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a b s t r a c t

Particulate matter (PM) has become the main air pollutant in most cities of in China, which greatly
threatens the human health. Numerous studies have reported that PM concentrations could be accu-
rately predicted from previous days’ meteorological conditions. However, the hysteretic or lagged effects
of meteorological factors on PM concentrations are not clear. In this study, the GeoDetector q statistic
method was used to quantify the hysteretic influences of meteorological conditions and their in-
teractions on concentrations of PM2.5 (particles < 2.5 mm in aerodynamic diameter) and PM10

(particles < 10 mm in aerodynamic diameter) and the ratio of PM2.5 to PM10 (PM2.5/PM10) at multiple
spatial and temporal scales in China. We found that the temperature, precipitation, and relative humidity
had primary impacts on PM2.5 concentrations, PM10 concentrations, and the PM2.5/PM10 ratios, respec-
tively, at both national and annual time scales. At the seasonal time scale, precipitation and relative
humidity had hysteretic effects on PM concentrations in spring and summer, respectively. Moreover,
precipitation and wind speed were dominant hysteretic factors in autumn and winter, respectively. At
the regional scale, the dominant hysteretic effects of meteorological factors showed large variations
across all regional subdivisions. The interactions between any two meteorological factors had an
enhanced hysteretic effect on PM concentrations compared to a single factor. These findings could help
us to develop scientific measures to reduce the emissions of air pollution and improve the performance
of air pollution prediction models.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Airborne particulate matter (PM), including PM2.5 (particles
smaller than 2.5 mm in aerodynamic diameter) and PM10 (particles
smaller than 10 mm in aerodynamic diameter) is prone to accu-
mulate harmful substances, such as heavy metals, polycyclic aro-
matic hydrocarbons, which can enter the respiratory system and
have adverse effects on human health (Miranda et al., 2012; Liu
d Planning, Henan University
hina.

nd should be considered co-
et al., 2019). Numerous epidemiological studies have reported
that long-term and short-term exposure to high PM concentrations
are associated with increased morbidity, hospital admissions, and
premature mortality (Aunan et al., 2018; Hong et al., 2019; Zhu
et al., 2019; Xie et al., 2020). PM concentrations were far exceed
the annual mean PM guideline of World Health Organization
(WHO) (PM2.5, 10 mg m�3; PM10, 20 mg m�3) in all the 366 Chinese
cities (Li et al., 2019b). Moreover, PM can scatter and absorb solar
radiation, thereby directly reducing atmospheric visibility and
impacting both the local climate and the local environment (Gu
et al., 2010; Jing et al., 2020). Therefore, PM pollution has become
a severe public health and environmental issue during recent years
in China (Guan et al., 2019; Khan et al., 2019; Phosri et al., 2019),
especially in regions of the North China Plain, eastern China, and



Abbreviations

PE accumulated precipitation
PS surface air pressure
RH relative humidity at 2-m above the ground
SD sunshine duration
TE air temperature at 2-m above the ground
WS wind speed
EC eastern coastal area
MUPR middle and upper reaches of the Pearl River
MUYR middle and upper reaches of the Yangtze River
MYR middle reaches of the Yellow River
NC northern coastal area
NE northeast area
QTP Qinghai-Tibetan Plateau
SC southeast coastal area
UYR upper reaches of the Yellow River
XJ Xinjiang
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central China (Xue et al., 2019; Zhang et al., 2020).
Meteorological conditions and air pollutant emissions are the

two main determinants of the ground level PM concentrations (Li
et al., 2015a; Wang and Ogawa, 2015; Wang et al., 2015; He et al.,
2017; Yang et al., 2018). To investigate the impacts of meteorolog-
ical factors on PM concentrations, numerous studies have been
conducted to analyze the correlations between them (Huang et al.,
2015; Li et al., 2015b, 2019a, b; Chen et al., 2016; Yin et al., 2016;
Miao et al., 2018). Generally, these studies indicated that precipi-
tation and wind speed negatively correlate with PM concentrations
(Wang and Ogawa, 2015; Wang et al., 2015; Wang et al., 2018; Chen
et al., 2016; Li et al., 2019b). However, studies have shown great
spatial and temporal variations in the correlations between con-
centrations of different sized PM and other meteorological factors,
such as the relative humidity can enhance secondary PM conver-
sion or PM wet deposition (Chen et al., 2017; Kliengchuay et al.,
2018), air temperature/sunshine duration would strengthen the
dispersion condition or stimulate the PM conversion (Chen et al.,
2017; Miao et al., 2018; Li et al., 2019a, 2019b; Zhang et al., 2019),
and surface atmospheric pressure can directly affect the wind
speeds and then the PM transport (Li et al., 2015b, 2017a, 2019b,
2017b). Moreover, previous studies have also shown that East Asian
winter winds play an important role in the PM transport (Wang
et al., 2019).

The above-mentioned studies have comprehensively explored
correlations between PM concentrations and meteorological fac-
tors, but they mainly concentrated on PM and meteorological
conditions on a single day with a limited number of locations and
short time frames. Several studies have shown that PM concen-
trations may be influenced by prior days’meteorological conditions
(Hien et al., 2002; Ito et al., 2007; Zhang et al., 2013; Huang et al.,
2015; Guo et al., 2016; Chen et al., 2018a, 2018b). The previous
days’ precipitation also has significant impacts on PM10 concen-
trations; for example, rainfall on one day can remove PM from the
air, thereby reducing PM concentrations on the following days
(Hien et al., 2002; Barmpadimos et al., 2011; Song et al., 2017). This
converts the air pollutant emissions problem into a wet deposition/
acid rain problem, leading to subsequent adverse effects on vege-
tation, soil quality, ecosystems, surface water, etc. (Huang et al.,
2009; Shen et al., 2013; Huang et al., 2020). Although hysteretic
effects of meteorological conditions on PM are recognized as one of
the crucial mechanisms of PM and some PM prediction models
have considered previous days’meteorological variables to be input
parameters (Chen et al., 2018b), few studies have quantified these
effects.

To quantify the hysteretic effects of meteorological factors on
PM, this study adopted the geographical detector q statistic method
(GeoDetector) (Wang et al., 2010, 2016b), a spatial heterogeneity
detector model, to analyze the effects of meteorological conditions
on the next three days’ concentrations of PM2.5 and PM10 and the
ratio of PM2.5 to PM10 (PM2.5/PM10) in Chinese cities at multiple
spatial and temporal scales. Study results could help us to better
understand the relative importance of meteorological factors in the
hysteretic effects on PM. More specifically, study results can pro-
vide knowledge needed to enhance the performance of air quality
prediction models and to help the regional/local air quality man-
agement departments to develop reasonable control strategies. For
example, the regional/local departments can determine the air
pollutant emission reduction plan according to the weather con-
ditions of the day to reduce PM pollution in the next few days in
regions with severe PM pollutions.

2. Materials and methods

2.1. Datasets

This study concentrated on the hysteretic effects of meteoro-
logical factors on concentrations of PM2.5 and PM10 and PM2.5/PM10

ratios in cities of mainland China. Hourly and daily observations of
PM2.5 and PM10 from January 1, 2015 to December 31, 2017 at 1497
air quality monitoring sites in 366 cities were obtained from the
China National Environmental Monitoring Center (Fig. 1). The
meteorological data at 839 stations from January 1, 2015 to
December 31, 2017 were obtained from the China Meteorological
Data Network (http://data.cma.cn) (Fig. 1), including accumulated
precipitation (PE, mm), air temperature at 2-m above the ground
(TE, �C), relative humidity at 2-m above the ground (RH, %), sun-
shine duration (SD, h), surface air pressure (PS, hPa), and wind
speed at 10-m above the ground (WS, m s�1).

The air quality monitoring sites and meteorological observation
stations were not always at the same physical location (Fig. 1). It
was necessary to match the location of meteorological and PM data
for investigating the hysteretic effects of meteorological conditions
on PM. The kriging interpolation method was adopted to generate
the surface of meteorological factors using ArcMap 10.5 software
(Esri: http://www.esri.com) based on the meteorological data at
839 monitoring stations. Then the six meteorological parameters
were extracted from the kriged surfaces at the locations of the 366
cities in China. The evaluation of the kriging interpolation results (Li
et al., 2019b) showed that this method has good predictive ability
for meteorological factors based on observation data in China.

To comprehensively explore the spatial and temporal variations
in hysteretic effects of meteorological factors on PM concentrations
or PM2.5/PM10 ratios, we conducted analyses at multiple spatial and
temporal scales. This study dividedmainland China into ten regions
on the basis of economic development, climate, and topography (Li
et al., 2019b). They are EC (eastern coastal area), MUPR (middle and
upper reaches of the Pearl River), MUYR (middle and upper reaches
of the Yangtze River), MYR (middle reaches of the Yellow River), NC
(northern coastal area), NE (northeast area), QTP (Qinghai-Tibetan
Plateau), SC (southeast coastal area), UYR (upper reaches of the
Yellow River), and XJ (Xinjiang). Please refer to Li et al. (2019b) for
details as to how the regions are defined (Fig. S1). The whole year
was divided into spring (March, April, and May), summer (June,
July, and August), autumn (September, October, and November),
and winter (December, January, and February). Figs. S2eS7 show
the spatial distributions of seasonal meteorological conditions in
China during 2015e2017 (Li et al., 2019b).



Fig. 1. Map of air quality monitoring stations and meteorological observation sites.

Fig. 2. Hysteretic effects of meteorological factors on concentrations of PM2.5 (a, d, g, j, and m) and PM10 (b, e, h, k, and n) and PM2.5/PM10 (c, f, i, l, and o) at annual and seasonal time
scales in China.
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Fig. 3. Correlation coefficients between meteorological factors and concentrations of PM2.5 (a) and PM10 (b) and PM2.5/PM10 ratios (c) of the next three days (lagged zero day, L0;
lagged one day, L1; lagged two days, L2; lagged three days, L3).
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2.2. GeoDetector q statistic

The GeoDetector q statistic was adopted to quantify the hys-
teretic effects of meteorological factors and their interactions on
PM concentrations or the PM2.5/PM10 ratio in China. The Geo-
Detector q statistic is a spatial variance analysis model that assess
non-linear associations between potential impacting factors (in-
dependent variables) and target geographic phenomenon (depen-
dent variables) (Wang et al., 2010, 2016b). The underlying
assumption of this model is that if X causes Y, then their spatial
distributions will be consistent. Compared with traditional linear
methods, GeoDetector q statistic has the ability of handling cate-
gories of dependent variables, detecting the relative importance of
impacting factors, and investigating the interactive effect(s) be-
tween two X variables on Y. There is no need to consider whether
there is a linear relationship between these two factors and to deal
with collinearity between factors due to this method is immune to
collinearity.
Fig. 4. Regional hysteretic effects of meteorolog
The spatial association between X (e.g. meteorological factors in
this study) and Y (e.g. PM concentrations or PM2.5/PM10 ratios in
this study) can be measured by the q value:

q¼1�
PL

h¼1Nhs
2
h

Ns2
¼ 1� SSW

SST
(1)

where SSW ¼ PL
h¼1Nhs

2
h , SST ¼ Ns2;

h ¼ 1, …, L denotes the categories of X;
Nh: the count of samples in category h;
N: the total number of samples across the whole study area;
SSW: the sum of variance in category h in the study region;
SST: the sum of global variance in category h in the study region;
sh
2: the variances of samples in the category h;

s2: the global variance of Y.
ical factors on particulate matter in China.



Fig. 5. Regional hysteretic effects of meteorological conditions on PM2.5 in China.
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The interval of q is [0, 1], indicating that X explains q � 100% of
PM concentrations or PM2.5/PM10 ratios. The greater the q value, the
stronger the explanatory power of the meteorological factor to PM
concentrations or PM2.5/PM10 ratios.

The GeoDetector q statistic model can also quantify effects of
interactions between two X factors on PM concentrations or PM2.5/
PM10 ratios. This index can be used to assess the interactive effects
of two X variables by comparing the q values of two X variables with
the q of a single X variable. The types of interaction possible be-
tween two X variables are described in Wang et al. (2016b).
3. Results

3.1. Effects on PM at the national scale

Fig. 2 shows the impacts of meteorological conditions on par-
ticulate matter at the nationwide scale. TE showed dominant hys-
teretic impacts on PM2.5 concentrations at the annual time scale
(Fig. 2a, Table S1). PE had strong impacts on PM10 concentrations on
the same day (lagged day 0, L0) and one day later (lagged day 1, L1)
(Fig. 2b). However, RH had strongest impacts on PM2.5/PM10 ratios
of L0 and L1, followed by SD (Fig. 2c). To present PMwas positive or
negative correlated with hysteretic factors, we calculated the cor-
relation coefficients between PM and meteorological factors during
the following 3 day at multiple spatial and temporal scales (Fig. 3,
S8-S13).

The hysteretic effects of meteorological conditions on PM
showed seasonal variations in China (Fig. 2, Table S2), especially for
PM2.5/PM10 ratios. PE was the major hysteretic factor of PM2.5 on
days of L1 and L2 (i.e, two days later, or lagged day 2) in spring and
summer (Fig. 2d and g). RH had primary hysteretic effects on PM10
in spring and summer, followed by PE (Fig. 2e and h). In autumn,
the primary hysteretic factor impacting PM2.5 and PM10 was PE on
days of L0, L1, and L2 (Fig. 2j and k). However, in winter, the
dominant hysteretic factor of PM2.5 was WS. RH had strongest
hysteretic effects on PM2.5/PM10 ratios, and the influence decreased
from L0 to L3 (i.e, three days later, or lagged day 3) in spring (Fig. 2f).
Similar to spring, RHwas the main hysteretic factor affecting PM2.5/



Fig. 6. Regional hysteretic effects of meteorological conditions on PM10 in China.
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PM10 ratios in the other three seasons on days of L0 and L1 (Fig. 2i, l,
and o), but the influence was weaker than in spring.
3.2. Regional effects on PM at the annual time scale

This study analyzed data from nine regions; QTP was not
included due to its lower PM concentrations. There were significant
regional variations in the hysteretic effects of meteorological con-
ditions on PM at the annual time scale (Fig. 4, Table S3). In regions
of EC, MUYR, MYR, NC, NE, and UYR, TE had the largest hysteretic
effects on PM2.5, while in the regions of MUPR and SC, PE was the
dominant hysteretic factor. WS and PE also had significant effects
on PM2.5 concentrations on both L0 and L1 days in regions of NC
and MUYR, respectively. For PM10, the dominant hysteretic factor
was PE in MUPR region. PE was the dominant impacting factor on
L0 in EC region, but then it was TE. In regions of MUYR and MYR, PE
was primary impacting factor of PM10 on L0 and L1, then the
dominant factor was TE. PE was the primary influencing factor of
PM10 on days of L0 and L1 in SC region, then it was RH. However, the
meteorological conditions had no obvious hysteretic effects on
PM10 concentrations in the regions of NC, NE, and UYR.

For PM2.5/PM10 ratios, TE was the primary hysteretic factor in
regions of NE and SC, but RH was the primary hysteretic factor in
UYR. In the region ofMYR, RHwas the dominant impacting factor of
L0’s PM2.5/PM10 ratios, but then SD was the hysteretic factor. RH
and SD were approximately the same primary impacting factor of
L0 day in NC region, then SD/TE on L1 and TE on days of L2 and L3.
In XJ, however, RH and the closely followed TE were dominant
hysteretic factors of PM2.5/PM10 ratios, followed by SD. In most
regions, SD was the second most important factor, which relates to
the secondary PM.
3.3. Regional effects on PM at seasonal time scale

Figs. 5e7 show that there were also large and significant sea-
sonal variations in the hysteretic effects of meteorological



Fig. 7. Regional hysteretic effects of meteorological conditions on PM2.5/PM10 ratio in China.
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conditions on PM over the nine regions at the seasonal time scale.
In spring, PE was the dominant hysteretic factor of PM2.5 in MUPR
region, but the primary impacting factor was WS in regions of NC
and EC (Fig. 5). In MUYR region, PE was the dominant factor of
PM2.5 on L1, then PS was the primary factor on days of L2 and L3. In
regions of EC andMUPR, however, PE was the dominant impacting
factor of PM10 in spring. PE was the major influencing factor of
PM10 on days L0 and L1, then it was PS on days of L2 and L3. In SC
region, however, PE was the dominant factor on L0, but then it was
RH on days of L1 and L2. For PM2.5/PM10 ratios, RH was the major
hysteretic factor in most regions of China except for MUPR and SC.

In summer, PE had significant hysteretic effects on concentra-
tions of PM2.5 and PM10 in MUPR and MUYR (Figs. 5e6). In SC re-
gion, SD, RH, and PE were the threemain factors that affected PM2.5
during L0-L3, but PE and RH were main impacting factors of PM10.
For PM2.5/PM10 ratios, RH andWSwere dominant hysteretic factors
in regions of MYR and UYR and in SC, respectively.

In autumn, however, WS and PE were the primary hysteretic
factor of PM concentrations in regions of NC and EC and regions of
MUYR, MYR, and SC, respectively. In MUPR, PS was the primary
factor of PM2.5 on days of L0, L2, and L3, but PE was main impacting
factor on L1 day. However, PE was the dominant impacting factor of
PM10 in MUPR. RH was the main hysteretic factor of PM2.5/PM10
ratios in regions of XJ, UYR, and MYR during L0-L3 and in NC on
days of L0 and L1, but the principal factor was TE in NE.

In winter, WS was the leading factor of PM2.5 and PM10 con-
centrations in regions of EC, NC, and NE, but the primary factor was
PE on days of L0 and L1 and then was SD (L2) and RH (L3) in SC
region. In MYR, SD was the dominant factor of PM2.5 and PM10 on
days of L0 and L1 (Figs. 5e6). WS and RH showed major hysteretic
effects on PM2.5/PM10 ratios in regions of MYR, NC, NE, and UYR and
in regions of EC, MUYR, and XJ, respectively. Moreover, PS was the
principal hysteretic factor of PM concentrations in XJ during spring,
summer, and autumn.

3.4. Interactive effects on PM at the national scale

There were 15 pairs of interactions between the six meteoro-
logical factors adopted in this study (we only listed the top 10
interaction q values in Figs. 8e10 due to the limited space). As



Fig. 8. Interactive hysteretic effects of meteorological conditions on PM2.5 in China. The x-axis label X1∩X2 denotes q values of X1 (blue), X2 (yellow), and the interaction between
X1 and X2 (grey). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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shown in Fig. 8aed, the interactions of SD∩PE (the ‘∩’ symbol de-
notes the interaction between two X variables such as SD and PE),
WS∩TE, and TE∩PS had strongest enhanced effects on PM2.5 on days
of L0, L1, and L2 and L3, respectively, at the national scale
throughout the whole year, but there were no obvious effects on
PM10 concentrations. The TE∩RH showed largest effects on PM2.5/
PM10 ratios during days of L0 and L1, but the strongest interactive
effect was RH∩PS on days of L2 and L3.

Although interactions between meteorological factors showed
enhanced effects on PM concentrations in spring and summer,
these interaction q values were relative low compared to other
seasons (Figs. 8e9). In spring, SD∩PE and WS∩PE showed largest
effects on PM2.5 on L0 and L1 (Fig. 8), respectively, but for PM10 they
were SD∩RH and RH∩PS (Fig. 9). In summer, TE∩RH and RH∩PS had
strongest effects on PM2.5 on days of L0 and L1 (Fig. 8), respectively,
but for PM10 it was TE∩RH (Fig. 9). RH∩PS showed biggest influence
on both PM2.5 and PM10 on days of L2 and L3. In autumn, PS∩PE and
TE∩PE showed strongest effects on concentrations of PM2.5 and
PM10, respectively, during days of L1 and L2 (Figs. 8e9). For the
PM2.5/PM10 ratio, the largest hysteretic interaction was RH∩PS on
days of L1 and L2 during all four seasons (Fig. 10).
3.5. Interactive effects on PM at the regional scale

Fig. 11 shows the largest interaction q values between meteo-
rological factors on each day in nine regions in China at the annual
time scale (refer to Figs. S14eS16 for more information). In regions
of NC and UYR, WS∩TE had significant impacts on the following
three days’ PM2.5 concentrations (Fig. 11). However, WS∩TE and
TE∩PS played important roles in PM2.5 concentrations on day L1
and on days L2 and L3, respectively, in regions of MYR and NE
(Fig.11). In MUYR, TE∩PE showed significant impacts on L0-L2 days’
PM2.5 concentrations, but the interaction between TE and PS had
great hysteretic effects on PM2.5 on day L3 (Fig. 11). However,
WS∩PE and TE∩PE had largest impacts on PM2.5 on L0 and L1-L2,
respectively, in SC region (Fig.11). In regions ofMUYR, MYR, and NE,



Fig. 9. Interactive hysteretic effects of meteorological conditions on PM10 in China. The x-axis label X1∩X2 denotes q values of X1 (blue), X2 (yellow), and the interaction between
X1 and X2 (grey). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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TE∩PE and TE∩PS had great impacts on PM10 concentrations on
days of L1, L2, and L3. For PM2.5/PM10 ratios, the major hysteretic
interaction was TE∩RH in regions of MUYR, NE, and NC on days of
L0 and L1 and in regions of UYR and XJ on all days (Fig. 11). In
addition, TE∩PS and WS∩TE were largest interactive effects on
PM2.5 and PM10 in EC and MUPR, respectively. In XJ region, PS∩PE
was the main interaction affecting PM2.5 and PM10 (Fig. 11).

Figs. S17eS28 show the regional hysteretic effects of in-
teractions between meteorological factors on PM concentrations or
PM2.5/PM10 ratios at the seasonal time scale, indicating that there
were large seasonal and regional variations in the interactive effects
of meteorological factors on PM in China. We mainly focused on
analyzing interactions in regions of EC, MUYR, MYR, and NC in
winter because PM pollution are severe in these regions in winter.
RH∩PE and WS∩PE had largest impacts on PM2.5 and PM10,
respectively, on L0 day in EC. However, WS∩SD and WS∩TE were
the strongest interactive effects on PM concentrations on days of L1
and L2, respectively. For PM2.5/PM10 ratios, RH∩PS was the largest
interaction on days of L0-L2. In NC region, WS∩RH showed greatest
impacts on both PM concentrations and PM2.5/PM10 ratios on L0
day, then it was WS∩PS on days of L1 and L2 (Figs. S26eS28). In
MUYR, PS∩PE was the strongest interaction impacting concentra-
tions of PM2.5 and PM10 on days of L0, L1, and L2, but it was RH∩PS
for PM2.5/PM10 ratios (Fig. S27). In MYR, WS∩SD had strongest
impacts on PM2.5 on days of L0 and L1 (Fig. S26), but it was SD∩PE
on L0 and WS∩PS on L1-L2 for PM10 (Fig. S27). For PM2.5/PM10,
WS∩RH and WS∩SD showed largest influence on L0 and L1,
respectively (Fig. S28).

4. Discussion

4.1. Hysteretic effects of meteorological factors

This study is the first comprehensive work, to the best of our
knowledge, to quantify the hysteretic effects of meteorological
factors and their interactions on PM concentrations or PM2.5/PM10
ratios at multiple spatial and temporal scales. We found that there
were large spatial and seasonal variations in the hysteretic effects of



Fig. 10. Interactive hysteretic effects of meteorological conditions on PM2.5/PM10 ratio in China. The x-axis label X1∩X2 denotes q values of X1 (blue), X2 (yellow), and the
interaction between X1 and X2 (grey). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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meteorological conditions on PM concentrations and PM2.5/PM10
ratios with stable anthropogenic emissions within a specific time
and region.

Significant regional and seasonal variations in the hysteretic
effects of meteorological factors on PM were observed. In general,
TEwas the primary hysteretic factor; it showed negative impacts on
the PM2.5 concentration (Fig. 3) at the national scale, especially in
regions of EC, MUYR, MYR, NC, NE, and UYR, throughout the whole
year. The higher surface temperature could stimulate the diffusion
capability of the troposphere and elevate the height of the plane-
tary boundary layer (PBL) (Wallace and Kanaroglou, 2009; Li et al.,
2019b), which resulted in the lower PM2.5 concentrations by
diffusion and dilution. In regions of MUPR and SC, PE was the main
lagged factor and showed negative effects on PM2.5 concentrations.
This was mainly because higher precipitation in these regions had
the strong ability to scavenge particulate matter of the next few
days by wet deposition (Guan et al., 2017; Cai et al., 2019; Li et al.,
2019a, 2019b). However, the primary hysteretic factor of PM2.5 was
WS which is inversely correlated to PM in winter. This is due to the
inter-regional transport of PM by strong winds, which is consistent
with previous studies (Hien et al., 2002; Huang et al., 2015) and is
presumably because the East Asian winter monsoon transports PM
from northern to southern China within two to three days (Wang
et al., 2019). Generally, SD was a dominant hysteretic factor of
PM2.5/PM10 ratios, and PM2.5/PM10 had negative correlations with
SD (Fig. 3). This is because more sunshine can enhance vertical
temperature gradient, facilitating the dispersion of fine PM (Liu
et al., 2018). In addition, long SD can accelerate the formation of
secondary PM, especially PM10, thus promoting the decline of
PM2.5/PM10 (Li et al., 2019b).

PE was the dominant lagged factor and had negative correlation
on PM10 concentrations, especially in the autumn in northern
China. This is also because PE can scavenge particulate matter
through wet depositions (Lin et al., 2015; Li et al., 2017a, 2017b;
Wang et al., 2016a). Moreover, PE can also retard the release of
natural and fugitive dust into the atmosphere by increasing soil
moisture (Li et al., 2019b). Although the correlation coefficient
between PM10 concentrations and meteorological factors showed



Fig. 11. Regional hysteretic effects of interactions between meteorological factors on PM at the annual time scale in China.
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that RH and TE had stronger negative effects than other factors
(Fig. 3), PE was the dominant hysteretic factor. This collinearity
among influencing factors indicates that the relative importance of
meteorological factors in the formation of PM cannot be assessed
based on the correlation coefficient alone. RH was the dominant
hysteretic factor and exhibited positively correlated with PM2.5/
PM10 ratios, especially in spring and regions of MYR, NC, UYR, and
XJ. This is due to RH can stimulate the secondary PM2.5 conversion
rate and enhance the hygroscopic growth rate when RH < 70%,
while high RH (>70%) can reduce PM concentrations by wet
deposition, especially PM10 (Lou et al., 2017).

Interactions between meteorological factors showed signifi-
cantly enhanced effects on PM concentrations or PM2.5/PM10 ratios
compared to a single factor. WS∩TE and TE∩PE showed strongest
effects on PM2.5 concentrations on days L1 and L2, respectively. Air
temperature could change the pressure gradient, generating strong
winds when the pressure gradient is steep. This can stimulate the
diffusion of PM2.5 and have significant impacts on next day’s PM2.5
concentrations. Generally, precipitation and temperature are
negatively and positively correlated to each other in summer and
winter, respectively, over land in the northern hemisphere
(Trenberth and Shea, 2005). There is a close relationship between
air temperature and precipitation and they affect each other
(Trenberth and Shea, 2005). Changes in air temperature and pre-
cipitationwill directly affect the formation process of secondary PM
and the dry/wet PM deposition, and thus change PM concentra-
tions. Temperature directly influences relative humidity, which in
turn influences the potential for precipitation; this explain the
primary effects of the interaction between TE and RH on the next
day’s PM2.5/PM10 ratio.

4.2. Model validation

In order to verify the validity of the results of this study, we
selected MYR region in winter as an example to develop regression
prediction models for PM2.5. Factors of SD, RH, and WS and of WS,
RH, and SD were selected as independent variables on L0 and L1,
respectively. Fig. 12 shows regression models for MYR region and
their performance in one city of Zhengzhou, Henan province with
severe PM pollution in winter. We can see that the prediction
models can well simulate PM2.5 concentrations on both days of L0
and L1. However, models on days of L2 and L3 were not shown here
due to its poor performance due to the lower q values. This indi-
cated that the q values of hysteretic factors can impact the perfor-
mance of prediction models. The larger the q value, the better the
model performance, and vice versa. Therefore, this study can be
very helpful to select dominant impacting factors and develop PM
prediction models.

5. Conclusions

This study found that there were large regional and seasonal
variations in the hysteretic effects of meteorological conditions and
their interactions on PM concentrations or PM2.5/PM10 ratios. At the
nationwide scale, PE, RH, and TE were the major hysteretic factors
influencing PM2.5 and PM10 concentrations, and PM2.5/PM10 ratios



Fig. 12. Simulation performance of regression models based on the dominant hys-
teretic factors that were detected in MYR region in winter (taking Zhengzhou, Henan
Province as an example). Blue and green color denote days of L0 and L1, respectively.
(For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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throughout the whole year. The dominant hysteretic factor of PM
concentrations was PE in autumn, but was WS in winter. In regions
of MUPR and SC, PE was the primary lagged factor of the PM2.5
concentration. For PM2.5/PM10 ratios, TE was the main hysteretic
factor in regions of SC and NE.

These findings regarding the hysteretic effects of meteorological
conditions and their interactions on PM in China can contribute to
the development of scientific control strategies in severely polluted
areas. For example, knowing that RH is the dominant impacting
factor and positively correlated to next day’s PM2.5 concentration,
we can take measures, such as traffic restriction, increasing the
frequency of watering to suppress dust on construction sites and
roads, and industrial enterprises implement off-peak production or
stop production. This can reduce PM and its precursor emissions
such as sulfur dioxide, ammonia, nitrogen oxide, and volatile
organic compounds in MYR, thereby improving the air quality.
Equally importantly, these findings provide valuable information
for improving the performance of pollution prediction models.
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