three and above, the
urban canopy at 30 m height and the transition zone at 60 m
height from the urban canopy to the urban friction sublayer
were 0.82 and 1.07°C cooler respectively than the average
ground temperature, which were all higher than the temper-
ature differences in days with high air quality (0.68 vs. 0.96°C).
A warming effect in the urban canopy layer and in the
transition zone from the urban friction sublayer to the urban
canopy is indicated here. As reported, absorptive aerosols can
20:00
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tation on 08:00 and 20:00 every day from 16 to 25 December,



Table 2 – Thickness and strength of the temperature
inversion in low altitude on 08:00 and 20:00 every day
from 16 to 25, December 2013, Xi'an area.

Date

08:00 20:00

Thickness
(m)

Strength
(°C/100 m)

Thickness
(m)

Strength
(°C/100 m)

16 430 ⁎ 0.8 80 ⁎ 2.1
17 260 ⁎ 1.3 – –
18 50 ⁎ 1.6 50 ⁎ 0.8
19 140 ⁎ 1.1 70 ⁎ 0.6
20 140 0.5 70 ⁎ 0.7
21 320 0.7 130 ⁎ 0.8
22 280 ⁎ 0.7 50 ⁎ 2.2
23 160 ⁎ 1.6 110 ⁎ 1
24 200 ⁎ 0.9 100 ⁎ 1
25 280 ⁎ 1 210 ⁎ 0.9

⁎ Indicates grounding surface inversion.
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detection base on (a) day 21 and on (b) day 25, December
2013.
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directly absorb radiation and heat the layer of atmosphere
where they are located (Hansen et al., 1997). During heavy
haze pollution, the near-ground aerosols contain abundant
black carbon substances formed from the incomplete
combustion of fossils and biofuels, which originated from
industry, transportation and winter heating by residents
(Ramaswam et al., 2001; Hu et al., 2013). Black carbon, as the
second or third single heating medium after only CO2 and
methane (Flanner et al., 2007; Latha and Badarinath, 2003),
will strongly absorb solar radiation (Val Martín et al., 2006; Wu
and Fu, 2005; Cartechini et al., 2015) and thus leads to positive
radiative forcing, which was already validated (Ramaswam et
al., 2001; Val Martín et al., 2006; Seki et al., 2015). The
endothermic effect of absorptive aerosols including black
carbon may be one of the reasons for the warming effect in
the urban canopy layer and in the transition zone from the
urban friction sublayer to the urban canopy, while this
supposition should be confirmed through more observed
data in future research.

The persistent low temperature reduced the daily range of
air temperature, and weakened turbulent air exchange.
Moreover, the warming effect in the urban canopy layer and
in the transition zone from the urban friction sublayer to the
urban canopy facilitated the maintenance and reinforcement
of temperature inversion.

2.5. Wind fields at boundary layer

Stable air stratification will weaken the air diffusion ability in
the vertical direction, which is reflected from the characteristics
of the vertical wind field. Fig. 4 shows the typical wind profile
radar maps during this haze weather process. Clearly, the
low-altitude wind directions (<500 m) were very chaotic on 21
December (Fig. 4a), with weak wind speed and weak turbulence
blending, which were typical wind fields, while they were
favorable for the formation of haze. After 04:00 (UTC, Coordi-
nated Universal Time), no echo data above 1500 m were
observed, indicating very dry air and very weak turbulence;
obvious wind shear occurred below 1000 m. The inconsistence
of wind directions between upper and lower layers was
unfavorable for the vertical/horizontal transport and diffusion
of pollutants (Yang et al., 2015), which further aggravated the
pollution. The direction of low-latitude wind above the station
became a stable and consistent westerly wind starting on day
25, and the wind power was also enhanced. After 20:00 (UTC),
the wind direction veered with height from the ground layer
to 1000 m, but it backed with height from 1000 to 3000 m,
indicating the presence of warm advection at low altitude,
whichwas overlaid by cold advection. These conditions indicate
that the atmospheric stratification started to destabilize. In the
nighttime on day 26, along with the invasion of dry cold air, the
stable air stratification was destroyed, and the near-ground
turbulence and air diffusion abilities were enhanced, thus
destroying the haze maintenance mechanism. The concentra-
tions of atmospheric PM2.5, PM10, SO2, NO2, CO and O3 greatly
dropped and the AQI declined to second level (Good, according
to the Technical Regulation on Ambient Air Quality Index (on
trial) (HJ633-2012) issued by the PRC Ministry of Environmental
Protection), indicating that the 10-day heavy haze pollution
ended.

During the near-ground long-term lowwindweather on day
21 with weak air turbulence and diffusion, this stagnant
meteorological condition (Whiteman et al., 2014; Wang et al.,
2008) will easily induce the formation of an airflow stagnant
zone (Chen, 2012), which is unfavorable for the horizontal and
vertical diffusion of pollutants. Consequently, the air pollutants
accumulated rapidly, which provided abundant condensation
nuclei for the formation of haze weather and promoted the
long-term maintenance of heavy haze pollution (Wang et al.,
2010). The frequently-occurring air stagnancy becomes one
negative effect when climate changes slow down the atmo-
spheric circulation (Horton et al., 2014). The 55-year wind speed
changes in Xi'an (Fig. 5) indicate that the annual average wind
speed is significantly decreasing at a rate of −0.2 m/sec/10 year
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(R2 = 0.84). The slowdown of atmospheric circulation results in
aweakenedgroundwind field, andmore frequent occurrence of
air stagnancy. The 46-year (1959–2004) data in Xi'an station
show that the occurrence of calm wind increased in an
undulating pattern at a rate of 4%/10 year (R2 = 0.33) and was
maximized to 72% in 2002. Thus, vertically stable atmospheric
stratification combined with horizontal gentle winds induced
the typical air stagnation (Horton et al., 2014) and caused the
deterioration of air quality in this event.
3. Conclusions

Principal component analysis showed that this haze pollution
was mainly caused by high-intensity emissions and forma-
tion of gaseous pollutants (NO2, CO and SO2) and atmospheric
particles (PM2.5 and PM10). The second cause was the relative
humidity and continuous low temperature. The third cause
was the allocation of the surface pressure field.

The existence of near-ground inversion inhibited the vertical
movement and turbulent exchange and thereby facilitated the
near-ground accumulation of low-altitude vapors and aerosols.
Consequently, favorable stratification conditions were formed,
which promoted the formation and maintenance of heavy
pollution. The persistent thick haze conversely weakened
the daytime solar radiation reaching the ground, and
weakened the near-ground heating effect. The persistent
low temperature reduced the daily range of air temperature,
and weakened the turbulent air exchange. Moreover, the
warming effect in the urban canopy layer and the transition
zone from the urban friction sublayer to the urban canopy
facilitated the maintenance and reinforcement of tempera-
ture inversion. The 55-year wind speed changes in Xi'an (Fig.
5) indicate that the annual average wind speed is significant-
ly decreasing at a rate of −0.2 m/sec/10 year. The occurrence
of calm wind increased at a rate of 4%/10 year. These results
indicate that the long-termclimate changes inXi'anhave led to
slower atmospheric circulation, weaker ground wind field, and
higher frequency of air stagnancy. The stable atmospheric
stratification finally acted on the wind field on the boundary
layer, and further weakened the exchange capacity of vertical
turbulence. The superposition of the wind field with the
horizontal gentle wind induced the typical air stagnation and
finally caused the deterioration of air quality during this haze
event.
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