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Abstract Severe particulate matter (PM, including
PM, 5 and PM;) pollution frequently impacts many
cities in the Yangtze River Delta (YRD) in China,
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which has aroused growing concern. In this study,
we examined the associations between relative hu-
midity (RH) and PM pollution using the equal step-
size statistical method. Our results revealed that RH
had an inverted U-shaped relationship with PM, s
concentrations (peaking at RH = 45-70%), and an
inverted V-shaped relationship (peaking at
RH = 40 £ 5%) with PM;4, SO,, and NO,. The
trends of polluted-day number significantly changed
at RH = 70%. The very-dry (RH < 45%), dry
(RH = 45-60%) and low-humidity (RH = 60-70%)
conditions positively affected PM, 5 and exerted an
accumulation effect, while the mid-humidity
(RH = 70-80%), high-humidity (RH = 80-90%),
and extreme-humidity (RH = 90-100%) conditions
played a significant role in reducing particle concen-
trations. For PM;,, the accumulation and reduction
effects of RH were split at RH = 45%. Moreover, an
upward slope in the PM, 5/PM; ratio indicated that
the accumulation effects from increasing RH were
more intense on PM, s than on PM;,, while the
opposite was noticed for the reduction effects. Sec-
ondary transformations from SO, and NO, to sulfate
and nitrate were mainly responsible for PM, 5 pol-
lution, and thus, controlling these precursors is ef-
fective in mitigating the PM pollution in the YRD,
especially during winter. The conclusions in this
study will be helpful for regional air-quality
management.

Keywords Relative humidity (RH) - Association -
Particulate matter - Equal step-size statistical method
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Introduction

Severe haze pollution caused by PM, 5 and PM; o (PM)
has attracted great concern worldwide due to the impair-
ment effects on climate, living environment, and partic-
ularly human health (Nacher et al. 1999; Pui et al. 2014;
Gao et al. 2015). According to the data released by the
Chinese Ministry of Environmental Protection (CMEP)
in 2015, 78.4% of the prefecture-level cities in China
suffered severe PM pollution (CMEP 2016), most of
which are located in three Chinese developed regions,
the Jing-Jin-Ji Delta, the Yangtze River Delta (YRD),
and the Pearl River Delta (Han et al. 2014; Hu et al.
2014). Furthermore, in 2014, dust-suppressing vehicles
equipped with fog guns were used to remove particles in
the air by spraying water into the air (http://news.
mydrivers.com/1/313/313236.htm) in several Chinese
cities (such as Xi’an and Shijiazhuang), which aroused
public attention and sparked an intense controversy in
the scientific community. There is an urgent need to
explore the drivers of PM to mitigate the regional air
pollution in China today.

Recent studies have suggested that conventional me-
teorological conditions, such as wind speed (WS), tem-
perature (T), and precipitation, have distinct effects on
PM, 5 and PM;, concentrations besides anthropogenic
emissions (Tran and Molders 2011; Kassomenos et al.
2014; Wang and Ogawa 2015). For example, low WS,
low T, and a strong temperature inversion may cause
PM concentration to increase (Tran and Molders 2011;
Hsu and Cheng 2016), while increased precipitation can
scavenge particles from the air (Tai et al. 2010; Przybysz
et al. 2014; Ouyang et al. 2015). However, there are
large gaps in understanding correlations between rela-
tive humidity (RH) and PM pollution, partly due to the
uncertainty about PM sensitivity to RH and to their non-
linear relationship (Wang et al. 2014; Wang et al. 2015).
PM is a complex mixture of primary particles (directly
emitted from anthropogenic activities) and secondary
particles, which are formed by reactions of the precur-
sors (i.e., SO, and NO,) (Stone et al. 2010; Huang et al.
2011; Hasheminassab et al. 2014; Cheng et al. 2015).
Many of the present study’s conclusions suggest that
RH significantly influences PM from its formation to
dispersion through both physical and chemical process-
es, such as affecting the rates of deliquescence, gas-to-
particle conversion, hygroscopic growth, and wet or dry
deposition (Wang et al. 2014; Cheng et al. 2015; Liu
et al. 20164, b).
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Nevertheless, it is still unclear whether an increase in
RH can reduce haze pollution or not. On the one hand,
some articles indicated that an increase in RH was
conducive to particle deposition. For instance, studies
of wetlands suggest that strong evaporation and transpi-
ration in the presence of water or wetlands could form a
microclimate with lower temperature and higher RH
compared with the surrounding environment (Sun
et al. 2012; Anda et al. 2015; Du et al. 2016), which
may decrease the gas-to-particle conversion rate and
favor particle deposition (Catinon et al. 2012; Kang
et al. 2015). On the other hand, positive correlations
between RH and PM, 5 were identified in studies con-
ducted in Beijing (Cheng et al. 2015; Zhu et al. 2016),
Shanghai (Xu et al. 2015), and the YRD (Hua et al.
2015), indicating that an increase in RH could aggravate
PM pollution. Additionally, several authors have exam-
ined the influence of different RH levels on PM con-
centrations. Wu et al.(2016) explored the association
between the size distribution of PM and RH in Nanjing
and suggested that particle sizes changed significantly
for RH = 70%, which was closely related to the hygro-
scopic growth of particles. Wang et al.(2014) divided
RH into three stages: stage 1 (RH < 35%), characterized
by a low secondary conversion rate (from SO, and NO,
to sulfate and nitrate) and slow hygroscopic growth;
stage 2 (RH = 35-50%), characterized by accelerated
secondary conversion and an enhanced hygroscopic
growth rate; and stage 3 (RH = 50-75%), characterized
by an explosive increase in fine particles. For PM depo-
sition, large-sized particles (e.g., PM;() were easy to be
deposited due to gravity, while the small-sized particles
remained suspended in the air until they had accumulat-
ed sufficient mass through hygroscopic growth, aggre-
gation, and merging with each other (Langner et al.
2011; D’Angelo et al. 2016). Moreover, particles can
also be dissolved in rain, snow, or fog, all of which are
characterized by extreme high RH, and then deposited
on the ground along with the precipitation (Matsuda
etal. 2010; Witkowska and Lewandowska 2016). Thus,
RH is a very important factor that directly affects the
transformation and feature of particles.

However, the present conclusions about specific im-
pacts of RH on PM are still fragmented and ambiguous,
and debates on whether or not to mitigate haze pollution
via spraying water into the air are ongoing. Furthermore,
studies regarding the relationships of RH with PM are
relatively limited, and most of them are mainly focused
spatially on the urban scale and temporally over a few
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days or several decades. Considering that the effects of
anthropogenic emissions (Hao and Liu 2016), surface
terrain, and vegetation on PM (Tallis et al. 2011; Masiol
et al. 2014; Salameh et al. 2015) may be much stronger
than those of meteorological variables (particularly RH),
it is necessary to minimize those disturbances as much
as possible to accurately evaluate the correlations of RH
with PM pollution. For these reasons, we selected the
YRD as the sample area and focused entirely on the
impacts of RH on PM, 5 and PM( concentrations in this
study. The following aspects were considered. First,
some studies have proposed that the frequent haze epi-
sodes in the YRD were potentially related to its high
humid environment (Hua et al. 2015). Second, compared
with the national scale, the climate in the YRD is more
homogeneous and the synoptic conditions have the same
variation patterns in every city (e.g., the occurrence of
rainfall or extreme weather conditions). Similarly, the
socioeconomic differences in the YRD are relatively
small. Therefore, the impacts from the spatial differences
of various factors on PM pollution can be reduced to
some extent owing to the similar characteristics in sam-
ple cities. Additionally, these spatial differences can be
further reduced by using the PM anomaly values (Wang
et al. 2012). All the abovementioned considerations
established the feasibility for this study. To the best of
our knowledge, none of the previous studies have ana-
lyzed the association between RH and PM in the YRD.

In general, our goals in this paper are to character-
ize the variation patterns of PM, s and PM;, in the
YRD and further explore their relationships with RH.
We will discuss (1) the spatiotemporal characteristics
of PM, 5 and PM;, (2) the relationship of PM with
RH and the seasonality, and (3) effects of other fac-
tors, such as temperature, and precursor concentra-
tions (SO, and NO,), on PM. This study will provide
information regarding humidity impacts on haze pol-
lution to the local government for optimizing an
emergency environmental plan.

Materials and methods
Study area

The YRD located in the east of China (Fig.1 (al)) is one
of six influential metropolitan regions in the world and
one of three developed areas in China, playing a very
important role in Chinese socioeconomic development

(Tian et al. 2011). The region is an alluvial plain formed
before the Yangtze River enters the sea, and it has an
average elevation of 2 m. Different boundaries of the
YRD have been delimited for varied study purposes. In
this study, considering the spatial distribution of PM
monitoring sites and data availability, our study area in
the YRD only includes 16 cities (Fig. 1 (a2, a3)). They
are Shanghai, eight cities in Jiangsu province (i.e., Nan-
jing, Suzhou, Wuxi, Changzhou, Nantong, Zhenjiang,
Taizhou(j), and Yangzhou), and seven cities in Zhejiang
province (i.e., Hangzhou, Jiaxing, Huzhou, Shaoxing,
Ningbo, Taizhou(z), and Zhoushan), respectively. This
region covers 1.1% (about 110,800 km?) of China in
terms of area but accounts for 7.47% of the total popu-
lation according to the statistical data of 16 cities in
2014.

Belonging to the subtropical monsoon climate zone,
the region has a moderate climate and four distinctive
seasons. In 2014-2015, the area has an annual average
precipitation of 10002000 mm and an annual mean
temperature of 17 °C. The YRD has the densest river
network (4.8-6.7 km/kmz) in China, with an average
water resource of 539.79 billion cubic meters (Fig. 1
(a3)). Pursuant to data from the National Science and
Technology Infrastructure platform (http://nnu.geodata.
cn), various wetlands in the YRD cover a total area of 13
,000 km?. All of these factors cause the region to have a
high humidity environment, with an annual average RH
of 75 + 5%.

Data selection

In this paper, we mainly used two datasets: air-quality
data (daily PM, 5, PM;, SO,, and NO, concentrations)
and meteorological data (daily RH, T, WS, WD, and
precipitation values). In the YRD region, there are 121
national air-quality monitoring sites as shown in Fig. 1
(a3). Among them, 98 sites are located in prefecture-
level cities (black dots) and 23 are located in county-
level cities (gray dots). Air-quality data from these mon-
itoring sites are updated on the air-quality publishing
platform of the Chinese National Environmental Moni-
toring Centre at a temporal resolution of 1 h
(http://datacenter.mep.gov.cn/index). Considering that
most of air-quality monitoring sites are situated in urban
built-up areas, we selected 98 urban sites and obtained
their air-quality data for this paper, the aim being to
reduce the diversity of PM concentrations and increase
their comparability across the cities. Correspondingly,

@ Springer


http://nnu.geodata.cn
http://nnu.geodata.cn
http://datacenter.mep.gov.cn/index

582 Page4 of 16

Environ Monit Assess (2017) 189: 582

al

City name----
Changzhou---
Hangzhou
Huzhou
Jiaxing
Nanjing

[ Nantong

Yangzhou
Zhenjiang
Zhoushan

a3

0 50 100km

Abb.

Chzh

j ® PM monitoring site (selected)

e PM monitoring site(not selg
Weather monitoring statich

B Urban biult-up area
Wetlands

Zhj
Zhsh

Fig.1 Location of the YRD in China (al, a2) and the spatial distr
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22 weather monitoring sites located in urban built-up
areas were carefully chosen to obtain their hourly mete-
orological data, which are updated on the website
(http://www.cma.gov.cn/2011qxfw/2011qtqyb/) of the
China Meteorological Administration, to match the
PM data. These hourly raw values are collected from
January 1, 2014, to December 31, 2015.

The raw data were preprocessed according to the
requirements for measuring air pollutant concentrations
in the Chinese average annual standard (GB 3095-2012)
issued by the CMEP. We deleted the values less than 0
and the abnormal concentrations, and then calculated
the daily concentration by averaging the 24-h values
from 0:00 to 23:00. If the raw data were continuously
missing for more than 4 h in a day, the relevant daily
concentrations were considered invalid and excluded.
Further, we computed a daily PM concentration of a
certain city by averaging the corresponding daily PM
concentrations of all monitoring sites for that city. The
daily meteorological variables in a city were obtained in
the same manner.

It should be noted that we used daily averages for all
the variables to avoid statistical biasing related to their
inherently diurnal changes. Additionally, we divided the
12 months of a year into four seasons: winter (Decem-
ber, January, and February), spring (March, April, and
May), summer (July, June, and August), and autumn

@ Springer

ibution of 120 air-quality monitoring sites and 22 meteorological stations

(September, October, and November). In our study, a
polluted day was defined as a day with daily p(PM, s)
> 75 ug/m’, and a clear day refers to the day with the
daily p(PM,s) < 75 pg/m’. Based on the previous
definition, a pollution episode was defined as a period
of time with a clear day, followed by no less than two
consecutive polluted days, followed by a clear day. That
is, the duration of one pollution episode was at least
4 days long, following the sequence “one clear day +
more than 2 polluted days + one clear day.”

Methods
Equal step-size statistic method

An equal step-size statistical method was used to ex-
plore the association of RH to PM. For example, the
relationship between RH and PM, 5 based on the step-
size = 5% was calculated and the specific process was
listed as follows:

If step-size = 5%, RH (0-100%) will be equally
divided into 20 ranges, such as RH, = 0-5%,
RH, = 5-10%, ..., RH, =5 (n — 1)%-5n% (n =1, 2,
...... 20), and then the PM, 5 concentration during the
RH,, range can be approached by Eq. 1.


http://www.cma.gov.cn/2011qxfw/2011qtqyb/

Environ Monit Assess (2017) 189: 582

Page 5 of 16 582

C, = (1)

1

m =
where m refers to the number of all PM, s concentrations
during the RH,, range, and each of them is written as C,,,.
C, refers to the mean of all C,,. In our study, C, was
taken as the average PM, s concentration of RH,,.

In this paper, we used three step-sizes (1, 2, and 5%)
to explore the relationships of RH with PM, 5, PM;,
SO,, and NO, in our study. Although more specific
information may be neglected at a larger step-size, the
regularity of the curve is clearer. Moreover, due to the
requirement of the linear regression model, we used the
statistical results at the step-size of 1 or 2% to supply
enough data for linear fitting.

Anomaly processing of data

To reduce the difference of air-quality data that are
driven by the geographical background of monitoring
sites and other influencing factors, we used the anomaly
value of daily air-quality variables in our paper. Using
PM, 5 as an example, the formula was written as Eq. 2.

(2)

where AC,_ pypp.5 presents a daily anomaly concentra-
tion of PM, 5 at a monitoring site, C;_ py» 5 refers to its
daily actual concentration, and C,_puns refers to the
annual PM, 5 concentration of this monitoring site. In
the same way, PM;(, SO,, and NO, concentrations were
all used in the anomaly values.

ACqpurs = Carmrs—Carurs

Univariate linear regression

To express the response of PM to RH, we employed
univariate linear regression to determinate the RH ef-
fects. The formula is written as Eq. 3.

y=a+bx (3)
where y presents an air-quality index (PM, s, PMj,
SO,, or NO,); x means the RH value; a refers to the
constant; and b stands for the slope of the regression
line, which expresses the elasticity of y growth caused
per unit of x added.

In the following text, we use a 7 test to evaluate the
significance level of the relationships between RH and
PM or the other pollution variables in SPSS 20.0 soft-
ware, including univariate linear fitting and Pearson
correlation analysis.

Results
Characteristics of PM pollution in the YRD

In 2014-2015, the YRD suffered serious haze pol-
lution (Table 1) with the annual p(PM, 5) of 58 ng/
m®, which was 5.8 times higher than that of the
World Health Organization standard (10 pg/m?),
and 1.7 times higher than that of the Chinese aver-
age annual standard (GB3095-2012) issued by the
CMEP (35 ug/m®). Compared with 2014, the PM
pollution in 2015 had a slight reduction, with a drop
of 7 pug/m® in annual p(PM,s) and a decrease of
9 ug/m3 in annual p(PM;y). Seasonal variations of
PM, 5 (Table 1 and Fig.1) are characterized by
“highest in the winter (80ug/m?), followed by in
the spring (57pg/m3) and in the autumn (49ug/m3),
and lowest in summer (44ug/m3 ).” The seasonal
trends of PM;, and pollution days tracked the pat-
terns of PM, 5. Almost 50% of pollution days oc-
curred in the winter time.

Table 1 Statistics of annual and seasonal PM concentrations and total pollution days of the YRD in 20142015

Mean PM; 5 (1.1g/m3 )

Mean PM; (ug/m3)

PM, 5 pollution days (days)

2014 2015 Annual mean 2014 2015 Annual mean 2014 2015 Total
Winter 78 81 80 113 119 116 39 42 81
Spring 63 50 57 103 84 94 26 13 39
Summer 49 38 44 74 63 68 15 4 19
Autumn 52 46 49 83 76 80 16 12 28
Year 61 54 58 94 85 89 96 71 167
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As illustrated in Fig. 2, 16 cities witnessed the annual
p(PM, 5) of 35-66 ug/m3 and the annual p(PM;) of
46-107 pg/m’. Only one city, Zhoushan, had an annual
p(PM, s) of less than 35 ug/m3 and an annual p(PM,)
of 46 ug/m’. The remaining cities all suffered severe
haze pollution. Among them, the top five cities (includ-
ing Nanjing, Taizhou(j), Zhenjiang, Wuxi, and Chang-
zhou) had an annual p(PM, 5) of more than 62 |,Lg/m3
and the total pollution days of 221 + 17 days in 2 years.
Moreover, 50% of the sample cities in this region expe-
rienced more than 180 pollution days in 2014-2015.

Figure 3 presents the spatial patterns of PM var-
iables in the YRD via Ordinary Kriging Interpola-
tion of ArcGIS. Simply, PM, 5 concentrations in the
north (particularly in the northwest) were apparently
higher than in the south of the region. These patterns
characterized by “increasing from the southeast to
the northwest” were also observed for PM;, and the
polluted-day number. In contrast, the PM, s/PM
ratio met the inverse varying trends. All these results

T
0 50 100km

| e I
48 60 85 90 95 100 116 28 35 45 55 60 65
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revealed that severe PM pollution mainly occurred
in the north, but PM, 5 dominated the volume con-
centration in the south of the study region.

Relationship of daily PM, 5 concentrations with RH

The seasonal difference of PM was greatly obvious
based on the results of the previous section. Considering
that temperature can differentiate the seasons to some
degree, we used three variables, temperature, RH, and
PM, 5, to explore the complicated relationship between
RH and the daily PM, 5 concentrations. Let Tand RH be
the X and Y coordinates, respectively; the daily PM, 5
distribution-related T and RH are illustrated in Fig. 4 via
Surfer 10 and ArcGIS 10.2.

Interestingly, daily PM, 5 concentrations were close-
ly correlated with T and RH, shown in Fig. 4. High
PM, 5 concentrations exceeding 150 pg/m® not only
frequently occurred in the condition with 7' < 10 °C
and RH = 50-80% but also appeared in the condition

iy

Vi

PMz2.5/PM10

-
0.77 35 120 160 200 287

Fig. 3 Spatial distributions of the annual PM concentrations, the mean ratio of PM, s/PM;, and the total polluted days in the YRD in 20142015
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Fig. 4 PM, s distribution related with RH and T (the values of RH (%), T (°C), and PM, 5 (ug/m3) used in this figure were all based on the

daily average)

with 7> 30 °C and RH < 50%. For instance, in Nanjing,
62% of 1673 pollution grids (p(PM, ) > 75 ug/m3)
were observed at RH = 60-80% and T < 10 °C, and
25% were located at RH < 60% and 7' > 10 °C. Addi-
tionally, in most cities, the number of pollution grids
increased with RH growing when RH was between 50
and 80%, and then decreased at RH > 80%. In addition
to that in winter, the conditions in summer accompanied
with high T and low humidity also experienced serious
PM; 5 pollution, particularly in the heavily polluted
cities (such as Nanjing, Taizhou(j), Zhenjiang). In gen-
eral, these results indicate that PM, 5 pollution is likely
in two types of atmospheric environments, low-
temperature and middle-range RH condition, or high-
temperature and low RH condition, which was also
suggested by Tran and Molders (2011).

Statistical relationships between RH and PM pollution
in the YRD region

Correlations of RH with PM, s and PM;,

The equal step-size statistical method was used to fur-
ther correlate RH to PM concentrations. It seems that
RH was closely and regularly linked with PM (Fig. 5).
Specifically, RH had an inverted V-shaped curve with
PM,q concentrations (Fig. 5a—c) and an inverted U-
shaped curve with PM, 5 concentrations (Fig. 5d—f).
With a rise in RH, PM;, significantly increased

(R=0.63, P <0.05) for RH < 45%, followed by peaking
at around RH = 45%, and then significantly decreased
(R=-10.96, P <0.01) for RH > 45%. Unlike the
variations seen in PM;,, RH had an inverted U-shaped
curve with PM, 5 (P < 0.01, using two-factor analysis of
variance). The curve of PM, 5 could be specifically
divided into three stages: stage 1 (an obvious increase
(R = 0.56, P < 0.05) with sharp fluctuations at RH
<45%), stage 2 (steady fluctuation with a slight increase
when RH =45-70%), and stage 3 (a significant decrease
(R=-0.92, P<0.01) for RH > 70%). The variation
patterns in 2014 and 2015 were similar to each other.

In short, the range of RH that caused PM, 5 accumu-
lation (RH < 70%) was larger than that impacting PM,
concentrations (RH < 45%), while the range of RH
mitigating PM, 5 concentrations (slope = — 0.94) was
smaller than that for PM;, concentrations
(slope = — 1.23).

For seasonality shown in Fig. 6, with RH increasing,
PM;, had both increasing (RH < 45%) and decreasing
trends (RH > 45%) in winter and in spring, but only had
a decreasing stage during summer and autumn. These
curves indicated that the accumulation effect of RH on
PM,, was stronger in winter and spring, as compared
with the effect in summer and autumn. The reduction
effects were weakest in winter. For PM, s, the RH range
that caused PM, 5 increase was larger in winter (RH
< 90%) and spring (RH < 80%), but smaller (RH
< 70%) in summer and autumn. This denoted that the

@ Springer
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Fig. 5 Relationships of RH with PM;, and PM, 5 concentration anomalies in 2014-2015

accumulation impact of RH was stronger at lower tem-
peratures, tracking with the PM;,. In short, RH had a
more intense accumulation effect on PM concentration
in winter and spring, but a stronger reduction effect in
summer and autumn.

Correlations between RH and the ratio of PM, s/PM

Figure 7 summarizes a response of the ratio of PM, s/
PM,, to RH in 2014-2015. No clear regularity in the
ratio was observed at RH < 40%. However, at RH
> 40%, the ratio trend became an upward line

(R=0.96, P <0.01) with a slope of 0.004, which meant
that a 1% increase in RH could bring a 0.004 increment
in the ratio. The positive trend found further evidence
that PM, s was more dominant (by volume concentra-
tion) than PM,, as RH increased. Meanwhile, it re-
vealed that the accumulation effect of RH on PM, ;5
was more intense than that on PM;, and the reduction
effects of RH on PM, 5 was weaker than that on PM;,.

In four seasons, the curves were also characterized by
a significant increase (R >0.91, P <0.01) for RH > 40%,
and the slope in winter (0.006) was slightly larger than
the slopes in the other three seasons (0.004—0.005). The
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Y
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Fig. 6 Correlations of RH with anomaly in PM; and PM, 5 concentrations in each season (step-size = 1%)
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Fig. 7 Relationships between RH and PM, 5/PM, ratio in 2 years (linear regression was conducted at the step-size of RH = 1%)

conclusions were in agreement with the results in Cheng
et al. (2015).

Correlations between RH and polluted-day numbers

Due to the relatively sparse polluted-day numbers,
we analyzed the associations between RH and pollu-
tion days at a step-size of RH = 5%. The inverted V-
shaped curve in Fig. 8 indicated that the impact of
humidity on the frequency of polluted days signifi-
cantly changed on both sides of RH = 70%. A simple
linear regression was used to fit the trend of the
pollution days with RH increasing. Specifically, a
1% increase in RH could cause a 0.40 rise
(R = 0.96, P < 0.01) in polluted-day numbers for
RH = 40~70% and a 0.52 decrease (R = — 0.96,
P < 0.01) in pollution days when RH > 70%.

Stage1 Stage2 6
Increasing trend Decreasing trend
15 4
S y= -15.3+0.40x y=51.3-052x| T o
% R=0.96 %
S 104 P<0.01) =
c c
2 S 6
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RH(%)
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Fig. 8 The correlation between RH and pollution days in 2 years

Regarding seasonality, the four seasons all have the
inverted V-shaped curves, of which winter had the
fastest growth in polluted-day numbers with RH
rising.

Spatial variability in the relation between RH and PM
pollution

Figure 9 illustrates the statistical relationships of RH
with PM, 5, PM;(, and polluted days in 16 cities.
RH had a weak inverted V-shaped relationship
(peaking at RH = 30-45%) with PM;,, a slightly
inverted U-shaped relation (peaking at RH = 45—
80%) with PM, s, and a significant inverted V-
shaped relationship (peaking at RH = 65~75%) with
the number of polluted days.

Winter Spring

Summer Autumn

20 40 60 80

Mean
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Fig. 9 Associations of RH with PM, s and PM,, concentrations, and polluted days in 16 cities (with the step size of RH = 5%)

Figure 10 demonstrates the impacts of RH on PM as
expressed by the slopes from linear regression models and
their confidence levels. The positive slopes in Fig. 10a
indicate that rising RH (at RH < 50%) could increase
PMj, s, and these accumulation impacts were signifi-
cant in 50% out of the studied 16 cities, especially in
the heavily polluted ones. For PM,, (Fig. 10b), we
noted only two cities with a significant increasing
trend (P < 0.01 or P < 0.05). However, the negative

711
0 50 100 km

O P<0.01
O P<0.05

O P<0.01
O P<0.05
RH and PM1g (RH<45%)

Slope -4.20<e <-2.55<0 <-0.45<0
0<1.21<0<1.8<@<-7.2

Slope 0.01< ¢ <0.16<0 <0.36<0
0<0.86<0<1.56<®<2.62

()
RH and PMz 5 (RH=70-100%)
Slope-1.35<e <-1.33<0 <-1.06<0 Slope-1.75<e <-1.55<0 <-1.26<0

slopes in Fig. 10c, d reveal that the reduction effects
of RH were significant not only on PM, s (RH = 70—
100%) but also on PM,;, concentrations (RH = 45—
100%).

RH types and their effects on PM pollution

Based on the varying patterns of PM, 5 and PM;, con-
centrations at different RH levels, RH (0~100%) was

O P<0.01
O P<0.05
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O P<0.05

%
RH and PM1o (RH=45-100%)

0<-0.85< 0<-0.76<©<-0.52 0<-1.21<0<-1.10< @<-0.82

Fig. 10 Spatial patterns of the slope in linear regression and the confidence level

@ Springer



Environ Monit Assess (2017) 189: 582

Page 11 of 16 582

Fig. 11 PM, s and PM,, PM, 5(ug/m3) PM;g (ug/m3) Percentage of pollution days(%)
C(;nceltllt?tlogs and :"h? p;r;_:lentage TI\LJ i -\- - SO -\- -’- W~
of pollution days of six zhj J = | A
regions in 16 cities Zhj | A ] AV i
W; - " =
o] S /v 1 TN .
szh | L )_/%M/ 1 447 y/ b
Hzh T I\ 1 RN B
Yzh ] LN ] PRSI ]
Nt ] VARNARNAN O IN -
Huzh_ \- )-(1// ] \- \IM/ ]
x| | N/ 1 LN ]
- - - .
] 1.2/ 1 /2 .
shh] o XX 1277 8
Nb | N L 1 N 1NV 7
- - L I
Tzhz | \N I/ I/ 1 VIl 4 T
Zhsh Ju a2 1« A ]
20 40 60 80 40 80 120 160 200 0 25 50 75 100
Very-dry Dry Low-humidity Mid-humidity B High-humidity Bl Extreme-humidity

divided into six stages, < 45, 45-60, 60-70, 70-80, 80—
90, and > 90%, which were defined as very-dry, dry,
low-humidity, mid-humidity, high-humidity, and
extreme-humidity conditions, respectively. Figure 11
describes the mean PM, 5, the mean PM,,, and the
percentage of pollution days in every RH stage. In
specification, PM, 5 averaged 62 + 21, 57 + 13,
56 = 17, and 53 = 21 ug/m’, respectively, in very-dry,
dry, low-humidity, and mid-humidity conditions (1.03—
1.13 times of the annual concentration), but averaged
47 + 18 and 35 + 15 pg/m® in high-humidity and
extreme-humidity conditions (only 0.93 and 0.73 times
of the annual concentration), respectively. That is to say,
the PM, 5 accumulation stage at RH = 45-70% was an
important contribution to the annual concentration. Sim-
ilarly, the highest PM o concentration was observed in a
very-dry condition (139 + 66 ug/m?), followed by dry
(105 + 32 pg/m’) and mid-humidity (96 + 28 pg/m’)
conditions, and the lowest was in extreme-humidity
condition (62 + 32 ug/m3). These data indicated the

very-dry and dry conditions could cause PM accumula-
tion, while the mid-humidity, high-humidity, and
extreme-humidity conditions could remove particles
and further mitigate air pollution.

To further investigate the spatial correlation of RH
with PM pollution, the days situated every RH stage
were counted out to correlate to the annual PM, 5 and
PM;( concentrations and total polluted days via Pearson
correlation analysis (Table 2). Dry and high-humidity
days played an important role in PM pollution in the
YRD. Of them, dry days positively correlated with
PM,5 (R = 0.632), PM;( (R = 0.646), and polluted-
day numbers (R = 0.672), indicating that a higher num-
ber of dry days may cause more severe haze pollution.
In contrast, high-humidity days had a negative signifi-
cant correlation (P < 0.01) with PM pollution; thus, high
RH can help mitigate PM pollution.

Based on the previous statistical results, we pre-
sented the effects of RH on PM in Fig. 12, as sug-
gested by Jiang et al.(2016). Overall, increasing RH

TablFe 2 Correlations between the number of days in every RH ranges and PM variables

Types RH ranges Annual PM; 5 Annual PM, Total polluted days
Very-dry <45% 0.258 0.279 0.324

Dry 45-60% 0.632%* 0.646%* 0.6727%*
Low-humidity 60-70% 0.437 0.403 0.451
Mid-humidity 70-80% 0.355 0.275 0.257
High-humidity 80-90% —0.762%* —0.745%* —0.769%*
Extreme-humidity 90-100% —0.252 -0.19 -0.221

*P <0.05; **P < 0.01
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created an accumulation effect on PM, 5 at RH < 70%
(including very-dry, dry, and low-humidity condi-
tions), but had a reduction effect at RH > 70% (in-
cluding the mid-humidity, high-humidity, and
extreme-humidity conditions). For PM,,, an accumu-
lation effect only occurred under the very-dry condi-
tion, while the reduction effects were found for the
other RH ranges. Moreover, the increasing and de-
creasing effects of RH on the number of polluted
days were comparable at RH = 70%. Unlike the
abovementioned PM variables, the PM, s/PM,, ratio
increased continually with the rise in RH.

Discussion
Interpretation of the independent analysis of RH

A growing number of studies have examined the asso-
ciations of RH with particle pollution, which is helpful
for the government regarding the formulation of appro-
priate environmental policy. It is generally known that
PM was greatly influenced by many natural factors
besides RH. For instance, the temperature is one of the
key factors impacting PM pollution. First, temperature
influenced air stability considerably, playing an impor-
tant role in particle accumulation or spreading. Second,
when the air temperature rises during a PM, 5 pollution
episode, the active photochemical reactions highly favor
the formation of sulfate, organic carbon, and elemental
carbon and deter the condensation of nitrate. This causes
an increase in the concentration of PM, 5 and probably

@ Springer

further aggravates haze pollution (Tai et al. 2010;
Pateraki et al. 2012; Hua et al. 2015).

However, considering the space and aim of this pa-
per, we only focused on the associations of RH with
PM, 5 and PM; and the number of polluted days. The
major reason for this exclusion was that RH seemed to
be a combinational result of other meteorological con-
ditions (e.g., T, WS, and precipitation). On the basis of
statistics of RH in the 16 cities of the YRD, RH aver-
aged 83 £ 6% on rainy days. More than 70% of rainy
days had a high humidity environment with RH > 80%.
This indicates that the high-humidity and extreme-
humidity days were primarily affected by rainfall. More-
over, PM, s pollution frequently occurred in stagnant
conditions (with a lower WS and T, and a stable atmo-
spheric environment) as suggested in previous studies
(Tai et al. 2010; Wang et al. 2015). Approximately 70%
of polluted days had a humidity condition with RH
between 45 and 80%, showing that the dry, low-humid-
ity, mid-humidity levels are the main characteristics of
the stagnant conditions. Additionally, the days with RH
< 45% accounted for 6% of total non-rainy days and
accounted for 0.5% of rainy days, meaning that the
very-dry condition frequently appeared in days without
rainfall. For seasonality, the days with RH < 80%
accounted for 73 + 11% in winter and 69 + 11% in
spring, while the days with RH > 70% accounted for
85 £ 9% in summer and 72 £ 15% in autumn. The RH
distributions indicated that the lower humidity was
mostly observed in winter and spring, but higher hu-
midity mainly appeared in summer and autumn. In this
respect, RH also reflected the information of other
weather conditions.
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The mechanism of the impact from RH on PM

The present research regarding haze pollution suggested
that PM originates primarily from construction activ-
ities, transportation, and soil dust. Because of its large
diameter, PM is easily deposited through both dry and
wet deposition processes (Langner et al. 2011;
Witkowska and Lewandowska 2016). However, PM, 5
is difficult to deposit only depending on its gravity (Sun
et al. 2014). Therefore, the impacts of RH on PM, 5
become more complicated than those on PM;,. Our
conclusions also verified that the curves of PM, 5 were
more intricate than those of PM;,. Moreover, RH great-
ly influenced the secondary reactions (from precursors
to particles), which played an important role in haze
pollution in several studies (Liu et al. 2016a, b). To
further analyze the complicated mechanism of RH
impacting PM, 5 in detail, we explore the effects of
RH on SO, and NO, in the following sections.
Pursuant to similar curves of RH with SO, and NO, in
Fig. 13, growing RH caused these air pollutants to in-
crease at RH < 35, to peak at approximately RH = 35—
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50%, and then to rapid decrease at RH > 50%. For
seasons, the accumulation and reduction stages were all
significant in winter and spring, but only the reduction
stage appeared in summer and autumn periods. Referring
to Wang et al. (2014), most of the SO, and NO, had not
converted to particles at RH < 35%, while the conver-
sions almost completed at RH > 50%, indicating that
secondary transformation mainly occurred at RH = 35—
50%. These may explain our conclusions about why the
high concentrations of SO, and NO, appeared at
RH = 35%, and why the PM, 5 concentrations increased
significantly at RH < 50%. Additionally, the lower tem-
perature did not favor the chemical conversion process,
resulting in a greater accumulation of precursors in win-
ter. In summer and autumn, gaseous pollutants had diffi-
culty remaining in the air for a long time because of the
unstable atmosphere and the increased gas-to-particle
transformation rate driven by high temperature and RH
(Tai et al. 2010; Hua et al. 2015).

Consequently, synthesizing the statistical results in
this paper and the conclusions in previous articles, we
divided the effects of RH on PM into five stages.

Anomaly SO, in four seasons
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Fig. 13 Associations of RH with anomaly SO, and NO, concentrations
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1. PM accumulation stage in very-dry condition
(RH < 45%)—at this stage, anthropogenic emis-
sions existed in the atmosphere mainly in the
gaseous form or as primary particles. Due to the
very low humidity, gravity deposition of fine
particles was difficult, and the rate of secondary
conversion was relatively slow. For this reason,
PM,o concentrations were higher than PM; s
concentrations. However, since the very-dry
condition was generally observed in low temper-
ature and non-rainy days (causing PM accumu-
lation), or was accompanied by high WS (which
may bring additional PM from long-range trans-
port), high PM concentration could also be ob-
served in dry conditions. In total, the polluted
days at this stage were very few.

2. PM accumulation and development stage in dry
condition (RH = 45-60%)—growing RH accel-
erated the rates of conversion from SO, and
NO, to SO4*  and NO; ", and of hygroscopic
particle growth, all of which resulted in in-
creases in the fine particle concentration (Hua
et al. 2015). Simultaneously, the large-sized par-
ticles continued to grow through their hygro-
scopicity and began to experience gravity depo-
sition. Therefore, at this stage, PM, 5 concentra-
tions increased and the number of pollution days
began increasing, while PM, concentrations be-
gan to decrease.

3. PM sustained growing stage in low-humidity
condition (RH = 60-70%)—at this stage, most
of SO, and NO; finished the conversion to SO,>
~ and NOj', resulting in a stable increase in
PM, 5. PM,q continually decreased with humid-
ity increasing. This stage was accompanied by a
high PM, s concentration and an explosive in-
crease in the pollution-day numbers.

4. PM mitigation stage in mid-humidity condition
(RH = 70-80%)—S0, and NO, concentrations
were very low at this stage, and hence, the rate
of secondary conversion also became slow.
However, due to the sudden increase in deli-
quescence, the hygroscopicity of particles was
enhanced by increasing RH (Wu et al. 2016).
Although PM, s and PM,, concentrations began
to drop, PM, 5 concentrations and the number of
pollution days remained high.

5. PM removing stage in high-humidity and
extreme-humidity conditions—at this stage,
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water in the air was close to saturation, which
could enhance the condensation of water and the
formation of rainfall, all of which in turn would
reduce PM concentrations through scavenging,
carrying, and gravity deposition. Meanwhile, at
the onset of rainfall, the small rainfall amount
and dust emissions caused by raindrops may
increase the PM concentration to a certain extent.
Thus, haze pollution was mitigated but would
probably be accompanied with a small pollution
peak in this stage.

Conclusion

This study examined the spatiotemporal characteris-
tics of PM and its relationship with RH in the YRD.
The chosen statistical method is effective and could
verify the previous conclusions regarding the impact
of RH on PM in recent articles. Our results clearly
indicate that the PM was closely correlated with RH.
In summary, the very-dry, dry, and low-humidity
conditions (RH < 70%) positively influenced PMj, 5
and created accumulation effects, while the mid-hu-
midity, high-humidity, and extreme-humidity condi-
tions (RH = 70-100%) favored reducing PM, 5 con-
centrations. Therefore, the trends of polluted days
significantly change at RH = 70%. For PM;,, RH
< 45% had an accumulation effect, but RH > 45%
had a mitigation effect. Moreover, an increase in RH
caused PM, 5 to become increasingly preponderant in
the ratio of particle volumes. Secondary transforma-
tion (from SO, and NO, to sulfate and nitrate) was
the main reason for PM, 5 pollution episodes. Thus,
controlling precursors will be effective in reducing
the fine particulate pollution, especially during win-
ter in the YRD. This study could serve as a good
reference for a future study on PM, 5 mitigation. For
instance, the effect of “fog-gun” dust-suppressing
vehicles probably aggravate PM pollution in very-
dry, dry, and low-humidity conditions. Our results
may provide insight into the important impacts of
RH on haze pollution and are helpful for optimizing
an air-pollution control strategy.
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