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Abstract
The rapid economic development and significant expansion of urban agglomerations
in China have resulted in issues associated with haze and photochemical smog.
Central China, a transitional zone connecting the eastern coast and western interior,
suffers from increasing atmospheric pollution. This study performed a spatio-
temporal analysis of fine particulate matter (PM2.5) pollution in Changsha, a pro-
vincial capital located in central China. Samples of PM2.5 were collected at five
different functional areas from September 2013 to August 2014. The PM2.5 concen-
tration at the five sampling sites was the highest in winter and the lowest in summer,
with an average annual PM2.5 concentration of 105.2 ± 11.0 μg/m3. On average,
residential sites had the highest concentrations of PM2.5 while suburban sites had the
lowest. We found that inorganic ionic species were dominant (~48%), organic
species occupied approximately 25%, whereas EC (~3.7%) contributed insignifi-
cantly to the total PM2.5 mass. Ion balance calculations show that the PM2.5 samples
at all sites were acidic, with increased acidity in spring and summer compared with
autumn and winter. Air quality in Changsha is controlled by four major air masses:
(1) Wuhan and the surrounding urban clusters, (2) the Changsha-Zhuzhou-Xiangtan
urban agglomeration and the surrounding cities, and (3) southern and (4) eastern
directions. The north–south transport channel is the most significant air mass
trajectory in Changsha and has a significant impact on PM2.5 pollution.
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1 Introduction

In recent decades, China has suffered from extremely severe and persistent haze events, within
which there is a significant contribution of fine particulate matter (PM2.5) (Qiu et al. 2016; Shi
et al. 2017a, 2017b; Yan et al. 2018; Zhang et al. 2018a). To curb PM2.5 pollution in China, the
Ambient Air Quality Standards (AAQS; GB 3095–2012) were updated in 2012, which include
the regulation of PM2.5 as a crucial pollutant (Zheng et al. 2016; Ma et al. 2017; Zhang et al.
2017a, 2017b). Compared with inhalable particles (PM10) or total suspended particulate (TSP),
PM2.5 has a small particle size, a longer residence time, a long transport distance and a more
significant impact on human health and air quality (Charlson et al. 1992; Haywood and
Ramaswamy 1998). Numerous epidemiological and toxicological studies found that 3.45
million premature deaths worldwide were related to PM2.5 pollution in 2007 (Zhang et al.
2017a, 2017b). Guan et al. (2019) indicated that the overall premature mortality attributed to
PM2.5 exposure in China was as high as 820 thousand cases in 2017.

Previous studies have indicated that the chemical composition of PM2.5 is closely associated
with regional urban development, seasonal changes, and geographic factors. Zíková et al.
(2016) reported that mobile sources have a greater impact on economically developed cities,
such as Beijing, while NO3

−, which is related to motor vehicle emissions, is a secondary ion
with strong cumulative effects that have high rates of contribution during heavy pollution.
Wang et al. (2002) found that the proportion of WSIs in Nanjing PM2.5 was much higher than
that in PM10 and was sufficiently acidic to cause increased harm to humans and buildings.
Seasonal changes also affect the WSI content. For example, NO3

− and SO4
2− have clear

seasonal changes and similar trends in the Beijing-Tianjin-Hebei (BTH) regions. Coal-burning
and motor vehicle emissions in winter are the principal reasons for the increases in NO3

− and
SO4

2− concentrations (Zíková et al. 2016). The concentrations of NO3
−, SO4

2−, and NH4
+ in

PM2.5 throughout the suburbs of Shanghai were lower in the summer than in the winter,
whereas Ca2+, K+, and Mg2+ concentrations were higher in summer (Wang et al. 2016a). Wang
et al. (2012) showed that contributions from Ca2+ and Mg2+ were higher in the spring and
summer, which they suggested is related to the impacts that sandstorms, in northern China,
have on the movement of PM2.5 in Shanghai. The seasonal variations in the NO3

− concentra-
tion in Suzhou and Hangzhou in the Yangtze River Delta (YRD) were consistent with the
variations in Chongqing but different from those in Tianjin (Wang et al. 2015). Secondary
pollution at Tianjin was the main reason for higher concentrations of NO3

− in the summer and
lower concentrations in the winter. Therefore, based on these studies, we note that water-
soluble ionic components are similar among the same urban agglomerations but significantly
different among different urban agglomerations.

In recent years, numerous field measurements have been performed in China to characterize
PM2.5 pollution and its chemical composition. These studies mostly focused on BTH, YRD,
Pearl River Delta (PRD), and other economically developed or densely populated areas (Wang
et al. 2016b; Chen et al. 2017; Zhang et al. 2018b). Very few studies have considered urban
agglomerations in the middle reaches of the Yangtze River, despite the implementation of
development strategies in central China and the associated rapid economic growth and
industrialization over previous decades. This has resulted in a significant increase in the
anthropogenic emissions in the Yangtze River Economic Belt. Thus, the Changsha-
Zhuzhou-Xiangtan (CZX) region was included as one of the key areas for China’s national
air pollution control program within the 12th Five-Year Plan on Air Pollution Prevention and
Control in Key Regions (MEP 2012).
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In recent years, Changsha has rapidly developed and industrialized. As the central core city
of the Yangtze River Economic Belt, as well as the provincial capital of Hunan Province, it is
also a relocation site for a large number of industries transitioning from the YRD and PRD
(Zhang et al. 2018c). However, relevant studies on the pollution in this area are rare. Studies on
the relationships between the PM2.5 mass concentration and its chemical components in cities
and suburban areas in central China are particularly inadequate. The objectives of this study
were to investigate the spatio-temporal variations of the major chemical components in PM2.5

surrounding Changsha and discover the potential sources and transportation processes. Our
results highlight the major determinants of the chemical components in PM2.5 aerosols and
offer scientific support for the development of effective regional air quality improvement
strategies for central China.

2 Materials and methods

2.1 Site description and sampling procedure

In order to explore the spatial distribution of air pollution in Changsha, sampling sites were
carefully chosen to reflect this spatial variation, sampling areas (n = 5) consisted of two
residential sites, one roadside site surrounded by two main roads, one industrial site, and
one suburban site. The locating and detailed information of the sampling sites were shown in
Table 1 and Fig. 1. The instruments used in this study were installed on the proofs of the
buildings with the height of about 10–30 m above the ground level.

Daily aerosol PM2.5 samples were collected from September 2013 to August 2014 by
employing a four-Channel sampler (TH-16A, Tianhong Instrument Co., China) equipped with
a 90 mm filter at a flow rate of 16.7 L∙min−1. The filters were changed every 22 h (from
10:00 a.m. to 8:00 a.m. the next day). A quartz and PTFE filters were placed on the sampler.
The samples collected from quartz filters were used for OC, EC, and WSI analysis while the
samples collected from the PTFE filter were used for metal element analysis. Field blank filters
were also collected without ambient air passing through the instrument during the sampling
periods. In total, 1605 PM2.5 samples were collected during the following periods: September
2 to October 18, 2013 (autumn, 405 samples), December 4, 2013 to January 14, 2014 (winter,

Table 1 Functional designations and locations of the monitoring sites

Sampling
site

Functional
area

Location Coordinate Height

Wangcheng
(WC)

Residential The Hunan University of Chinese Medicine campus 28.13oN,
112.89°E

30 m

Yuhua (YH) Residential Southern Changsha (downwind from Changsha in winter),
surrounded by residential and light commercial areas

28.12oN,
113.03°E

25 m

Furong (FR) Roadside Changsha Railway Station (surrounded by two main roads) 28.20oN,
113.01°E

10 m

Changsha
(CS)

Industrial Industrial district, consisting mainly of light industries (e.g.,
machine production, paint production, and food and
beverage preparation)

28.24oN,
113.14°E

20 m

Shaping
(SP)

Suburban Control site (background particulate pollution) 28.33oN,
113.07°E

15 m
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420 samples), March 30 to May 28, 2014 (spring, 285 samples), and June 3 to August 29,
2014 (summer, 495 samples).

The sampler was calibrated with a flow meter before and after sampling. An X-ray
instrument was used to check the filters for defects, such as sand holes. The quartz filter
was pre-combusted for 5 h at 500 °C and then stored in a controlled room (25 °C and 40%
relative humidity, RH) for 48 h prior to sampling. After sampling, the samples and blank filters
were stored at −15 °C to prevent the evaporation of volatile components before analysis.

2.2 Analytical methods

PM2.5 mass concentrations were determined gravimetrically and each sample was weighed
twice using an electronic balance (AX105DR Mettler-Toledo Ltd., Switzerland) with a
sensitivity of 0.01 mg.

An area of 2.0 cm2 of each filter, including a blank sample, was cut to analyze elements.
Firstly, the MWS-3+ Microwave Digestion System (Berghof, Germany) was used for sample
pretreatment following metal extraction from the filter material using the method developed by
the United States Environmental Protection Agency (US EPA; Compendium Method IO-3.1).
The US EPA has defined this method as a standard for the extraction of metallic elements (EPA
Method-3051). Subsequently, inductively coupled plasma-mass spectrometry (ICP-MS) was
used to determine the concentrations of the elements. The major elements include Na, Mg, K,
Ca, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Cs, Ag, Cd, P, Ti, and Pb. The method detection
limit (MDL) of the elements ranged from 0.1 to 1 ng m−3, and the uncertainties were < 5%.

A small portion of each filter (area of 2.0 cm2) was cut to analyze the water-soluble ions.
The filters were placed into approximately 50 mL of ultrapure water (18.2ΜΩ∙cm, 25 °C) in a
100 mL PTFE volumetric flask. The flask, containing the sample, was sonicated for 30 min in
an ultrasonic bath. The extracted solution was then filtered through a 0.45 μm PTFE filter
(Gelman Sciences Inc., USA) and subsequently used for WSI and low-weight organic acid
analysis. Two ion chromatographs (ICS-2000 for cations and ICS 2500 for anions, Dionex

Fig. 1 Map indicating the location of each monitoring site
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Corp.) were used to measure the WSI content in the extracted solution. Five cations (i.e., Na+,
K+, NH4

+, Ca2+, and Mg2+), four anions (i.e., SO4
2−, NO3

−, Cl−, and F−), and three low-weight
organic acid ions (formate, acetate, and oxalate) were measured based on the procedures
reported in Guo et al. (2009). The detection limits for SO4

2−, NO3
−, Cl−, F−, NH4

+, Na+, K+,
Ca2+, and Mg2+ were 0.030, 0.027, 0.012, 0.010, 0.020, 0.025, 0.019, 0.037, and
0.020 μg∙m−3, respectively.

A 0.5 cm2 punch area from each filter was analyzed using a thermal/optical reflectance
carbon analyzer from the Desert Research Institute (Model 2001, DRI, USA), following the
IMPROVE thermal/optical reflectance protocol (Huang et al. 2014). The OC is defined as
OC1 + OC2 + OC3 + OC4 + OPC, whereas EC is defined as EC1 + EC2 + EC3 – OPC
(Watson et al. 2005). Based on previous studies, organic matter (OM) is calculated as OM=
1.6 × OC, where 1.6 is the conversion factor (White and Roberts 1997; Lim and Turpin 2002;
Chow et al. 2002). Due to the catalytic oxidation-reduction reactions and other processes in the
system, a sucrose solution was used before every experiment to calibrate the instrument. To
determine the carbon background, we analyzed each sample filter alongside three blank filters,
each following identical procedures, and used the mean value of the three blank experiments as
the carbon background value.

2.3 Back trajectory analysis

To investigate the origins and transport pathways of the air masses arriving at the sampling
sites, a back-trajectory simulation was performed with the NOAA/ARL Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler and Hess 1998). The model
conducted 48-h back trajectories every 4 h, starting at 4:00, 8:00, 12:00, and 20:00, at a 100-m
height above the central point of Changsha (28.21°N, 112.96°E). The meteorological data used
for the HYSPLIT simulations derive from the GDAS (Global Data Assimilation System) of the
NCEP (National Centers for Environmental Prediction).

3 Results and discussion

3.1 Frequency distribution of PM2.5 concentrations

The daily concentrations of PM2.5 at all sites ranged from 22.9 to 259.9 μg/m3, with an annual
mean concentration of 105.2 ± 11.0 μg/m3. For the five sampling sites, the mean PM2.5

concentration was 111.6 ± 54.4 μg/m3 (FR), 105.5 ± 45.7 μg/m3 (CS), 90.4 ± 39.4 μg/m3

(SP), 105.7 ± 48.0 μg/m3 (WC), and 118.8 ± 47.9 μg/m3 (YH). The SPSS 13.3 software was
used to analyze statistically significant relationships in the average daily PM2.5 concentration
data (Fig. 2). The average daily concentrations during the sampling period did not follow a
normal distribution but showed a generally near-normal distribution. Approximately 74.8% of
the daily concentrations exceeded the national secondary standards stipulated in the AAQS
(GB 3095–2012, 35 μg/m3) and 23.3% of the days were characterized as ‘severe’ or ‘worse’
pollution. For the five sites, 80.8% (YH), 70.3% (WC), 60.8% (SP), 64.6% (CS), and 70.1%
(FR) of the days exceeded the PM2.5 concentration of 35 μg/m3.

For comparability, this study used PM2.5 concentration ground monitoring data for Chinese
cities released by the Ministry of Environmental Protection of China (MEP). From 2013 to
2017, Changsha’s annual PM2.5 concentrations were 83.0, 74.0, 61.0, 53.0, and 52.0 μg/m3,
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respectively, showing a sharp decline in accordance with China’s comprehensive implemen-
tation of the Air Pollution Prevention Action Plan (Zhang and Wu 2018). However, PM2.5

concentrations in Changsha remained consistently higher than 35 μg/m3, despite the consec-
utive annual decline. Figure 3 shows the spatial distribution of the annual mean PM2.5

concentrations in cities throughout China in 2017, assuming that the annual mean PM2.5

concentration in a prefecture is represented by the concentrations in the city or cities within

Fig. 2 Frequency distribution of the average daily PM2.5 concentrations during the sampling period

Fig. 3 Spatial distribution of the annual average PM2.5 concentrations in Chinese cities in 2017
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the prefecture. In terms of the annual average concentration spatial distribution, the worst
PM2.5 pollution was distributed primarily in BTH and the surrounding areas. The PM2.5

concentrations in Changsha were similar to those in BTH and the surrounding areas, which
is the most polluted area in central China.

Instrument measurement errors or detection limits include “other” categories required to
balance masses. Any underestimation of measured components will also increase the value of
the “other” category. The ratio of the “other” category to total PM2.5 was much higher in the
autumn and winter compared with summer and spring and was higher at the suburban site (SP)
than the other sampling sites. Autumn and winter are characterized by a concentration of
heavily polluted weather, during which secondary aerosols were relatively high and signifi-
cantly affected by regional transport. This indicates that the OC and OM concentrations in
autumn and winter are possibly underestimated, which would lead to an increase in the relative
contribution of the “other” category.

To evaluate the impacts of air mass transport, 48-h back trajectories were calculated using
the HYSPLIT model for each season, as illustrated in Fig. 4. Urban PM2.5 concentration data
were derived from the China National Environmental Monitoring Center (http://www.cnemc.

Fig. 4 Forty-eight-hour backward trajectory clusters by season during the PM2.5 sampling period. Colored lines
and circles represent backward trajectory clusters and average PM2.5 concentrations in the trajectory range,
respectively
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cn/jcbg/kqzlzkbg/) and were used to assess the air pollution status in the backward trajectory
range.

In winter, six major air masses contribute to Changsha PM2.5 pollution, i.e., those originat-
ing from the northeast (air masses 1, 5, and 6), southwest (air masses 3 and 4), and west (air
mass 2). A significant north–south transport channel occurs in winter (air masses 4 and 6). Air
Mass 6 originates from Wuhan and the surrounding urban clusters and traverses northern
Hunan Province, which has the highest concentration of PM2.5. The other air masses (1, 2, 3,
and 5) all arrive from cities in Hunan Province, which is consistent with the key control
regions (CZX Urban Agglomeration).

In spring, four major air masses influence Changsha. Air Mass 2 and 4 are consistent with
the north–south transport channels in winter. Air Mass 3 arrives from the south and Air Mass 1
mainly originates from Yueyang. Regional transport of PM2.5 has the least effect in the
summer, where all three air masses originate from the CZX Urban Agglomeration and
surrounding cities, and is essentially not affected by the pollution from outside the province.
Six air masses in autumn are approximately similar to those in winter. Air Mass 3, which
originates from Changde in the northwest, is characterized by several differences.

In summary, the north–south transport channel was a more important air mass transport
trajectory in Changsha, and its contribution to PM2.5 pollution was relatively high.

3.2 Spatio-temporal distribution and chemical components of PM2.5

Figures 5 and 6 show the spatio-temporal distribution of PM2.5 and its chemical components at
the five sampling sites. For the five sampling sites, the mean OM accounts for 26.2 ± 1.0% of
the total PM2.5 concentration and was the largest contributor to PM2.5, ranging from 24.5%
(YH) to 27.4% (CS). The second largest fraction was SO4

2−, contributing 21.1 ± 1.7% of the
total PM2.5 concentration. Both NO3

− and NH4
+ accounted for approximately 18.3 ± 1.5% and

9.0 ± 0.8%, respectively. At the YH and SP sites, the contribution of EC was 4.3% and 3.2%,
respectively. For the annual mean concentration, the elements contributed to 15.0 ± 4.7% of
the PM2.5 mass, higher than Lanzhou (8.8 ± 2.9%) (Wang et al. 2016) and Heze (12.5%) (Liu
et al. 2017). The most abundant elements are crustal elements (e.g., Na, Mg, Al, K, Ca and Fe),
which account for 74.9 ± 2.3% of the total analyzed elements, and this percentage was lower

Fig. 5 A time series of total PM2.5 and major components
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than that found for Lanzhou (93.6 ± 4.5%) (Wang et al. 2016), and Xinxiang (90.8%) (Feng
et al. 2016). The trace elements (V, Cr, Mn, Ni, Cu, Zn, As, Co, Cs, Ag, Cd, P, Ti, and Pb) are
present at levels between 33.0 and 56.0 ng m−3 and account for 3.8 ± 1.5% of the PM2.5 mass.
All five sampling sites showed similar seasonal pollution trends.

Figure 6 indicates that there was a significant spatial variation in the PM2.5 concentrations in
Changsha. The PM2.5 concentration at the YH site was as high as 118.0 ± 46.0 μg/m3 and the
lowest concentration appeared at the SP site, with a concentration of 88.7 ± 37.4 μg/m3. The
difference between the highest and lowest PM2.5 concentration was as much as 29.3 μg/m3,
which was nearly one-third of the PM2.5 concentration at the suburban site. For all seasons, the
PM2.5 concentrations at the five sampling sites can be ranked in an identical descending order:
urban residential sites > traffic sites > industrial sites > suburban sites. The urban residential
areas have both large population and heavy traffic. In contrast, the industrial areas are located
at a distance from the urban areas and have an improved atmospheric environmental capacity.
The EC ratio of PM2.5 at the residential sites was significantly higher than that at the suburban
site, which indicates that the primary emissions from residential areas had a significant
contribution (Lin et al., 2009), including the combustion engines in automobiles. The OC/
EC ratio is a simple method to estimate primary vs. secondary contribution, where ratios
exceeding 2 primarily indicate the dominance of a secondary aerosol (Chow et al. 1996). In
this study, the mean OC/EC ratio was as high as 7.1, which indicates that there is a possible
presence of significant secondary organic carbon. The highest OC/EC ratio (8.2) was located
in the suburbs, which is possibly due to the fact that the suburbs are more susceptible to the
pollution from the surrounding areas of Changsha.

The PM2.5 concentration in Changsha also showed remarkable seasonal variation, which was the
highest in the winter and the lowest in the summer, with a difference of 73.3 μg/m3. The prominent
episodes of pollution occurred in the autumn and winter and the pollution levels were often reported
as ‘heavy’ or above. This may be due to the unique horseshoe-shaped topography of Changsha, as
shown in Fig. 1, where the “horseshoe mouth” faces northward. This landform produces an airflow
convergence zone for the dominate northwest winds that arrive in the winter, which results in the

Fig. 6 The variations between the PM2.5 chemical components at the five sampling sites
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formation of specific meteorological conditions, such as low wind speed, high humidity, low
temperatures, and other conditions characteristic of winter. These factors cause significant regional
weather stagnation and poor air self-purification, which are unfavorable for pollutant dispersion,
whereas relatively low temperatures are favorable for the production and aggregation of new
particulate matter (Zhang et al. 2015).

Yao et al. (2018) investigated atmospheric new particle (NPF) formation from sulfuric acid and
amines in Shanghai and found high NPF rates explained by high concentrations of sulfuric acid for
sub-3-nm particles and then by added contributions of condensing organic species beyond that size,
even under the very high preexisting aerosol loading as condensation sink. It’s also noted that
climate changemay also play an important role in the exacerbatedwinter haze pollution in East Asia
and China in recent years as suggested by previous studies (Zou et al. 2017).

Regional transport may also be an important factor that increases winter air pollution in
Changsha. According to the urban air quality monitoring data released by the China National
Environmental Monitoring Center (http://www.cnemc.cn/jcbg/kqzlzkbg/), the winter 2013
PM2.5 concentration in Wuhan was 163.3 μg/m3, which is significantly higher than that in
Changsha (129.7 μg/m3). Changsha has the best seasonal air quality in summer. Dominant
winds blow westward from the eastern Chinese coast to Changsha during the summer,
carrying a much lower concentration of air pollutants. At the same time, there is an absence
of large areas of local pollution (e.g., coal pollution or long-range external dust pollution).

Organic matter had the largest contribution to PM2.5 concentration in the summer while
both the NO3

− and NH4
+ proportions significantly declined due to their transformation to a gas

phase at elevated temperatures. The EC fraction in PM2.5 maintained a relatively stable level at
4% throughout all seasons, whereas the SO4

2− concentrations showed significant seasonal
variation. The SO4

2− proportion of the PM2.5 mass concentration was the highest in the
summer during all seasons, especially at the industrial site, which accounted for 34.8%. This
is due to certain meteorological factors in the summer, such as stronger ultraviolet radiation,
which favors photochemical reactions and accelerates the conversion of SO2 to secondary ions
(SO4

2−). There was a higher concentration of NH4
+ in the spring and summer compared with

the autumn and winter, which was possibly due to increased agricultural activity. There were
no seasonal or regional differences in the concentrations of crustal and trace metals.

3.3 Aerosol chemistry and ions balance

Understanding the acidity of the aerosol is significantly important due to it being a key
parameter that affects heterogeneous reactions, hygroscopic growth, and toxicity of atmo-
spheric aerosol, as well as the neutralizing process of acid rain (Shi et al. 2017a, 2017b; Tao
et al. 2013). The molar ratios of cation equivalents (CE) and anion equivalents (AE) are
frequently employed to infer the acidity of aerosol (Chow et al. 1994; Hennigan et al. 2015).
At this study, ion balance was evaluated using the following equations.

AE μeq � m−3� � ¼ c Cl−ð Þ
35:5

þ c NO3
−ð Þ

62
þ c SO4

2−� �

48
þ c F−ð Þ

19
ð1Þ

CE μeq � m−3� � ¼ c NH4
þð Þ

18
þ c Mg2þ

� �

12
þ c Kþð Þ

39
þ c Ca2þ

� �

20
þ c Naþð Þ

23
ð2Þ

where c represents the concentration of the ion.
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As shown in Fig.7 and Table 2, both anions and cations are strongly correlated and the
ratios of AE/CE were slightly higher than one, which indicated that the collected PM was
slightly acidic in nature. It means the neutralization of sulfate and nitrate in aerosol was not
completely achieved at these sites. For ammonium-associated compounds, (NH4)2SO4 prefer-
entially forms due to its low volatility. In contrast, NH4NO3 is relatively volatile and NH4Cl
has the most volatility. The AE/CE ratios of the PM2.5 were similar to those from urban sites in
Southern China but higher than certain sites in northern China (Zhou et al. 2016). As shown in
Table 2, the AE/CE ratios were 1.59, 1.81, 1.50, and 1.03 in spring, summer, autumn, and
winter, respectively, which indicates that the PM2.5 was more acidic in spring and summer
compared with autumn and winter.

3.4 Potential sources of PM2.5

Correlation analysis between ions may reveal the binding mode and homology between WSIs
in atmospheric particulate matter (Huang et al. 2014). The SPSS (v. 19.0) software was used to
conduct binary correlation analysis and to analyze the possible sources of WSI in PM2.5.
Table 3 lists the inter-ion correlation coefficient matrix.

As shown in Table 3, the correlation coefficients between SO4
2−, NO3

−, NH4
+, K+, and Na+

and the total PM2.5 concentration were 0.69, 0.69, 0.79, 0.89, and 0.81, respectively. This
indicates that these ions significantly affect the variation in PM2.5 concentrations in Changsha,

Fig. 7 Correlations between anion equivalents and cation equivalents in different seasons
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which is consistent with the results from Baotou (Zhou et al. 2018) and Jeonju, South Korea
(Lee et al. 2001).

The correlation coefficient between Na+ and F− was as high as 0.72. In the absence of
marine sources in Changsha, Na+ can be used to indicate sources from soil dust and coal
combustion gases (Osada et al. 2002) while F− indicates sources from industrial factories, such
as aluminum processing and phosphate fertilizer plants (Yang et al. 2009). There was also a
high correlation between Na+ and K+, which is possibly due to the fact that these elements exist
in atmospheric particulate matter from the source of biomass burning (Liu et al. 2016). There
was a relatively high correlation between NO3

− and NH4
+ (R = 0.78), which indicates that

these ions are derived from an identical source, i.e., possibly agricultural fertilizer. The
correlation was higher between NH4

+ and SO4
2− (R = 0.81) than NO3

− and NH4
+ (R = 0.78),

which indicates that NH4NO3 is more volatile compared with (NH4)2SO4
2− (He et al. 2012).

There was a relatively high correlation between Ca2+ and Mg2+ (R = 0.60), which suggests that
both cations are derived from an identical source, i.e., soil and construction dust.

The relative importance of stationary andmobile sources of N and S emissions to the atmosphere
can be determined using the ratios of NO3

− and SO4
2− in PM2.5 (Wang et al. 2005). Previous studies

have shown that, when the [NO3
−]/[SO4

2−] ratio in PM2.5 is greater than 1, the effects of mobile
sources (e.g., motor vehicles) are stronger than those of stationary sources (e.g., coal combustion).
Otherwise, the effects of stationary sources are stronger than mobile sources (Zhou et al. 2016).
Table 4 lists the [NO3

−]/[SO4
2−] ratios in the PM2.5 samples from the different sampling sites during

different seasons. These ratios ranged from 0.67 to 1.07, with an overall average of 0.76 across the
five sampling sites in the study area. The [NO3

−]/[SO4
2−] ratio exceeded 1 in the winter and

remained below 1 during the other seasons, which suggests that stationary sources, during all

Table 2 The anion equivalent (AE)/cation equivalent (CE) ratios in the PM2.5 samples

Sampling site Autumn Winter Spring Summer Annual average

Furong (FR) 1.49 1.00 1.63 1.73 1.46
Changsha (CS) 1.46 1.03 1.69 1.58 1.44
Shaping (SP) 1.59 1.08 1.68 1.47 1.46
Wangcheng (WC) 1.44 1.01 1.45 2.83 1.68
Yuhua (YH) 1.50 1.03 1.50 1.43 1.37
Average 1.50 1.03 1.59 1.81 1.48

Table 3 A correlation analysis of water-soluble ions (WSIs) in PM2.5

Component PM2.5 F− Cl− NO3
− SO4

2− K+ Ca2+ Na+ Mg2+ NH4
+

PM2.5 1.00 0.65 0.53 0.69** 0.69** 0.89** 0.42 0.81** 0.55 0.79**
F− 1.00 0.55 0.65 0.34 0.66** 0.53 0.72** 0.73** 0.59
Cl− 1.00 0.45 0.21 0.57** 0.58** 0.68** 0.49 0.40
NO3

− 1.00 0.37 0.69 0.31 0.68 0.56 0.78**
SO4

2− 1.00 0.62 0.26 0.58 0.24 0.81**
K+ 1.00 0.42 0.81** 0.56 0.75**
Ca2+ 1.00 0.63** 0.60** 0.31
Na+ 1.00 0.76** 0.73**
Mg2+ 1.00 0.47
NH4

+ 1.00

Note: ** indicates that the correlation is significant at the 0.01 significance level (two-tailed); * indicates that the
correlation is significant at the 0.05 significance level (two-tailed)
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seasons except winter, primarily affect the PM2.5 in Changsha. During the daytime, photochemical
reactions betweenNO2 andOH free radicals (Kitto et al., 1992)mainly generate atmosphericHNO3,
followed by the reaction between HNO3 (g) and NH3 (g) that forms NH4NO3 (s). Since this is an
exothermal reaction, lower temperatures and higher humidity favor NH4NO3 (s) formation (Zhou
et al. 2016). The highest concentrations of nitrate measured in winter are possibly due to sources of
local pollution, such as vehicular traffic (Paraskevopoulou et al. 2015), and the [NO3

−]/[SO4
2−] ratio

was the lowest at the SP site, which is due to reduced traffic volume and increased vegetation
coverage in suburban areas. Since mobile sources have a greater contribution to atmospheric
particulate matter in the winter in Changsha, reducing urban car exhaust emissions is an important
step to improve the quality of the atmospheric environment during the high-pollution season
(winter). Furthermore, limiting fossil fuel combustion, such as coal, will also help to reduce the
concentrations of various water-soluble ions in PM2.5 and the overall mass concentration of PM2.5.

Table 5 lists the [NO3
−]/[SO4

2−] ratios in PM2.5 samples from typical cities, both local and
foreign, reported in recent literature. The average [NO3

−]/[SO4
2−] ratio of the PM2.5 samples

from Changsha (0.76) is lower than the ratio in Beijing and other northern cities but higher
than that in Guangzhou and similar to the ratio in the Chinese coastal city of Ningbo.

4 Conclusions

This study presented the spatio-temporal variation in PM2.5 and its chemical components in
Changsha over a 1-year period (September 2013 to August 2014). The mean annual PM2.5

concentration was 105.2 ± 11.0 μg/m3, which is significantly higher than other developed

Table 4 The [NO3
−]/[SO4

2−] ratios in PM2.5 samples between the sampling sites

Sampling sites Autumn Winter Spring Summer Annual average

Furong(FR) 0.79 1.01 0.83 0.86 0.79
Changsha(CS) 0.70 1.05 0.84 0.96 0.70
Shaping(SP) 0.67 0.96 0.69 0.79 0.67
Wangcheng(WC) 0.85 1.07 0.84 0.86 0.85
Yuhua(YH) 0.80 1.05 0.74 0.93 0.80
Average 0.76 1.03 0.79 0.88 0.76

Table 5 A comparison of the [NO3
−]/[SO4

2−] in PM2.5 between Changsha and other cities

City Period [NO3
−]/[SO4

2−]

Changsha (the present study) 2013.9–2014.8 0.76
Beijing (Zíková et al. 2016) 2012.6–2013.4 0.96
Shanghai (Huang et al. 2014) 2012.3–2012.5 0.90
Guangzhou (Chen et al. 2017) 2011.12–2012.2 0.39
Nanjing (Wang et al. 2016b) 2013.10–2014.11 0.67
Ningbo, Zhejiang (Li et al. 2017) 2012.12–2013.11 0.79
Yokohama, Japan (Khan et al. 2010) 2007–2008 0.25
Barcelona, Spain (Salameh et al. 2015) 2011.2–2011.12 0.36
Marseilles, France (Salameh et al. 2015) 2011.7–2012.7 0.77
Venice, Italy (Salameh et al. 2015) 2011.1–2011.12 1.59
Thessaloniki, Greece (Salameh et al. 2015) 2011.6–2012.5 0.62
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regions (e.g., the YRD and PRD) and is more similar to the most polluted region in China (i.e.,
the BTH). On average, residential sites had the highest concentrations of PM2.5 and chemical
species while a suburban site had the lowest concentrations. In general, PM2.5 concentrations
exhibit noticeable seasonal pollution characteristics in Changsha, with the highest concentra-
tions in the winter and lowest in the summer, with a difference of 73.3 μg/m3.

Ion balance calculations show that the PM2.5 samples at the five sites were generally acidic,
with increased acidity in spring and summer compared with autumn and winter. The AE/CE
ratios varied from 1.00 to 2.83, with an average of 1.48 ± 0.40, which is similar to other urban
sites in southern China but higher than several sites in northern China. The north–south
transport channel is the most significant air mass trajectory. Air masses originating from
Wuhan and surrounding urban clusters, as well as from the CZX Urban Agglomeration and
surrounding cities, have a significant impact on PM2.5 pollution in Changsha.
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