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Editorial on the Research Topic
Air pollution remote sensing and the subsequent interactions with
ecology on regional scales

With the rapid increase of global population and urbanization, the impact of human
activities on the earth’s ecological environment has become increasingly serious. Human
beings are currently facing unprecedented atmospheric environmental challenges, such as
the polar ozone (O3) hole, global warming, haze and photochemical pollution, etc. Air
pollution, defined as the release of pollutants into the atmosphere, has been regarded as
one of the greatest environmental problems that closely related to our lives due to its
significant impacts on the environment and human health. Fortunately, in recent decades,
we have deeply realized the harm of air pollution, and the related detection technology
and treatment methods have also been greatly improved. In particular, the development of
remote sensing, such as radar and satellite, has greatly enhanced our understanding of the
spatiotemporal, transmission mechanism, and formation mechanism of air pollution.

Air pollution events near the ground, such as sandstorms, acid rain, haze and O;
pollution, etc., can cause great harm to buildings, vegetation, and human health.
Generally, the occurrence of these air pollutions has an extensive spatial range and a
very random timing. Previous site-based studies can only represent very local
information, and there are few long-term continuous observations. As an important
approach of monitoring the large-scale atmospheric condition, remote sensing plays a
significant role in characterizing the temporal and spatial distributions of air pollution, as
well as its multiple feed-back effects on the ecosystem. The continually improved spatial
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resolution of sensors acts as a key component to satisfy the
description of the pollution-ecology interactions at a regional or
the global scale. In turn, the changes in ecosystem and
atmospheric environment also influence the budget and
chemistry of air pollutants and remote sensing monitoring.
Numerous studies have confirmed that air pollution can affect
the vertical structure of the atmosphere, the optical properties of
the aerosol, the acidity and alkalinity of water and soil,
precipitation and solar radiation, etc., which affects the
accuracy of remote sensing observations and the ecological
environment.

In general, an adequate understanding and an improved
representation of these complex interactions are crucial for air
pollution control, climate change mitigation, and ecosystem
restoration. To fully understand these interaction mechanisms
requires a large amount of monitoring data (ground, aircraft, and
satellite) and various models (box, regional, and global models).
This Research Topic aims to cover all theoretical, observational,
experimental, and modeling studies that present new knowledge
of air pollution, remote sensing, and pollution-ecology
interactions at the regional scale, such as the study of air
pollution in central China (Figure 1).

This Research Topic collected a total of 29 papers, which can
be mainly divided into the following five areas. ®DRegional air
pollution, a total of 9 papers, covering O; pollution, PM, 5
pollution, aerosol chemical composition and particle size
distribution, etc.@Remote sensing observations and model
simulations of meteorological conditions, a total of five
papers, including precipitation, urban heat islands, typhoons,
aerosol radiative effects, etc.® Aircraft observations, a total of

Frontiers in Environmental Science

three papers, mainly associated with aircraft remote sensing

measurement technology in precipitation and cloud
microphysical structure. @Lightning remote sensing and
model simulations, a total of seven papers, mainly related to
lightning discharge mechanism, spatiotemporal distribution, and
the interaction between lightning and aerosol, meteorological
elements and ecological environment, etc. ® Remote sensing
and pollution-ecology interactions at the regional scale, a total of
five papers, mostly correlated with the application of remote
sensing technology in the ecological environment and the
interaction between air

pollution and the ecological

environment, etc.

Regional air pollution

In cities, air pollution is mainly dominated by particulate
matter and Oj pollution. The most typical cases are the Great
Smog of London event and the Los Angeles photochemical smog
event. In recent years, more and more regions have suffered from
air pollution, such as the Yangtze River Delta (YRD) and the
Pearl River Delta (PRD) in China. Xie et al. investigated the
spatiotemporal variability of air stagnation in summer as well as
its relation to summer O over YRD region of China. They found
that air stagnation days (ASDs) in the YRD during the summers
from 2001 to 2017 range from 9 to 54 days (9.2-58.4% of the
entire summer days). According to the empirical orthogonal
function (EOF) analysis, they also assessed the dominant weather
systems affecting air stagnation in the YRD. Based on the
observation data of environmental and meteorological stations
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in the nine cities of PRD in 2019, Yu et al. investigated the
variations of secondary PM,s (PM,;s-sec) in the PRD under
different photochemical reactivity backgrounds. Results showed
that the average maximum concentration of each pollutant
appeared higher for polluted stations than for clean ones,
indicating that the atmospheric oxidation background was
conducive to the formation of PM,s-sec. Using the gaseous
pollutants, the 9 sizes of segregated particles, and water-
soluble inorganic ions (WSII) data, Wu et al. investigated the
size distribution of WSII during the rain period (Meiyu) in the
East Asian summer monsoon season. They suggested that the
WSII mass concentration peaks at a particle size of 1.1-2.1 um
for fine particles, while at 5.8-9.0 um (before the Meiyu onset)
and 9.0-10.0 pm (during the Meiyu period) for coarse particles,
respectively. Mamtimin et al. analyzed the impacts of winter and
summer COVID-19 lockdowns on urban air quality in Urumgi,
Northwest China. Based on ground and satellite observations,
they assessed the impacts of these lockdowns on the air quality in
Urumgqi and the seasonal differences between them. Liu et al.
studied the uncertainty of premature death estimation under
various open PM, 5 datasets.

Wang et al.analyzed the temporal and spatial patterns of air
pollution and the heterogeneity of its influencing factors in
central Inner Mongolia from 2016 to 2018. As Inner
Mongolia is one of the primary sources of dust in North
China, they used multiple auxiliary variables and the
geographically weighted regression to estimate the spatial
distribution of PM, 5 concentration, and further characterized
the socioeconomic determinants of PM,s concentration by
geographic detectors. There are also three papers that provide
an in-depth analysis of haze pollution in central and eastern
China. Yu et al. studied a unique case of joint occurrence of heavy
PM, 5 pollution episodes and persistent foggy days in central east
China. Based on hourly data of ground level meteorological
parameters, PM,s data and CALIPSO-based (the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observation)
aerosol data, combined with ECMWF (European Centre for
Medium-Range Weather Forecasts) reanalysis data and
radiosonde  temperature  profile, they revealed the
meteorological reasons for the evolution of the episode at
horizontal and vertical scales. Liu et al. and Wang et al. made
great efforts to establish conceptual models for typical fog-haze
processes. Liu et al. adopted the characteristics of atmospheric
circulations and boundary layer dynamic conditions to develop a
movable boundary layer conceptual model for the Jianghuai area
in the winter half of the year. This conceptual model was
validated to well explain the causes of air quality change and
frequent fog-haze episodes. Results also suggested that variations
of the intensity and range of the cold and warm fronts in the
winter half of the year lead to form a movable boundary in the
Jianghuai area. Wang et alidentified two distinct patterns of
regional transport named rapid transit transport (RTT) and
stationary accumulation transport (SAT), both of which
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induced severe PM, 5 pollution episodes in central China from
2015 to 2020. Using influencing meteorological factors, they
summarized the differences and similarities between the two
regional transport patterns of air pollution.

Remote sensing observations and
model simulations of meteorological
conditions

Besides the emission sources, meteorological conditions are the
most important influencing factors of regional air pollution. With the
development of remote sensing technology and numerical models, it
is now possible to carry out detailed and in-depth research on the
spatial and temporal distribution, influence area, influence degree and
formation mechanism of regional meteorological conditions. Using
remote sensing and geodetector, Xiong et al. analyzed long time-series
urban heat island (UHI) monitoring and driving factors from 2000 to
2018. Their study mainly focused on the impact of land cover type
and landscape metric factors on surface temperature. Urban et al.
used google street view photographs to assess the long-term outdoor
thermal perception and thermal comfort in the urban environment
during heatwaves. In this study, they proposed an approach to the
assessment of long-term thermal perception that combines features of
currently used methods (ie., rating scales of thermal perception,
surveys, and photographs representing places) and they provided
some preliminary validation of this approach. Based on hourly
gridded precipitation data (0.1°) calculated by the China
Meteorological Administration (CMA), ECMWEF data, and
microwave measurements, Zhu et alinvestigated the extreme
precipitation induced by the Typhoon Maysak in Northeast China
(September 2020). Their study focused on Changbai Mountain
topography and the extreme precipitation in Jilin Province. Hao
et al. studied impacts on meteorological parameters and pollutants by
aerosol direct radiative effect over Tianjin, China. Sun et al. studied the
effects of relative humidity on the diurnal variation of raindrop size
distribution in southwest China.

Aircraft observations

The aircraft observation platform could provide detailed three-
dimensional (3D) information of ecosystem and atmospheric
environment within a few km of the ground. Aircraft
observations can directly obtain 3D atmospheric physics and
atmospheric chemistry information, and can also verify remote
sensing observations and numerical model results. In China,
numerous studies of aircraft observation experiments have been
carried out for precipitation, cloud physical chemistry and air
pollution. Three papers looked closely at the aircraft
measurement. Huang et al. studied the vertical structure of a
snowfall event based on observations from the aircraft and
mountain station in Beijing. In this study, an aircraft platform,
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ground-based dendrometers, cloud radar, radiometer, and
automatic station were combined to study a snowfall case on the
Yangqing Mountains in Beijing. Dong et al.showed the aircraft
observation of a two-layer cloud and the analysis of cold cloud
seeding effect. King-air 350 meteorological aircraft was designated to
acquire the microphysical characteristics of this cloud. Yang et al.
investigated the response of mixed-phase cloud microphysical
properties to cloud-seeding near cloud top over Hebei, China.
Their findings suggested that the cloud microphysical properties
showed obvious responses to the artificial introduction of silver
iodide, which was important for human weather modification.

Lightning remote sensing and model
simulations

Lightning is a natural phenomenon of strong discharge, and its
high-temperature and high-brightness discharge characteristics can
affect atmospheric chemical processes, such as producing a large
amount of LNOx, which affects the concentration of Oz in the
atmosphere. In addition, the lightning also causes wildfires, and the
strong discharge cause harm to human and animals. Lightning is
often accompanied by strong convection processes. Severe
convection and lightning often occur in the world, and the
lightning activities may cause great economic losses and social
impact. Jin et alstudied lightning disaster risk zoning in Jiangsu
province of China based on the analytic hierarchy process and
entropy weight method. They investigated the risk of hazard factors,
the sensitivity of hazard-pregnant environment, and the frangibility
of a hazard-bearing body in Jiangsu Province. Zhao et al. discussed
the potential relationship between aerosols and positive cloud-to-
ground lightning (CGL) during the warm season in Sichuan,
southwest China. They discussed the influence of aerosols on the
relative frequency of CGL and its dependence on thermodynamic
and cloud-related factors in Sichuan during the warm season from
2005 to 2017. Liu et al.investigated the spatiotemporal distribution of
CGL activities on the Yungui Platea by using a 5-years dataset
(2016-2020) from the ground-based National Lightning Detection
Network (CNLDN). They also analyzed the correlations between the
lightning activities and different meteorological factors. Based on the
lightning location data from 2009 to 2019, Li et al. studied the
distribution characteristics and formula revision of lightning current
amplitude and cumulative probability in Zhejiang province. Guo
et al. developed a three-dimensional (3D) numerical model for the
diffusion of positive corona charges based on a 2D model with a
uniform grid to explore the characteristics of corona discharge at a
building tip during a thunderstorm in the presence of wind. The
proposed model has advantages in terms of the acquisition of the
parameters of corona charges and the spatial distribution of the
electric field (E-field) in the environment. Liu et al.performed to
analyze the effects of both soil water content and porosity, two of the
influencing factors of the finite conductivity, on the propagation of
lightning electromagnetic fields (LEMFs) and lightning-induced
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voltages (LIVs) on overhead lines. A two-dimensional finite
difference time domain (FDTD) model together with an
improved Archie’s soil model is adopted for the field calculation
at close distances from the lightning channel. Wang et al. studied
characteristics of regular pulse bursts generated from lightning
discharges. They studied the waveforms of all lightning
discharges from about 15 min.

Remote sensing and pollution-
ecology interactions at the regional
scale

Net primary productivity (NPP) is a critical component in
terrestrial carbon cycles. Quantitatively ~estimating and
monitoring the dynamics of NPP have become key aspects for
exploring the carbon cycle of terrestrial ecosystems. Wu et al.
explored the spatiotemporal variation of NPP from 2001 to
2012 and its corresponding relationship with urbanization,
taking the Hubei Province in China as a case study area.
Based on trend analysis, partial correlation analysis, and
Mann-Kendall test, Tian et al. analyzed the spatiotemporal
variations of NPP in the Yellow River Basin and their
responses to meteorological factors during 1981-2020. Their
results revealed that NPP had high values in the mid-south
part but low values in the northwestern part of the Yellow
River Basin. Wu et al. evaluated the cumulative drought effect
on global vegetation photosynthesis using numerous gross
(GPP)
highlighted the importance of characterizing moisture

primary  production products. Their findings
conditions across vegetation types in generating GPP datasets
and the necessity of select multiple GPP dataset to reduce
uncertainties  in  assessing the drought effect on
photosynthesis. Ding et al. estimated the contribution of
Land-Use and Land-Cover Change (LUCC) to PM, 5 pollution
levels in the Changsha-Zhuzhou-Xiangtan (CZT) urban
agglomeration in the central south China, especially cleared
the implications for sustainable land and environment
management. Their results suggested that it is necessary to
further strengthen the goal of sustainable development rather
than following the traditional way of “governance after
development”. An et al. assessed the vegetation phenological
extractions derived from three satellite-derived vegetation
indices based on different extraction algorithms over the
Tibetan Plateau. In this study, three satellite-derived
indices (enhanced vegetation index, EVI;
NDVI; and

normalized difference phenology index, NDPI; calculated

vegetation
normalized difference  vegetation index,
using surface reflectance data from MODO09AI) and two
algorithms were used to detect the start and end of growing
season (SOS and EOS, respectively) in the Tibetan Plateau (TP).

The 29 papers in this Research Topic use field observations,
remote sensing, and numerical models, have conducted in-depth
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and detailed discussions on the air pollution, remote sensing and
the subsequent interactions with ecology on regional scales from
five aspects of regional air pollution processes, remote sensing
observations and model simulations of meteorological
conditions, aircraft observations, lightning remote sensing and
model simulations, and remote sensing and pollution-ecology
interactions at the regional scale, the air pollution, remote
sensing and the subsequent interactions with ecology on
regional scales were discussed in detail, and obtained very
interesting and meaningful results.

We thank the authors and reviewers who contributed to this
Research Topic. Together these papers provide valuable insight
into the air pollution, remote sensing and the subsequent
interactions with ecology on regional scales in the future, and

open up exciting avenues for future research.
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This paper investigates the spatiotemporal variability of air stagnation in summer as well as its
relation to summer ozone (Oz) over the Yangtze River Delta (YRD) region of China. Air
stagnation days (ASDs) in the YRD during the summers from 2001 to 2017 range from 9 to
54 days (9.2-58.4% of the entire summer days). With the empirical orthogonal function (EOF)
analysis, the dominant weather systems affecting air stagnation in the YRD are illustrated.
The first three EOFs explain 68.8, 11.3, and 7.1% of the total variance of ASDs, respectively.
The first EOF represents the same phase of the entire YRD, which is attributed to the East
Asian summer monsoon and mainly depends on the area and the intensity of the South
China Sea subtropical high. The second EOF shows significant maritime-continental
contrasts, which is related to stronger near-surface winds on sea. As for the third EOF,
the air stagnation in the north and the south of the YRD has the opposite phase, with a
dividing line along approximately 31°N. This spatial pattern depends on the area and the
intensity of the northern hemisphere polar vortex that affects the meridional circulation. Og is
the typical air pollutant in hot seasons in the YRD. It is generally at a high pollution level in
summer, and has a positive trend from 2013 to 2017. Air stagnation can affect Oz pollution
levels in the YRD. In ASDs, there are usually weak wind, less precipitation, low relative
humidity, high temperature, strong solar radiation and high surface pressure, which are
favorable to the formation of Os. More O pollution episodes in 2013 than 2015 can be partly
attributed to more ASDs in 2013. These results show that stagnant meteorological state can
lead to the hazardous air quality, and provide valuable insight into the effect of air stagnation
on the changes in surface O3 during hot months.

Keywords: air quality, ozone, air stagnation, the Yangtze River Delta region, pollution meteorological characteristics

INTRODUCTION

Air stagnation is usually described as the stable weather condition with less rainfalls and weak winds
in the lower to mid troposphere (Garrido-Perez et al., 2018; Li et al., 2019). Weak winds indicate a
stable atmospheric stratification with reduced advection and dispersion. Less precipitation means
that the wet scavenging process is minimal. It has been revealed that this kind of stagnant weather
condition can elevate O; or PM, 5 concentrations, and thereby deteriorate air quality on daily to
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FIGURE 1 | The geographic information of the YRD region, including (A) its location in China with terrain elevation data and (B) the 26 typical YRD cities. In (B), the
cities include Nanjing (NJ), Wuxi (WX), Changzhou (CZ), Suzhou (S2), Nantong (NT), Yancheng (YC), Yangzhou (YZ), Zhenjiang (ZJ), Taizhoushi (TZS), Hangzhou (HZ),
Ningbo (NB), Jiaxing (JX), Huzhou (HZ1), Shaoxing (SX), Jinhua (JH), Zhoushan (ZS), Taizhou (TZ), Hefei (HF), Wuhu (WH), Maanshan (MAS), Tongling (TL), Anging (AQ),
Chuzhou (CZ1), Chizhou (CZ2), Xuancheng (XC) and Shanghai (SH). CIR, NIR and SCR respectively represent the cities in the Central Inland, the Northwest Inland

and the Southeast Coastal Region, which are discussed in Spatiotemporal Distribution of Oz Section in details.
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inter-annual timescales (Wang and Angell, 1999; Jacob and
Winner 2009; Horton et al., 2012, Horton et al., 2014; Schnell
and Prather, 2017; Garrido-Perez et al, 2018, 2019).
Consequently, air stagnation has significant environmental and
health effects (Kerr and Waugh, 2018).

As is well known, China is facing serious air quality
deterioration along with the fast economic growth and rapid
urban expansion (Chan and Yao, 2008; Ma et al., 2012; Xie et al.,
2014; Wang et al.,, 2017; Zhu, 2017; Wu et al,, 2020; Hu et al,,
2021). In and around the megacities, poor air quality is usually
caused by high emissions and adverse meteorological conditions
characterized by light wind and less precipitation (Chan and Yao,
2008; Ma et al,, 2012; Li et al., 2017; Wang et al., 2017; Xie et al,,
2017; Xu et al,, 2018; Shen et al., 2021; Wang et al.,, 2021). In
recent years, under the very strict emission control strategies
implemented by the Chinese government, the effects of
meteorological conditions on air pollution have attracted more
attention and interest from researchers, especially in the Beijing-
Tianjin-Hebei (BTH) region (Xu et al., 2011; Zhang et al., 2016),
the Yangtze River Delta (YRD) region (Shu et al., 2016, 2017; Xie
et al., 2016a, 2016b; Gao et al.,, 2020, 2021; Zhan et al.,, 2020,
2021), the Pearl River Delta (PRD) region (Xie et al., 2016¢; Zhu
et al.,, 2017) and the Sichuan Basin (Zhan et al., 2019; Yang et al.,
2020, 2021). Previous investigations have found that air quality
can be worse under stagnant weather conditions. Moreover,
Huang et al. (2017) revealed that there was a nationwide
increasing trend of air stagnation occurrence in China from
1985 to 2014. Li et al. (2019) also reported that urbanization
contributed to air stagnation in Shenzhen (a metropolitan city of
the PRD). Therefore, how and to what extent air quality
deterioration relates to air stagnation need to be further
investigated in the city cluster areas of China.

The YRD region is one of the most developed city clusters in
the world. It is located in the eastern coast areas of China
(Figure 1A). O; pollution is the typical atmospheric
environment problem in this region, with a positive trend in
05 concentration in recent years (Li et al.,, 2011; Ding et al., 2016;
Xu et al.,, 2018). In previous studies, it was found that high O,
events generally occur in hot and dry seasons, and are usually
related to strong photochemical reactions and high air
temperature (Chan and Yao, 2008; Li et al., 2011; Ma et al.,
2012; Ding et al.,, 2013, 2016; Xie et al., 2016b; Hu et al., 2016; Pu
etal., 2017; Wang et al., 2017; Gao et al., 2021; Zhan et al., 2021).
The subtropical high also have significant impacts on O;
concentrations (Shu et al.,, 2016; Gao et al.,, 2020; Zhan et al,,
2020). Numerous current projections also suggested that O;
pollution in the YRD is likely to worsen in the future due to
the changes in weather conditions, such as the increase of air
temperature and the decrease in precipitation (Wang et al., 2013;
Xie et al, 2017), which can increase air stagnation as well.
Therefore, it is necessary to study air stagnation and its
impacts on summertime O; in the YRD. Though some
researchers found that air stagnation should not directly used
as an index to assess meteorological or climatic effects on air
quality without proper assessments, they still pointed out that O
pollution and air stagnation can co-occur with greater
correlations in some areas (Kerr and Waugh, 2018; Garrido-
Perez et al., 2019). Consequently, to study this issue in the YRD
can help to evaluate the role of air stagnation in this high polluted
region.

The main purpose of this study is to investigate the regional
characteristic of air stagnation and its influence on summertime
O; in the YRD, including 1) the inter-annual variation of air
stagnation in summer over the YRD, 2) the dominant weather
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systems and the corresponding meteorological factors related to
air stagnation, 3) the spatiotemporal distribution of summertime
O3 in the YRD and the relations to air stagnation, and 4) the
meteorological mechanism of air stagnation impacting O;
pollution. In the following, the data and the detailed analytical
methods used in this study are presented in Data and Methods
Section. Results and Discussions Section gives the main findings.
A brief summary is shown in Conclusion Section.

DATA AND METHODS

Meteorological Data

Air stagnation in the YRD are calculated based on meteorological
data from 2001 to 2017. The data include precipitation, 500 hPa
winds, 10 m winds, 2 m temperature, relative humidity, surface
pressure and solar radiation. As for precipitation, the TRMM
3B42 data (https://pmm.nasa.gov/data-access/downloads/trmm)
are used. TRMM 3B42 products are an estimate of precipitation
rate based on the combined instrument rain calibration
algorithm, with a temporal resolution of 3h and a spatial
resolution of 0.25° (Huffman et al., 2001; Mao and Wu, 2012).
These data have been widely used in China in the field of
meteorology, hydrology and water resources management (Sun
et al., 2012; Zhang et al., 2013). For solar radiation, the monthly
data from 2000 to 2017 over China provided by Feng and Wang
(2021) are adopted. This dataset has the spatial resolution of 0.1°.
It was generated by the geographically weighted regression
method to merge the sunshine-duration-derived solar
radiation data with the satellite-derived cloud fraction data
(MODAL2 M CLD) and aerosol optical depth data (CERES
SYN AOD). The data for other meteorological factors are
obtained from the daily ERA datasets provided by European
Center for Medium-Range Weather Forecasts (ECMWF) (Dee
etal.,, 2011). The datasets have the spatial resolution of 0.25°. They
are widely used and have a good application in China as well (Bao
and Zhang, 2013; Wang et al., 2015).

Ozone Observation Data

To illustrate the overview of summertime O3 in the YRD, the air
quality monitoring data in the typical YRD cities from 2013 to
2017 are used. The data are acquired from the national air quality
real-time publishing platform (http://106.37.208.233:20035),
which provides hourly concentrations of six air pollutants
(PM, 5, PM,, SO, NO,, O3, and CO) over China. These data
are strictly in accordance with the national monitoring
regulations. The hourly values for each city are calculated by
averaging the concentrations at all national monitoring sites in
that city. Identification and handling of invalid and lacking data
are also manually performed during data processing, following
the methods adopted in some previous studies (Xie et al., 2016b;
Shu et al., 2016; Gao et al., 2020, 2021; Zhan et al., 2020, 2021).
The YRD region consists of 26 typical cities. As shown in
Figure 1B, the cities include Shanghai (SH); Nanjing (NJ),
Wuxi (WX), Changzhou (CZ), Suzhou (SZ), Nantong (NT),
Yancheng (YC), Yangzhou (YZ), Zhenjiang (Z]), Taizhoushi
(TZS) in Jiangsu province; Hangzhou (HZ), Ningbo (NB),

Air Stagnation and Ozone Pollution

Jiaxing (JX), Huzhou (HZ1), Shaoxing (SX), Jinhua (JH),
Zhoushan (ZS), Taizhou (TZ) in Zhejiang province; and Hefei
(HF), Wuhu (WH), Maanshan (MAS), Tongling (TL), Anqing
(AQ), Chuzhou (CZ1), Chizhou (CZ2) and Xuancheng (XC) in
Anhui province.

Air Stagnation Day, ASDs, and S,

Air stagnation is usually identified by using predefined thresholds
of daily upper level winds, near-surface winds and precipitation
(Wang and Angell, 1999; Horton et al., 2012; Horton et al., 2014;
Huang et al., 2017; Garrido-Perez et al., 2018, 2019). In this study,
based on the previous researches, the used meteorological
variables include wind speed at 500 hPa (as upper level wind),
10 m wind speed (as near-surface wind) and precipitation. Thus,
a given day can be considered as an air stagnant day when the
daily mean 500 hPa wind speed is weaker than 13 m s, the daily
mean 10 m wind speed is weaker than 3.2 ms ', and the daily
precipitation is less than 1 mm (Wang and Angell, 1999; Horton
et al, 2014; Huang et al., 2017). We use ASDs to represent the
total number of air stagnation days throughout the summer
(June-August).

To study the relation between O; pollution and air stagnation
(Ozone Pollution and its Relation to Air Stagnation Section), S, is
further defined to indicate the air stagnant intensity in a day,
given by:

Ai—B,‘
Si=) yy

1)

i=1

where A; denotes the threshold of the ith meteorological variable
and B; is the exact daily value of the ith variable. In this study, the
value of A; for wind speed at 500 hPa is set as 13 m s! A, for
10 m wind speed is 3.2m s ™', and A; for precipitation is 1 mm.
The used meteorological data are described in Meteorological
Data Section. Large S, represents strong air stagnant intensity.
Because the spatial resolutions of the data are 0.25°, the values of
ASDs and S, are calculated at each 0.25° grid over the YRD
(116-123°E, 27-35°N).

Empirical Orthogonal Function Analysis
The empirical orthogonal function (EOF) analysis has been
widely used to split the temporal variance of spatially
distributed data into orthogonal spatial patterns called EOFs
(Gianelli et al., 2007; Hannachi et al., 2007; Fu et al,, 2015).
Each EOF has a corresponding eigenvalue, which determines the
relative variance contribution to the total variance in the field.
Furthermore, the eigenvector, which describes the spatial pattern
of the EOFs, is associated with a time series that represents the
temporal evolution of that spatial pattern. Most of the variance
contribution can be contained into the first few EOFs, which can
convey enough information to understand the underlying
process. In this study, the NCAR Command Language (NCL)
EOF coding package is used. For detailed calculation formulas of
EOF as well as the manuals can refer to official website of NCL
(https://www.ncl.ucar.edu/Applications/eof.shtml).

To investigate the reasons for the variations of ASDs, the EOFs
of ASDs are calculated. Since the time series represent the
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FIGURE 2 | The spatiotemporal distribution of summertime air
stagnation days over the YRD from 2001 to 2017.

temporal evolution of its associated spatial pattern, we can
effectively obtain the dominant weather systems that affects
the spatial pattern by establishing the connection between
time series and existing atmospheric circulation indexes
(Hannachi et al, 2007; Fu et al, 2015). The atmospheric
circulation indexes used in this paper come from 130 climate
system  monitoring  indexes  (http://cmdp.ncc-cma.net/
Monitoring/cn_index_130.php) issued by the National Climate
Center of China. Based on the meteorological reanalysis data,
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these historical indexes were calculated and provided monthly.
Furthermore, we calculate the linear regression coefficients
between the time series and the meteorological variables
(500 hPa wind speed, 10 m wind speed and precipitation)
defined ASD to investigate the specific mechanism. The
regression coefficients are equal to the increment of the
variables when the time series change by unit 1.

RESULTS AND DISCUSSIONS

Spatiotemporal Variability of Air Stagnation

in Summer Over the YRD

Figure 2 gives the spatiotemporal distribution of ASDs in
summer over the YRD from 2001 to 2017. The regional
average value of summertime ASDs is about 30 days (32.3% of
the entire summer days), similarly as found by Huang et al.
(2017). There are significant spatial and temporal variations for
ASDs. For the inter-annual variation, the regional average value
of ASDs ranges from 9 to 54 days (9.2-58.4% of the entire
summer days), with the maximum ASDs value in 2010 and
the minimum value in 2015. This may be associated with the
anomaly of the intensity and position of the western Pacific
subtropical high system (discussed in Meteorological Dynamic
Mechanism for Air Stagnation Days in Summer of the YRD
Section in detail). For the spatial distribution, the values of
ASDs on the ocean are usually smaller than those on land for
a particular year. In the YRD, ASDs generally show a considerable
regional heterogeneity, which is similar with the finding reported
by Garrido-Perez et al. (2018) for Europe and Huang et al. (2017)
for China.

Meteorological Dynamic Mechanism for Air

Stagnation Days in Summer of the YRD

EOF analysis of ASDs is carried out to investigate the above
spatiotemporal variations. The first three EOFs explain 68.6, 11.3,
and 7.1% of the total variations in ASDs, respectively. Figure 3
shows the results for the first EOF (EOF1). As shown in
Figure 3A, the spatial pattern of EOF1 is characterized by the
same phase over the entire YRD. Figure 3B further illustrates the
atmospheric circulation condition causing this consistency. The
time series of EOF1 is correlated with the South China Sea
subtropical high area index and the South China Sea
subtropical high intensity index, with the correlation
coefficients of 040 and 0.42, respectively (statistically
significant at the 90% confidence level), implying that the
consistency over the YRD may depend on the area and the
intensity of the South China Sea subtropical high. When the
South China Sea subtropical high is large and strong, this spatial
pattern is usually typical, which means it is likely to appear air
stagnation in the YRD. As the main component of the East Asian
summer monsoon, the subtropical high acts on the monsoon
anomaly through its location, area and intensity, which can
directly affect the summertime precipitation, rain belt
distribution, and drought/flood anomalies in eastern China
(Ding and Chan, 2005). Figures 3C-E illustrate the regression
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coefficients between the time series of EOF1 and the three
meteorological variables used to define ASD. The role of each
meteorological variable is different in EOF1. Wind speed at
500 hPa (Figure 3C) and precipitation (Figure 3E) are the
main affecting factors. Generally, with the north jump of the
subtropical high, its intensity increases and it controls wide areas
of eastern China. In this case, the YRD region is dominated by the
subtropical high. The weather is usually stable, and the upper and
lower wind fields are generally weak (Figures 3C,D). In addition,
once the subtropical high is northward, the rain belt generated by
the cold and the warm air also moves to north, which can result in
less precipitation in midsummer of the YRD as well (Figure 3E).
Both weak wind and little precipitation in EOF1 are favorable to
cause more air stagnation days.

Figure 4 illustrates the results for the second EOF (EOF2).
As shown in Figure 4A, the spatial pattern of EOF2 shows
significant maritime-continental contrasts, suggesting
opposite changes between ocean and land, which can be
explained by the fact that the surface wind is usually
stronger on sea than on land (Figure 4D). Figure 4B
presents that the time series of EOF2 cannot be linked to
existing atmospheric circulation indexes. However, as shown
in Figure 4C, it can be found that the north of the YRD is
affected by the subtropical jet while the south is affected by
the easterlies, corresponding to high wind speeds in the north
and low in the south of the YRD at the 500 hPa layer. This

may be the factor leading to the spatial pattern of EOF2
on land.

Figure 5 presents the results for the third EOF (EOF3). With
regard to the spatial pattern, the ASDs in the north and the south
of the YRD has the opposite phase, with a dividing line of
approximately 31°N (Figure 5A). Figure 5B shows that the
time series of EOF3 has a good relation to the northern
hemisphere polar vortex (the tropospheric polar vortex) area
index and the northern hemisphere polar vortex intensity index,
with the correlation coefficients of —0.42 and —0.42, respectively
(statistically significant at the 90% confidence level). When the
northern hemisphere polar vortex is small and weak, the north
part of the YRD has high ASDs values while the south has low
ones. The specific physical process is probably as follows: with the
small and weak tropospheric polar vortex, an abnormal high-
pressure center is prone to occur above the mid-high latitudes of
Asia, which is conductive to the weakening of the westerly wind at
500 hPa (Figure 5C). The atmospheric circulation shows a
meridional distribution and the position of the upper-level jet
stream is southward. Thus, the cold air can move southward
easily, which can form precipitation in the south of the YRD with
the warm and wet flow conveyed by the subtropical high
(Figure 5E). For another, the subtropical high is usually
strong while the tropospheric polar vortex is weak. The near-
surface wind speed is low in the areas dominated by the
subtropical high (Figure 5B). The tropospheric polar vortex
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controls the semi-permanent atmospheric center of action, which ~ summer MDAS8 O; of 121.3 ugm™ in 2017. The cities in
has important effects on atmospheric circulation at high latitudes. ~ the SCR include HZ, NB, HZ1, SX, JH, ZS, and TZ. These
These effects are usually continuous more than seasonal scales.  cities have relatively low O3 concentrations, but still have the
Furthermore, these effects are commonly expressed by significant ~ average summer MDA8 Os of 112.0 uygm™ in 2017. The
atmospheric oscillations in climatology, such as the Northern  increasing rates of O; concentrations in these three regions
Atlantic Oscillation, the Arctic Oscillation and the East Atlantic- are also different. Among them, the MDAS8 Oj of the cities in
West Russia Pattern (Waugh et al.,, 2017), which provides a way  the NIR increases the most rapidly, with an average increment
to link the variances of air stagnation to climate anomalies. of 22.6 ugm > a~" from 2015 to 2017. The cities in the CIR

have the second highest increase rate of MDA8 O3, with an

average increment of 2.5 ugm > a"'. As for those cities in the

Summertime .OZOI‘Ie in :the YRD and its SCR, the MDAS8 O; almost remains the same, with a small
Relation to Air Stagnation average increment of 0.9 ygm > a”'. The YRD is located in a
Spatiotemporal Distribution of O3 typical monsoon affected region. The summer monsoon can

Figure 6 presents the spatiotemporal distribution of MDA8  play an important role in the transport and the dilution
O; during the summers from 2013 to 2017 over the YRD. The  processes of O; in the YRD. The strong solar radiation and
summer mean values of MDA8 O; in many cities are over  the high air temperature that are related with subtropical high
120 ug m ™. According to the geographical locations and the ~ are the main causes of the high O3 concentration, especially
summer mean MDAS8 Oj; concentrations, the 26 typical cities  before and after the monsoon rain belt (He et al., 2008; Wang
in the YRD can be classified into three categories, which are et al., 2011; Zhou et al., 2013; Yin et al., 2019; Jiang et al,,
the cities in the Central Inland Region (CIR), the Northwest 2021). For the low concentration of Os in the SCR, it
Inland Region (NIR) and the Southeast Coastal Region (SCR) associates with clean maritime airflows from the Pacific
(Figure 1B). The cities in the CIR include SH, WX, CZ, SZ, Ocean driven by the monsoon (Xie et al., 2016b; Shu et al.,
NT, YC, YZ, Z], TZS, and JX. These cities have the highest O; 2016).

concentrations, with the average summer MDAS8 O; of

134.4 ygm™> in 2017. The cities in the NIR include NJ, HF, ~ Ozone Pollution and its Relation to Air Stagnation
WH, MAS, TL, AQ, CZ1, CZ2, and XC. These cities usually =~ To reveal whether air stagnation affects summertime Oj;
have relatively high Oj; concentrations, with the average  pollution, Figure 7 illustrates the relationship between air
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stagnation state and O3 pollution level in the CIR, the NIR, the
SCR, and the whole YRD region. The MDA8 O;
concentrations are divided into three pollution levels from
low to high, which are 0-100 ug m ™ (level 1), 100-160 pg m~>
(level 1) and higher than 160 ugm™ (level IlI). 100 and
160 ugm ™ are the class 1 and 2 criterion for MDA8 Oj in
the National Ambient Air Quality Standard of China,
respectively. Moreover, S, defined in Air Stagnation Day,
ASDs, and S, Section are used to reflect the stagnant intensity.

As shown in Figure 7A, when the O; pollution becomes
worse, the percentage of S,, greater than 0 (tendency to form air
stagnation) increases while the percentage of S, less than 0
(tendency to cause the atmosphere unstable) decreases. For the
distribution of percentages of the MDAS8 O3 concentrations for
a given S, value range, as presented in Figure 7B, the
percentage of high O; concentration increases with the
increasing of S, value, which means more O; pollution
events occur when the atmosphere is more stable. These
findings reveal that the air stagnant status does have an
influence on Oj pollution. It is worth mentioning that the
positive relation between O3 pollution and air stagnation not
only occurs in special areas in the YRD (the CIR, the NIR and
the SCR) but also is the common phenomena throughout
the YRD.

Since the calculation of S,, does not cover all meteorological
factors that affect O; concentrations, it is necessary to discuss

the performance of other meteorological factors in air
stagnation days. Figure 7C gives the distribution of
meteorological factors for a given S, value range. The
meteorological factors include relative humidity (RH), 2 m
air temperature (Temp) and surface air pressure (SP). As
illustrated in Figure 7C, the days with S, greater than 0
(tendency to form air stagnation) usually have lower
relative humidity, higher 2m temperature and higher
surface pressure than days with S, less than 0 (tendency to
cause the atmosphere unstable) in the YRD. Low relative
humidity and high temperature, as well as less precipitation
that results in more solar radiation to penetrate the
atmosphere, are all favorable to form O; pollution episodes
(Ding et al., 2013, 2016; Pu et al., 2017). Particularly, the 2 m
temperature increases with the S, value, which explains that
the high O; pollution level tends to occur when S, is greater
than 1 (the atmosphere is more stagnant).

Mechanism for the Effect of Air Stagnation
on O3 Pollution in the Summer of 2013 and
2015

Previous studies, as well as the result of Spatiotemporal
Distribution of O; Section, show a positive trend of O;
concentrations in the YRD during 2013-2017 (Lu et al., 20205
Wang et al.,, 2020; Zhan et al., 2021). However, the O; pollution
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days account for 17.0, 16.1, 14.7, 15.3, and 20.2% (from 2013 to
2017 respectively) of the summer days of the YRD. It seems that
Oj; pollution episodes are more likely to occur in the summer of
2013 than 2015. Additionally, Figure 2 shows that there are more
air stagnant days in 2013 than 2015. Figures 3-5 also illustrate
that the time series of all three EOFs show opposite phase in 2013
and 2015. Therefore, comparing the meteorological fields
between 2013 and 2015 may reveal how air stagnation affects
Oj; pollution in the YRD from the perspective of meteorological
conditions.

Figure 8 shows the summertime averages and the
differences between 2013 and 2015 for the three
meteorological variables identifying air stagnation day. In
the 500 hPa weather map of 2013 (Figure 8A), the
tropospheric polar vortex is large and strong. The flat
isopleths indicate that there is a small geopotential height
gradient, which can result in weak wind in the YRD. However,
in 2015, the tropospheric polar vortex is small and weak. There
are obvious troughs and ridges in the upper reaches of the YRD
(Figure 8B), and thereby the cold air can move southward.
These differences are visually shown in Figure 8C. Compared
to 2015, there is a significant positive potential height
perturbation in 2013, which can lead to easterly wind

component over the YRD and result in a smaller wind
speed at 500hPa atmospheric layer. Furthermore, the
westerly component appearing at 45°N confirms the fact
that the westerly jet lies more to the north. For 10 m wind
speed, it is higher on the ocean than on the land in both 2013
(Figure 8D) and 2015 (Figure 8E), which partly explains the
reason why the ocean usually has a smaller ASDs. Figure 8F
shows that the 10 m wind speed has a southwest component in
2013 (compared with 2015), which can block the prevailing
southeasterly wind.

As for precipitation, there is a significant difference in the
spatial distribution between 2013 and 2015. In the summer of
2013, there are more rainfalls in the south of China, and there
is less precipitation in the YRD and the north part of China
(Figure 8G). In the summer of 2015, however, more rains fall
in the YRD, especially in the south of Anhui province
(Figure 8H). The difference of precipitation between 2013
and 2015 (precipitation in the summer of 2013 minus that in
2015) are shown in Figure 8I. Obviously, the precipitation
over the YRD is much higher in 2015, implying that the
processes of the dilution and the removal of air pollutants
are more intensive in 2015. Less precipitation in 2013 also
means there are more intensive solar radiation reaching the
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FIGURE 7 | The relations between O3 pollution levels and air stagnation
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pollution levels for a given S,, value range, and (C) the distribution of
relative humidity (RH), 2 m air temperature (Temp) and surface air pressure
(SP) for a given S,, value range.

ground and higher air temperature near the surface over the
YRD, as shown in Figure 9.

In summary, larger and stronger of the tropospheric polar
vortex and the subtropical high result in more air stagnation days
over the YRD in the summer of 2013. Under this circumstance,
the upper- and lower-level winds are weak, and more air
pollutants including O; and its precursors are trapped near
surface over the YRD. Moreover, less precipitation, higher air
temperature and stronger solar radiation that are associated with
air stagnation facilitate the photochemical reactions of O;
formation. Then, more O; pollution days occur in the summer

Air Stagnation and Ozone Pollution

of 2013. The weather systems and the changes in relevant
meteorological factors related to air stagnation can affect
the physical and chemical processes of O; formation, and
thereby severe O3 pollution tends to form under air stagnant
conditions.

CONCLUSION

Stagnant meteorological state can lead to hazardous air quality.
Oj is the typical air pollutant in hot seasons of the YRD. In this
study, air stagnation and its impact on summertime O; in the
YRD are investigated. The summertime air stagnation days over
the YRD have significant spatiotemporal variations from 2001 to
2017. The regional average value is about 30 days (32.3% of the
entire summer days) in the YRD. The values range from 9 days
(9.2%) in 2015 to 54 days (58.4%) in 2010. The values on the
ocean are usually smaller than those on land. Based on EOF
analysis, the first three EOFs explain 68.8, 11.3, and 7.1% of the
variations of air stagnation days in the YRD, respectively. The
spatial pattern of the first EOF is related to the East Asian summer
monsoon, and mainly depends on the area and the intensity of the
South China Sea subtropical high. When the South China Sea
subtropical high is large and strong, air stagnation is likely to
appear in the YRD. The second EOF shows significant maritime-
continental contrasts, which is due to stronger surface wind on
sea than that on land. As for the third EOF, the north and the
south of the YRD has the opposite phase, with a dividing line
along approximately 31°N. This spatial pattern is related to the
area and the intensity of the northern hemisphere polar vortex
that can affect the meridional circulation. When the northern
hemisphere polar vortex is small and weak, the north part of the
YRD has more air stagnation days. O3 concentration is high in
summer and shows an increase from 2013 to 2017 over the YRD.
The 26 typical YRD cities can be classified into three categories
(CIR, NIR, and SCR) based on their Oz characteristics and
geographical locations. The cities in the CIR have the highest
concentrations of MDAS8 Os. The cities in the NIR have the most
rapid increasing of MDA8 Oj. Air stagnation can affect O,
pollution levels in the YRD. The percentage of high O;
pollution level increases with air stagnant intensity both in
special areas and all over the YRD. Weak wind, less
precipitation, low relative humidity, high temperature, strong
solar radiation and high surface pressure under stagnant days are
favorable to form severe O; pollution. More stagnant weather
condition in 2013 can explain more O3 pollution episodes in that
year than in 2015. Larger and stronger of the tropospheric polar
vortex and the subtropical high result in more air stagnation days
over the YRD in the summer of 2013. Under this circumstance,
there are weaker upper- and lower-level winds, less precipitation,
higher air temperature and stronger solar radiation over the YRD
in 2013 than 2015. The weather systems and the changes in
relevant meteorological factors can affect the physical and
chemical processes of Oz formation, and thereby severe O;
pollution tends to form.
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FIGURE 9 | The differences of solar radiation (A) and 2 m air temperature (B) over the YRD between the summer in 2013 and 2015.
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This work provides an overview of air stagnation and its behaviors
over the YRD, and discusses its effects on the summertime O;
pollution over this region in recent years. The above findings provide
valuable insight into the formation of O; pollution in the YRD, and
help to understand the effect of air stagnant state on the changes in
surface O3 concentration in hot seasons.
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The Jianghuai area is an “important” region not only for its local pollutant accumulation
but the belt for pollutant transportation between North China and the Yangtze River Delta
during the winter half of the year (often from October to next February). In this study, a
movable boundary layer conceptual model for the Jianghuai area in the winter half of the
year is established based on the analyses of characteristics of atmospheric circulations
and boundary layer dynamic conditions. This conceptual model can well explain the
causes of air quality change and frequent fog-haze episodes. Variations of the intensity
and range of the cold and warm fronts in the Jianghuai area in the winter half of the year
lead to form a movable boundary in this area. When the southerly wind is strong, or
affected by strong cold air mass, the air quality in the Jianghuai area may be excellent
with a low air pollution index; Two atmospheric circulations provide favorable conditions
for the fog-haze formation and maintenance in Jianghuai area: 1) When the shallow weak
cold air mass is below the deep moist warm air mass, a stable temperature inversion
occurs. The pollutants are transported to the Jianghuai area by the weak cold air mass,
and local emissions also accumulate. As a result, a severe air pollution episode appears.
2) When the northerly cold air mass is as intense as the southerly moist warm air mass,
the pollutants transported from North China as well as local emissions will continuously
accumulate in the study area, which may lead to more severe air pollution. This
conceptual model can help us analyze atmospheric diffusion capacity, and benefit
the forecast and early warning of airflow stagnation area and fog-haze episode.

Keywords: heavy air pollution, atmospheric circulation, atmospheric boundary layer, movable boundary layer
conceptual model, jianghuai area, China

INTRODUCTION

Regional air quality is a rising concern in East China in recent years, many severe air pollutions were
recorded in East China (Dai et al., 2020; Gu et al., 20205 Shi et al., 2020; Sun et al., 2020; Wang et al.,
2021), Beijing-Tianjin-Hebei region (Liu et al., 2019a; Li et al,, 2019, 2020; Lv et al., 2020) and the
Pearl River Delta (Wu et al,, 2013; Li et al,, 2018; Dai et al., 2019), due to rapid developments of
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economy and urbanization in these regions. The rapid and varied
industrial development, the use of coal for power generation, and
the increasing number of vehicles on the roads have increased the
emission of pollutants in the region, especially particulate matter
(PM) and its precursors. Stable circulation, stable atmospheric
stratification, and high humidity are all important factors for the
formation and aggravation of haze pollution (Ding and Liu, 2014;
Mu and Zhang, 2014; Liu et al, 2019b). Zhang et al. (2014)
reported that meteorological factors could explain more than 2/3
of the variance of fog-haze diurnal variation.

East China is a region with frequent fog and haze (Chen et al.,
2021; Wang et al.,, 2020; Zhang et al., 2018; Zong et al., 2020).
Local emissions, pollutants transported from the North China
Plain, and boundary layer change can all affect the intensity and
duration of the fog-haze episode (Liang et al., 2017; Wang et al.,
2016; Yu et al., 2016). The atmosphere boundary layer conditions
in the Jianghuai area, which covers Jiangsu and Anhui provinces
in this article, can affect not only local pollutant concentration but
also pollutant transportation between North China and the
Yangtze River Delta (Dai et al, 2020; Gu et al, 2020; Liu
et al, 2018a; Liu et al, 2018b; Peng et al., 2016; Shen et al,,
2021a; Shen et al., 2021b; Xie et al., 2021; Zhou et al., 2021).

Conceptual models for different types of weather will help us
analyze the synoptic situations and boundary layer features, and
improve forecasting and early warning and understanding the
weather processes (Pal, 2016; Wojtal, et al., 2011). Over the past
decade, different researchers have developed conceptual models
about different weather phenomena (Lohou et al., 2020; Toledo
et al., 2021), for example, Toledo et al. (2021) presents a new
conceptual model for adiabatic fog, Lohou et al. (2020) build a
conceptual model of diurnal cycle of low-level stratiform clouds
over southern West Africa.

Fog-haze weather researches are all aspects, the research on
conceptual models of weather is very systematic, which
contributes to a comprehensive understanding of different
types of weather (Ding et al., 2017; Wu et al., 2017). Wu et al.
(2017) give a conceptual diagram for the formation mechanism of
persistent haze pollution events in North China. When a severe
persistent haze event occurs, North China is dominated by zonal
westerly airflow or by northwesterly airflow in the mid-upper
troposphere.

The purpose of this study is to analysis the relationship between
synoptic weather patterns and the boundaries layers in the Jianghuai
area, China and in comparison with the North China Plain (Xu et al.,
2012; Jiang et al., 2015; Li et al., 2015; Ding et al., 2017; Meng et al.,
2017) and the Pearl River Delta, China (Fan et al., 2005, Fan et al.,
2006). To explore air quality change and frequent fog-haze episodes
in the Jianghuai area, China during the winter half of the year,
characteristics of atmospheric circulation and BL dynamic and
thermal conditions are analyzed. A movable boundaries layers
conceptual model approach using synoptic analysis methods is
proposed here to investigate the good air quality synoptic
situations, and the heavy air pollution weather synoptic background.

The remainder of this paper is organized as follows: The study
area, data, and methods are described in Section 2. In Section 3
we summarize the atmospheric circulation and boundary layers’
dynamic conditions on fog-haze days. A movable BL conceptual

Movable Fog-Haze Boundary-Layer Conceptual Model
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FIGURE 1 | The geographical environment of the Jianghuai area (where

the red triangles region), referring to as Jiangsu and Anhui provinces in this
article. The red triangles represent the primary meteorological stations
(Xuzhou (X2), Sheyang (SY), Fuyang (FY), Nanjing (NJ), Shanghai (SH),
Hangzhou (H2)) in the Jianghuai area, the red line is used to analyze the wind
field and the conceptual model, and the black dots are the other stations of
CMA. The color is the altitude.

model is established in Section 4. Finally, summary and
conclusions are presented in Section 5.

THE STUDY AREA, DATA, AND METHOD
Study Area

The geographical environment of the Jianghuai area referring
to as Jiangsu and Anhui provinces in this article (Figure 1). In
terms of physical geography, the Jianghuai area located in the
transitional area from the subtropics to the warm temperate
zone belongs to the East Asian monsoon region. The Huai River
divides the Jianghuai area into two parts. The north part
belongs to the warm temperate zone and is of humid and
semi-humid monsoon climatic region. The south part is of
subtropical humid monsoon climate. With the Yellow Sea to
the east, the Jianghuai area is significantly impacted by the
ocean. The solar radiation, atmospheric circulation, specific
geographical location, and landform characteristics jointly
make the area a place with a mild climate, distinct seasons,
and significant monsoons. In terms of economic geography, the
Jianghuai area is the transition area for the Yangtze River Delta
economic belt and north China economic Belt. Therefore, the
Jianghuai area is an “important” region not only for its local
pollutant accumulation but the belt for pollutant
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FIGURE 2 | Five 500-hPa circulation patterns favoring hazes in the Jianghuai area, China. They are (A) zonal circulation pattern, (B) two troughs and one ridge
pattern, (C) one trough and one ridge pattern, (D) two ridges and one trough pattern, and (E) uniform dynamic geopotential height pattern.

transportation between North China and the Yangtze River
Delta during the winter half of the year (often from October to
next February).

Four primary meteorological stations (Xuzhou (XZ), Sheyang
(SY), Fuyang (FY), Nanjing (NJ)) in Jianghuai Area and two
(Shanghai (SH), Hangzhou (HZ)) in the Yangtze River Delta are
selected for analysis. The red line (Figure 1) is used to analyze the
wind field.

Data and Method

The sounding data from stations XZ, SY, FY, NJ, HZ, and SH
are used in this study, with temperature profiles as the main
variable. The sea-level pressure data from 709 stations of the
China Meteorological Administration during the same period
are also used (Figure 1). The Final Operational Global
Analysis (FNL) data from the National Centers for

Environmental Prediction (NCEP) of the U.S. are used for
cross-section wind and boundary layer height. The FNL data
have a spatial resolution 1°x1°.

ATMOSPHERIC CIRCULATION AND
BOUNDARY LAYERS

Circulation Characteristics

Circulations on 500 hPa

According to the synoptic conditions in the Jianghuai area over
the past 30 years, the 500-hPa circulations on haze days can be
classified into five patterns (Figure 2). They are zonal circulation
patterns, two troughs, and one ridge patterns, one trough and one
ridge patterns, two ridges and one trough patterns, and uniform
geopotential height patterns.
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TABLE 1 | 10 heavy haze episodes in the past few years.

Date Date
1 Jan. 1-10, 2013 6 Dec. 14-16, 2016
2 Dec. 1-10, 2013 7 Dec. 18-20, 2016
3 Dec. 27-31, 2014 8 Dec. 22-24, 2016
4 Jan. 3-4, 2015 9 Dec. 21-24, 2017
5 Jan. 7-11, 2015 10 Nov. 24-30, 2018

The zonal circulation pattern is featured in Figure 2A. The
high levels (700-500 hPa) of the Jianghuai area are controlled by
the westerly. Occasionally, weak cold air mass from the polar
vortex moves eastward along the westerly airflow, with its main
part located to the north of 35°N. Thus, the cold air mass has little
impact on the Jianghuai area. When the cold air mass is in North
China, the surface of the Jianghuai area is on the south of the weak
cold high-pressure system and under weak high-pressure control,
with a stable atmospheric stratification.

The two troughs and one ridge patterns are featured in
Figure 2B. Sometimes, a small trough or ridge in front of a
big ridge or trough invades North China and East China. When
the cold air mass leaves, the surface pressure quickly weakens and
the atmosphere becomes stable, which facilitates the
accumulation of air pollutants. When the pollutants reach a
certain level, haze may form, usually before the arrival of the
next cold air mass. If the cold air mass cannot reach the south of
35°N, the haze in the Jianghuai area will aggravate, and a
persistent haze is likely to appear. If the cold air mass can
reach 30°N, the haze will dissipate. The duration of this kind
of haze episode is related to the southernmost location the cold air
mass can reach.

The one trough and one ridge patterns is featured shown in
Figure 2C. The Jianghuai area is under the westerly in front of an
inclined trough. For the surface pressure field, the main cold air
mass is to the north of Xinjiang and the west of Lake Baikal.
Occasionally, the weak cold air mass is detached from the main
part and moves eastward along the westerly, affecting East China.
Similar to the two troughs and one ridge pattern, the haze always
appears in the latter half of the intermission between two cold air
masses. The haze will dissipate when the new cold air mass
arrives. For this pattern, the interval between the two cold air
masses is relatively long.

The two ridges and one trough pattern is featured in
Figure 2D. In most cases of this pattern, the study region is
under a large but weak high-pressure system, extending across the
Hetao region of Inner Mongolia to the Guanzhong District of
Shaanxi Province and the west of it. The Jianghuai area is located
under the weak pressure system, on the east of the high-pressure
system. So, the atmosphere is stable, and the haze episode usually
lasts for about 2 days. In the above four patterns on 500 hPa, if the
northern trough is located further north and the southern trough
is located further south, the mid-and high-latitude circulations
would become zonal and haze could last for a longer time.

The uniform geopotential height pattern is featured in
Figure 2E. The Jianghuai area is located north of the southern
trough, and under the uniform geopotential height field in front

Movable Fog-Haze Boundary-Layer Conceptual Model

of the northern trough. The Jianghuai area is under the weak
pressure zone of a high-pressure system, with a stable
atmospheric stratification; the situation can remain for a
longer time.

We analyzed 10 heavy haze episodes in the past few years,
there were westerly or northwesterly airflows on 500 hPa
(Table 1), and the wind direction turned to northwesterly in
6-12 h before the haze dissipated. For example, on Dec. 28, 2014,
a westerly was maintained on 500 hPa and turned into the
northwesterly at 2:00 on Dec. 29. Eight hours later, the heavy
haze in Jiangsu Province was reduced to light/moderate haze. At
14:00 on Dec. 30, the westerly prevailed on 500 hPa over the
Jianghuai area, and the circulation in the mid-latitude area was
relatively zonal. The cold air mass was weak, and an equalized
pressure field was likely formed. The static wind was conducive to
the maintenance of heavy haze. However, at 2:00 on Dec. 31, the
northwesterly appeared on 500 hPa. Visibility started to improve
at 10:00 on Dec. 31, and the haze was finally mitigated. As the
wind on 500 hPa turned northwesterly, the downward transport
of momentum could intensify the turbulence in the BL. The wind
near the surface was then strengthened. Clearly, the 500-hPa wind
direction change can indicate the mitigation of heavy haze, about
6-12 h in advance. Therefore, an analysis of high-level circulation
on heavy haze days should help predict the evolution
characteristics of the high levels 12 h before heavy haze.

During the large-area, persistent haze episode over the
Jianghuai area in January 2013, the 500-hPa circulation in the
mid and high latitudes of Eurasia (Figure 2A) was zonal. There
was a flat and weak trough over Jiangsu Province, while the main
trough was over North China. The trough gradually moved
eastward, and its south part moved more slowly. The southern
branch of the trough over the Bay of Bengal was relatively
shallow, and the frontal zone was to the south of 28°N. The
corresponding west-southwesterly wind was south of the Lower
Reach of the Yangtze River. Such a weak weather system could
not bring precipitation for the wet deposition of pollutants.

During the first 10 days of Dec. 2013, large-size fog and haze
existed in the Jianghuai area. In this period, the area was
controlled by the zonal circulation on 500hPa, so the
meridional wind was weak. The configuration of the upper-
and lower-level circulations facilitated the accumulation of
pollutants in the BL, which was a typical synoptic condition
for a persistent fog-haze episode.

Synoptic Conditions Near the Surface

Surface synoptic conditions on heavy haze days include equalized
pressure (EQP), advancing edge of a cold front (ACF), base of
high pressure (BOH), backside of high pressure (BAH), inverted
trough (INT), and others. The EQP is featured in Figure 3A: the
cold air mass is blocked in the north, and the Jianghuai area is
controlled by an EQP field. The ACF is featured in Figure 3B: the
cold air mass from the north strongly advances southward, and
the Jianghuai area is controlled by the advancing edge of the cold
front. The BOH is featured in Figure 3C: with the continental
high moving southward slowly, the Jianghuai area is located at the
base of the high. The BAH is featured in Figure 3D: as the
continental high moves eastward, the Jianghuai area is on the
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FIGURE 3| Surface conditions on heavy haze days. They are (A) equalized pressure field (EQP), (B) advancing edge of a cold front (ACF), (C) base of high pressure
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backside of the high that is over the sea. The INT is featured in ~ weak high-pressure system recedes, and an inverted trough
Figure 3E: the Jianghuai area is affected by the weak high-  develops. The Jianghuai area is below the top of the inverted
pressure system over the ocean in the early stage. Then, the  trough. In a persistent haze episode in our study area, the surface
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condition is among the five surface types mentioned above (Peng
et al., 2016).

During the large-size, persistent haze episode over the
Jianghuai area in January 2013, the surface cold high ridge
was in North and Northeast China. Jiangsu Province was
under the equalized pressure at the front of the cold high-
pressure system, and an easterly prevailed in the lower levels.
According to the change in the surface pressure field in January
2013, Jiangsu Province experienced two surface synoptic
situations successively: the equalized pressure field at the front
of the cold high-pressure system and the equalized pressure field
at the back of the high-pressure system. Both were favorable for
the fog-haze episode in Jiangsu Province.

Another example is the fog-haze episode in the Jianghuai area
during the first 10 days of December 2013. The central and
eastern parts of the surface pressure field were controlled by the
equalized pressure. The pressure gradient was weak, so was the
horizontal wind speed. The configuration of the upper- and
lower-circulations was beneficial for the accumulation of
pollutants in the BL, which was a typical synoptic situation for
a persistent fog-haze episode.

Configuration of Upper- and Lower-Level Circulations
Based on the above analyses, several circulation patterns favoring
hazes are summarized, including the equalized high-pressure
field, the cold air mass southward diffusion, and the backside
of a high-pressure system over the ocean (Figure 4).

The high or equalized pressure pattern is shown in Figure 4A.
The study area is under a high or equalized pressure system, the
circulation at high levels is zonal, and the stratification is stable. It
is sunny with strong radiative cooling at night. So, an inversion
near the surface is likely to form. The surface wind speed is less
than 3m/s. The air pollutants mainly come from local
accumulation. The diurnal variation of pollution is significant.
The heavy pollution mainly occurs at night and in the morning
and, the air quality will improve in the afternoon.

The cold air mass southward diffusion pattern is given in
Figure 4B. The high-level trough guides the cold air mass to
advance southward. The weather gradually turns to be overcast or
rainy, the cloud cover increases, and precipitation may occur
(mainly as light rain). The wind gradually turns to be northerly
and becomes stronger. The local pollutants from previous days
and the external pollutants transported from the north jointly
cause heavy pollution. Its duration is related to the cold air’s
intensity and its southward speed. The affected area is closely
related to the intensity of the cold air mass, and the relatively
strong cold air mass can affect northern Zhejiang Province.
Large-scale heavy pollution episodes often occur under this
circulation pattern.

The backside of a high-pressure system over the ocean is the
pattern featured in Figure 4C. On the west of the backside of the
high-pressure system over the ocean, there is usually an inverted
trough extending eastward. As the high-level trough moves
eastward, the weather gradually turns to be overcast or rainy,
and precipitation occurs. It is mainly light rain during the
pollution days. The Jianghuai area is dominated by gradually
strengthening southerly wind. The high relative humidity is
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conducive to the growth of pollutant particles, reduction of
visibility, and aggravation of pollution. The heavy pollution is
mainly due to local pollutants, though there is a certain amount of
transported pollutants (mostly in southern Jiangsu and northern
Zhejiang). With the further strengthening of the wind, the
pollution is reduced.

Boundary Layer Conditions in Jianghuai

Area

Boundary Layer Structures During the Heavy Haze
BL condition is an important factor for the formation and
maintenance of haze. According to the patterns of the surface
synoptic conditions introduced in previous sections, the BL
structures of different patterns are compared and analyzed.
The heavy haze in EQP is characterized by an inversion or
isothermal layer near the surface, and the inversion is mainly
in a single layer or double layers (Figure 5A). The BL structure in
ACF shows that the height of the inversion layer varies in
different haze processes. The height of the inversion is very
low, and the inversion mainly appears in a single layer. But
the isothermal layer often appears at high levels (Figure 5B). In
BOH, there is a relatively large difference in the heights of the
inversion layers among the stations, but the inversion appears
below the height of 950 hPa at all these stations, and multi-layer
inversions are also found (Figure 5C). In BAH, the inversion or
the isothermal layer mainly appears near the surface, and most of
the cases exhibit multi-layer inversion structures (Figure 5D). On
hazy days, the BL in INT is typically characterized by a thick

inversion layer and a high bottom of the inversion (Figure 5E)
(Peng et al., 2016).

Dynamic Conditions in the Boundary Layer

Under the long-lasting inversion near the surface, the atmosphere
is relatively stable. Taking the spatiotemporal profiles of wind at
stations Fuyang, Nanjing, Xuzhou, and Sheyang on Dec. 1-9,
2013 as an example (Figure 6), there were mainly southwesterly
or southeasterly airflows below 500 m (inside the inversion layer)
in Jiangsu Province and its surrounding areas. The wind was
weaker than 3 m/s, with an average wind speed of 1-2 m/s. When
the fog appeared, the wind speed was between 0.5 and 1.5 m/s.
Therefore, the low wind speed was the dynamic condition for this
fog-haze event, and a poor dynamic condition was not conducive
to the vertical diffusion of air pollutants and water vapor. As a
result, the fog-haze event was maintained for a long time.

To investigate the spatial variation characteristics of the BL in
the Jianghuai area (line in Figure 1), we analyze the south-north
cross-section of the wind field in the area using the NCEP
reanalysis and observation data. Figure 7 displays the results
of two typical cases that occurred at 0,800 on Dec. 19, 2016, and at
2000 on Dec. 23, 2016. When the wind was strong (Figure 7A),
the wind speed near the surface was relatively uniform, without
local recirculation. When the wind became weak (Figure 7B),
local recirculation appeared in the Jianghuai area, that the wind
directions in the layers 0-2 km were northerly wind, and the layer
2-5 km was southerly wind, which was greatly affected by other
many factors, such as landform, urban heat island, the differences
of underlying surfaces, and so on.
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FIGURE 6 | Spatiotemporal cross-sections of the wind field at Xuzhou,
Sheyang, Fuyang, and Nanjing during Dec. 1 and Dec. 9, 2013.

ATMOSPHERIC BOUNDARY LAYER
CONCEPTUAL MODEL AND ITS
APPLICATIONS IN JIANGHUAI AREA

The Fixed Boundaries Over the North China

Plain and the Pearl River Delta, China

On the west of the Beijing-Tianjin-Hebei region (the North China
Plain), there is the north-south-oriented Taihang Mountain. To
the north of this region is the east-west-oriented Yanshan
Mountain. When the stratification is stable or the
southeasterly wind prevails, local pollutants and the pollutants
transported from other places accumulate here, which can easily
lead to heavy haze (Figure 8A). Unique landform and weather
conditions play certain roles in the formation of haze in the
Beijing-Tianjin-Hebei region (Ding et al., 2017). The blocking of
the westerly by the Taihang Mountain is an important factor in
the aggravation of air pollution in the central and southern parts
of Hebei. When the prevailing wind is southerly, the wind will
recirculate locally or climb over the Yanshan Mountain, which
leads to decreased wind speed near the surface. It is unfavorable
for the diffusion of pollutants, and the air pollutions are
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FIGURE 7 | The north-south cross-section (along with the red line in
Figure 1) of the wind field in the Jianghuai area (top) 0,800 19-12-2016
(bottom) 2000 23-12- 2016.

aggravated in the cities in the central and southern Beijing-
Tianjin-Hebei region (Jiang et al., 2015). There is a high-value
band of pollutants from northeast to southwest in North China,
with the highest center concentrated in front of the Taihang
Mountain and the Yanshan Mountain, affecting Tangshan,
Beijing, Tianjin, Langfang, Baoding, Shijiazhuang, Xingtai, and
Handan (Meng et al., 2017). Li et al. (2015) also found that the
remote transport rates of PM,; in Beijing, Tianjin, and
Shijiazhuang were 58, 54, and 39%, respectively. During a
heavy pollution event of Oct. 6-12, 2014 in the Beijing-
Tianjin-Heibei region, the pollutants were transported from
south to north, and the interregional transport greatly affected
PM,s concentration in various regions (Li et al, 2015).
Influenced by the southerly, the region along the Taihang
Mountain and the Shandong Peninsula-Bohai Bay area made
great contributions to the summer air pollution. Especially, the
high concentrations of O3 and PM, s in the summer over the
Beijing-Tianjin-Hebei region had important impacts on the
overall pollutant concentration increase in the background air
pollution of North China (Xu et al., 2012).

Similar to the Beijing-Tianjin-Hebei region (the North China
Plain), to the north of the Pearl River Delta (South China) is the
south-east-oriented Nanling Mountains. When the stratification
is stable or the southerly prevails, the pollutants are accumulated,
and the accumulation may easily lead to heavy haze or air
pollution (Figure 8B). Fan et al. (2006) reported that the
unique geographical environment of the Pearl River Delta,
which is surrounded by mountains on three sides, went
against the transport and diffusion of air pollutants. The air
pollutants from different cities and sources in the Pearl River
Delta all have sizeable impacts on the air quality of the whole
Pearl River Delta.
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The Movable Boundaries of the Jianghuai

Area

The landform and terrain of the Jianghuai area are rather
different from those of the Beijing-Tianjin-Hebei region or the
Pearl River Delta. There are no significant mountains around the
area. From the south of the North China Plain to the Jianghuai
Plain and the Taihu Plain, the terrain is relatively flat with a dense
river network and better moisture conditions. The Yangtze River
Delta in the south has a prosperous economy. Although there is
no significant boundary, haze occurs more frequently from
October to the following February (winter half of the year). As
mentioned in Section 3.1, in the winter half of the year the cold
dry northerly and the warm moist southeasterly influence this
area alternately. The changes in the intensity and range of the cold
and warm fronts can influence the changes in the range and
boundary of a haze episode. Thus, a unique movable boundary
forms as the changes of the cold and warm fronts in the Jianghuai
area. We establish a movable boundary conceptual model in this
study (Figure 8C).

A Conceptual Model for Fog-Haze Episodes

in the Winter Half of the Year

Transport From Jianghuai Area to North China

In the winter half of the year, when the Jianghuai area is
affected by strong southerly or by significant precipitation, the
air quality is good (Figure 9A shows the reasons). With a
strong and long-lasting southerly, the pollutants can be
transported to North China by the southerly, instead of
accumulating in the Jianghuai area. Thus, the air quality in
the study area can be excellent. Besides, significant
precipitation can improve the air quality by wet scavenging.

Strong Cold Air Mass Sweeping Over North China and
East China

In the winter half of the year when the Jianghuai area is
influenced by strong cold air mass, the air quality may
remain good in the Yangtze River Delta. Figure 9A explains
the reasons. As long as the cold air mass is strong enough and
the duration is long enough, the pollutants can be transported
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(A) Excellent air quality due to the southerly wind or the strong cold air; (B)
haze and heavy pollution due to both the weak cold air and southerly wind;
and (C) fog and heavy air pollution due to both the weak cold air and
southerly wind (the scale with the city name represents the distance between
the cities on the red line in Figure 1).

to the south of the Jianghuai area by the northerly, instead of
accumulating in the Jianghuai area. The air quality may be
excellent. The cold air affecting the Jianghuai area mainly has
three paths: the easterly path, the westerly path, and the middle
path. According to previous analyses, the influence of the
easterly-path cold air mass on the Jianghuai area is greater
than that of the westerly-path cold air mass; and the influence
of the middle-path cold air mass is the weakest. When the
strong wind sweeps over North China and East China, it can
blow away pollutants and improve air quality in these regions
(Gu et al., 2020).

Local Accumulation and Pollutant Transportation
From North China

In the Jianghuai area, fog, haze, poor air quality, and high air
pollution index often appear in the days with poor air diffusion
capacities, such as calm wind and significant inversion (Liu
et al., 2014a, Liu et al,, 2014b). Figures 9B,C reveal that two
situations may cause poor air quality and high air pollution in
this area. First, when the cold air mass from the north is
relatively weak, the thin cold air mass is pushed from north to
south but sits under the deep warm moist air mass, forming a
stable inversion in the BL. In this situation, the wind speed is
relatively low; thus, the pollutants are transported by the weak
cold air mass from North China to the Jianghuai area.
Meanwhile, the local pollutants accumulate rapidly. Then,
such conditions lead to the formation of the heavy air
pollution. Second, when the intensity of the cold northerly
is equal to that of the warm moist southerly, the wind speed in
the BL is so low that it is difficult for horizontal diffusion of
pollutants. The inversion layer is like a large-cap that prevents
the pollutants from spreading upwards. Therefore, the
pollutants keep accumulating in the Jianghuai area. This

Movable Fog-Haze Boundary-Layer Conceptual Model

can lead to severe air pollution. In the above two situations,
the front edge of the cold or warm air mass is the horizontal
boundary when the wind speed is less than 3 m/s. The upper
boundary and horizontal boundary are the inversion layer and
downward flow or are the wind shear zone between the
southerly and northerly. The heavy pollution episodes are
caused by both pollutant transportation and local emissions.
These two situations often appear in the winter half of the year.
Once there is a high humidity condition, it is easy to form
dense fog over a large area, which will cause more serious
problems for both traffic and public health.

CONCLUSION

Based on the analyses of atmospheric circulation
characteristics and BL conditions in the Jianghuai area, a
movable boundary conceptual model is established. The
model can explain the causes of frequent haze and the
change in the environmental air quality in the study area.

The changes in the intensity and range of the cold and warm
fronts in the winter half of the year lead to unique movable
(fluid) boundary characteristics in the Jianghuai area, which
affect the range and boundary of the haze in this area. Based on
these characteristics, the movable boundary conceptual model
in the Jianghuai area is established. The main features of the
conceptual model are as follows:

1) With a strong southerly, the pollutants can be spread to North
China. Thus, the air quality in the Jianghuai area can be
excellent, and significant precipitation can also improve the
air quality by wet scavenging.

2) Under the influence of strong cold air mass, the air quality of

the Jianghuai area is excellent. The influence of the easterly-

path cold air mass on this area is greater than that of the
westerly-path cold air mass, and the influence of the middle-
path cold air mass is the weakest.

The thin cold air mass sits under the deep warm moist air

mass, and a stable inversion is thus formed. The pollutants

from both local accumulation and remote transportation can
jointly cause heavy air pollution in the study area.

4) When the intensity of the cold northerly is equal to that of the
warm moist southerly, the pollutants from local emissions and
from North China can keep on accumulating in the Jianghuai
area, which may lead to more severe air pollution.

3

~

Under the situations of (3) and (4), the front edge of cold/
warm air mass (wind speed less than 3 m/s) is the horizontal
boundary. The upper boundaries are the inversion layer or
downward flow, or the wind shear zone between the southerly
and northerly. The heavy pollution episodes are caused by both
pollutant transportation and local emissions. Combined with
the results of the numerical weather forecast, this model has
been applied to guiding the air quality weather forecasting and
all of the air pollutant processes can be accurately predicted.
Although this conceptual model needs to be tested and verified
by more cases, it will help analyze the atmospheric diffusion
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capacity in the Jianghuai area. It can provide the forecast and
early warning of airflow stagnation area or fog-haze.
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In this work, we studied the waveforms of all lightning discharges from about 15 min.
Eighty-three percent of all lightning discharges contain particular waveforms called regular
pulse bursts (RPBs), which have regular microsecond-scale electric or magnetic field
pulses. Maximum proportion of RPBs occur in middle or rear of lightning discharges. Prior
to or after RPBs, there is always a chaotic pulse period. The analysis indicated that RPBs
are caused by a secondary discharge in the fractured old breakdown channel, likeness to
dart-stepped leader occuring in negative cloud-to-ground discharge (-CG). Four types of
RPBs, namely, category of normal RPBs, category of back RPBs, category of symmetric
RPBs, and category of reversal RPBs, were sorted in the light of the evolution of the pulse
amplitude, interval between neighboring pulses and pulse polarity. In addition, the
difference between normal RPBs and back RPBs was considered to be caused by the
distance between neighboring charge pockets and the magnitude of the charge in every
charge pocket. The symmetric RPBs were considered to be caused by a discharge
channel with a large central charge area. Reversal RPBs were considered to be caused by
a bending channel or superposition of two or more RPBs. We located some RPBs in a
typical intra-cloud flash (IC) in three-dimensional. The analysis showed that the developing
velocity of RPBs ranged from approximately 1.2 x 106 m/s to 3.0 x 106 m/s, which slower
less than both of the dart leader or dart-stepped leader process from previous studies. And
we found it is several meters to dozens of meters that the lengths range of discharge step
which between two adjacent pulses.

Keywords: regular pulse burst, lightning discharge, lightning location, dart-stepped leader, VHF radiation

HIGHLIGHTS

e Most lightning discharges have regular pulse bursts.
e The physical mechanisms of different types of RPBs are discussed.
e RPBs are located with high spatial and temporal resolution.
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1 INTRODUCTION

Researchers have performed excellent work using high-speed
cameras or coaxial shunts (Wang, D. H. et al., 2014; Jiang, R. B.
et al., 2015; Tran and Rakov, 2017). However, compared with
lightning discharges close to the ground (e.g., return strokes and
step leaders), the discharge portion of a lightning discharges in
the cloud cannot be observed directly by instruments (e.g., high-
speed cameras, coaxial shunts, etc.) under certain conditions.
Studies rely on radio waveforms detected by ground-based
instruments [Rison et al., 1999; Qie et al., 2009; Zhang et al,
2010; Liu et al., 2013; Wang et al., 2021]. Generally, the pulse
trains in waveforms generated by lightning discharges can be
classified into chaotic pulse trains and regular pulse trains.
Chaotic pulse trains were first studied by Wiedman (1982),
who pointed out that the subsequent strokes were preceded
by ‘chaotic leaders’. Moreover, further studies have been
performed on chaotic pulse trains (Bailey et al., 1988; Rakov
and Uman, 1990; Willett et al., 1989). Chaotic pulse train events
in negative cloud-to-ground (CG) flashes were imaged by three-
dimensional very high-frequency (VHF) broadband digital
interferometers by Liu et al, 2013, who found that the
breakdown process associated with a chaotic pulse train is
negative and similar to an attempt leader or dart leader;
moreover, they suggested that some chaotic pulse trains may
be a part of dart or dart-stepped leaders. Regular pulse trains
include stepped leaders or dart-stepped leaders (Beasley et al.,
1983; Cooray and Lundquist, 1985; Krider et al., 1977; Weidman
and Krider, 1978) in cloud-to-ground and RPBs (Krider et al.,
1975; Muller-Hillebrand D., 1962; Rakov et al., 1996; Kolmasova
and Santolik, 2013; Ismail et al., 2017) associated with K-changes
and M-components. RPBs have high rate of fluctuation of
lightning discharges and may play an important role in
lightning discharges (Fiillekrug Martin, 2011; Kolmasovd and
Santolik, 2013), and they were earliest studied in detail by Krider
etal., 1975, they observed microsecond-scale RPBs in a large part
of the waveforms generated by long-distance lightning
discharges in Florida and Arizona. These RPBs are basically
unipolar pulses. Based on their observations, the RPBs exhibited
two principal characteristics, first is a typical duration of
100-400 ps and second is mean time intervals of several
microseconds between adjacent pulses. Generally, a pulse lasts
for 1-2 ps and the rising edge is about 0.75 ps and followed by a
weak overshoot waveform. RPBs usually begin with the largest
pulses, and the pulse amplitudes decrease with time. Krider et al.,
1975 suggested that the RPBs are related to “an intra-cloud (IC)
dart-stepped leader process” and possibly associated with K
streamers (Ogawa and Brook, 1964) that developed in the
previously formed channels. Muller-Hillebrand (1962) and
Krider et al., 1975 suggested that interference or upset can
occur in sensitive electronic systems. Rakov et al, 1996
analyzed RPBs in both CG and IC lightning discharges and
found that large proportion of RPBs occurred in falling edge of
K-changes in both IC and CG. However, Krider et al., 1975 stated
that pulse amplitudes often decrease during bursts, and they
observed that pulse amplitudes often increase first and then
decrease with time and that the interval between adjacent pulses
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FIGURE 1 | Layout of the detectors (unit = meter; longitude and latitude
of the central stations = E101.6,200,592 and N37.0133,483, respectively).

tends to increase toward the end of RPBs (Rakov et al., 1996).
According to these observations, Rakov et al., 1996 suggested
that an adequate definition of the standard lightning
environment needed to develop after considering more
experimental data in aircraft-measured lightning currents and
in lightning electromagnetic radiation.

Using a multi-point measurement of the time derivative of the
electric field with five stations, Davis et al., 1999 estimated the
three-demensional locations and develop speeds of the leaders.
The average intervals between two pulses of RPBs were 2.8 ps in
dart-stepped leaders, 7.6 us in leaders preceding new ground
termination, and 5.1ps in intra-cloud (IC) discharges
respectively. They found that the polarity of 66% pulses was
consistent with the current flowing direction in discharge
channel. The polarity reversal may be caused by change of
channel develop direction and may be caused by development
of branches. Kolmasova and Santolik (2013) pointed out that the
distances changed between adjacent charge pockets and increase
of leader propagation speed could probably also explain the
different sort of the trains of the pulses. Ismail et al, 2017
analyzed chaotic pulse bursts and pointed out that RPBs are
probably caused by dart-stepped leaders or K-changes in cloud;
moreover, they suggested that superposition of electric fields of
two and more pulses trains which propagating simultaneously
formed chaotic pulse trains. This hypothesis is supported by the
observation fact that regular pulse trains tend to ocurred at
beginning, middle or later stages of RPBs.

In this work, the RPBs in lightning discharges were analyzed
with high time resolution in the inland plateau in China using a
lightning mapping system working in VHF and VLF/LF
frequency bands (Qie et al, 2009; Zhang et al,, 2010; Wang
et al, 2010). We analyzed four typical RPBs and mapped some
RPBs. A comparative analysis of RPBs parameters in a positive
cloud-to-ground discharge (+CG), a negative cloud-to-ground
discharge (-CG), and an intra-cloud discharge (IC) are presented.
Some location results of RPBs are analyzed and discussed in
this work.
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2 OBSERVATION AND CLASSIFICATION OF
RPBS

In this work, the data was observed by a lightning mapping
system (Zhang et al., 2010). The study area was the northeastern
edge of the Qinghai-Tibet Plateau (center station: Mingde (MD);
37.01°N, 101.62°E; other station: Yaocao (YC), Liangjiao (L]),
Xiegou (XG), Jile (JL), Miaopu (MP), Xinzhuang (XZ)), and data
were collected from 2009 to 2011. The stations were evenly spaced
approximately 10 km around the center station, as shown in
Figure 1. Each station was arranged with a lightning mapping
system detector working at VHF and VLF/LF passband (Qie et al.,
2009; Zhang et al., 2010), the bandwidth of VHF detector is about
267-273 MHz and the bandwidth of VLF/LF detector is
approximately 200 kHz to 10 MHz. This lightning mapping
system can mapped radiation sources which indicate spatial
and temporal development of lightning discharges similar to a
lightning mapping array (LMA) (Rison et al., 1999). In addition, a
high-precision GPS clock (+25 ns) was equipped to synchronize
all equipment at each station. Data collection was controlled
either by the central station via a broadband wireless network
system or operated freely. The arrival time of radiation pulses
were caught by all seven stations, and then a set of nonlinear
equations was used to get solution of equation each station as
follows:

f=t+4)(x—x)°+ (yi — y)2 + (z; — 2)*/c, where ¢ is the
speed of light in a vacuum; t is start time of break from
source location (x, y, z); and f; is the arrival time at station i
(x5 ¥5» z;). The typical horizontal error and altitude error was less
than 100 and 300 m respectively on a network plane in the range
of about 100 km and this two system error was increasing with
distance.

We checked all data during a period of 00:00:00-00:15:00 on
August 15, 2011 (GMT+8). The results showed that 430 RPBs
occurred in 67 cases of all 81 lightning discharges in this period.
The rest of the lightning discharges that did not contain RPBs
were considered to have lost some detailed sections in their
waveforms and occurred far from the observation site in this
work. A statistical analysis of all these 430 RPBs shows that the
typical width of pulses in RPBs was 1.0 s, the typical interval
between pulses of RPBs was approximately 5.0 ps and the typical
duration of RPBs was several hundred ps. Obviously, the ranges
of typical intervals and durations of RPBs were greater than those
observed by Krider et al., 1975 and Rakov et al., 1996 with the
application of broad electric change (EFC) receivers in this paper.
A chaotic pulse period always occurred prior to or after an RPB.
Maximum proportion of RPBs occur in middle or rear of
lightning discharges, which is similar to the observations of
Krider et al, 1975 and Rakov et al, 1996. Moreover, most
RPBs were associated with VHF radiation. Generally, RPBs
were associated with K-changes or M process. RPBs were
considered widely distributed events in lightning discharges in
this work. We found that the initial part of a normal RPBs is a
periodic vibration similar to that observed by Rakov et al., 1996.
In addition, some other RPBs did not show regular pulses
similarities with those observed by (Rakov et al, 1996;
Kolmasova and Santolik, 2013; Ismail et al., 2017). To further
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FIGURE 2 | Categories of RPBs. Here (and same below), the upper part

is the relative change in VHF radiation and the lower part is the relative change
in the VLF/LF radiation in picture. (A) Normal RPBs, (B) back RPBs, (C)
symmetric RPBs, and (D) reversal RPBs.

understand the RPBs, the waveforms of RPBs are sorted into four
categories as follows.

2.1 Normal RPBs

The category of normal RPBs tend to occur in the latter part of a
ramp-like [ Rakov et al., 1996] field change (see Figure 2A). The
initial part of RPBs waveform has a chaotic wave shape and
changes to a periodic vibration. RPBs gradually develop into
intensive pulses as the pulse amplitude increases. Then, the pulse
amplitude decreases and the interval between two pulses
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gradually increases with time. It is intense that the VHF radiation
synchronized with RPBs. The VHF pulses and EFC pulses are
one-to-one correspondence. The amplitude of RPBs pulse in
VHF band does not decrease obviously with time for
logarithmic amplification. More RPBs belong to normal RPBs,
which is similar to the findings of Rakov et al., 1996 and
Kolmasovd and Santolik (2013). Kolmasovd and Santolik
(2013) explained that the distances between adjacent charge
pockets in thundercloud is nearly constant and they imaged a
periodic charge structure which spatial scales is about order of
10 m. The speed of RPBs development decreases with time;
therefore, the wave shape shows that the interval between two
pulses increases with time. These authors pointed out that the
amplitude of the pulses decreases with time, which could be
explained reasonably based on the opinion of Uman and McLain
(1970), who suggested that the radiated magnetic field is related
to the develop speed of leader. However, we can see that the
amplitude of pulses increases with time in VLF/LF band of
radiation in the initial part of RPBs in Figure 2 in our work.
The amplitude of pulses is stable in the VHF band and dissimilar
to that in VLF/LF. Almost all normal RPBs have this
characteristic in wave shape. In general, the wavelength of
radiation in air gap discharge depends on the discharge gap
and discharge velocity. We consider that the discharge is weaker
in the initial stage than in the later stage; therefore, the discharge
step size is shorter than that in the later stage. Because its
radiation spectrum focuses on an even higher VHF band, the
quantity of radiant energy in the VLF/LF band is less than that in
the VHF band in the initial stage. Furthermore, we think the
distribution of charge pockets is not regular absolute in detail;
thus, small charge pockets that are uniformly distributed in the
vicinity of a large charge pocket was named the charge group,
although the distance between the neighboring charge groups in
the thundercloud on the macro level is nearly constant, which is
similar to the finding of Kolmasova and Santolik (2013). The
small charge pockets uniformly distributed in the vicinity of large
charge pockets may represent cessation sites of the leader step in
the initial stage of RPBs for lower discharge energy. Therefore, the
discharge gaps in the initial stage of RPBs are shorter than those
in the later stage.

2.2 Back RPBs

The category of back RPBs represent a recoil version of the
normal type in the time series (see Figure 2B). The pulses in the
initial portion of RPBs are sparse, and the amplitude of pulses is
lower in the beginning period. Over time, the time interval
decreases gradually, the pulse amplitude increases, the pulse
amplitude decreases and the interval between two pulses
decreases so that the wave shape reaches a chaotic waveshape
at all times. The VHF radiation is intense, and the VHF pulses
and EFC pulses are one-to-one correspondence similar to normal
RPBs. The proportion of this type of RPBs is less than that of
normal RPBs in lightning discharges. Based on the hypothetical
periodic charge structure of Kolmasova and Santolik (2013), the
distances changed between adjacent charge pockets and increase
of leader propagation speed could probably also explain the
different sort of the trains of the pulses. We suggest that the
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speed increase of the leader propagation provides a better
explanation of the discharge process of the back RPBs.

2.3 Symmetric RPBs

In this study, some RPBs developed symmetrically in the time
series (see Figure 2C), and these pairs consisted of one normal
RPBs and one back RPBs, with the latter followed by the former.
The distances between neighboring pulses are large, and the
amplitude of pulses is lower in the initial portion. Over time,
the time interval decreases gradually, the pulse amplitude
increases, the pulse amplitude decreases and the interval
between neighboring pulses decreases and then changes to a
chaotic periodic vibration wave shape. After a period of intensive
and chaotic wave shape, the wave shape reached periodic
vibration again and developed into pulses that burst gradually
as the pulse amplitude increased. Then, the pulse amplitude
decreased and the interval between two pulses increased with
time. The VHF radiation also is intense, and the VHF pulses and
EEC pulses are one-to-one correspondence, which is similar to
normal RPBs. Ismail et al., 2017 suggested possible mechanisms it
is that superposition of electric fields of two and more pulses
trains which propagating simultaneously formed chaotic pulse
trains, which could explain chaotic pulse trains of symmetric
RPBs. However, the detailed evolution of pulse amplitude and
time intervals cannot be explained reasonably by the opinion of
Ismail et al., 2017. We consider that there is a neighboring large
charge area at the discharge channel, with back RPBs occurring
before this charge area and normal RPBs occurring after this
charge area.

2.4 Reversal RPBs

In reversal RPBs, the pulse polarity of the RPBs inverts one or
more times in the develop process (see Figure 2D). The reverse
develop process is always associated with more intense VHF
radiation. Some RPBs of this type could be explained by the
mechanism suggested by Ismail et al, 2017, which is the
superposition of electric fields caused by two RPBs with
different polar pulses simultaneously. It is conceivable that the
proportional wave shapes of RPBs belong to the type that is
superposed by two RPBs with different or the same polar pulses.
Of course, not all reverse RPBs present this mechanism, as
suggested by Ismail et al., 2017, and we have obtained direct
evidence proving this supposition (see ‘4. Three-dimensional
map and characterization of RPBs’).

3 STATISTICAL DATA ON THE PRBS
UNDER VARIOUS LIGHTNING
DISCHARGES

A statistical analysis of all 430 RPBs over a period of 15 min
indicates that the width of the pulses in RPBs is approximately
0.5-2.0 us, with a typical width value of 1.0 us; the interval of
neighboring pulses of RPBs is approximately 2.0-10.0 us, with a
typical interval value of approximately 5.0 us; and the duration of
RPBs is approximately 20.0-2000.0 ps, with a typical duration
value of several hundred ps. A total of 224 normal RPBs
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TABLE 1 | Statistical comparison of data from CG. Rows one to three are statistical data given by Rokav et al., 1996; rows five to six are statistical data of~-CG from Qinghai;
and rows seven to eight are statistical data of +CG from Qinghai.

Flash id (from RS Polarity of RPBs Type of RPBs Parameter of RPBs
first to number . . .

) Posi-tive Nega-tive No-rmal Ba-ck Sym-metry Rever-sal Average Pulse Average Polari-ty
third refers to i i

duration number interval

Rakov
et al., 1996)
9,122,246.18: 7 15 20 / / / / 173 30 6.1 /
41:17
91,231,107.14: 9 21 12 / / / / 192 28 7.3 /
40:44
91,231,111.14: 3 10 10 / / / / 235 39 6.1 /
44:53
20,110,815.00: 4 2 3 1 1 1 2 185 41 4.5 -
02:28
20,110,815.00: 15 1 2 3 0 0 0 564 89 6.3 -
04:26
20,110,815.00: 1 7 3 5 2 2 1 277 50 5.5 +
03:27
20,110,815.00: 2 2 4 4 2 0 0 224 42 55 +
05:24

TABLE 2 | Statistical comparison of data from IC. Rows one to three are statistical data from Rokav et al., 1996; and rows five to six are statistical data of IC from Qinghai.

Flash id (from first to Polarity of RPBs Type of RPBs Parameter of RPBs
third refers to Rakov Posi-tive Nega-tive Nor-mal Ba-ck Sym-metry Rever-sal Average Pulse Average
et al., 1996) . .
duration number interval
91,225,297.19:58:49 11 16 / / / / 161 18 6.8
9,123,164.13:59:42 3 5 / / / / 133 24 6.4
912,366.15:19:46 31 6 / / / / 17 20 7.2
20,110,815.00:01:57 3 5 2 4 1 1 203 40 5
20,110,815.00:02:49 1 6 4 1 0 2 217 37 5.9
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FIGURE 3 | (A) Original VLF/LF radiation waveform. (B) Power waveform.
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microsecond) exhibited in top panel; the north-south vertical projection
exhibited in mid-left panel; the height distribution of number of radiation events
exhibited in mid-right panel shows; the plan view exhibited in bottom-left
panel; and the east-west vertical projections exhibited in bottom-right panel).

accounted for approximately 52% of all RPBs, 73 back RPBs
accounted for approximately 17% of all RPBs, 89 symmetric RPBs
accounted for approximately 21% of all RPBs, and 44 reverse
RPBs accounted for approximately 10% of all RPBs.

Six typical lightning discharges, including two + CG, two -CG
and two IC lightning discharges, are analyzed in detail in this
work. Table 1 and Table 2 show comparisons between the
statistical parameters presented by Rakov et al, 1996 and
those from our observations. All parameters in our work are
similar to the RPBs observed by Rakov et al., 1996. Moreover, the
average duration and pulse number from our observation are
slightly greater than those from Rakov et al., 1996. The number of
RPBs was five in the-CG (00:02:28), three in the-CG (00:04:26),
10 in the + CG (00:03:27), six in the +CG (00:05:24), eight in the
IC (00:01:57), and seven in the IC (00:02:49).

In this study, we only considered regular RPBs with atypical
characteristics. The sign ‘/” indicates absence for this data. The
average interval between adjacent pulses of RPBs in lightning
discharges observed in Qinghai was slightly lower than that of
Rakov et al., 1996. The number of normal-type RPBs shown in
Table 1 is greater than that of the other RPBs, which indicates
that most RPBs originate from the hypothetical periodic charge
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FIGURE 5 | Third RPBs in Figure 4.

structure which spatial scales is about order of 10 m, as suggested
by Kolmasova and Santolik (2013).

RPBs tend to occur at the end of discharge, where many
K-changes often occur. More RPBs discharge always occurs in the
latter part of a ramp-like field change characteristic of a
K-changes. Many RPBs were found to be related with hook-
shaped field change M-components (Rakov et al., 1996). In this
work, the RPBs can be synchronously detected by broad EFC and
VHF detectors. Krider et al, 1975 and Rakov et al, 1996
considered that maximum proportion of RPBs occur in
middle or rear of lightning discharges. However, some weak
RPBs occurred in the initial stage of lightning discharge in this
work. These RPBs were due to “an intra-cloud dart-stepped
leader process”, as suggested by Krider et al., 1975. Therefore,
we think that many secondary breakdowns similar to dart leaders
occurred for-CG in the initial stage of lightning discharges.

4 THREE-DIMENSIONAL MAP AND
CHARACTERIZATION OF RPBS

The lightning mapping system (LMS) takes advantage of 1.2's
uninterrupted waveforms after the detector was triggered, so we
can analyze every fragments of lightning discharge with high time
resolution (time resolution is 50 ns). The power waveform was
converted from a VLF/LF waveforms using the Hilbert transform
(see Figure 3), which is similar to the work of Shao et al., 2005.
Accordingly, we developed a algorithm which could
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FIGURE 6 | Part of the RPBs waveform related to the third RPBs is
shown in Figure 4.

automatically match pulses from seven stations based sevral
intervals between pulses of RPBs (see Figure 3). This
algorithm improved the efficiency of locating RPBs in three
dimensions in a high time resolution although limited by
different amplitudes of pulses in different stations. We initially
located 11 RPBs in three dimensions and one regular pulse train
associated with a dart-stepped leader.

Figure 4 shows a VHF map of a typical IC which including
four process of RPBs. In addition, Figure 5 shows a three-
deimensional picture of a typical RPBs in Figure 4. The
analysis shows that the ranges of RPBs developing velocity is
about from approximately 1.2 x 106 m/s to 3.0 x 106 m/s, which
is slightly less than that of the dart-stepped leader process or dart
leader (Biagi et al., 2010), and the lengths range of break step
which marked by pulses is about from approximately several
meters to dozens of meters. The developmental span of RPBs
reaches 5 km in this work. The developed channel of RPBs always
along the original channel which formed in earlier discharges,
which indicates RPBs are re-breakdown processes in IC and
similar to dart-stepped leader processes in CG. Many VHF
three-dimensional pictures of RPBs show clusters in position
of earlier formed channels, and their developing diameters are
less than 1 km. Generally, the developmental scan of RPBs cannot
reach the ends of old channels.

Multi-polarity inversions of these RPBs are shown in Figure 6.
The enlarged wave shape of part of the RPBs indicates that the
initial half of wave of pulse one is entirely positive. Then, the
polarity starts to reverse in the second pulse, with a slightly
negative change in the wave shape in the initial half of the wave.
Then, the negative change wave shape increases with each pulse
until the ninth pulse, which forms an obvious negative half wave
pulse, and in the eleventh pulse, the amplitude of the negative half
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FIGURE 7 | RPBs (dart-stepped leader) in a -CG.

develops with snaking discharge channels from the three-
dimensional picture in Figure 5, although the details are
indistinguishable in detail. In addition, a dart-stepped leader
was located in three-dimensional in this work (Figure 7). The
developed velocity of the dart-stepped leader is approximately 1.2
x 106 m/s (Figure 7).

5 SUMMARY AND DISCUSSION

In this work, we studied the waveforms of lightning discharges
from about 15 min.In addition, some typical RPBs were loacted in
three dimensions and analyzed in detail. Several conclusions are
presented below.

1) The typical width of pulses in RPBs is approximately 1 ps, and
the typical interval between pulses of RPBs is approximately
5 ps. According to the interpulse interval and pulse polarity,
category of normal RPBs, back RPBs, symmetric RPBs, and
reversal RPBs are sorted. Moreover, these four types were
related to the different discharge processes and structures of
the discharge channels.

wave is greater than that of the positive half wave and polarity ~ 2) A total of 83% of all lightning discharges include one or more
reversal is completed. This phenomenon could not be explained RPB. RPBs are similar in both broad EFC and VHF radiation
by Ismail et al., 2017. We think that the formation of reverse RPBs waveforms. Generally, RPBs are associated with K-changes, M
may be caused by bending of the lightning discharges channel. processes or dart-stepped leaders. Maximum proportion of
The entire RPBs process has multiple reversals and generally RPBs occur in middle or rear of lightning discharges.
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However, some RPBs was found to occur at the preliminary
stage of lightning discharges.

The lasting time of RPBs is about from 20 to 2000 ps which
larger than that in earlier literature (Krider et al., 1975; Rakov
et al., 1996).

The RPBs developing velocity ranges from approximately 1.2
x 106 m/s to 3.0 x 106 m/s, which is slightly less than the dart-
stepped leader process. The developmental span of RPBs
could reach 5 km in this work.

3

~

4

~

Compared with the primary discharge channel of lightning
discharges, such as the preliminary breakdown process and step
leader, the secondary breakdown activity is more difficult to be
caught by the instrument due to its short time duration and
speed of development. Obviously, RPBs are a typical secondary
discharge. The dart-stepped leader in CG is similar to this
phenomenon. The development of high-speed acquisition
technology has allowed detailed observations of the
secondary discharge, which can even be mapped in three
dimensions.

RPBs are typical waveshapes in the process of lightning
discharges. Four types, ie., normal RPBs, back RPBs,
symmetric RPBs, and reversal RPBs, were sorted according to
the interpulse interval and pulse polarity. More RPBs belong to
normal RPBs. The classification in this paper can enable a more
thorough analysis of the different RPBs. Kolmasovd and
Santolik (2013) investigated the evolution of the pulse
amplitude and interval in normal RPBs and suggested that
the observed time interval between the adjacent pulses
increases with time based on a hypothesis that the equal
distance between the neighboring charge pockets and speed
of the movement of the RPBs decrease with time. The back RPBs
represent a recoil version of the normal type in the time series,
which could be explained by the suggestions of Kolmasova and
Santolik (2013). In the observation data, we also found some
interesting examples, such as symmetric RPBs and reversal
RPBs. Symmetric RPBs present normal RPBs followed by
back RPBs. A chaotic process occurs between normal RPBs
and back RPBs. The superposition of electric fields of two and
more pulses trains which propagating simultaneously formed
chaotic pulse trains suggusted by (Ismail et al., 2017); however,
this explanation cannot easily be applied to symmetric RPBs
because these RPBs included a whole back RPBs followed by a
whole normal RPBs in the waveform. Thus, the evolution of the
amplitude of pulses and the interval between neighboring pulses
cannot be well explained by Ismail et al., 2017. We consider that
there is a neighboring large charge area at the discharge channel,
with back RPBs observed before this charge area and normal
RPBs observed after this charge area. For the reversal RPBs, the
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Remote sensing phenology retrieval can remedy the deficiencies in field investigations and
has the advantage of catching the continuous characteristics of phenology on a large
scale. However, there are some discrepancies in the results of remote sensing
phenological metrics derived from different vegetation indices based on different
extraction algorithms, and there are few studies that evaluate the impact of different
vegetation indices on phenological metrics extraction. In this study, three satellite-derived
vegetation indices (enhanced vegetation index, EVI; normalized difference vegetation
index, NDVI; and normalized difference phenology index, NDPI; calculated using
surface reflectance data from MODO9A1) and two algorithms were used to detect the
start and end of growing season (SOS and EQOS, respectively) in the Tibetan Plateau (TP).
Then, the retrieved SOS and EOS were evaluated from different aspects. Results showed
that the missing rates of both SOS and EOS based on the Seasonal Trend Decomposition
by LOESS (STL) trendline crossing method were higher than those based on the seasonal
amplitude method (SA), and the missing rate varied using different vegetation indices
among different vegetation types. Also, the temporal and spatial stabilities of phenological
metrics based on SA using EVI or NDPI were more stable than those from others. The
accuracy assessment based on ground observations showed that phenological metrics
based on SA had better agreements with ground observations than those based on STL,
and EVI or NDVI may be more appropriate for monitoring SOS than NDPI in the TP, while
EOS from NDPI had better agreements with ground-observed EOS. Besides, the
phenological metrics over the complex terrain also presented worse performances
than those over the flat terrain. Our findings suggest that previous results of inter-
annual variability of phenology from a single data or method should be treated with caution.

Keywords: remote sensing, satellite-derived vegetation index datasets, vegetation phenology, seasonal amplitude
method, STL trendline crossing method, Tibetan Plateau
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1 INTRODUCTION

Vegetation phenology can reflect the response of terrestrial
ecosystem to climate change and is critical for understanding
the effects of these changes on the carbon cycle (Zhang et al.,
2004; Xie and Li, 2020a), water cycle (Yu et al., 2018), and energy
exchange (Shen et al., 2014b) of terrestrial ecosystems. Remote
sensing data have been widely used to monitor vegetation
phenology at large scales (Liang et al., 2011; Shen et al.,, 2013;
Shen et al,, 2014a; Wang et al., 2020), because satellite-derived
vegetation indices (VIs) can measure vegetation canopy
greenness and have the advantages of wide coverage, high
revisiting frequency, and relatively low cost (Jin et al., 2013;
Shen et al., 2015; Liu et al., 2017). The normalized difference
vegetation index (NDVI) is one of the most commonly used
vegetation indices for monitoring vegetation phenology.

The Moderate Resolution Imaging Spectroradiometer
(MODIS) remote sensing data provide the possibility to
monitor vegetation phenology and have been increasingly used
for monitoring vegetation phenology (Zhang et al., 2004; Wang
et al., 2015b; Shang et al., 2018). MODIS sensors aboard Terra
and Aqua satellites have been in operation since 1999 and 2002,
respectively, and can provide long-term remote sensing NDVI
and enhanced vegetation index (EVI) records of >10 years (Wang
et al., 2021; Zhu et al,, 2021). Generally, the NDVT tends to lose
sensitivity over dense canopies because of saturation (Liu et al.,
2017; Wu et al., 2017), while the EVI has a larger dynamic range
and is more resistant to atmospheric and soil background effects
compared with the NDVI (Zhang G. et al., 2013; Cao et al., 2015).
Many studies have explored other VIs to indicate the growing
season transitions, such as normalized difference phenology
index (NDPI), which is designed to best distinguish vegetation
from the background (i.e., soil and snow) as well as to minimize
the difference among the backgrounds (Wang et al, 2017a).
These parameters provide more precise information on the
phenological changes of vegetation and have been widely used
because of the convenient acquisition of multiple remote sensing
data and its indicative function of physical and biological
processes related to vegetation dynamics at global and regional
scales (Xie et al., 2021b).

Besides, a lot of methods have been proposed and applied to
monitor vegetation phenological parameters using long-term
satellite data, such as threshold based, curve fitting, curve
derivative, delayed moving average, phenological cumulative
frequency, etc. These methods determine vegetation phenology
based on a predefined or relative reference value, autoregressive
moving average model, fitted function, etc. (Wang et al., 2017¢;
Shang et al., 2018; Wu et al., 2018). The threshold-based method
considers the growing season begins when the vegetation index
reached a predefined or relative reference value (Shang et al,
2018; Wu et al., 2018). The curve derivative method defines the
growing season starts when the second derivative value of the
time series curve reaches a maximum (Wang et al., 2017c).

The differences between NDVI and EVI have been evaluated
in some previous studies (Yang et al., 2006; Duveiller et al., 2011;
Wang et al., 2012; Gamon et al., 2013). However, few studies have
conducted a comparative analysis of the performance of EVI,
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NDVI, and NDPI in monitoring vegetation phenology. Given
that MODIS data has been extensively used for monitoring
vegetation phenology (Araya et al, 2016; Zeng et al,, 2016;
Massey et al., 2017), it is necessary to analyze the difference
between vegetation phenology derived from different VIs and
consequently investigate the uncertainty in monitoring
vegetation phenology due to methods. Since the Terra data is
more affected by the sensor degradation than Aqua data (Han
and Xu, 2013; Tang et al., 2018), this study focused on the Terra
MODIS VI and surface reflectance (SR) products.

Three different vegetation indices based on two methods were
adopted to identify the start and end of growing season (SOS and
EOS) of the vegetation on the Tibetan Plateau (TP). Then, a
comparative analysis of vegetation phenology derived from the
six combined products was conducted for each phenological
extraction. Meanwhile, the performances of vegetation
phenology derived in capturing ground-observed phenology
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FIGURE 1 | (A) Location of the Tibetan Plateau; (B) vegetation-type map
redrawn from 1:1,000,000 China vegetation data sets and location of
phenological observation stations.
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were also evaluated. In addition, the performances of
phenological metrics from the six products at different degrees
of terrain complexity were compared.

This paper aims to assess the differences in phenological
metrics extracted using the EVI, NDVI, and NDPI time series
based on seasonal amplitude (SA) and Seasonal Trend
Decomposition by LOESS (STL) methods and to determine
whether either of them performs well for all vegetation types
over a large scale. To achieve this objective, the missing rates of
SOS and EOS from the six products were counted and compared
firstly. Then, the temporal and spatial stabilities of phenological
metrics from each product were calculated and analyzed in
different vegetation types in the TP. Finally, the differences
between ground observations and satellite-derived phenological
metrics from the three satellite-derived VIs based on different
extraction algorithms are evaluated. Our work lays the
foundation for uniting multisource data and for improving
remote sensing phenological products in the future.

2 DATA AND METHODS
2.1 Study Area

The TP (Figure 1A) is located in western and southwestern
China, covering an area of approximately 2.6 million km?
(26.5-40.0°N, 73.5-105.8°E), accounting for about one quarter
of China’s total land territory. Recognized as the “roof of the
world” and the Third Pole of the Earth, elevation on the TP
increases rapidly from about 2,000 m in the east to more than
8,000 m in the west with an average altitude higher than 4,000 m
above sea level. As the highest and most extensive region in the
world, climate in the TP exhibits a thermal/moisture gradient
varying from warm and humid in the southeast to cold and arid in
the northwest as influenced by high elevation, Indian monsoon in
the summer, and westerlies in the winter. Affected by the
mountain plateau climate, a variety of vegetation species is
distributed widely on the TP generally following the moisture
and temperature gradient. Vegetation in the plateau includes
evergreen forests (EF), deciduous forests (DF), shrubs, steppes,
grass, meadows, alpine vegetation (AV), and cultivated vegetation
(CV). Besides, sparse and no vegetation are mainly distributed in
the cold and arid northwestern area (Figure 1B).

2.2 Data

2.2.1 Satellite-Derived Vegetation Index Datasets

The time series NDVI, EVI, and NDPI data were used to extract
the phenological metrics in this paper. The 16-day interval
vegetation index datasets containing NDVI and EVI with a
spatial resolution of 500 m from 2001 to 2017 were derived
from the MODIS/Terra MOD13A1 Version 6 product, which
can be obtained from the Land Processes Distributed Active
Archive Center (LP DAAC) of the National Aeronautics and
Space Administration’s (NASA) Earth Observing System Data
and Information System (EOSDIS) (https://lpdaac.usgs.gov/). A
series of the sophisticated algorithm (constrained view angle-
maximum value composite algorithm, etc.) and strict quality
control (low clouds, low view angle, and the highest NDVI/
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EVI value) were performed in the process of data production to
reduce the effect of clouds, solar zenith angles, stratospheric
aerosol, etc.

The time series of SR data from MODO09A1 Version 6 product
were used to calculate the NDPI, as shown in Egs. 1, 2, 3. The
MODO09A1 product provided an estimate of the surface spectral
reflectance of Terra MODIS bands 1 through 7 systematically
corrected for atmospheric conditions such as gasses, aerosols, and
Rayleigh scattering. The temporal resolution of MODO09A1 is
8 days, and the spatial resolution is 500 m. These data are also
freely distributed through the LP DAAC. In this study, surface
reflectance in the red (band 1, 620-670 nm), near-infrared (NIR:
841-876 nm, band 2), and short-wave infrared band (SWIR:
1,628-1,652 nm, band 6) during 2001 and 2017 necessary to
calculate NDPI were extracted.

NDPJ = PNIR ™ Pred_ jﬁ (1)
PNIR T Pred
Prod = AX prg+ (1= @) X pgyre 2
NDPI = PNIR ~ (4% preg + (1= @) X Py
Puir T (&% Py + (1= @) X pgyrp 3)

_ Pnir

)
)

(0.74 x p, 4 +0.26 X pgriz)
+ (0.74 x p, 4 + 0.26 X pg1z)

PNIR

2.2.2 Vegetation-Type Data

Information of the vegetation distribution in the plateau was
derived from the digitized vegetation datasets of China with a
scale of 1:1,000,000, published by the Institute of Geography
Science and Natural Sources Research, Chinese Academy of
Sciences in 2001 (http://www.geodata.cn/Portal/), which was
used to identify the vegetation coverage over pixels, as shown
in Figure 1B. Due to the lack of seasonality in vegetation index
signal, EF mostly in the southeast is not included in our study. We
assumed that there were no changes in the vegetation types and
distributions on the plateau during the study period as previous
studies had done.

2.2.3 Ground-Observed Phenological Data

The ground phenological observations provided by the China
Meteorological Administration (CMA, http://cdc.cma.gov.cn)
were taken as the true values to validate the accuracy of the
phenological products. However, the ground-based phenology
was observed in a number of individual plants, while the remote
sensing phenology represented the integrated phenological
characteristics of a plant community in one pixel. Ground
validation of remote sensing measurements with coarse
resolution entails considerable difficulties. To improve the
reliability of the statistical analysis based on ground
observations, ground phenological observations meeting the
following requirements (Wang et al., 2017c) were selected: 1)
Data integrity—the selected ground sites should have
phenological phase continuity and few missing records. 2)
Spatial representation—the vegetation type of dominant
species at one site must be the same with remote sensing data.
The ground phenological observations were selected according to
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TABLE 1 | Summary of ground phenological observation sites in TP.

Station name Code Latitude Longitude
Minle 52656 38.45 100.82
Menyuan 52765 37.38 101.61
Dulan 52836 36.30 98.10
Haiyan 52853 36.92 100.98
Huzhu 52863 36.82 101.95
Guide 52868 36.03 101.43
Linxia 52984 35.58 103.18
Hezheng 52985 35.43 103.35
Rikaze 55578 29.25 88.88
Lasa 55591 29.67 91.13
Yushu 56029 33.02 97.02
Shiqu 56038 32.98 98.10
Gande 56045 33.97 99.90
Henan 56065 34.73 101.60
Maqu 56074 34.00 102.08
Ruoergai 56079 33.58 102.97
Hezuo 56080 35.00 102.90
Lintan 56081 34.70 103.35
Minxian 56093 34.43 104.01
Zhouqu 56094 33.78 104.37
Guanxian 56188 30.98 103.66
Wenxian 56192 32.93 104.75
Pingwu 56193 32.42 104.52

the above requirements, and the information and spatial
distribution of phenological sites are shown in Figure 1 and
Table 1.

2.2.4 Topographic Data

The Shuttle Radar Topography Mission (SRTM) digital elevation
model (DEM) data with a spatial resolution of 90 m distributed
free of charge was acquired from the Consortium for Spatial
Information of the Consultative Group for International
Agricultural Research (CGIAR-CSI, http://www.cgiar-csi.org).
In this work, the SRTM DEM was used to describe the terrain
characteristics. The elevation of each ground phenological site
was obtained from the center pixel based on the geolocation
information of the ground sites. Furthermore, the relief
amplitude and mean slope were extracted from the 3.0 x 3.0-
pixel area centered on the phenological sites.

2.3 Data Pre-Processing

Although the effects of satellite orbit shift; solar zenith angles; and
atmospheric contaminations of clouds, aerosols, etc. had been
systematically corrected from the vegetation index datasets, the
time series VI curves still remained jagged because of the residual
contamination (Ding et al., 2016; Cong et al., 2017; Chu et al.,
2021). The abnormally high and low values existed in the VI
trajectories may result in errors and confound retrievals of
vegetation phenology (Wang et al., 2015b; Chang et al., 2016).
Therefore, the adaptive Savitzky-Golay (S-G) filtering procedure
was performed to reduce residual noises in the time series VI
datasets by smoothing the VI time series curve, and high-quality
NDVI time series datasets were reconstructed (Chang et al.,
2016). The adaptive S-G filtering method has been proven to
be effective in rebuilding time series from which vegetation
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phenological metrics can be extracted. The related noise
reduction parameters were selected empirically as described in
previous studies, which were as follows: spike method =1,
iteration time=3, adaption strength=5, and smoothing
window = 3, respectively (Borges et al., 2014).

In order to focus on the areas with vegetation and
seasonality and to further reduce the impacts of soil
in bare and sparsely vegetated areas
vegetation, pixels simultaneously satisfying the following
criteria were selected: 1) The multiyear average NDVI
during growing season (from April to October) should be
greater than 0.1. 2) The annual maximum NDVI should be
higher than 0.15 and occur between July and September (Piao
et al,, 2011; Jin et al., 2013; Shen et al., 2014b; Wang et al,,
2018). Pixels with lower NDVI value were often considered
photosynthetically inactive in land surface phenology, and
they could not reveal regular growth cycles along the
trajectories and were usually regarded as bare soil or
sparsely vegetated lands (Wang et al., 2015a; Wang et al,
2015b). These pixels were masked in the vegetation index
datasets and excluded in the following analysis. Besides,
evergreen forests were removed from this study due to the
lack of seasonality in vegetation index signal relative to those of
the other vegetation types (Zhang et al., 2004; Piao et al., 2011;
Zheng and Zhu, 2017).

variations on

2.4 Phenology Retrieval Algorithms

In this paper, vegetation phenological metrics were retrieved from
each of the three vegetation indices (EVI, NDVI, and NDPI) by
adopting each of the two methods, respectively, including SA
method and STL trendline crossing method. In general, those
methods determine the vegetation SOS (EOS) around the time
when VI begins to increase (decrease) in spring or early summer
(autumn or early winter). Details of those two methods are given
as follows.

2.4.1 Seasonal Amplitude Method

In the SA method, SOS is defined as the date (Julian day of the
year, DOY) when the left part of the fitted curve has reached a
certain ratio of the seasonal amplitude during the VI rising
stage, counted from the base level; EOS is defined similarly, as
the DOY for which the right side of the fitted curve has
decreased to a certain fraction of the seasonal amplitude
during the VI decline stage (Jamali et al., 2015; Jonsson and
Eklundh, 2004). The seasonal amplitude is defined as
difference between the maximum VI value and the base
level for each individual season (Eklundh and Jonsson,
2016; Eklundh and Jonsson, 2017). The VI ratio is defined
as follows:

VI = Vi
VI ratio = d - (4)
Viax = Vipase
VIbase =0.5x% (VIminimum left + VImim'mum right) (5)

where VI, is the VI value at time ¢, VI,,,,, is the annual maximum
VI value, and VI, is given as the average of the left and right
minimum values. In this study, we selected a VI ratio threshold of
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0.2 to indicate the SOS and a drop of the VI ratio below 0.6 to
show the EOS, as determined by Yu et al. (2010).

Among the various retrieval algorithms, the SA method is
relatively less affected by surface snow cover, can effectively avoid
the mutual interference caused by different hydrothermal
conditions, and has been widely used in the extraction of
vegetation phenology.

2.4.2 STL Trendline Crossing Method

The seasonal-trend decomposition algorithm based on locally
weighted regression (LOESS), widely known as “STL” is a
filtering procedure for decomposing seasonal time series into
three additive components of variation: non-linear trend line,
seasonal component of time series, and remainder (B Cleveland
et al, 1990; Rojo et al,, 2017; Sanchez-Vazquez et al,, 2012). The
trend component (T) is considered as the low-frequency variation in
the data together with non-stationary, long-term changes in the
levels over the time horizon; the seasonal component (S,) is the
variation in the data at or near the seasonal frequency, which is the
repetitive pattern over time; the remainder component (R, is
defined as the irregular remaining variation in the data after the
seasonal and trend components have been removed (Aguilera et al,,
2015; Cristina et al., 2016).

The STL method is straightforward to use, and advantages of the
STL decomposition include simplicity and speed of computation,
responsiveness to non-linear trends, flexibility in identifying a
seasonal component that changes over time, and robustness of
results that are not distorted by transient outliers (Sanchez-
Vazquez et al,, 2012; Cristina et al.,, 2016; Rojo et al., 2017). The
STL technique has been widely and successfully applied in many
fields, especially in natural sciences, such as ecology, environmental
science, hydrology, and water resources science, and more details
about the STL method can be found in the literature (Aguilera et al,,
2015; B Cleveland et al., 1990; Cristina et al., 2016; Jamali et al., 2015;
Lafare et al., 2015; Verbesselt et al., 2010).

In this method, the SOS/EOS occurs when the VI time series
curve intersect with the STL trend line.

Based on combination of the above two methods and the three
vegetation indices, six products were generated, and they were as
follows: EVI-based phenological product using SA (E-SA,
SOSg sa, and EOSg sa), EVI-based phenological product using
STL (E-STL, SOSg st1, and EOSg gt1.), NDVI-based phenological
product using SA (N-SA, SOSy_sa, and EOSy.sa), NDVI-based
phenological product using STL (N-STL, SOSn.str, and
EOSy.st1), NDPI-based phenological product using SA (P-SA,
SOSp_sa, and EOSp g4), and NDPI-based phenological product
using STL (P'STL, SOSP—STL’ and EOSP—STL)'

2.5 Classification of Terrain Complexity

According to the definition of mountainous regions from the
United Nations Environment World Conservation Monitoring
Centre (UNEP-WCMC) (Kapos, 2000) and relative studies in the
literature (Zhang W. et al., 2013; Xie et al., 2019), the degree of
terrain complexity was defined using the altitude, relief
amplitude, and slope. Then, the topographic conditions were
classified into complex terrain if one of the following three criteria
was satisfied: 1) when the altitude was lower than 500 m and the
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relief amplitude exceeds 100 m, 2) when the altitude ranged from
500 to 2,500 m and the relief amplitude exceeds 300 m or slope
exceeds 5°, and 3) when the altitude was higher than 2,500 m and
the relief amplitude exceeds 500 m or slope exceeds 10"
Otherwise, the topographic conditions were classified into flat
terrain.

2.6 Methods for Evaluating the Phenological

Products

The difference of the six products was compared comprehensively
over the same spatial extent and temporal span: first, at validity
containing the missing rate and temporal and spatial stabilities and
second at accuracy validation of the retrievals.

The average phenological metrics for each pixel of each
product were calculated as the spatial pattern of the TP, and
missing rate was calculated as the ratio of all missing pixel counts
to the total pixel counts that should be retrieved (Wang et al.,
2017b; Wang et al., 2017¢; Shang et al., 2018).

Temporal stability means that the inter-annual growth
characteristics of vegetation in the same location are similar to
some extent as the climatic factors that affect the growth of
vegetation (such as temperature, precipitation, etc.) do not
change dramatically in the same area (Wang et al, 2017b).
Here, the coefficient of variance (CV) (Eq 6) of phenological
metric was used as an indicator to describe the temporal
stability of each product. The lower the CV was, the more
stable the product was at time scale.

cv=2
u

(6)

where o is the standard deviation of phenological metric within
2001 and 2017, and p is the average value of phenological metric
within 17 years.

Spatial stability means that the phenological characteristics of
the same vegetation type growing in the same region in 1 year are
supposed to be more similar because the meteorological
conditions are nearly the same, which means the growth of
vegetation should be synchronous in a small window (Tobler,
1970; Wang et al., 2017b; Shang et al., 2018). Here, we use the CV
(Eq 6) of phenological metric within a window (3 x 3) to indicate
the spatial stability of each product. The greater the CV was, the
lower the stability of the product.

cv=2
U

™)

where o is the standard deviation of phenological metric within
the window, and y is the average value of phenological metric
within the window.

In addition, the phenological metrics of products through
retrieval algorithms using three satellite-derived VI datasets were
validated against ground-observed phenology, respectively
(Zheng and Zhu, 2017). The average value of a 3 x 3 window
centered at each ground site was extracted as the final result for
comparison with the ground-observed phenology. The mean
absolute error (MAE) and root mean square error (RMSE)
between remote sensing phenological estimations and ground
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observations were adopted as validation indicators (Wang et al.,
2017¢; Liuet al., 2017; Guan et al., 2021), as shown in Eqs 8 and 9.

Y ([P (rs); — P(site)|
n

RMSE = \lezn:l (P(rs); — P (site);)

MAE = (8)

©

n

where P(rs); is the satellite-derived phenological date at year i,
P (site); is the ground observation at year i, and » is the number
of years.

3 RESULTS AND ANALYSIS

3.1 Comparison of Phenological Products at
Regional Scales

Figure 2 presents the mean SOS for the TP during 2001-2017
derived from the six products. In general, inconsistencies of SOS
derived from different VI datasets using different methods existed

and varied in different areas. The SOS derived from the same VI
using different algorithms had consistent patterns in the west, but
inconsistent patterns were exhibited in the east. The SOS based on
SA (Figure 2A, C, E) in the east was 5-15 days earlier than that
based on STL (Figure 2B, D, F) from the same VI dataset. The
SOS derived from different VI using the same method have
consistent patterns in the east, but inconsistent patterns were
exhibited in the middle and northwest. The SOS from NDVI
(Figure 2C, D) in the middle was 5-10 days earlier than that from
EVI (Figure 2A, B), while the SOS from NDPI (Figure 2E, F) in
the northwest was 10-20 days earlier than that from EVIL.

For each product, various degrees of differences among the
multi-year average EOS for the TP from 2001 to 2017 are found in
Supplementary Figure S1. The EOS derived using STL
(Supplementary Figure S1B, D, F) had the same spatial
pattern as those using SA (Supplementary Figure S1A, C, E)
with the same VI, but was 15-30 days later than that using SA
with the same VI in the same area. Also, inconsistencies of EOS
derived from different VI using the same method existed and
varied in different regions. The EOS from NDVI (Supplementary
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Figure S1C, D) was 10-30days later than that from EVI
(Supplementary Figure S1A, B) in the south, respectively,
while the EOS from NDPI (Supplementary Figure S1E, F)
was 5-10 days earlier in the south.

3.1.1 Missing Rate

For the six phenological products, the missing data existed
inevitably and varied in different regions. In general, the
missing rates of SOS in E-SA, E-STL, N-SA, N-STL, P-SA,
and P-STL were 7.38%, 10.6%, 4.58%, 8.3%, 7.11%, and 9.25%,
respectively, as shown in and Figures 2 and 3. For the same VI
source, the missing rate of SOS based on STL was higher than that
based on SA; for the same retrieval algorithm, the missing rate of
SOS derived from NDVI was the lowest, then the NDPI, and the
missing rate of SOS derived from EVI was the highest (Figure 3).
Figure 3 presents the missing rates of the six products in different
vegetation types. For SOS (Figure 3), the missing rate was the
lowest or relatively lower in the meadow (E-SA: 5.06%, E-STL:
6.83%, N-SA: 4.08%, N-STL: 7.04%, P-SA: 3.99%, and P-STL:
5.46%), but the relatively higher or the highest missing rates of the
six products existed in different vegetation types; for SOS from
EVI and NDVI, the missing rate was relatively higher in DF
(E-SA: 18.03%, E-STL: 20.49%, N-SA: 7.72%, and N-STL:
16.49%); for SOS from NDPI, the missing rate was the highest
in AV (P-SA: 17.34% and P-STL: 21.84%).

As displayed in Supplementary Figures S1 and S2, the overall
missing rates of EOS in E-SA, E-STL, N-SA, N-STL, P-SA, and
P-STL were 7.82%, 17.53%, 6%, 18.51%, 12.96%, and 29.21%,
respectively. For the same VI source, the missing rate of EOS
based on STL was twice more than that based on SA; for the same
retrieval algorithm, the missing rate of EOS derived from NDVI
was still the lowest, different from SOS; EOS with the highest
missing rate was derived from EVI. Similar to SOS, EOS of the six
products (Supplementary Figure S2) in meadow had the lowest
missing rate (E-SA: 4.73%, E-STL: 6.83%, N-SA: 4.59%, N-STL:
13.43%, P-SA: 6.92%, and P-STL: 20.13%), and the highest
missing rate was in DF from NDVI or EVI (E-SA: 18.54%,
E-STL: 29.59%, N-SA: 13.41%, and N-STL: 37.20%) and in
AV from NDPI (P-SA: 19.49% and P-STL: 45.46%).

Bl Fa | Complex

Missing rate of SOS(%)

0 — g
E-SA E-STL N-SA N-STL P-SA P-STL

FIGURE 4 | Comparison of missing rates of SOS over the flat terrain and
the complex terrain.

In addition, the missing rates of phenological metrics from the
six products at different degrees of terrain complexity were
compared. As shown in Figure 4, the missing rates of SOS
from the six products at the complex terrain were larger than
those at the flat terrain. Over the flat terrain, the missing rates of
SOS in E-SA, E-STL, N-SA, N-STL, P-SA, and P-STL were 4.89%,
9.14%, 4.13%, 7.20%, 4.82%, and 6.39%, respectively; over the
complex terrain, the missing rates of SOS in E-SA, E-STL, N-SA,
N-STL, P-SA, and P-STL were 9.21%, 12.29%, 5.01%, 9.57%,
9.17%, and 11.70%, respectively. In addition, EOS at the complex
terrain also showed higher missing rates than the flat terrain
(Supplementary Figure S3). The missing rates of EOS in E-SA,
E-STL, N-SA, N-STL, P-SA, and P-STL over the flat terrain were
5.31%, 15.20%, 4.48%, 14.20%, 11.61%, and 27.23%, respectively,
and the missing rates of EOS in E-SA, E-STL, N-SA, N-STL,
P-SA, and P-STL over the complex terrain were 9.99%, 20.83%,
7.53%, 23.14%, 14.62%, and 31.44%, respectively.

The high spatial variations in geographic configurations
caused by obvious topographic conditions over the complex
terrain may affect the quality of input VI data for
phenological extractions and then lead to higher missing rates
of phenological metrics compared with the flat terrain.

3.1.2 Temporal Stability

Table 2 shows the temporal stabilities of SOS from 2001 to 2017
using CV as indicator. In general, the SOS derived from EVI or
NDVTI had higher temporal stabilities than those from NDPI for
each method, and SOS based on the SA method were a little more
stable than those based on the STL method for each vegetation
index. Specifically, the SOS from E-SA, E-STL, N-SA, and N-STL
product had lower CVs (the means and standard deviations were
0.147 +0.112, 0.148 £0.103, 0.137 +0.098, and 0.141 +0.092,
respectively) than those from P-SA and P-STL product (the

means and standard deviations were 0.191 +0.146,
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TABLE 2 | The means and standard deviations of SOS CV for different vegetation types from 2001 to 2017.

Methods/vegetation E-SA E-STL N-SA N-STL P-SA P-STL
type

DF 0.160 + 0.124 0.162 + 0.105 0.177 £ 0.120 0.186 + 0.104 0.188 + 0.121 0.192 + 0.132
Shrub 0.130 + 0.104 0.138 + 0.092 0.142 + 0.102 0.150 + 0.088 0.158 + 0.128 0.163 + 0.134
Steppe 0.164 + 0.113 0.160 + 0.109 0.133 + 0.091 0.131 + 0.095 0.235 + 0.142 0.231 + 0.139
Grass 0.190 + 0.117 0.190 + 0.106 0.219 £ 0.121 0.220 + 0.100 0.228 + 0.108 0.236 + 0.115
Meadow 0.127 + 0.103 0.134 + 0.095 0.122 + 0.091 0.130 + 0.084 0.155 + 0.136 0.157 + 0.141
AV 0.187 + 0.110 0.213 £+ 0.123 0.170 + 0.094 0.194 + 0.104 0.285 + 0.192 0.293 + 0.192
CVv 0.111 + 0.087 0.124 + 0.081 0.130 + 0.102 0.148 + 0.100 0.143 + 0.124 0.140 £ 0.124
All 0.147 + 0.112 0.148 + 0.103 0.137 + 0.098 0.141 + 0.092 0.191 + 0.146 0.192 + 0.149
TABLE 3 | The means and standard deviations of SOS CV for different terrains from 2001 to 2017.

Methods/terrain E-SA E-STL N-SA N-STL P-SA P-STL
Flat 0.146 + 0.111 0.147 £ 0.100 0.127 + 0.092 0.132 + 0.092 0.188 + 0.153 0.192 + 0.139
Complex 0.148 + 0.113 0.150 + 0.106 0.146 + 0.103 0.148 + 0.092 0.195 + 0.138 0.199 + 0.156

0.192 £ 0.149, respectively). Besides, the temporal stabilities of
SOS varied among different vegetation types, as shown in Table 2.
For DF, shrub, and CV types, the SOS from E-SA were superior to
those from others in the aspect of temporal stability, with the
lowest CVs of 0.160 + 0.124, 0.130 + 0.104, and 0.111 + 0.087,
respectively, followed by the SOS from E-STL, with CVs of
0.162+0.105, 0.138+0.092, and 0.124 +0.081, respectively.
For steppes, SOSn.sa and SOSy.sti had Dbetter temporal
stabilities compared with others, with CVs of 0.133 +0.091
and 0.131 +0.095, respectively. However, for grass, SOSg.sa
and SOSg gy were relatively more stable, with CVs of
0.190 £0.117 and 0.190 +0.106, respectively. For meadows,
SOSn.sa was the most stable, followed by SOSg.gsx and
SOSn.sT1, with CVs of 0.122 +0.091, 0.127 +0.103, and
0.130 + 0.084, respectively. For AVs, the CV of SOSy_ss was
the lowest, with CV of 0.170 + 0.094, followed by SOSg_s5 and
SOSn.stL, with CVs of 0.187+0.110 and 0.194 +0.104,
respectively.

Supplementary Table S1 presents the temporal stabilities of
EOS from 2001 to 2017 using CV as an indicator. In general, the
temporal stabilities of EOS were slightly different from SOS.
Differences existed between EOS based on the SA method and the
STL method for each vegetation index in the aspect of temporal
stability; EOS based on STL (EOSg gt1: 0.070 + 0.042, EOSy g1
0.044 + 0.023, and EOSp_grr: 0.051 + 0.032) had higher CVs than
those based on SA (EOSgsa: 0.037£0.018, EOSy.sa:
0.037+0.018, and EOSp.ga: 0.046 +0.028). Besides, the
temporal stabilities of EOS varied among different vegetation
types, as shown in Supplementary Table S1. For DF, shrub, grass,
and CV types, EOSg.ss, EOSysa, and EOSpg, had higher
temporal stabilities than others, as their CVs were lower than
others. For steppe, meadow, and AV types, EOSg s, and EOSy sa
were more stable than others, with lower CVs.

Table 3 shows temporal stability comparisons of satellite-
derived SOS over the flat terrain and the complex terrain. The
SOS over complex the terrain showed lower stabilities than those

over the flat terrain. Over the flat terrain, the CV values of SOS
from E-SA, E-STL, N-SA, N-STL, P-SA, and P-STL were
0.146 £0.111, 0.147+£0.100, 0.127 £0.092, 0.132 +0.092,
0.188+£0.153, and 0.192+0.139, respectively. Over the
complex terrain, the CV values of SOS from E-SA, E-STL,
N-SA, N-STL, P-SA, and P-STL were 0.148+0.113,
0.150 + 0.106, 0.146 +0.103, 0.148 +0.092, 0.195+ 0.138, and
0.199 £ 0.156, respectively. Similar to SOS, the CV values of
satellite-derived EOS over the complex terrain were much
higher than those over the flat terrain, as shown in
Supplementary Table S2. Over the flat terrain, the CV values
of SOS from E-SA, E-STL, N-SA, N-STL, P-SA, and P-STL were
0.036 £0.017, 0.067 £0.040, 0.035+0.016, 0.040 +0.019,
0.042+0.026, and 0.051 £0.032, respectively. Over the
complex terrain, the CV values of EOS from E-SA, E-STL,
N-SA, N-STL, P-SA, and P-STL were 0.038+0.019,
0.072 £ 0.043, 0.039 £0.019, 0.048 +0.026, 0.050 + 0.029, and
0.056 + 0.032, respectively.

The CV differences of phenological metrics over different
terrains on time scale revealed the fact that the complexity of
topography could affect the temporal stabilities of retrieved
phenological results; the temporal stabilities of retrieved
phenological metrics over the flat terrain were more stable
than those over the complex terrain.

3.1.3 Spatial Stability
To analyze the spatial stability of each product, a 3 x 3 sliding
window was used to search the phenological metrics in the study
area, and the CV value of the central point in the window and the
same vegetation type in the sliding window was calculated.
The spatial stabilities of SOS are displayed in Table 4. In
general, the SOS derived from NDVTI had relatively higher spatial
stabilities than those from EVI or NDPI for each method, with
CVs of 0.040 +0.033 and 0.040 + 0.040, respectively, and the
differences of spatial stability were small between SOS based on
the SA method and the STL method for each vegetation index. In
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TABLE 4 | The means and standard deviations of SOS spatial CV for different vegetation types.

Methods/vegetation E-SA E-STL N-SA N-STL P-SA P-STL
type

DF 0.068 + 0.067 0.058 + 0.064 0.053 + 0.050 0.058 + 0.067 0.067 + 0.072 0.069 + 0.078
Shrub 0.050 + 0.053 0.042 + 0.050 0.039 + 0.037 0.039 + 0.046 0.057 + 0.075 0.057 + 0.077
Steppe 0.050 + 0.051 0.051 + 0.052 0.033 + 0.034 0.035 + 0.036 0.064 + 0.075 0.061 + 0.075
Grass 0.093 + 0.093 0.077 + 0.081 0.065 + 0.064 0.074 + 0.081 0.089 + 0.086 0.093 + 0.090
Meadow 0.039 + 0.040 0.037 + 0.042 0.031 + 0.027 0.031 + 0.033 0.051 + 0.069 0.051 + 0.070
AV 0.042 + 0.049 0.049 + 0.056 0.032 + 0.033 0.038 + 0.041 0.095 + 0.180 0.098 + 0.119
cVv 0.041 + 0.049 0.032 + 0.044 0.035 + 0.038 0.033 + 0.044 0.040 + 0.053 0.038 + 0.055
All 0.053 + 0.049 0.050 + 0.048 0.040 + 0.033 0.040 + 0.040 0.068 + 0.077 0.067 + 0.079
TABLE 5 | The means and standard deviations of SOS spatial CV for different terrains.

Methods/terrain E-SA E-STL N-SA N-STL P-SA P-STL
Flat 0.032 + 0.039 0.032 + 0.042 0.024 + 0.029 0.025 + 0.082 0.039 + 0.053 0.037 + 0.054
Complex 0.050 + 0.054 0.046 + 0.053 0.037 + 0.036 0.038 + 0.045 0.067 + 0.088 0.067 + 0.090

addition, N-SA and N-STL also performed better in the
extraction of SOS for each vegetation type than others, as the
CV values of SOSy s and SOSy g1, for each vegetation type were
a little lower than those of others. Among the vegetation types, the
spatial stabilities of SOS in meadows, AVs, and CV's were better
than other vegetation types, with lower CV values, and the
greatest CV values occurred in grass. Following behind grass,
the CV values in DFs were relatively larger.

Supplementary Table S3 presents the spatial stabilities of
EOS. Similar to SOS, for all vegetation types, the EOS derived
from NDVT had relatively better spatial stabilities than those from
EVI or NDPI for each method, with CVs of 0.012 + 0.009 and
0.013 + 0.012, respectively, and the differences of spatial stability
were small between SOS based on the SA method and the STL
method for each vegetation index. Besides, EOS from N-SA and
N-STL were relatively stable than those from others for each
vegetation type, as the CV values of EOSy.sa and EOSy gt for
each vegetation type were a little lower than those of others.
Among the vegetation types, the EOS in meadows and CVs were a
little more stable than other vegetation types, with lower CV
values, and the CV values in grass and DFs were relatively larger.

Table 5 presents spatial stability comparisons of satellite-
derived SOS over the flat terrain and the complex terrain. The
SOS over the complex terrain showed lower stabilities than those
over the flat terrain. Over the flat terrain, the CV values of SOS
from E-SA, E-STL, N-SA, N-STL, P-SA, and P-STL were
0.032+0.039, 0.032+0.042, 0.024+0.029, 0.025+0.032,
0.039+0.053, and 0.037+£0.054, respectively. Over the
complex terrain, the CV values of SOS from E-SA, E-STL,
N-SA, N-STL, P-SA, and P-STL were 0.050 +0.054,
0.046 + 0.053, 0.037 £0.036, 0.038 +0.045, 0.067 +0.088, and
0.067 £ 0.090, respectively. Similarly, the CV values of satellite-
derived EOS over the complex terrain were much higher than
those over the flat terrain, as presented in Supplementary Table
$4. Over the flat terrain, the CV values of EOSg g, EOSg_s71,
EOSN_SA, EOSN-STD EOSP_SA, and EOSP-STL were 0.009 +0.010,

0.009 £+ 0.010, 0.007 £0.007, 0.009 +0.009, 0.010+0.013, and
0.012 +0.013, respectively. Over the complex terrain, the CV
values of EOSE*SA’ EOSE*STL’ EOSN*SA’ EOSN*STL) EOSP,SA, and
EOSp.gr1. were 0.015+0.016, 0.013+0.011, 0.011+0.010,
0.012+£0.013, 0.016 + 0.020, and 0.017 + 0.021, respectively.

The CV differences of phenological metrics over the different
terrains on spatial scale revealed the fact that the complexity of
topography could affect the spatial stabilities of extracted
phenological results, and the spatial stabilities of extracted
phenological metrics over the complex terrain were less stable
than those over the flat terrain.

3.2 Accuracy Assessment of
Satellite-Derived Phenologies Based on

Ground Observations

The difference between ground-observed SOS and satellite-
derived SOS from the three satellite-derived VIs based on
different extraction algorithms is shown in Figure 5. For all
vegetation types, the SA-extracted SOS from EVI and NDVI
(SOSg.sp and SOSn.ss) had better agreements with ground
observations than others, with MAEs of 1895 and
19.60 days year ™', respectively. The differences were smaller for
SOS based on the SA method and larger for that based on the STL
method; the MAEs of SOSg gr1, SOSn.st1, and SOSp_gr1. were
4 days higher than those of SOSg.sa, SOSn.sa, and SOSp.ga,
respectively. For steppes, the SA-extracted SOS from NDVI
and EVI (SOSn.sa and SOSg_g) matched better with ground-
observed SOS than others, with MAEs of 23.05 and
25.01 days year ', respectively. The SA method can extract
information of SOS with higher accuracy than the STL
method, and the MAEs of SOSg. 11, SOSn.st, and SOSp_grr.
were more than 6 days higher than those of SOSg_ g4, SOSn_sas
and SOSp_sx, respectively. Of all the vegetation types, the SOS in
meadows were closer to the 1:1 line than in other vegetation types,
with the lowest MAEs and RMSEs. The correlations between
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FIGURE 5 | Comparison between SOS from E-SA, E-STL, N-SA, N-STL, P-SA, and P-STL for different vegetation types based on the ground observations. (A) All,
(B) steppe, (C) meadow, and (D) cultivated vegetation (CV). Gray lines are the 1:1 line, and black lines are the best linear regression line.

SA-extracted SOS from NDVI and EVI (SOSy.sa and SOSg_g4)
and ground observations were stronger than others, with MAEs
of 10.51 and 12.24 daysyear ', respectively. Differences still
existed between SOS based on the SA method and the STL
method and were similar to those in steppes. At CV sites, SOS
based on the SA method matched relatively better with ground-
observed SOS than those based on the STL method, but the
differences of extraction accuracies between SA and STL were
relatively smaller compared with those in other vegetation types.

Supplementary Figure S4 shows comparisons between EOS
from E-SA, E-STL, N-SA, N-STL, P-SA, and P-STL for different
vegetation types based on the ground observations. In general, the
SA method performed much better than the STL method, either
for all vegetation types together or only one of them, as the MAEs
of EOS based on STL were about twice and even much more than
MAEs of EOS based on SA. Besides, the accuracies of EOS from
EVI, NDVI, and NDPI were different for different vegetation
types. For all vegetation types, the SA-extracted SOS from NDPI

Frontiers in Environmental Science | www.frontiersin.org

54

December 2021 | Volume 9 | Article 794189


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

An et al.

9
<
J

I Flat, mean=20.67
[ ] Complex, mean=31.79

D
<
1

|

wn
o

N
fed
|

w
L]

[y}
fe
1 |

|

=1
|

MAE between retrived SOS and ground SOS (day yr™)

=1
|

L

E-SA E-STL N-SA N-STL P-SA P-STL

FIGURE 6 | Comparison of mean absolute error (MAE) values of SOS
over the flat terrain and the complex terrain.

and EVI had better agreements with ground-observed EOS than
that from NDVI, and the MAEs of EOSp_gs and EOSg_ g5 were
22.84 and 25.60 daysyear ', respectively, while it was
33.72 days year ' for EOSy_sa. Of all the vegetation types, the
accuracy of EOS in steppes was the highest compared to other
vegetation types, with the lowest MAEs and RMSEs, and the
accuracies of EOSp_ga, EOSy_sa, and EOSg_g4 had little difference
in steppes than in others, with MAEs of 8.46, 10.84, and
13.07 days year ', respectively. For meadows, EOS from P-SA
matched best with ground observations (with MAE of
18.41 days year ), followed by EOS from E-SA (with MAE of
24.24 days year '), and the accuracy of EOSy_sx was the lowest
among EOS based on the SA method (with MAE of
2720 daysyear '). At CV sites, the correlations between
EOSp.sa, EOSgsa, and ground-observed EOS were stronger
than EOSy.sa, with MAEs of 27.16, 27.99, and
36.38 days year ', respectively.

Figure 6 presents accuracy comparisons of satellite-derived
SOS over the flat terrain and complex terrain. The complex
terrain showed lower accuracy of satellite-derived SOS
(MAE = 31.79 days year ™) than the flat terrain
(MAE =20.67 days year '). Over the flat terrain, the MAE
values between SOS from E-SA, E-STL, N-SA, N-STL, P-SA,

and P-STL and ground-observed SOS were 16.23+
11.65 days year ', 22.17 + 13.52 days year ', 16.8 +
12.19 days year ', 23.21 + 14.13 days year ', 20.5 +

13.49 days year ', and 25.13 + 14.22 days year ', respectively. Over
the complex terrain, the MAE values between SOS from E-SA,
E-STL, N-SA, N-STL, P-SA, and P-STL and ground-observed SOS
were 32.63 +28.42 daysyear ', 26.48 + 16.07 days year ', 33.48 +
27.65 days year ', 28.21 + 13.61 days year ', 38.14 +
26.32 days year ', and 31.80 + 16.72 days year ', respectively.
Similarly, the MAE values between satellite-derived EOS and
ground EOS over the complex terrain (mean = 49.97 days year™")

Assessment of Vegetation Phenology Extractions

were much higher than those over the flat terrain
(mean = 39.08 days year '), as presented in Supplementary
Figure S5. Over the flat terrain, the MAE values between EOS
from E-SA, E-STL, N-SA, N-STL, P-SA, and P-STL and ground-

observed EOS  were 2468 +  21.09daysyear ',
52.38 +22.94 days year ', 28.44+ 22.87 daysyear ', 59.65+
24.32daysyear ', 20.11+ 20.02daysyear !, and 4922+

24.85 days year ', respectively. Over the complex terrain, the
MAE values between EOS from E-SA, E-STL, N-SA, N-STL,
P-SA, and P-STL and ground-observed EOS were 28.79 +
16.01 daysyear !, 60.91+ 19.57 daysyear ', 42.94+
15.97 daysyear ', 7230+  21.13daysyear |, 3224+
14.29 days year” ', and 62.61 + 20.27 days year™, respectively.

The larger MAE values between phenological metrics and
ground observations over the complex terrain revealed the fact
that the extraction of phenological metrics over the complex
terrain had larger disagreements with ground observations than
those over the flat terrain, and it can be concluded that the
complex terrain had a larger influence on extraction accuracy
than the flat terrain.

4 DISCUSSION

4.1 Comparison of Different Methods Using
Different VI Datasets in Phenological Metric

Extractions

The time series of satellite-derived VI datasets have made it
possible to study the vegetation phenology and its interactions
with surrounding environment conditions for a long time at large
scale (An et al., 2018; Wang and Wu, 2019). The time series VI
datasets, together with phenological retrieval algorithms, could
affect the vegetation phenological metrics, but few evaluations are
performed. In this study, we employed two methods using three
VI datasets to retrieve the vegetation phenological metrics in the
TP, and the effectiveness of each result was evaluated.

It is shown that the missing rates of phenological metrics
(Figure 3; Supplementary Figure S2) based on SA for each VI
were lower than those based on STL; as the vegetation index value
was relatively lower in the TP, the seasonal trend line may not
cross with part of the vegetation index time series curve and then
lead to missing of phenological metrics. Besides, phenological
metrics derived from NDVI had lower missing rates than other
VIs. However, the missing rates of EOS were higher than those of
SOS, which were mainly because the DOY of EOS were more
likely to be larger than 365 in the process of retrieval and thus
treated as an invalid value.

In general, the phenological metrics based on SA for each VI
were a little more stable than those based on STL in the aspect of
temporal stability, and the phenological metrics derived from
NDVI had higher temporal stabilities than those from EVI or
NDPI (Table 2; Supplementary Table S1). However, for the DFs,
shrubs, grass, and CVs, SOS derived from EVI were superior to
those from others. In addition, EOS based on STL were much
more unstable than those based on SA, and SOS derived from
NDVI or EVI had higher temporal stabilities than those from

Frontiers in Environmental Science | www.frontiersin.org

55

December 2021 | Volume 9 | Article 794189


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

An et al.

NDPI. The higher CV values of SOS for each vegetation type than
those of EOS meant that the SOS varied greater than EOS during
the study period and was more sensitive to environmental factors,
which was almost consistent with the study of Wang et al. (2019).

As for the spatial stability (Table 4; Supplementary Table S3),
phenological metrics derived from NDVI had relatively better
spatial stabilities than those from EVI or NDPI for each method,
and the differences of spatial stability were relatively small
between phenological metrics based on the SA method and
the STL method for each vegetation index. The higher spatial
CV values of SOS than EOS indicated that the differences of SOS
in different regions for each vegetation type were larger than
those of EOS.

The accuracy assessment based on ground observations
(Figure 5; Supplementary Figure S4) in this paper shows that
phenological metrics based on SA had better agreements with
ground observations than those based on STL for each VI, as
MAEs between phenological metrics based on SA and ground
observations were much lower than those between phenological
metrics based on STL and ground observations, implying that the
SA method was more suitable to monitor phenology on the TP.
The same conclusion was also found in previous studies (Yu et al.,
2010; Zheng and Zhu, 2017). Moreover, smaller MAEs and
RMSEs were found between SOSg_ga, as well as SOSy_ga, and
ground-observed SOS, indicating that NDVI or EVI might be
more consistent than NDPI with the ground-observed SOS. EVI
or NDVI may be more appropriate for monitoring SOS than
NDPI in the TP. However, regarding EOS, smaller MAEs and
RMSEs between EOSp_s4 and ground-observed EOS were found
for all the vegetation types. However, more ground-observed
phenological records are needed to confirm it due to only fewer
available sites mainly in the east of the TP in our study. When
compared with SOS, EOS is much difficult to be monitored (Liu
et al., 2016; Jeong et al., 2017; Wu et al,, 2017; Zheng and Zhu,
2017) as the MAEs were larger between derived EOS and ground-
observed EOS than those between derived SOS and ground-
observed SOS. However, it was opposite for the steppes, which
was probably due to the relatively lower vegetation coverage in
these areas, and it was difficult to capture the greenness change of
vegetation as it was likely to be affected by the background of soil.

4.2 The Topographic Effect on Phenological

Estimations

As the complex terrain usually present high spatial heterogeneity,
the satellite-derived phenology results in complex areas displayed
more uncertainties than those in flat areas. In this study, we have
checked the topographic influence on retrieved phenological
metrics. The results showed that phenological metrics over the
complex terrain had higher missing rates than those over the flat
terrain (Figures 2 and 4; Supplementary Figures S1 and S3). In
addition, the phenological results over the complex terrain were
more unstable at the temporal and spatial scale than those over
the flat terrain (Tables 3 and 5; Supplementary Tables S2 and
§4). Besides, the phenological metrics over the complex terrain
also had larger disagreements with ground observations than
those over the flat terrain (Figure 6; Supplementary Figure S5).

Assessment of Vegetation Phenology Extractions

The high spatial variations in geographic configurations caused
by obvious topographic conditions may cause sustainable and
complex uncertainties in the surface reflectance data, then may
affect the quality of input VI data for phenological extractions,
and then lead to higher uncertainties of phenological metrics
compared with the flat terrain (Jin et al., 2017; Xie and Li, 2020b).
As terrain gradients usually result in frequent changes of local
climate, the surface reflectance data over the complex terrain is
more susceptible to external environmental conditions. The
surface reflectance data over the complex terrain is more likely
to be contaminated by clouds, aerosols, snow, etc. (Xie et al,
2019). The increasing angular variations between the sun and
satellite over the complex terrain may lead to more complicated
solar irradiances than those over the flat terrain (Yan et al., 2018;
Xie et al., 2021a).

Nevertheless, the topographical effects tend to be ignored (Jin
et al, 2017) by most of the current retrieval methods for
phenological extractions and then lead to more uncertainties
into the phenological metrics. In this work, the lower missing
rates, better stabilities on the temporal and spatial scale, and
higher accuracies in phenological metrics were found over the flat
terrain than the complex terrain; thus, the retrieval work of
phenological metrics over the complex terrain is more
challenging than that over the flat terrain (Xie et al.,, 2018).

4.3 Deficiencies in Ground Observations

Accuracy assessment using ground observations is always an
important concern in any remote sensing-based monitoring and
analysis, especially at a large scale (Wang et al., 2017¢; Shen et al.,
2021). However, the limitations of ground-observed validation
data in the TP and the inconsistency and scale effect between
remote sensing results and observations at ground sites make it
difficult to validate large-scale remote sensing monitoring results
by using ground-observed data (Wang et al., 2017b). Due to the
limitations of ground-observed validation data in the TP, the
accuracy assessment of this study only considers the vegetation
types of steppe, CV, and meadow mainly in the east. In the future
research, it is necessary to continue to expand the area and
consider more vegetation types to conduct a more
comprehensive precision evaluation of phenological products.
It is worth noting that retrieved phenological metrics were
derived from 500-m, 16-day composite NDVI/EVI or 8-day
composite NDPI data, while ground observations are daily
point-based observations. The remote sensing phenological
metrics are based upon greenness of a pixel, while ground
observations rely on the morphological changes of individual
plants; thus, inconsistencies exist between them as different
species at the same stage could exhibit different greenness
because of differences in the characteristic area of individual
leaves (Shen et al., 2015; Wang et al., 2017c). Although the studied
sites are the best representation for each station and the
surrounding area, a great number of species that exhibit
diverse phenological stages coexist within a pixel, and the scale
effect of incomplete match between ground site and remote
sensing pixel at the temporal and spatial scales is unavoidable
(Wang et al,, 2017c). All these might lead to disagreements
between retrieved phenological metrics and ground observations.
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5 CONCLUSION

In this study, vegetation phenological metrics in the TP were
derived based on different extraction algorithms using three
satellite-derived vegetation indices, and comparative analyses
of the results were conducted in different aspects. We found
that the SA method performed better than STL in the
extraction of phenological metrics, as phenological metrics
based on SA had lower missing rate, better stability on the
temporal and spatial scales, and better agreements with ground
observations. Meanwhile, the EVI, NDVI, and NDPI had
advantages in different aspects. Different retrieving
approaches may produce significantly different estimates of
SOS and EOS, with VI differences also accounting for
differences. Besides, the results also showed that the
complex terrain had larger influence on extraction accuracy
than the flat terrain, and extraction of phenological metrics
over the complex terrain was more challenging than that over
the flat terrain. Furthermore, given present approaches and
datasets, substantial room for improvement exists for using
remote sensing applications to predict ecosystem phenology at
broad spatial scales. It should be considered that uniting
multisource data is an effective way to improve the
accuracy and validity of remote sensing phenological
products. Different combinations of datasets and retrieval
methods may need to be applied for different plant
functional types, and in particular, identifying the specific
best settings to each ecosystem type will be a future
research challenge. These findings are of great value for
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In order to investigate the chemical composition distributions and pollution characteristics
of Total water-soluble inorganic ions (TWSI) in the rain period (Meiyu) in the East Asian
summer monsoon season, including the impact of Meiyu on air pollution in the Yangtze
River Delta, East China, the gaseous pollutant concentrations, the 9 sizes segregated
particles, and water-soluble inorganic ions of aerosols were measured on the north shore
of Taihu Lake from June 4 to July 5, 2016. Results show that the mass concentrations of
atmospheric particulate matters (PM. 5 and PM;o) and main gaseous pollutants (SO,
NO,, CO, and Og) decrease during the Meiyu period, with the largest decline in PMyq and
the smallest in CO. TWSII in atmospheric particles are mainly concentrated in fine particles
during the Meiyu period. The values of p (TWSII) for PM; 4, PM4 12,1, and PM5 1_4¢ before
the Meiyu onset are generally greater than those during the Meiyu period. During the first
pollution process, the p(TWSII) for PM4 1 and PM4 1_5 1 first increase to the peak values,
and then decrease during the moderate rainfall period, when the p(TWSII) in PMs_ 1_10
increase to its maximum before the Meiyu onset. The mass concentrations for anions,
cations, and total ions at different particle-size sections all exhibit bimodal distributions
before and after the Meiyu onset. The mass concentration peaks at a particle size of
1.1-2.1um for fine particles, while at 5.8-9.0um (before the Meiyu onset) and
9.0-10.0um (during the Meiyu period) for coarse particles, respectively. The peak
particle size for mass concentration of coarse particles moves toward larger sizes
during the Meiyu period. The mass concentrations of SO,°~ at different particle-size
sections show a bimodal distribution before the Meiyu onset and a multi-modal distribution
during the Meiyu period. The mass concentrations of NOs™ at different particle-size
sections show a bimodal distribution before the Meiyu onset and a unimodal
distribution during the Meiyu period. The mass concentrations of NH,* at different
particle-size sections present a bimodal distribution before and after the Meiyu onset,
with the particle-size for peak concentrations distributing in 1.1-2.1 and 5.8-9.0 um before
the Meiyu onset, and 9.0-10.0 um during the Meiyu period. The mean value of nitrogen
oxidation ratio (NOR) is higher before the Meiyu onset than after, indicating that the
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secondary conversion of NO, before the Meiyu onset is enhanced. The sulfur oxidation
ratio (SOR) values are greater than NOR values, but the concentrations of NO, in the same
period during the Meiyu period are higher than those of SO,, which indicates that the
secondary conversion of SO, during the Meiyu period on the north bank of Taihu Lake is
stronger than that of NO,. During the whole observation, the contribution of stationary
sources mainly contributed to the atmospheric particulate matters during the Meiyu period.
The contributions of vehicle exhaust and coal combustion to fine particles are more
obviously affected by the changes in meteorological conditions during the Meiyu period,
and the vehicle emissions contribute more to PM 15 1 than to PMy 4.

Keywords: fine particles, meiyu, size distribution, taihu lake, water-soluble inorganic ions, the Yangtze River Delta

INTRODUCTION

In recent years, the negative impact of particulate matter on air
quality, climate, and human health in China has attracted more
and more public attention (Huang et al., 2018; Zhou et al., 2018;
Liu et al., 2019; Zhang et al., 2019; Gu et al., 2020; Gui et al., 2020;
Zhang et al., 2020; Wang et al., 2021). Atmospheric particulate
matter includes primary particulate matter and secondary
particulate matter (Dai et al., 2013; Wang S. et al, 2019).
Primary particulate matter is usually produced by direct
emissions of pollutant sources, such as soil dust from the
ground, roads, and construction sites, biomass burning, and
sea salt particles transported from the ocean. The secondary
particulate matter is generally formed by the oxidation
reaction of SO, (sulfur dioxide), NOx (nitrogen dioxide),
NH;(ammonia), and other gases (Yao et al., 2020).

Long-term exposure to fine particulate matter (PM, s) is one of
the risk factors for excess deaths in China, with heavy smog
significantly increasing the risk of acute death among residents
(Wang et al,, 2015, 2020). Previous studies have found that WSII
accounts for 30-80% of urban particulate matter (Shen, et al.,
2009; Tan, et al., 2009; Wang et al., 2015). It can be seen that WSII
is an important component of particulate matter, and the study of
characteristic changes of WSII helps us to have a deeper
understanding of the physical and chemical properties,
sources, and formation mechanism of particulate matter (Guo
et al,, 2020; Wang et al., 2019 b). Some studies have found that
there are significant seasonal differences in WSII concentration
(Qiao et al., 2015). Gao, et al. (2016) found that NO5~, SO,*, and
NH," (SNA) in WSII were characteristic ions of secondary
pollution. The proportion of SNA mass concentration in
PM, s ranges from 20 to 70%, and even exceeds 70% (He
et al., 2017). Guo et al. (2010) and Zhang et al. (2018) studied
that the ion mass concentration spectrum can be used to
investigate the formation mechanism of WSIL Some studies
have found that the concentration of NO;~ and SO,* in
droplet modes increases significantly in the process of
pollution, and their peak particle sizes move towards larger
particle sizes (Sun et al., 2013; Tian et al., 2016).

Located on the north bank of Taihu Lake, Wuxi is one of the
central cities in the Yangtze River Delta region with a dense
population, large industrial volume, and a high level of
urbanization. With the rapid development of the regional

economy, a large amount of energy consumption and the
continuous growth of motor vehicle ownership, the air quality
of Wuxi presents complex air pollution dominated by PM, s,
PM;, O3 and NO, (Guo et al., 2013). Meiyu in Jianghuai Region
is an important weather phenomenon in eastern China, and the
meiyu rainy season precipitation is a product of interactions
between the East Asian summer monsoon system and the
Eurasian mid-high-latitude circulation (Xia et al, 2021). Due
to the prevailing wind direction and precipitation in the monsoon
climate, the air quality in Wuxi is relatively clean in summer
compared with winter. However, in the summer harvest and
planting stage in June, the particulate matter emitted from straw
burning will lead to haze pollution events in Wuxi (Guo et al.,
2013; Wang et al., 2021).

In this study, we collected size-segregated aerosol samples in
Wuxi during an intensive sampling campaign from June to July
2016. The primary motivation of this study is to determine the
chemical composition distributions and pollution characteristics
of the TWSII species in the nine size segregated particles in the
season changing period, including evolution in the components
and particle size changes in the pollution process. Furthermore,
the correlation of sulfur and nitrogen oxidation rates with the
meteorological conditions were investigated to clarify the
dominant meteorological factors affecting the secondary
formation of sulfate and nitrate in different size fractions. The
results would improve our understanding of the secondary
formation of haze pollutions in the economically developed
area during the Meiyu period and can also provide insight for
the investigation of the human health effects of urban particulate
matter in different sizes.

First, the instruments, experiments, data, and analysis
methods are described in Experiments and Data. We analyze
the meteorological conditions pollutions features, spectral
distribution, and ionic species of aerosol in Results and
discussion. Concluding is made in Conclusion.

EXPERIMENTS AND DATA

Observation Stations and Experiment

Descriptions
Wouxi is located in the middle of the Yangtze River Delta, on the
northern shore of Taihu Lake. In this study, we selected Wuxi
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FIGURE 1 | Locations of the observation sites in Jiangsu province, China.
meteorological observational station (WMOS, 31.6127°N,  detector, column oven, with an 858 auto-injector, and MagIC

120.3544°E, altitude: 3.2 m) as the sampling site (Figure 1). All
the measurements were conducted on June 4 to July 5, 2016 (Guo
etal, 2013; Liu et al., 2018). The monitoring site is surrounded by
farms and is located on the ground. Thus, the observations at this
site could help further understand the atmospheric pollution
condition in the Yangtze River Delta Cities Group Area
(YRDCGA) and the influences from the inland or upwind
polluted areas and the Taihu Lake in a regional air quality
perspective.

Water-Soluble Inorganic lons

The observation of aerosol particles was conducted by using a 9-
stage Anderson-type aerosol sampler (Anderson 2000 Inc.,
United States). 31 batches of aerosol samples were gathered
across the Meiyu period in Wuxi. The sampling was
conducted on the Meteorological observation field. 24 h size-
fractioned PM samples were taken continuously for 1 month
(begin at 8:00 am the first day and end at 08:00 the next day) at the
flow rate of 28.3 L/min. The particle size range of the nine stages
are <0.43, 0.43-0.65, 0.65-1.1, 1.1-2.1, 2.1-3.3, 3.3-4.7,4.7-5.8,
5.8-9.0, and 9.0-10.0 pm for water-soluble ionic components.

The sampling instrument was using the 80 mm Teflon filter
(Whatman, Clifton, England) for water-soluble inorganic ionic
components, and the membranes were weighted by Mettler
Toledo MX-5 microbalance after constant temperature (25°C)
and humidity (50%) treatment for 48 h before and after sampling,
the microbalance was calibrated using standard weight. The
weight difference before and after sampling is particle weight
(Wang et al., 2015; Liu et al.,, 2018).

The 850 professional Ion Chromatography (IC) (Metrohm,
Switzerland) was used to analyze the water-soluble inorganic
ions, NO5~, SO,*, NH,*, Ca**, Mg®*, Na*, K*, CI", F, and NO,~
were measured. Chromatography includes a conductivity

Net chromatography workstation (Metrohm, Switzerland);
Detailed information can be referred to Wang et al. (2015).

Meteorological and Pollutant Data

In this study, monitoring instruments (Thermo-Fisher Scientific,
United States) were selected to analyze gaseous pollutants,
including CO (48i), NO, (42i), O3 (49i), and SO, (43i), and
the particulate matters, including PM;, and PM, 5 during the
sampling times. The meteorological parameters, including
relative humidity (RH), pressure, vapor pressure, precipitation,
dew point temperature (Td), temperature (T), visibility, wind
direction (WD), and wind speed (WS). All the data were obtained
hourly from the Wuxi meteorological observational station
(MOS) worked synchronously on the observation site.

Meiyu in 2016

Meiyu (rainy period of East Asian monsoon season) is a weather
phenomenon with regional and temporal characteristics in the
middle and lower reaches of the Yangtze River in China (Xiang
etal,, 2016). It is the product of the transition season of east Asian
atmospheric circulation from spring to summer. There is always a
persistent precipitation stage of Meiyu from June to July every
year, which is called Meiyu period for the middle and lower
reaches of the Yangtze River. During the Meiyu periods,
precipitation shows obvious interannual variabilities (Xia et al.,
2021).

Based on the observation of the Meiyu period lasting from
June 19, 2016, to July 11 on the north bank of Taihu Lake, the
periods from June 4, 2016, to June 18, 2016, and from June 19,
2016, to July 5, 2016, are defined respectively before and after the
onset of Meiyu in this study. The total precipitation during the
Meiyu period is 404.5 mm, which is much greater than that
(105.4 mm) before the Meiyu onset.
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TABLE 1 | Statistic of meteorological conditions during sampling time.

Before the meiyu period

Atmospheric Aerosols WSIIs Size-Distributions China

During the meiyu period The observation period

Min Max Mean
T(°C) 19.9 32.8 24.6
T4 (O) 17.0 24.8 21.2
Surface pressure (hPa) 998.7 1010.7 1006.3
Surface vapor pressure (hPa) 19.4 314 25.3
RH (%) 45.0 100.0 82.9
Wind speed (m/s) 0.2 6.1 2.1
Total precipitation (mm) 105.4

RESULTS AND DISCUSSION

Pollutant Concentrations and
Meteorological Conditions During the
Meiyu Period

Meteorological Conditions

The changes of meteorological conditions on the north bank of
Taihu Lake during the observation period are shown in Table 1
and Figure 2. The surface pressure, wind speed, and temperature
change little around the onset of Meiyu. During the observation
period, the average wind speed maintains about 2.0 ms™', while
the air temperature keeps in the range of 19.0°C-33.0°C with an
average of 25.2°C. The frequency and amount of precipitation
increase significantly after the Meiyu onset, with the precipitation
increasing from 105.4 mm (from June 4 to June 18) to 404.5 mm
(from June 19 to July 11). The precipitation increase leads to
significant increases in surface water-vapor pressure, relative
humidity, and dew-point temperature. Specifically, the average
surface water-vapor pressure is 25.3 hPa before the Meiyu onset,
which is significantly lower than that (29.8 hPa) during the Meiyu
period. The average dew-point temperatures (relative humidity)
before and after the onset of Meiyu are 21.2 and 23.9°C (82.9 and
90.7%), respectively. Comparatively, the relative humidity after
the onset of Meiyu is closer to saturation than before. Moreover,
the wind direction changes obviously and frequently during the
Meiyu period on the north bank of Tajhu Lake.

Concentration Variations of PM, 5, PM, o, and Gaseous
Pollutants

Table 2 shows the daily mean concentrations of PM, 5, PM;, and
main gaseous pollutants before and after the onset of Meiyu. The
mass concentrations of five main air pollutants after the onset of
Meiyu significantly decrease due to the rainfall influence.
Specifically, the mass concentrations of PM;, and PM, 5 are
65.36 and 50.20 uygm™> before the onset of Meiyu, which
respectively drop to 38.27 and 29.05ugm™ after the Meiyu
onset. For gaseous pollutants, the mass concentrations of SO,,
NO,, and O; decrease from 12.10, 51.77, and 77.83 ugm ™ to
7.91, 41.51, and 51.89 ug m >, respectively.

Before the Meiyu onset, the north bank of Taihu Lake
experienced two pollution processes. The first process lasted
from 0800 Beijing Time (BJT) on June 6 to 2000 BJT on June
9, and the second process lasted from 2000 BJT on June 12 to 2000

Min Max Mean Min Max Mean
19.5 33.0 25.7 18.7 33.0 25.2

17.5 28.2 23.9 16.4 28.2 22.7
999.4 1012.4 1006.3 998.7 38.2 1006.3
20.0 38.2 29.8 18.6 1012.4 27.7

51.0 100.0 90.7 45.0 100.0 87.2

0.0 6.0 1.0 0.0 6.1 2.0

404.5 509.9

BJT on June 18. The mass concentrations of PM, s and PM,,
peaked at 112 and 172 ug m ™ in the first process, and peaked at
103 and 148 ygm™> during the second process (Figures 2D,E).
Although the pollution process during the Meiyu period is not as
long as that before the Meiyu onset, the mass concentrations of air
pollutants during this period also experienced short fluctuations,
where the mass concentrations of PM,s; reached 106 and
120 ug m™ at 2000 BJT on June 21 and 2300 BJT on June 23,
respectively  (Figures 2D,E). According to the hourly
precipitation (Figure 2) in the Meiyu period, these two
fluctuations occurred during the intermittent period of
precipitation. While the mass concentrations of air pollutants
were significantly lower during other periods, which maintained
below 30 ugm™ for PM,s. The precipitation increase and
changeable wind direction could be the reasons for the decline
of air pollutants.

Changes of Water-Soluble Inorganic lons in

Atmospheric Aerosols

Differences of Water-Soluble Inorganic lons Before
and After the Onset of Meiyu

Table 3 depicts the differences between the concentrations of
water-soluble inorganic ions before and after the onset of Meiyu.
The average concentration of total water-soluble inorganic ions
(p(TWSII)) in PM;, is (28.59 + 7.27) ug m™>, while the average
p(TWSII) in PM, ;, PM,,_,, and PM,,_,, are (11.22 + 3.90) p
gm” (518 + 277)ugm > and (1219 + 2.89)ugm>,
respectively. Before the onset of Meiyu, the average p(TWSII)
in PM, ;,PM, ,_,; and PM, ;_;qare 13.36 + 4.84, 6.55 + 3.46, and
12.3 + 3.46 uygm >, and they are 9.34 + 3.72, 3.98 + 2.19, and
12.10 + 5.3 ugm > after the onset of Meiyu, with the p(TWSII)
decreasing by 30, 39 and 2%, respectively. The values of p
(TWSII) in fine and coarse particles before the Meiyu onset
are higher than those during the Meiyu period.

As shown in Figure 3A, the total proportions of four major
water-soluble inorganic ions (NH,4*, Ca**, SO,*” and NO;") in
PM;,; and PM,; ,; are 82 and 87%, respectively. The major
water-soluble inorganic ions for PM,_;o areCa®", NH,*, SO4*~
and Na®, accounting for 72% of the total. The anion with the
largest proportion in PM;;, PM; 1, and PM,;_j4 is SO,%.
Besides, the cation with the largest proportion in PM,;; and
PM, 15, is NH,", but it is Ca®* in PM,;_y,. It indicates that
NH," mainly exists in fine particles, while Ca** mainly in coarse
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FIGURE 2 | Changes of meteorology, gaseous pollutants records, PM, 5 and PM;, concentrations in sampling periods.
particles. Furthermore, the concentration of NH," decreases with The concentrations of NH,", Ca®*, SO,> and NO;™ rank top
the increase of particle size before and after the onset of Meiyu  four in submicron particles, fine particles, or coarse particles before
(Figure 3B). the Meiyu onset (Table 3 and Figure 3). The average
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TABLE 2 | The daily average concentration of PM, s, PM;, and gaseous
pollutants before and during the Meiyu period.

Before the meiyu period During the meiyu period

Min Max Mean Min Max Mean
PM, 5 (Lg/m®) 23.79 84.67 50.20 12.21 52.88 29.05
PMso (ug/m®) 30.13 111.71 65.36 16.17 81.10 38.27
SO, (ug/m®) 4.90 18.46 12.10 3.67 15.71 7.91
NO, (ug/m?) 37.75 90.33 51.77 20.58 73.38 41.51
O3 (ug/m®) 12.33 133.67 77.83 15.14 101.87 51.89

concentrations of ten kinds of ions in PM, ; are in decreasing order
of  NH,">S0,*>Ca**>NO; >Na">K">Mg**>ClI">F >NO,,
while  those in PM,;;,; follow the order of
NH,">$0,>">NO; >Ca**>Na">K">Mg**>Cl >F >NO,”.  For
PM,;_10» the average concentrations are in order of
Ca®">NH,">$0,* >Na">NO; >Mg*">K"> CI'>F >NO, .

The concentrations of NH,*, Ca**, SO,%"and NO; ™ are still the
highest four after the Meiyu onset, with slight changes in the
concentrations of different ions. The concentration of Ca®*
increases after the Meiyu onset, which is related to the road
construction around the observation site (Wang et al., 2021).
The concentrations of NH,", SO,>~ and NO,  decrease
significantly, while the concentrations of Na', K', Mg”",
Cl, F~ and NO, change little. During the Meiyu period, the
average concentrations of ten kinds of ions follow the order of
NH,">Ca**>80,>>NO; >Na">K">Mg"*>Cl >F >NO,” in PM, ,
the order of NH,">Ca*">NO; >50,% >Na">K">Mg**>Cl >F >NO,"
in PM; ;.1 and the order of Ca**>NH,">SO,> >Na*>
NO; >Mg**>K*>Cl">F >NO,” in PM,_j,.

Compositions of Water-Soluble Inorganic lons in
PM; 1, PMy 121 and PMz 1_10

The changes of the mass concentrations of water-soluble
inorganic ions in PM,;, PM;; ,; and PM,; ;o with time
during the Meiyu period on the north bank of Taihu Lake
are depicted in Figure 4. The p(TWSII) in PM, ;, PM; ;_,;, and
PM, ;10 before the Meiyu onset are generally greater than those
during the Meiyu period, but there are some differences in the
concentration changes. The p(TWSII) in PM; ;_, ; changes most

Atmospheric Aerosols WSIIs Size-Distributions China

obviously before and after the Meiyu onset, followed by PM, ;,
while the p(TWSII) changes little in PM, ;_;,. This indicates the
effect of frequent precipitation during the Meiyu period on the
removal of PM;;, PM;;,;, and PM,; ;, especially for
PMii21.

Figure 4 also shows that the changes of p(TWSII) in PM, 4,
PM; 5, and PM,; ;o with time are generally consistent, but
there are some differences in some periods. During June 18-20,
2016, the p(TWSII) in PM, ; decreased first and then increased,
while the change of p(TWSII) in PM, ;_;o was opposite, and the
p(TWSII) in PM, ; ,; presented a consistent increase. Besides,
the concentrations varied little in fine particles but changes
drastically for coarse particles. This changing trend may be
related to the compositions and formation mechanisms of
water-soluble inorganic ions of different sizes.

Corresponding to the pollution processes mentioned in
Concentration variations of PM2.5, PMI0, and gaseous
pollutants, the p(TWSII) in PM;; and PM;;_,; increased
obviously from June 5 to June 7 before the Meiyu onset, and
the p(TWSII) in PM;; and PM, ; ,; decreased from June 7 to
June 8, while the p(TWSII) in PM, ;_, increased to a maximum
value before the Meiyu onset. From June 14 to June 16, the
p(TWSII) in PM, ; and PM, ;_,; increased to their maximums of
2134 and 12.05pugm™> during the observation period,
respectively. Meanwhile, the p (TWSII) of PM,; ;o decreased
from June 14 to June 15 and increased from June 15 to June 16.

During the first process of air pollution (from 0800 BJT on
June 6 to 2000 BJT on June 9) before the Meiyu onset, the mass
concentrations of NH,", SO,*~ and NO;™ in PM, ;, PM, ;_», and
PM,_1o increased, especially the concentrations of NH," in
PM;; and PM;; ,;. During the second process (from 2000
BJT on June 12 to 2000 BJT on June 18), the concentrations
of NH,*, SO,> and NO;™ in PM, , and PM, ,_, , increased, while
the concentrations of these ions in PM, ; _;¢ had no change, which
is different from those in the first process. What is the reason for
this?

Moreover, the two short fluctuations at 2000 BJT on June 21
and 2300 BJT on June 23 are only reflected as the increases in the
concentrations of NH,", SO~ and NO;™ in PM, ; and PM, ; 5,
The above four fluctuations may be related to the change of SO,
concentration before and after the Meiyu onset. On the one hand,

TABLE 3 | The average concentrations (ug/m®) of WSII in particulate matters before and during the Meiyu period.

Berfore the meiyu period

During the meiyu period

PM,, PMy.124 PMz.1.10 PM, PMj.124 PMz.1.10
NH,* 5.74 + 2.64 3.30 + 2.13 1.86 +2.13 3.16 £ 1.79 1.72 £1.29 1.59 + 0.63
Ca?* 1.79 £ 0.37 0.68 + 0.09 3.05 + 0.09 2.03 £ 0.49 0.65 +0.14 477 £2.93
S0, 210 + 0.67 0.99 + 0.50 2.08 + 0.50 1.26 + 0.41 0.46 + 0.21 1.33 + 0.41
NO3z~ 1.56 + 0.67 0.92 + 0.54 1.82 + 0.54 0.93 + 0.53 0.51 + 0.37 0.88 + 0.30
Na* 0.85 + 0.19 0.30 + 0.09 1.36 + 0.09 0.71 £ 0.20 0.22 + 0.08 1.43 + 0.51
K* 0.47 +0.12 0.15 + 0.03 0.64 + 0.03 0.50 £ 0.12 0.16 + 0.03 0.66 + 0.08
Mg** 0.46 + 0.05 0.15 + 0.02 0.78 + 0.02 0.45 + 0.07 0.14 £ 0.02 0.92 £ 0.26
cr 0.23 + 0.10 0.12 + 0.06 0.43 + 0.06 0.17 £ 0.09 0.07 + 0.04 0.30 + 0.16
F 0.11 £ 0.02 0.04 + 0.00 0.20 + 0.00 0.11 £ 0.01 0.04 £ 0.01 0.18 + 0.01
NO,™ 0.03 + 0.01 0.01 + 0.00 0.08 + 0.00 0.03 + 0.01 0.01 + 0.00 0.04 + 0.01
TWSII 13.36 + 4.84 6.55 + 3.46 12.30 + 3.46 9.34 + 3.72 3.98 + 2.19 12.10 £ 5.30
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the increase of SO,>~ concentration in PM; -5, during the
Meiyu period is due to the gas-to-particle conversion of
smaller particles; on the other hand, the SO, converts to
larger-size particles.

Spectrum Distribution of Mass Concentrations of
TWSII

The particle-size distribution of water-soluble ions can
characterize the source and formation mechanism of ions
(Zhang et al, 2018). Figure 5A indicates that the mass
concentration spectrums of total anions, total cations, and
total ions within different particle-size sections present
bimodal distributions before and after the Meiyu onset. The
mass concentrations of fine particles peak at the particle-size
of 1.1-2.1 um, while the mass concentrations of coarse particles
respectively peak at particle-size of 5.8-9.0 and 9.0-10.0 um
before and after the Meiyu onset, indicating that the particle-
size corresponding to peak concentrations in coarse particles
moves toward the larger particle sizes after the Meiyu onset. The
variation characteristics for mass concentrations of anions,
cations, and total ions are similar during the observation
period, with the ions mainly concentrating in the section of
fine particles. The peak concentration of ions in fine particles

before the Meiyu onset is higher than that during the Meiyu
period. While in coarse particles, the peak concentration of
anions before the Meiyu onset is higher. Meanwhile, the peak
concentrations of total cations and total ions before the Meiyu
onset are lower than those during the Meiyu period.

Figure 6 displays the variations of the particle-size
distributions of total anions, total cations, and total ions in
water-soluble inorganic ions overtime during the observation.
Before June 19, 2016, the total anions, total cations, and total ions
in fine particles grew rapidly and reached their peak
concentrations. During June 8-15 before the Meiyu onset, the
concentration of total anions with the particle sizes of 4.5- and
0.65-1.1 um in coarse particles increased more rapidly than those
in other particle sizes (Figure 6A). The particle sizes for the peak
of mass concentrations of total ions in coarse particles moved
toward larger particle sizes after the Meiyu onset. The period with
an increasing concentration for total anions with the particle size
of 9-10 um in coarse particles accounted for 47% of the total
Meiyu period, while the concentration of the total anions at the
particle size of 5.8-9.0 um decreased during the same period.
Meanwhile, the environmental relative humidity was greater than
90% (Figure 2C), indicating an obvious effect of the hygroscopic
growth of the total anions in coarse particles. As shown in
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Figure 6B, the concentrations of total cations and total ions in
coarse particles during the Meiyu period were higher than those
before the Meiyu onset, with the maximum concentrations of
total cations and total ions in coarse particles being 0.81 (0.95)
and 3.28 ugm > (10.56 ug m ) before (after) the Meiyu onset,
respectively. The maximum concentration during the Meiyu
period was 3.2 times that before the Meiyu onset. The main
reason for the sharp increase in the peak concentration during the
Meiyu period was that the concentrations of the cations at 5.8-9.0
and 9.0-10.0 um increased sharply on June 19, and the changes of
total cation concentrations in coarse particles were roughly the
same on both June 18 and June 19, indicating the same source for
the total cations on June 18 and 19. Figure 2 shows that the winds
on June 18 and 19 were both southerly, and the daily means of
temperature, relative humidity, and surface wind speed were
27.6°C (28.4°C), 75.6% (77.9%), and 3.0ms™' (2.6ms') on
June 18 (June 19), indicating no significant changes in
meteorological elements. While the local anthropogenic
emissions near the observation site have a more obvious effect
on the concentration of total cations than meteorological factors
do. During the observation period, the particle size of total ions
has a more consistent distribution with that of total cations than
total anions. It indicates that the cations in water-soluble
inorganic ions in atmospheric particulate matters on the north

bank of Tajhu Lake played an important role in the chemical
composition of ions during the Meiyu period in 2016 (Wang
et al., 2021).

The particle-size distribution characteristics of different ions
and their sources are further analyzed, with the size distributions
of each ion before and after the Meiyu onset shown in Figure 7,
and the time series for different particle-size distributions shown
in Figure 5B. The particle size of SO, shows a bimodal
distribution before the Meiyu onset and a multi-modal
distribution during the Meiyu period. Before the Meiyu onset,
the mass concentration of SO,>” peaks at a particle size of
1.1-2.1um in fine particles, while at 5.8-9.0 um in coarse
particles. After the Meiyu onset, the mass concentration of
SO,* presents a bimodal distribution with its peaks at
particle-size of 0.43-0.65 pm and 1.1-2.1 um in fine particles,
and particle-size of 4.7-5.8 and 9.0-10.0 um in coarse particles.
As indicated in the sequence variation (Figure 7), before the
Meiyu onset, the mass concentration of SO,*” in fine particles
peaks at particle-size of 0.43-2.1 um and the proportions for the
frequencies in three different particle-size sections are 36, 21, and
43%, respectively. During the Meiyu period, the mass
concentration of SO,>” in fine particles peaks at particle-size
of 0-2.1 pum, and the proportions for the frequencies in different
particle sizes are 19, 25, 6, and 40%, respectively. It indicates that
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SO, in fine particles is mainly generated by the reactions in the
cloud and the gas-phase reaction. While the two reactions during
the Meiyu period are weaker than those before the Meiyu onset.
The particle size for the peak concentration of SO, in coarse
particles moves toward larger particle sizes during the Meiyu
period. This may be related to higher environmental humidity
during the Meiyu period, resulting in the hygroscopic growth of
sulfates in coarse particles.

The mass concentration of NO;™ at different particle-size
sections shows a bimodal distribution before the Meiyu onset,
and a unimodal distribution after the Meiyu onset. The mass
concentration of NO;™ in fine particles peaks at particle-size of
1.1-2.1 um, while at 5.8-9.0 pm in coarse particles. Figure 5B
shows that before the Meiyu onset, the mass concentration of
NOj;" in fine particles peaks at particle-size of 0.43-2.1 pm, with
the proportions of frequencies for particle-size in four particle-
size sections accounting for 13, 25, 6, and 56%, respectively. The
effect of gas-phase conversion (liquid-phase reaction) during
Meiyu is stronger (weaker) than that before Meiyu. Before the
Meiyu onset, the mass concentration of NO;™ in coarse particles
peaks at particle-size of 2.1-3.3 and 5.8-10.0 um, and the
proportions of frequencies for particle-size within the three
particle-size sections account for 36, 57, and 7%, respectively.
The peak particle-size of NO; ™ distributes in all five particle-size
sections of 2.1-10 pum after the Meiyu onset, with the proportions
of frequencies accounting for 50, 6, 6, 13, and 25%, respectively. It

can be concluded that the sources of NO3™ in coarse particles after
the Meiyu onset are more complex than before. The proportion
for NO5;~ having particle-size within 5.8-9.0 um decreases
significantly, which may be attributed to the removal effect of
increasing rainfall during the Meiyu period. The concentration of
NH," at different particle-size sections presents a bimodal
distribution before and unimodal distribution during the
Meiyu, with the particle-size of peak concentration distributing
in 1.1-2.1 and 5.8-9.0 um (before the Meiyu), and 9.0-10.0 um
(during the Meiyu). NH," is mainly found in fine particles, with
the mass fraction accounting for 79.2% (Figure 5B).

Changes of Secondary Aerosols

The sulfur oxidation ratio (SOR) and nitrogen oxidation ratio
(NOR) are often used to characterize the conversion degree
of SO, and NO, to SO, and NO;, respectively (SOR =
(SO 1/([ SO4*1+[SO])NOR = [NO; /([ NO5 ]+[NO,)),
where the [SO,*], [SO,], [NO57], and [NO,] are the molar
concentrations (umol m™) in the particulate matters and gas
phase.) (Guo et al., 2020). Higher SOR or NOR values indicate
that more secondary aerosol particulates are converted from SO,
and NO, (Liu et al., 2016; Wang et al., 2019a,b). It has been found
that when the SOR and NOR values are greater than 0.1, the
photochemical reaction occurs in the atmosphere (Ohta and
Okita 1990). Figure 8 shows the time series for the NOR,
SOR, and concentrations of SO, NO,, SO,> and NO;~
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FIGURE 8 | Time series of (A) size distribution of NOs~, NO, concentration and NOR, and (B) size distribution of SO,2", SO, concentration and SOR during the
sampling period.

TABLE 4 | Correlation coefficient of NOR and SOR between Oz concentrations,
Temperature, Relative humidity and Precipitation in particulate matters.

O3 T RH Precipitation
SORpwm,, 0.12 -0.13 0.01 -0.11
SOReM, ;5 -0.07 -0.51° 0.33 0.07
SOReM, 1 -0.19 -0.28 0.35 0.28
NORpw, 0.58° -0.11 -0.33 -0.49°
NORew, 0.34 -0.44° 0.05 -0.13
NOReM, ;1 0.15 -0.14 -0.10 -0.25

“Correlation is significant at the 0.01 level.
bCorrelation is significant at the 0.05 level.

during the Meiyu period on the north bank of Taihu Lake. It can
be found that the NOR values during the observation are below
0.1, and the average NOR value before the Meiyu onset is higher,
indicating that the secondary conversion of NO, before the Meiyu
onset is greater than after.

Table 4 shows the correlation coefficients of the SOR and
NOR with Os;, temperature, relative humidity, and daily
precipitation in different particle-size sections. It can be seen
that the NOR in PM;; is positively correlated with the O;
concentration (R, = 0.58) and negatively correlated with the
daily precipitation (R, = -0.49), indicating that the O;
concentration has a more obvious impact on the NOR in

PM; ;. The NOR in PM,; ;_,; is negatively correlated with the
temperature, where high-temperature results in disassociation of
and volatilization of NH4NOj; to form gaseous HNOj; (Zhao et al.,
2018). As the average temperature during the Meiyu period is
higher than that before the Meiyu onset, the NOR decreases
during the Meiyu period.

During the Meiyu period, the SOR values in PM, ; ;¢ are all
above 0.1, the SOR values in PM, ; are generally above 0.1 in most
periods, while the SOR values in PM ;_, ; are the smallest among
the three particle-size sections. For PM, j, PM, ;_,; and PM, ;_,
the SOR values are greater than the NOR values, but the
concentration of NO, in the same period during the Meiyu
period is higher than that of SO,, indicating that the
secondary conversion of SO, during the Meiyu period on the
north bank of Taihu Lake is stronger than that of NO,.

The mass ratio of NO5;7/SO,>” can be used to qualitatively
analyze the relative importance of mobile sources (vehicle
exhaust) and stationary sources (coal combustion) to particle
matters of sulfur and nitrogen in the atmosphere. A higher ratio
indicates the predominance of mobile sources over stationary
sources of pollutants (Chang et al., 2015). Figure 9 shows that the
mass ratios of NO3;7/SO,>” in PM,,;, PM, 5, and PM,, ;o
before the Meiyu onset range in 0.13-0.38 (the mean ratio is
0.29), 0.22-0.55 (the mean ratio is 0.36) and 0.21-0.67 (the mean
ratio is 0.36), respectively. While during the Meiyu period, the
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FIGURE 9 | Time series of NO57/S04%" in PMy 1, PMy 1.1, PM5 1.10 during the sampling time.

mass ratios of NO; /SO, in PM, 1, PM, ;_»; and PM, ,_10 range
in 0.12-0.58 (the mean ratio is 0.29), 0.05-0.78 (the mean ratio is
0.43) and 0.17-0.31 (the mean ratio is 0.26), respectively. The
mass ratios of NO;7/SO,*" during the whole observation period
are less than 0.80, indicating that compared with mobile sources,
the stationary sources contribute more to the relative
contribution of atmospheric particulate matter on the north
bank of Taihu Lake.

The variation ranges for the mass ratio of NO; /SO,*” before
the Meiyu onset are smaller than those during the Meiyu period
in PM, ; and PM, ;_,;, while the situation is quite the reverse in
PM, 1_10. It indicates that the contributions of vehicle exhaust and
coal combustion to fine particles are more obviously affected by
the changes in meteorological conditions during the Meiyu
period. Figure 9 reveals that the mean ratio of NO5;/SO4>” in
PM, -, before Meiyu onset is smaller than that during the
Meiyu period, and it is higher than that in PM, ;, indicating that
the vehicle emissions contribute more to PM; ;_,; than to PM, ;.
Moreover, the contribution of vehicle exhaust increases during
the Meiyu period, which is the same as the result from a case
study in Wuxi in 2014 (Liu et al., 2018).

CONCLUSION

In order to investigate the chemical composition distributions
and the impact of Meiyu on air pollution in the Yangtze River
Delta, East China, the gaseous pollutant concentrations, the nine
sizes segregated particles, and water-soluble inorganic ions of

aerosols were measured on the north shore of Taihu Lake from
June 4 to July 5, 2016. This observational study is concluded as
follows:

The mass concentrations of atmospheric particulate matters
(PM, 5 and PM;) and main gaseous pollutants (SO,, NO,, CO,
and O;) decrease during the Meiyu period, with the largest
decline in PM,;, and the smallest in CO, which could be
regulated by meteorological changes before and after Meiyu
onset. Water-soluble inorganic ions in atmospheric particles
are mainly concentrated in fine particles during the Meiyu
period on the north bank of Taihu Lake. The values of
p(TWSII) for PM;;, PM;;,,; and PM,; o, before the
Meiyu onset are generally greater than those during the
Meiyu period. During the first pollution process, the
p(TWSII) for PM;; and PM,; ,, first increase to the peak
values, and then decrease during the moderate rainfall period,
when the p(TWSII) in PM, ;_;4 increase to its maximum before
the Meiyu onset.

The mass concentrations for anions, cations, and total ions at
different particle-size sections all exhibit bimodal distributions
before and after the Meiyu onset. The mass concentration peaks
at a particle size of 1.1-2.1um for fine particles, while at
5.8-9.0 um (before the Meiyu onset) and 9.0-10.0 pm (during
the Meiyu period) for coarse particles, respectively. The peak
particle size for mass concentration of coarse particles moves
toward larger particle sizes during the Meiyu period. The mass
concentrations of SO,*" at different particle-size sections show a
bimodal distribution before the Meiyu onset and a multi-modal
distribution during the Meiyu period. The mass concentrations of
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NO;™ at different particle-size sections show a bimodal
distribution before the Meiyu onset and a unimodal
distribution during the Meiyu period. The mass concentrations
of NH," at different particle-size sections present a bimodal
distribution before and after the Meiyu onset, with the
particle-size for peak concentrations distributing in 1.1-2.1
and 5.8-9.0 um before the Meiyu onset, and 9.0-10.0 pm
during the Meiyu period.

The mean value of NOR is higher before the Meiyu onset than
after, indicating that the secondary conversion of NO, before the
Meiyu onset is greater. The SOR values are greater than NOR
values, but the concentrations of NO, in the same period during
the Meiyu period are higher than those of SO,, which indicates
that the secondary conversion of SO, during the Meiyu period on
the north bank of Taihu Lake is stronger than that of NO,. During
the whole observation, the relative contribution of stationary
sources to atmospheric particulate matter on the north bank of
Tajhu Lake is more than the relative contribution of mobile
sources. The contributions of vehicle exhaust and coal
combustion to fine particles are more obviously affected by
the changes in meteorological conditions during the Meiyu
period, and the vehicle emissions contribute more to PM;;_;
than to PM, ;.

As the crop residue burning ban was issued in 2015, the air
quality before and after the Meiyu has improved a lot, further
studies are needed to determine the effect of meiyu on the
removal of air pollutants.
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Net primary productivity (NPP) is a critical component in terrestrial ecosystem carbon
cycles. Thus, quantitatively estimating and monitoring the dynamics of NPP have become
key aspects for exploring the carbon cycle of terrestrial ecosystems. Anthropogenic
activity, such as urbanization, has significant effects on NPP and increases pressure
on the natural resources of a specific region. However, to date, although many studies
have focused on the relationship between NPP variation and urbanization, they usually
ignored any differences at a long-term spatiotemporal variation of urbanization factors,
which led to the insufficient understanding of the urbanization-induced impacts on NPP.
As a result, this study effectively explored the spatiotemporal variation of NPP from 2001 to
2012 and its corresponding relationship with urbanization, taking the Hubei Province in
China as a case study area. To clarify the degree of urbanization, the spatial distribution
and temporal variation of population and gross domestic product (GDP) were simulated
based on the elevation-adjusted human settlement index and nighttime lights data. The
major results showed that high NPP areas were located in those highlands with
widespread woodland, in which the NPP value continued to grow during the period.
The low NPP areas were mainly distributed in urban areas, and the NPP value had a
continued and visible loss. The population and GDP both had a strong correlation with
NPP. The significant negative correlation was concentrated in the center of Hubei, with a
dense population and developed economy. In order to further realize their complex
relationship, the correlation coefficients between the annual NPP and the two factors
from 2001 to 2012 were calculated, and the changing trends were investigated. Overall,
the findings of this study may provide a reference for studies on the interaction between
ecological environment and socioeconomic processes under the background of global
rapid urbanization.

Keywords: NPP, CASA, spatiotemporal dynamics, urbanization, Hubei province

Frontiers in Environmental Science | www.frontiersin.org 74

January 2022 | Volume 9 | Article 808401


http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2021.808401&domain=pdf&date_stamp=2022-01-10
https://www.frontiersin.org/articles/10.3389/fenvs.2021.808401/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.808401/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.808401/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.808401/full
http://creativecommons.org/licenses/by/4.0/
mailto:kewu@cug.edu.cn
https://doi.org/10.3389/fenvs.2021.808401
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2021.808401

Wu et al.

INTRODUCTION

As one of the most important components of terrestrial
ecosystems, vegetation can mitigate the trend of increasing
atmospheric greenhouse gases, maintain the global climate,
and adjust the global carbon balance (Piao and Fang, 2003;
Peng et al, 2015). Net primary productivity (NPP), which
refers to the net accumulation of organic matter by plants
over a period of time, is an important evaluation indicator of
vegetation growth (Buyantuyev and Wu, 2009; Shang et al., 2018;
Yan et al, 2018). Moreover, as a critical component of the
terrestrial ecosystem carbon cycle, NPP is a sensitive indicator
of ecosystem’s health at both the local and global scale (Fang et al.,
2000; Gao et al., 2003; Xu et al,, 2011). Therefore, quantitative
estimates of vegetation NPP are critical for monitoring regional
carbon exchanges, thus understanding ecosystem functions and
further developing regional carbon management plans (Yu et al,
2009; Zhang et al., 2016).

A series of models have been established to estimate the net
primary productivity, which can be mainly grouped into three
aspects: statistical models, process-based models, and light-use
efficiency (LUE) models (Potter et al., 1993; Wang et al., 2009;
Chu et al, 2021). The Carnegie-Ames-Stanford approach
(CASA) model, which is a typical LUE model, has been widely
used to perform carbon cycling parameter estimations because of
its applicability at both local and continental scales (Wang et al.,
2017; He et al, 2018). Based on the CASA model, lots of
researchers have investigated the long-term variation of NPP
in different regions, and many different conclusions have been
reached. For example, Gao et al. estimated the grassland net
primary productivity in northern Tibet using remote sensing and
meteorological data for the period from 1981-2004 (Gao et al,
2009). Potter et al. estimated the carbon flux of the ecosystem of
Yellowstone National Park using MODIS data based on the
CASA model (Potter et al., 2011). Tan et al. calculated NPP of
Xuzhou, China, and the results showed that the average NPP
showed a decreasing trend from 2001 to 2010 (Tan et al., 2015).
Zhu et al. estimated NPP based on the CASA model in the Greater
Khingan Mountain region and analyzed the temporal-spatial
variability characteristics of net primary productivity during
the period from 1982 to 2013 (Xie et al., 2021).

As we knew, the distribution patterns of NPP and their
changes are both driven by natural and anthropogenic factors
(Luo et al., 2018). Natural factors, such as temperature and
precipitation, have significant influences on vegetative
photosynthesis. In addition, the high amount of anthropogenic
activities has increased the demand for resources and energy,
which can strongly affect the carbon cycle of terrestrial
ecosystems. Urban expansion converts vegetation into
impervious surfaces, which leads to a significant decrease in
vegetation productivity and carbon sequestration capacity
(Solecki et al., 2013). It means that the formation of NPP is a
typical natural ecosystem function and can effectively indicate the
ecological response of urbanization. In general, the urbanization
level is very closely related to economic and demographic factors.
There is a significant positive correlation between urbanization
level and economic growth, and the higher the level of economic

Spatiotemporal NPP and Urbanization

development, the higher the level of urbanization. The level of
economic development can be quantified through the gross
domestic product (GDP), which can be regarded as the typical
characteristics of urbanization that can explain the emergence
and development of cities (Jiang and Zeng, 2019; Li, 2019).
Meanwhile, the increasing intensity of the population makes
the impact of anthropogenic activities on the terrestrial
ecosystem more and more complex (Shen et al, 2021).
Urbanization is a process in which the population of a
country or region shifts from rural to urban areas, the rural
areas gradually evolve into urban areas, and the urban population
keeps growing. Cities that are less populated tend to have a more
compact land-scape structure and more vegetation in the city
center. Therefore, the study of NPP changes during urbanization
and their ecological impacts have become an important topic for
clarifying the interactions between GDP and population. The
previous studies have assessed the effect of anthropogenic
activities on vegetation NPP dynamics by quantifying the
population and GDP. For example, Li and Cheng found that
there was a stable long-term equilibrium relationship between
China’s urbanization development and economic growth from
1978 to 2004 (Li and Cheng, 2006). Lu et al. concluded that
population and GDP had a significant negative correlation with
NPP in Southeast China in a specific year (Lu et al., 2010). Zhao
et al. chose NPP and GDP as proxy evaluators to explore the
interaction between economic development and environmental
change in China (Zhao et al,, 2011). Li et al. analyzed the impact
of urbanization on vegetation degradation in the Yangtze River
Delta of China, and the results showed that the rise of population
growth rate and GDP growth has significantly deepened
vegetation degradation (Li, 2019). However, these studies only
focused on either the spatial or temporal growth of population
and GDP. They often ignore any differences at a long-term
spatiotemporal of urbanization and lack a
comprehensive measure associated with NPP relating to
population urbanization and economic urbanization.

To overcome this issue, in this article, a long-term
spatiotemporal variation of NPP and associated influence of
urbanization in Hubei Province from 2001-2012 were
monitored and analyzed. As a significant component of the
Yangtze River economic zone development strategy, Hubei
Province represents a typical region for studying the long-term
impact of population and GDP on NPP and should receive
considerable attention (Chai et al, 2019). According to the
Hubei Statistical Yearbook, the proportion of the urban
population increased from 40.8 to 53.5% during the period
from 2001 to 2012, and the GDP value grew from 388,000
million CNY to 1,963,200 million CNY. With the rapid
growth of the population and the acceleration of urbanization,
the ecosystem of Hubei changed significantly, and it is facing
severe challenges caused by the pursuit of development.
Therefore, understanding the impact of urbanization on NPP
in this region has important practical significance. The main
objectives of this article are: 1) to analyze the spatiotemporal
variations and change trend of NPP in Hubei Province; 2) to
estimate the distribution of the population and GDP density and
explain their variation trends; and 3) to discuss the correlation
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relationship between the population and GDP with NPP from
both time and space. The results of this study are of great
theoretical and practical significance for the effective
coordination of nature, economy, and society as well as for
sustainable development in Hubei Province.

The remainder of this article is organized as follows: In the
Data Description section, the materials and methods are
described, including the study area, dataset, data processing,
and methods. In the Results and Discussion section, the results
and analysis are presented. The discussion is provided, and it
includes information on the spatiotemporal variations of NPP,
effects of urbanization on NPP dynamics, limitations, and future
research recommendations. In the Conclusion section, the
conclusions are drawn.

DATA DESCRIPTION
Study Area

Hubei Province is located in Central China (between 29°01’ and
33°06' north latitude and between 108°21' and 116°07' east
longitude), and it has an area of approximately 185,900 km*
(Figure 1) (Wang et al., 2014; Chen et al., 2018). The terrain of
Hubei is higher in the west and lower in the middle and
includes various and complicated geomorphic types, such as
mountains, hills, and plains, among which mountains account
for approximately 55%, hills account for 24.5%, and plains
account only for 20% of the total area. The province has a
humid subtropical climate, with average temperatures of
15-17°C and rainfall of 1100-1300 mm (Lin et al., 2016).
The dominant land cover types in Hubei are forests,
cropland, wetland, grassland, water bodies, and urban
building. There are various vegetation types, including
subtropical evergreen broad-leaved forest and subtropical

mixed evergreen broad-leaved/deciduous broad-leaved forest
(Tao et al.,, 2017). In 2001, Hubei Province’s population was
59.56 million, and its GDP was RMB 0.39 trillion, which rose to
61.65 million and RMB 2.25 trillion in 2012. With the rapid
growth of population and urbanization, environmental
protection in Hubei Province is facing severe challenges
caused by the pursuit of development.

Data Preprocessing

MODIS13Q1 Data

The 16-day composition MODIS NDVI product (MOD13Q1) with
a spatial resolution of 250 m between January 2001 and December
2012 was acquired from the National Aeronautics and Space
Administration ~ (NASA,  http://edcimswww.cr.usgs.gov/pub/
imswelcome/). The MOD13Q1 dataset is a MODIS Level-3 data
product, which has been preprocessed with radiance calibration and
atmospheric correction. The MODIS NDVI dataset was
transformed to the Universal Transverse Mercator (UTM) with a
World Geodetic System (WGS-84) datum using the MODIS
Reprojection Tool (MRT), and monthly NDVI datasets were
generated using the maximum value composite (MVC) method.

Nighttime Light Data

Global inter-calibrated nighttime lights (NTLs) (1992-2012),
which were provided by Zhang et al. (2016), were downloaded
from the website of Yale University (https://urban.yale.edu/data).
NTLs were generated from the stable nighttime light annual
composite product (version 4) acquired from the National
Oceanic and  Atmospheric ~ Administration’s  National
Geophysical Data Center (NGDC) using a novel “ridgeline
sampling and regression” method. The DMSP/OLS stable
nighttime light annual composite product cannot be used
directly due to the lack of continuity and comparability. The
“ridgeline sampling and regression” method can create a
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consistent NTL time series that can be applied globally. The NTL
data need to be re-scaled by multiplying pixel values with a scaling
factor of 0.01 and reprojected to a value equivalent to NDVI data.
The bilinear algorithm was used to resample the NTL data to a
pixel size of 250 m x 250 m to match the spatial resolution of the
MODIS NDVT dataset.

Meteorological Data

The meteorological data included the monthly mean
temperature, monthly cumulated precipitation, and the
monthly total solar radiation from 2001-2012, and these data
were acquired from the monthly datasets of the terrestrial climate
data and the monthly datasets of the radiation data published on
the China Meteorological Data Sharing Service System (http://
data.cma.cn/). There were 32 stations of temperature and
precipitation and 11 stations of solar radiation. Meteorological
data were interpolated to the same spatial resolution as NDVI
data using the kriging spatial interpolation method.

Other Ancillary Data

Ancillary data used in this study include digital elevation model
(DEM) data, land use/land cover data, the MODIS NPP products
(MOD17A3), and the GDP and population data at the county
level. DEM data with a spatial resolution of 90 m were obtained
from the geospatial data cloud (http://www.gscloud.cn/), and
land use/land cover data were acquired from the MODIS
Level-3 land cover type product (MCD12Ql). Land cover
types were divided into evergreen needleleaf forest (ENF),
evergreen broadleaf forest (EBF), deciduous broadleaf forest
(DBF), mixed forest (MF), grassland, wetland, cropland,
urban, and water bodies. The MODIS NPP products
(MOD17A3) covering the period from 2001 to 2012 were
selected to validate the simulated NPP results. Datasets with a
spatial resolution of 1km and a temporal resolution of 1 year
were acquired from the Land Processes Distributed Active
Archive Center (https://lpdaac.usgs.gov). All the above data
were resampled to match the 250 m spatial resolution of
MODIS NDVI data using the Resample tool of ArcGIS. The
GDP and population data from 2001-2012 at the county level for
Hubei Province (81 counties in total) were obtained from the
Hubei Provincial Bureau of Statistics (Hubei Statistical Yearbook
and Hubei Rural Statistical Yearbook).

Methods

NPP Estimation

The CASA model is based on light-use efficiency (LUE) theory,
and it simulates net primary productivity by estimating optimal
metabolic rates of carbon fixation under the limiting effect of
temperature and water stress scales (Potter et al., 2003). In the
original CASA model, the maximum light energy utilization rate
of all vegetation in the world was set to 0.389 g C MJ™". However,
different vegetation types should correspond to different
maximum light energy utilization rates. The researchers
simulated the maximum light energy utilization rate of all
vegetation types according to the actual vegetation distribution
in China (Guan et al., 2021). Therefore, the improved NPP
estimation model developed was applied in this study to
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simulate NPP over Hubei Province from 2001 to 2012. NPP
can be calculated based on the following equation:

NPP (x,t) = APAR(x,t) X e(x,t), (1)
where x represents the spatial location, t represents time, APAR
represents absorbed photosynthetically active radiation, and e
represents light-use efficiency.

APAR (x,1) = SQL(x, t) x FPAR (x, t)  0.5;
e(x,t) =T11(x,t) X Ty (x,t) X W(x,t) X €%,

2
3)

where SQL represents the total solar radiation per unit time,
FPAR represents the fraction of photosynthetically active
radiation, T1 and T2 represent the effect of temperature on
light-use efficiency, and W represents the effect of soil
moisture on light-use efficiency.

Population Density Mapping

It has been proved that the night light data are an effective tool for
the spatialization of population and GDP density at national and
province levels (Yue et al,, 2014; Song et al., 2015; Wang et al.,
2018). The global inter-calibrated nighttime light (NTL) data
were introduced in our study to spatialize the population and
GDP density. Moreover, the human settlement index (HSI) is an
index for mapping spatial population distribution by
incorporating vegetation information into the nighttime light
data. This index was proposed by Lu et al. (2008) and based on the
rationale that impervious surfaces are closely and inversely
correlated with vegetation abundance. Many studies have
shown that elevation has a profound impact on the human
population distribution because most human settlements occur
at lower elevations in China (Yue et al., 2003; Yang et al., 2013). If
the influence of altitude is not taken into account, then large
errors will be introduced into the population simulation results
for high-altitude areas. In our study, the average population
density and average altitude of 81 counties in Hubei Province
were analyzed by exponential function regression. The coefficient
of determination (R*) was greater than 0.7 (the coefficient of the
exponential equation was -0.002), which indicated that there was
a strong negative correlation between altitude and population
density. Therefore, an elevation-adjusted human settlement index
(EAHSI) was used to estimate the population density in Hubei
Province. The data include DEM, standard MODIS NDVI
products (23 images per year), and nighttime light data from
2001 to 2012. The EAHSI is defined as follows:

(1 = NDVI,.x) + NTL,;

EAHSI =
(1 =NTL,o;) + NDVI,, + NTL,o; X NDVI
X e—0.00ZDEM . (4)
NDVI,.x = MAX(NDVI,,NDVI,,...,NDVIy); (5)
NTL — NTL,
NTL,, = ( ) (6)

(NTLmax - NTLmin),

where NDVI,,,,, is the maximum image of 23 MODIS NDVI
composite images, NTL,,, is the normalized value (0-1) of the
nighttime light image, and NTL,,, and NTL,;, are the
maximum and minimum values of the image, respectively.
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A total of 41 cities were randomly selected from Hubei
Province as experimental areas and the remaining 40 counties
as verification areas. A population density model was then built
by inputting the cumulative DN of EAHSI at the county level and
the corresponding population of the 41 experimental counties
into the regression. The model creates a spatial population
density map, and the performance of the modeled population
density results is calculated by the relative error (RE) and mean
relative error (MRE) (Yang et al., 2013; Yue et al,, 2014; Sun et al.,
2017). The RE and MRE are calculated as follows:

RE = POPm = POPu 4 50p: (7)
T PoP, ”
ni RE,
MRE = 2ol (RED] )
n

where POP,,, and POP, represent the simulated population and
the actual statistical population, respectively, and n represents the
number of counties.

GDP Density Mapping
Night light data have the strongest correlation with the sum of the
GDP of secondary and tertiary industries; however, these data are
not well suited for estimating GDP in rural areas. Therefore, the
spatialization process of non-agricultural GDP (the GDP of
secondary and tertiary industries) is similar to that of
population, while that for agricultural GDP (the GDP of the
primary industry) uses land cover data. In this study, MCD12Q1
land cover data were used to model the agricultural GDP, and the
EAHSI images were used to model the non-agricultural GDP.
To conduct the spatial simulation of agricultural GDP, the
land cover types related to agricultural activities in MCD12Q1
were combined into farmland, forestland, grassland, and water,
which corresponded to the gross production values of agriculture,
forest, animal husbandry, and fishery, respectively. The EAHSI
image was used to model the non-agricultural GDP. When the
non-agricultural GDP is spatialized, the minimum value of the
NTL image (NTL,,;,) was determined. The agricultural and non-
agricultural regions were divided by a threshold value. First, the
mean NDVI value of artificial surfaces in land cover data was
calculated for Hubei Province. Second, the regions with non-
artificial surfaces larger than the average NDVI value and NTL
DN values >0 were divided. The DN threshold value of the image
was determined by the mean NTL DN value in this region.

Trend Analysis

Ordinary least square estimations were performed for each pixel
to quantify the linear trends of NPP in Hubei Province from 2001
to 2012. The equation was calculated as follows:

nxYUix 6 - Yiyh
nEhE - (2h)°

where i represents the ordinal year, 1,2, ..., 12; n = 12 (the time
series is from 2001 to 2012); 6; is the annual NPP, in the year i;
and Slope is the slope of the linear fitting equation. Slope >0
indicates an increasing trend, and the converse denotes a
decreasing trend. The F-test is generally used to determine the

, ©

Slope =
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significance of the change trends. The equation for this test is as
follows:

n-2

Q >

where U is the error sum of squares, and Q is the regression sum
of squares, n = 12. Based on the results of the F-test and the trend
analysis, the trends were classified according to four ranks:
significant decrease (Slope <0 and p <0.05), insignificant

decrease (Slope <0 and p >0.05), significant increase (Slope >0
and p <0.05), and insignificant increase (Slope >0 and p >0.05).

F=Ux

(10)

Analysis of the Impacts of Urbanization on NPP

In this study, a correlation analysis, which is a common method
of analyzing the relations between the net primary productivity
and associated influencing factors, was performed to quantify the
impact of population and GDP on NPP at the pixel scale, and
Pearson’s correlation coefficient, which can show the strength of
the relationship between urbanization indicators and NPP, was
calculated. The T-test was used to determine the significance of
the correlation analysis. A value of p <0.05 was considered
significant. The equation of the correlation coefficient is

expressed as follows:
Zi:l [(xi T ox

CEEDCT

where x; is the NPP of the ith year, y; is the corresponding
population or GDP density of the ith year, x and "y are the
means of x and y, respectively, and r is the correlation coefficient
of the two variables x and y.

Study Process
The study process includes the following steps.

1) The NPP values in Hubei Province from 2001 to 2012 were
calculated based on the modified CASA model. After that, the
spatial patterns, temporal variations, and the spatiotemporal
variation trends of NPP were acquired.

The MODIS NDVI data, SRTM DEM data, land cover map,
NTL data, and other ancillary data were all effectively coupled.
Then, the population and GDP density were spatialized under
the specified scale.

The correlation relationship between the population and GDP
density with NPP was calculated. Finally, the variation trend
of NPP with population and GDP density was analyzed. The
flow chart of this study is shown in Figure 2.

2)

3)

RESULTS AND DISCUSSION

Validation of the Estimated Results
Validation of the NPP Calculations

The MOD17A3 NPP products were used to assess the accuracy.
First, the MOD17A3 NPP products were resampled to a 250-m
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spatial resolution. After that, the average NPP values estimated by
the CASA model for different land cover types were calculated
and compared with the MOD17A3 NPP. The linear regression
analysis results between the NPP estimates based on the CASA
model and MOD17A3 NPP products are shown in Figure 3. A
strong correlation was observed between them; the average

relative error was 19.52%, and the correlation coefficient was
0.85. The results calculated in this article are similar to those of
the MOD17A3 NPP products. Additionally, the estimated results
of specific cities in Hubei Province can also be compared with
those observed in previous studies. For example, the average
inter-annual NPP of the evergreen needleleaf forest in Wuhan in
our study was 578.06 g C/m* which is similar to the value of
582.4 g C/m” based on historical data as estimated in Zhang et al,
(2011). Therefore, the CASA model in our study is practical and
applicable for calculating NPP in Hubei Province.

Error Analysis of the Population Density Map

The NTL, NDVI, DEM, and census population data at the county
level were used to generate the spatial population density maps of
Hubei Province with a resolution of 250 m from 2001 to 2012
based on the population spatial model mentioned in the
Population Density Mapping section. The cumulative DN
values of the EAHSI at the county level were input into the
regression with the corresponding population of 41 counties
selected randomly in Hubei Province. Then, the overall
accuracies of the regression model were evaluated by
calculating the MRE in the remaining 40 counties. Table 1
presents the regression model among the cumulative EAHSI,
population statistical data, and the results of accuracy assessment
from 2001 to 2012. In the table, the R? represents the fitting
degree of the regression equation of the population spatial model,
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TABLE 1 | Population spatial model from 2001 to 2012 (p and p are the population
density and Ln values of EAHSI, respectively).

Year Regression model R? MRE (%)
2001 p = 0.649xp-0.869 0.790 27.28
2002 p = 0.658x(-0.943 0.793 28.06
2003 p = 0.663xp-0.962 0.839 27.95
2004 p = 0.678xp-1.072 0.820 26.73
2005 p = 0.664xp-1.259 0.654 28.86
2006 p = 0.695xp-1.291 0.867 25.82
2007 p = 0.663xp-0.982 0.877 26.93
2008 p = 0.653xp-1.097 0.891 27.81
2009 p = 0.664xp-1.144 0.898 26.84
2010 p = 0.645xp-1.002 0.913 26.35
2011 p = 0.651xp-1.093 0.899 26.77
2012 p = 0.649xp-1.049 0.901 26.11

and the values were all relatively large over the 12 study years.
Their values were all above 0.79, and the highest value occurred in
2012. The excellent fitting effect of the model indicates that the
night light data can well reflect the spatial distribution of the
population. For the accuracy of the model, all the MRE values
were less than 30%, indicating that the overall simulation error is
small during the period from 2001-2012. In addition, the error in
2006 was the smallest whereas the error in 2005 was the largest,
with MRE values of 25.82 and 28.86%, respectively.

Error Analysis of the GDP Density Map

The spatialization process and error analysis of non-agricultural
GDP density were similar to those of the population density.
Table 2 presents the regression model between the cumulative
EAHSI and GDP statistical data and the results of the accuracy
assessment from 2001 to 2012. The table shows that the
determination coefficients were all relatively large with values
above 0.80 during the period from 2001 to 2012. The excellent
fitting effect of the model indicates that the night light data can
well reflect the spatial distribution of non-agricultural GDP. For
the accuracy of the model, all the values of MRE were less than
30%, indicating that the overall simulation error was small from
2001 to 2012.

Spatiotemporal Variation of NPP

In this section, the long-term characteristics of NPP in Hubei
Province were evaluated from three aspects: spatial patterns,
temporal variations, and the variation trend of NPP.

Spatial Patterns of Mean Annual NPP

In order to conveniently describe the distribution of NPP, the
degree of NPP can be divided into four different grades with red,
yellow, blue, and green, which mean very lower (NPP <400 g C/
m?), lower (400 < NPP < 600 g C/m?), middle (600 < NPP <
800 g C/m?), and higher (NPP >800gC/m?), respectively.
According to the land cover type product MCD12Q1 in Hubei
Province, the main land cover types are ENF, EBF, DBF, MF,
grassland, wetland, cropland, urban, and water, respectively.
Except for water, all of the land cover types had the influence
on NPP. The spatial pattern of the mean annual NPP from
2001-2012 in Hubei Province is shown in Figure 4A, and the

Spatiotemporal NPP and Urbanization

TABLE 2| Non-agricultural GDP spatial model from 2001 to 2012 (p and f are the
GDP density and Ln values of EAHSI, respectively).

Year Regression model R? MRE (%)
2001 p = 0.6622xp+0.0344 0.858 26.58
2002 p = 0.6664xp+0.0031 0.851 26.98
2003 p = 0.6558xp+0.1145 0.819 27.44
2004 p = 0.6699xp+0.4443 0.808 28.65
2005 p = 0.6546xp+0.4419 0.828 28.40
2006 p = 0.6631xp+0.5498 0.811 27.74
2007 p = 0.6502xp+0.511 0.826 28.87
2008 p = 0.6421xp+0.6246 0.830 27.53
2009 p = 0.6377xp+0.8756 0.842 25.54
2010 p = 0.6688xp+0.9583 0.843 26.40
2011 p = 0.6658xp+1.0782 0.808 29.01
2012 p = 0.6622xp+0.0344 0.834 26.48

land cover types and mean NPP are shown in Figure 4B. As
shown, the western part of Hubei has a high altitude, and the
main land cover types are woodland (ENF, EBF, DBF, and MF)
and grassland, which can be seen as the higher NPP grade
areas. Woodland and grassland accounted for 63.78% of the
study area, and the mean annual NPP value was more than
500 g C/m”. Among them, the mean annual NPP values of EBF
and DBF were both more than 800 g C/m’, which were mainly
distributed in the northwest of Hubei. East Hubei was the
middle NPP area. There are three main land cover types,
including cropland, little woodland, and grassland. Due to
the hilly region, the mean annual NPP value was general lower
than that of west Hubei. Central Hubei, especially in the south
central region, is the Middle-Lower Yangtze Plain. It presents
a flat terrain and concentrated population. The main land
cover types are cropland, wetland, and urban. The mean
annual NPP values of wetland and urban land were both
lower than 500 g C/m”. Therefore, the very lower and lower
grade NPP values were both distributed in this region. In
addition, the different land cover types had a different
combination of four NPP grades. Figure 4C explains the
percentage of four NPP grades according to each land cover
type. In the higher grade, EBF and DBF showed higher NPP
percentages with 83.9 and 63.8%, respectively. In the middle
grade, MF and grassland were the mainly distributed land
cover types with 83.9 and 81.7%. In the lower grade, the
proportions of wetland, cropland, ENF, and urban were
higher than those of others, which were both more than
50%. In the very lower grade, urban and wetland were
accounted for 37.7 and 25.9%, respectively.

Temporal Variations of NPP

The temporal variations of the annual average NPP of Hubei
Province from 2001 to 2012 are shown in Figure 5. Generally, the
annual NPP varied from 573.51 g C/m” to 701.85 g C/m” over the
past 12 years, with the highest in 2004 and the lowest in 2011. The
change in NPP can be divided into two sub-periods throughout
the period. NPP showed an increasing trend from 2001 to 2004
(32.34 g C/m” yr), followed by a wavelike decrease from 2004 to
2012 (11.30 g C/m? yr). Table 3 lists the different changes for the
four grades. In the very lower NPP areas (NPP <400 g C/m?),
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TABLE 3 | Change of NPP for the four grades.
NPP grade (g C/m?) Change of NPP (g Main land cover type Percentage of area Percentage of area
Cc/m?) in 2001 (%) in 2012 (%)
<400 -18.58 Urban 32.62 37.87
400-600 10.60 Cropland 55.67 58.42
600-800 5.44 Grassland 74.67 68.69
Cropland 31.33 34.93
>800 13.86 DBF 91.72 82.70
Grassland 8.09 17.00
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there was a negative change with a value of —18.58 g C/m” from
2001 to 2012. The main reason for the decline was that more and
more cropland and grassland are converted into urban land with
the development of the economy and the acceleration of
urbanization. The percentage of urban area was increased by
5.25% during the period, and approximately 90.36% of the total
urban area has negative change rates on NPP, which led to a
significant NPP loss in time and space. In contrast, the different
positive changes occurred when the NPP value exceeded 400 g C/
m? In the lower NPP areas (400 g C/m” < NPP < 600 g C/m?),
there was a positive change with 10.60 g C/m?*. The main land
cover type is the cropland, and the percentage area increased from
55.67 to 58.42% from 2001 to 2012. In the middle NPP areas
(600 g C/m* < NPP < 800 g C/m”), the NPP value has increased
by 5.44 g C/m®. The grassland is the main land cover type.
Although the area of grassland has been reduced little from
74.67 to 68.69%, the percentage of cropland area increased
from 31.33 to 34.93%, which still kept the NPP in an
increased state. In the higher NPP areas (NPP > 800 g C/m?),
the NPP values have increased by 13.86 g C/m”. The main land
cover type is DBF decreased from 91.72 to 82.70% from 2001 to
2012. But, the percentage of grassland area increased from 8.09 to
17.00% from 2001 to 2012. The high increase rate was maintained
due to the significant NPP correlation of the DBF and grassland.

The Variation Trend of NPP

The slope of the equation obtained by linear least-square fitting of
long-term NPP series can show the development trend of NPP
over 12 years. As shown in Figure 6, there are four different
colors (red, yellow, green, and blue) representing the variation
trends, including the significant decreasing trend (SDT, p >0.05),
decreasing trend (DT, p <0.05), significant increasing trend (SIT,
p >0.05), and increasing trend (IT, p <0.05). The area with DT of
annual NPP accounted for 59.82% of Hubei Province and was
distributed roughly in the central area of the study region. The

TABLE 4 | Rate of NPP change for each land cover type.

Land cover NPP change DT (%) SDT (%) IT (%) SIT (%)
type rate(g C/m?yr)

ENF -9.51 75.36 3.08 18.70 2.87
EBF 37.38 411 1.58 90.19 411
DBF 4.03 31.62 7.13 54.24 7.02
MF -2.64 58.78 7.86 25.89 7.48
Grassland -1.78 54.02 8.55 29.51 7.91
Wetland -9.95 81.44 3.90 11.59 3.07
Cropland -3.52 73.66 7.71 12.78 5.85
Urban -10.63 87.28 3.08 7.20 2.44

area with an IT of annual NPP was mainly distributed in west
Hubei and accounted for 25.37%. Only 7.88 and 6.92% of the
study area showed SDT and SIT, respectively. Therefore, the
number of pixels of the two variation trends is too small to find in
the figure.

Different land cover types had different responses to NPP,
which was the major reason for the variation trend. The rate of
NPP change for each land cover type is listed in Table 4. It is found
that there were only two land cover types with positive change
rates, EBF (37.38 g C/m’ yr) and DBF (4.03 g C/m’ yr). The rest of
land cover types all had negative change rates. The order of the
decreasing rate from high to low was as follows: urban (-10.63 g C/
m’yr), wetland (-9.95gC/m’yr), ENF (-9.51gC/m>yr),
cropland (-3.52 g C/m* yr), MF (-2.64 g C/m’ yr), and grassland
(-1.73 g C/m” yr). Among all land cover types, grassland showed
the most significant SIT with 7.91% and the most significant SDT
with 8.55%. Moreover, the largest percentage of DT and IT
occurred in urban areas with 87.28% and EBF with 90.19%.
The main land cover types are cropland, grassland, and MF in
the area with DT of annual NPP. They all had the negative change
rates, and the percentages of DT were both more than 50% in these
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FIGURE 7 | Population density maps with a 250 m x 250 m grid (A)—(L) the different maps from 2001 to 2012.

areas, which caused the decreasing trend. In the area with IT of
annual NPP, the main land cover types are EBF, DBF, and
grassland. There were higher positive change rates in EBF and
DBF, which caused the increasing trend on the whole.

Correlation Between Urbanization and NPP
The urbanization process has an important impact on NPP
variation. Population growth and economic development, a
representation of the agglomeration effects, are highly
correlated with urbanization. In this section, the relationships
between NPP and the two urbanization indicators were described.

Population Density Map

The spatial distributions of the population density for Hubei
Province from 2001 to 2012 are presented in Figure 7. The unit
of population density is defined as PD = 10,000/0.0625 km®
because the resolution of the population density map is 250 m
(0.25 km). The sparsely populated areas (population density less

than 0.1 PD) were mainly distributed in the western areas of Hubei
Province, such as Shiyan, Enshi, and Shennongjia Forestry District,
while densely populated areas (population density more than
0.4 PD) were mainly in the highly urbanized regions, such as
Wuhan City, Xiangyang City, Yichang City, and Jingzhou City.
The population of sparsely populated areas increased from 22.87 to
47.87% from 2001 to 2004 and continued to decline after 2004,
accounting for only 28.37% in 2012. The population in the densely
populated areas decreased from 2001 to 2004 and increased
steadily after 2004, accounting for 10.97% in 2012. In general,
from 2001 to 2012, the proportions of the population in sparsely
populated areas were large but showed a decreasing trend, whereas
the population in densely populated areas increased steadily.

Correlation Between Population and NPP

With the change in population density, the NPP values would
change. Figure 8A shows the change in NPP in different
population density ranges from 2001 to 2012. Even though the
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population densities of 12 years were quite different, the trends in
NPP were the same. With an increase in population density, the
average NPP value decreased. Figure 8B shows the annual

average NPP changes during the period. It is found that the
average NPP value was the minimum when the population
density was more than 0.4 PD.
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To further investigate the correlation between NPP and
population density, the correlation coefficient is calculated and
analyzed from two aspects. First, the spatial pattern of the
correlation coefficient is shown in Figure 9A. The negative
correlation (NC) is labeled as yellow, significant negative
correlation (SNC; p <0.05) is labeled as red, positive
correlation is labeled as green, and significant positive
correlation (SPC; p <0.05) is labeled as blue. The area with
NC between NPP and population accounted for almost
85.49% of Hubei Province, of which approximately 15.08%
showed SNC. The significant negative relationship was
concentrated in the center of Hubei, which was mainly
covered by cropland and urban areas. With the increase of
population density, the negative correlation coefficients
become more significant. The tendency and process of the
mass population gathering toward big cities that leads to land-
use/cover change. It is found that more and more cropland and

woodland (including EBF, DBF, and MF) are converted into
urban land during the period. This is probably the main reason
for the decrease in NPP caused by population growth. Moreover,
areas with PC accounted for almost 14.51% of the study region,
and approximately 0.48% showed SPC. These areas were mainly
distributed in the western Hubei mountains and eastern Hubei
Province. Second, the main considerations and affecting factors of
the correlation coefficient were provided. Figure 9B describes
that the correlation coefficient is different when the population
density ranges. The coefficients were all negative that shows NC
and SNC were dominant in the five population densities. The
negative correlations become larger and larger with increased
population density. When the population density was more than
0.4 PD, the negative correlation coefficient with the population
was the maximum. Besides, correlation coefficients were different
for different land cover types, which could be seen as indirect
impacts. As shown in Figure 9C, the negative correlation
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FIGURE 11 | (A) NPP and GDP density from 2001 to 2012 and (B) annual average NPP and its regression slope with GDP density.

coefficient between NPP and population was the largest in urban,
with the mean value of —-0.46. The negative correlation
coefficients of other land-use types were smaller. The order
from high to low was mainly as follows: wetland (-0.39), EBF
(-0.31), DBF (-0.30), cropland (—0.29), grassland (-0.28), and
MF (-0.19). Although there was a positive correlation in ENF
with a mean value of 0.01, it had little influence on NPP.
Therefore, urban had more importance in influencing NPP
than other land cover types.

GDP Density Map

The spatial distributions of the GDP density for Hubei Province
from 2001 to 2012 are presented in Figure 10. The unit of GDP
density is defined as GD = 100 million CNY/0.0625km”. As
shown in the figure, most of the GDP contributions were from
regions with a concentrated population and a high level of
economic development, especially from Wuhan City, which
had a high level of urbanization. Areas with a GDP density
greater than 0.1 GD mainly occurred in Wuhan City. In addition,
the GDP density in most areas of Hubei Province was in the range
of 0-0.01 D. GDP density ranging from 0 to 0.01 GD accounted
for 95.31% of the study region in 2001, while in 2012 it only
accounted for 76.94%. Since 2004, the GDP density had exceeded
0.1 GD. The proportions of GDP density greater than 0.1 GD
increased from 0.06% in 2001 to 2.70% in 2012.

Correlation Between Population and GDP With NPP
Similarly, the correlation between NPP and GDP is described as
follows: Figure 11A shows the variation trend of the annual
average NPP with GDP density. With the increase of GDP
density, the average NPP value decreased. Therefore, the
higher the GDP density, the greater the reduction rate of NPP.
Figure 11B shows the annual average NPP changes during the
period. The average NPP value was the minimum when the
population density was more than 0.1 GD.

The correlation coefficient was calculated and analyzed from
two aspects. First, the spatial pattern of the correlation coefficient
between GDP and NPP is shown in Figure 12A. The areas with
negative correlation (NC) between NPP and GDP accounted for
almost 73.97% of Hubei Province, of which approximately 12.6%

showed a significant negative correlation (SNC; p <0.05). The
areas with a positive correlation (PC) between NPP and GDP
accounted for almost 36.03% of the study region, and
approximately 6.48% showed a significant positive correlation
(SPC; p <0.05). Areas with a negative correlation between NPP
and GDP were mainly located in central Hubei Province, while
the areas with positive correlations were mainly distributed in
northwest, southwest, and southeast Hubei Province. Second, the
affecting factors of the correlation coefficient are analyzed,
including the GDP density and land cover types. The
correlation coefficients for the different GDP density ranges
are described in Figure 12B. The trend of the negative
correlation was not the same as the one between NPP and
population. In the beginning, it increased with the continuous
increase of GDP density. When the GDP density was 0.2-0.3 GD,
the negative correlation coefficient reached the maximum. After
that, the negative correlation between NPP and GDP was not
significant, which means that the growth of GDP might lead to
the increase of NPP in some regions under a certain threshold.
For example, the economic growth can further improve
management  capacity with good policies. Artificial
management, such as irrigation and planting, resulted in
improved vegetation coverage and increased NPP. Similar to
NPP and population, correlations between NPP and GDP were
also different for different land cover types. Urban had more
importance in influencing the relationship between NPP and
GDP than other land cover types. In Figure 12C, the cropland,
wetland, ENF, and MF were all greater than —0.3. There was a
positive correlation in EBF with a mean value of 0.26. But, its area
was so small that it was almost negligible.

Limitations and Future Research

Due to urbanization being a complex process, the interaction
between terrestrial ecosystems and socioeconomic processes is
also relatively complicated. The process of population
urbanization is different in different stages of urbanization, so
is economic urbanization. The relationship of NPP and
urbanization needs to be studied over a longer period of time.
Some researchers have indicated that the negative impacts of
urbanization on vegetation gradually weaken with the continuous
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improvement of urbanization levels, and the positive impacts of
urbanization on vegetation will be increasingly obvious. It is
because that some anthropogenic activities have led to an increase
of vegetation cover in urban areas, such as irrigation and tree
transplantation. This means that urbanization unavoidably leads
to the degradation of vegetation and the decrease of vegetation
productivity. However, cities may further strengthen ecological
management capacity as the economy grows. These measures can
make a great contribution to the vegetation in urban areas. In
addition, the population is gathering toward the city with the
expansion of the city size. Population migration can improve the
vegetation conditions in rural areas with the increase of
urbanization levels. Although 12years were analyzed to
determine the impacts of urbanization on vegetation, the
different stages of urbanization cannot be fully described.
Therefore, in future studies, vegetation NPP should be
estimated and monitored over a longer study period to explore
the effects of population and GDP on NPP in different stages of
urbanization.
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FIGURE 13 | Inter-annual variations of temperature and precipitation of
Hubei Province from 2001 to 2012.
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Moreover, climate change is also a major controlling factor in
the response of NPP. Research shows that the temperature had a
significant decreasing trend during the period from 2001-2012,
which was similar to the trends of the annual NPP (Figure 13).
Precipitation also tended to decrease but was not significant. The
decreasing trend in temperature and precipitation changes the
environmental conditions of vegetation growth, which further
affects the vegetation distribution and vegetation net primary
productivity. The two factors need to be further investigated.

CONCLUSION

In this study, the NPP in Hubei Province during the period from
2001 to 2012 was calculated, and the spatiotemporal dynamics of
NPP and its relationships with the urbanization indicators
(population and GDP) were investigated. The main conclusions
can be summarized as follows: 1) The distribution pattern of NPP is
as follows: northwest Hubei has a high altitude, and the main land
cover type is woodland with high vegetation coverage and little
human activities. Therefore, there were higher NPP values in
northwest Hubei. The urban areas, which have an extensive
distribution of urban and built areas, showed the lowest NPP
values. In addition, the land cover type had significant influences
on the spatial distribution of NPP. 2) During the study period, the
average NPP value increased in high NPP areas. Because the inter-
annual variation of NPP in DBF, the main land cover type in this
region, was positive. On the contrary, the average NPP value
decreased in low NPP areas. The urban areas continued to
expand, but the inter-annual variation of NPP was negative in
urban areas. From 2001 to 2012, NPP decreased by 18.58 g C/m*
in low NPP areas. The losses of NPP in urban areas are continuing
and evident. 3) Population and GDP density are the typical
indicators of anthropogenic activities, which can play an
important role in the distribution and dynamics of NPP. During
the study period, there was a negative correlation between NPP,
population, and GDP. On the whole, the highest values of negative
correlation coefficients were found in urban areas and the lowest in
woodlands. The expansion of the built-up land in the middle and east
can decrease the size of green areas and reduce the productivity of
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GLOSSARY

APAR Absorbed photosynthetically active radiation
CASA Carnegie-Ames-Stanford Approach

DEM Digital elevation model

DBF Deciduous broadleaf forest

DT Decreasing trend

EAHSI Elevation-adjusted human settlement index
ENF Evergreen needleleaf forest

EBF Evergreen broadleaf forest

FPAR Fraction of photosynthetically active radiation
GLO-PEM Global production efficiency model
GDP Gross domestic product

HIS Human settlement index

IT Increased trend

LUE Light-use efficiency

MRT MODIS Reprojection Tool

Spatiotemporal NPP and Urbanization

MVC Maximum value composite

MF Mixed forest

MRE Mean relative error

NGDC National Geophysical Data Center
NDVI Normalized difference vegetation index
NTLs Nighttime lights

NPP Net primary productivity

NC Negative correlation

PC Positive correlation

RE Relative error

R? Determination coefficient

SDT Significant decreasing trend

SIT significant increasing trend

SNC Significant negative correlation

SPC Significant positive correlation

UTM Universal Transverse Mercator
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Based on hourly gridded precipitation data (0.1°) calculated by the China Meteorological
Administration (CMA), the European Centre Medium-Range Weather Forecasts (ECMWF)
reanalysis data, and microwave measurements, this paper investigated the extreme
precipitation induced by the Typhoon Maysak in Northeast China (September 2020),
using the Advanced Research dynamic core of the Weather Research and Forecasting
Model (WRF-ARW). The study focused on Changbai Mountain topography and the
extreme precipitation in Jilin Province. The results show that two extreme precipitation
centers corresponded well to the local terrain height in Jilin Province. The Changbai
Mountain range, which mainly lies in southeastern Jilin Province, affected the typhoon in
three aspects: blocking drag, forcing uplift, and promoting moisture convergence.
Because of the blocking drag of the mountain topography, the duration of severe
precipitation was prolonged. The overlap of the area affected by the peripheral cloud
band of the typhoon and the direction of the typhoon was largely responsible for the
extreme rainfall. The dynamic lifting by the mountainous terrain and the reinforced moisture
convergence also considerably increased precipitation. Microwave measurements show
that water vapor density profile increased rapidly at the peak (14 g/m3), and the high
moisture density was retained for at least 15h in the lower layer. The prolonged,
continuous, and abundant moisture transport offered a sufficient water vapor supply
for this severe precipitation event. According to the estimation of precipitation rate, the
increment of torrential rainfall on Changbai Mountain during the severe precipitation period
reached 6.8 mm/h, about 41% of the total rainfall in this period. Finally, the topographic
sensitivity test indicated that when the terrain of Changbai Mountain was lower, the
convergent ascending motion, precipitable water, and storm-relative helicity were weaker,
and the rainfall distribution markedly changed. This finding further verifies the importance of
the Changbai orography in the extreme precipitation event induced by Typhoon Maysak.

Keywords: typhoon Maysak, extreme precipitation, Changbai mountain, topography, numerical simulation
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INTRODUCTION

Typhoons are one of the most disastrous weather systems,
causing extreme weather, including gales, rainstorms, and
storm surge (Needham et al, 2015). Much research has been
conducted on their structure and dynamics, e.g., through
machine learning (Pan et al, 2013; Chen et al., 2020) and
dynamic real-time predicting (Lin and Jhong, 2015). The
region of Northeast China, located at mid-to-high latitudes, is
affected by typhoons far less frequently than the southeast coastal
areas, but we note that more than half (56%) of the tropical
cyclones annually travel the mid-to-high latitudes (Sun et al,
2010), bringing widespread strong winds and heavy rain. The
ability to prepare for and cope with typhoons in Northeast China
is inferior to that of the southeast coast, and once a typhoon
moves northward, it can readily cause meteorological disasters.
There are fewer studies on typhoon rainstorms and torrential
rains in Northeast China, and the understanding and prediction
of typhoons need to be further improved (Wang et al., 2007).
Continuing to develop high-resolution numerical models and
improving the forecasting skills of tropical cyclone tracks are still
the most important means to save human life and reduce
economic losses (Roy and Kovordanyi, 2012).

Several studies have shown that large-scale circulation
background, mesoscale systems, water vapor conditions, local
topography, stratification stability, boundary layer convergence,
and high-level outflow are among the variables closely related to
the intensity of typhoons (Chen and Meng, 2001). When studying
the influence of circulation in detail, Hogsett and Zhang, 2010
found that the MJO (Madden-Julian Oscillation) may provide
convergence and energy for the low-level disturbance of
typhoons, together with an eastward-developing Kelvin wave.
Other scientists have studied the formation mechanisms of
typhoon rainstorms and the extreme characteristics of typhoon
precipitation from the aspects of monsoon circulation, water
vapor helicity, and wet potential vorticity, including simulation
and evaluation studies with numerical prediction models (Hsiao
etal., 2010; Van Nguyen and Chen, 2011; Wang and Wang, 2014;
Rendfrey et al,, 2021).

In addition to the impact of weather systems, topography
effects on heavy precipitation are particularly important. The
thermodynamic effect of topography can induce localized severe
rainfall. Many scientists have promoted the necessity of analyzing
the impact of terrain (Weissmann et al., 2011), especially the
relationship between the orographic-forced uplifting areas and
short-time heavy precipitation (Maussion et al., 2011; Zhao,
2012). The higher the terrain, the greater the increase in
localized torrential rainfalls. Apart from the lifting effect of
terrain, the vertical water vapor flux (Flesch and Reuter, 2012),
turbulent flux, and the variations of surface variables (Kilpela®
Inen et al., 2011) influence areas affected by torrential rains.
Undulate mountainous terrain can also enhance the drag effect of
the ground on the atmosphere, which makes the typhoon
circulation remain in place, resulting in continuous heavy rain
(Chen and Luo, 2004). In Northeast China, the topographic
blocking function of Greater Khingan Mountain and Changbai
Mountain facilitates the southerly airflow in summer to the
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windward slopes of the two mountain ranges, which creates
an ascending motion and local moisture increases (HE et al.,
2020). Agyakwaha and Lin (2021) have revised and tested the
topographic precipitation index to better predict the typhoon
precipitation caused by topography.

With the rapid development of computers, numerical
models are widely used (Bai et al, 2021; Wang H. et al,
2021). Several researchers have pointed out that the
simulation results of the mesoscale Weather Research and
Forecast Model (WRF) are robust (Jianfeng et al., 2005;
Raju et al, 2011; Islam et al,, 2015; Kim et al., 2015; Zhu
et al,, 2021), but better simulations can be achieved by
adjusting the microphysical parameterization scheme and
the planetary boundary layer (Tao et al,, 2011). Pillay and
Fitchett (2021) proposed that terrain height is of great
significance in the occurrence and intensification of tropical
cyclones in the Southern Hemisphere. In a topographic
sensitivity test of WRF, the characteristics of extreme
precipitation changed and the amount of rainfall decreased
significantly with lower terrain height (Wang K. et al,, 2021).
The uncertainty of the topographic effect on the initial field of
numerical simulations of typhoon circulation has increased
the challenges of quantitative precipitation prediction (Fang
et al., 2011). Heavy precipitation frequencies generally
decrease with topographic height whereas light precipitation
frequency increases in a nonlinear manner (Song and Zhang,
2020). Another study pointed out there are small-scale
topographic vortices generated after a typhoon encounters a
mountain range, adding further complexities to modeling
efforts (Tang and Chan, 2015).

From 26 August to September 8, 2020, Northeast China
was hit by three typhoons, causing heavy rainfall that has
rarely been seen before in history, to which Typhoon Maysak
contributed the most. This paper conducted an in-depth
analysis of the extreme precipitation using observational
analysis and numerical simulations, and we focused on the
key role of Changbai Mountain’s topography on the increase
in heavy rainfall. The European Centre for Medium Range
Weather Forecasts (ECMWF) ERAS reanalysis data were used
to revisit the features of physical parameters, the precipitation
fusion data of automatic weather stations and CMORPH
(Climate Prediction Centre Morphing Technique) were
adopted to describe the characteristics of the precipitation,
and the topographic role of Changbai Mountain during the
typhoon was tested by numerical simulations. Three roles of
topography on extreme precipitation are discussed. We
believe that the results of this study will help elucidate the
topographic effect during extreme precipitation events
to improve the predictability of typhoon precipitation
patterns.

MATERIALS AND METHODS
Study Area

Changbai Mountain is a dormant volcano located in the eastern
part of Jilin Province, China. The topographic map of Jilin
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FIGURE 1 | Location of seven selected meteorological stations on a topographic map of Jilin province (red: higher elevation; blue: lower elevation, 0-2,650 m a.s.l),
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TABLE 1 | Main features of the analyzed meteorological stations and rainfall ranking in Jilin Province.

Ranking Rainfall/mm Meteorological Station no
station
1 221.7 Panshi Jiefang Nantun E2329
2 198.4 Longjing Pingding Cun E3412
3 157.7 Wangqing Dongyang Cun E3628
4 157.4 Meihekou 54,266
5 145.4 Huadian Xiaowudaogou Cun E2215
6 142.8 Beidahu 54,175
7 138.4 Wangqing Dashi Cun E3618

Province (Figure 1) shows that Baiyun Peak, the highest peak of
Changbai Mountain, is 2,693 m above sea level (a.s.1.), and the
lower sections of Changbai Mountain are all above 1,000 m
a.s.l. Jilin Province elevation inclines from the northwest to
southeast with Daheishan Mountain in the middle. The region
can be divided into two major geomorphic regions: the eastern
mountain region and the central-western plain. The eastern
mountain region is made up of lower mountains and foothills.
Jilin Province is the geographical and economic center of
Northeast Asia with a population of 27 million and an area
of 187,400 ha. It is one of the most important agriculture
producing areas in China. To evaluate spatial and temporal
variability in rainfall characteristics, all meteorological stations
located in the Jinlin Province were used, and we exhibit the top
seven stations with the most precipitation in Figure 1. The
main features of the selected seven stations are given in Table 1.

Latitude Longitude Altitude/m Terrain Location
125.89 43.27 375.0 Foothills ZONE B
129.49 42.46 773.0 Mountain ZONE A
129.41 43.39 330.0 Foothills ZONE A
125.63 42.53 341.3 Foothills ZONE B
126.76 42.8 375.0 Foothills ZONE B
126.37 43.25 537.0 Mountain ZONE B
129.22 43.46 451.0 Mountain ZONE A

Data Collection
The data adopted in this paper are as follows:

(1) The typhoon optimal path dataset was provided by the
Tropical Cyclone Data Centre of the China Meteorological
Administration (CMA)® (Ying et al.,, 2014; Lu et al., 2021);

(2) The European Centre for Medium Range Weather Forecasts
(ECMWEF) ERAS reanalysis dataset (Hersbach et al., 2020),
which has a horizontal resolution of 0.25° x 0.25%

(3) GTOPO30 topographical height data provided by the US
Geological Survey (USGS)? with a resolution of 30s
(about 1 km);

'http://tcdata.typhoon.org.cn.
*https://WwWw.usgs.gov.
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(4) Microwave measurements (MWP967KV) located in Jinlin
City (in Jilin Province) and Changchun City (the capital of
Jilin Province) were used for analyzing the characteristics of
water vapor during the typhoon event. Ground-based
microwave measurements are a detection approach, which
can conduct the multi-channel continuous detection of the
atmospheric microwave radiation moisture, and can
automatically invert the atmospheric parameters, such as
real-time water vapor (Chan and Hon, 2011);

The hourly precipitation grid dataset (0.1°) over China was
provided by the National Meteorological Information Centre
of China Meteorological Administration (NMIC-CMA).?
The gridded data were produced by a two-step data fusion
algorithm of the probability density function and optimal
interpolation (PDF + OI) using the hourly precipitation
observations at 30,000-40,000 automatic weather stations
(AWSs) and the CMORPH (Climate Prediction Centre
Morphing Technique) dataset (Joyce et al, 2004). These
coupled datasets effectively utilize the respective
advantages of ground-based observations and satellite
inversion of rainfall, with high spatial correlation and high
accuracy (Shen et al., 2010; Xie and Xiong, 2011; Shen et al.,
2014). It is applied to improve our understanding of
precipitation variation over Jilin Province.

)

Model Configuration and Design

To further study the topographic effect of Changbai Mountain on
the extreme precipitation induced by Typhoon Maysak in 2020,
this study used the WRF model version WRF3.3.1 with the
Advanced Research WRF (ARW) dynamic core (Skamarock
et al,, 2008) to carry out the control simulation experiment
and the topographic sensitivity experiment. The initial field
data for the model was the global reanalysis data from the
National Centres for Environmental Prediction/National
Centre for Atmospheric Research (NCEP/NCAR) with a

*http://data.cma.cn/.

resolution of 1° x 1° at intervals of 6h (Kalnay et al., 1996).
The following parameterizations were used: the two-stream
correlated-k  distribution Rapid Radiative Transfer Model
(Tacono et al., 2008) for the radiation schemes, the cloud
microphysics of the WRF Single-Moment 5-class scheme
(Hong et al., 2004), the Thermal Diffusion scheme boundary
layer parameterization scheme (Hong et al., 2006), the revised
Monin-Obukhov surface layer (Jiménez et al., 2012), the unified
Noah land surface model (Chen and Dudhia, 2001), and the
cumulus parameterization based on the Grell 3D scheme (Grell
and Dévényi, 2002).

A double nested grid scheme was adopted in the simulation,
with the grid spacing of the first layer 9 km and the second layer
3 km. The simulation domain is shown in Figure 2A. The vertical
resolution is 34 non-uniform layers with 50 hPa at the top of the
atmospheric columns. The simulation center was at the point
(43°N, 127°E), the initial time was 08:00 BT 02 September 2020,
and the integral was 48 h. Scheme I was the control simulation
experiment, that is, the original terrain height was used for
numerical simulation; Scheme II and Scheme III were
topographic sensitivity experiments. In Scheme II the terrain
altitude of the WRF model was replaced by 1/2 of the original
terrain height within 126.5°E-131°E and 41°N-45'N (see
Figure 2B), and in Scheme III the terrain altitude was set as
0 m in the same domain as in Scheme II (see Figure 2C).

Algorithm of Topographic Precipitation
Rate

When the wind blows along a mountain slope, it produces a
vertical component, the so-called topographical vertical velocity.
According to Eq. 1, the greater the slope of a mountain, the
greater the wind speed on the ground surface, the more
perpendicular the wind direction to the mountain direction,
and the stronger the atmospheric vertical motion on the
ground surface. To calculate the distribution of terrain
ascending motion with height, the w equation is introduced.
Without considering the vorticity advection, temperature
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advection, and diabatic heating, the geostrophic approximation
can be used to obtain Formula 2 and Formula 3 [see reference
(Zhu et al., 2000) for details]:

wg = —pogVo - Vh (1)
ws = F(P)wso (2)
() o

. Sh(ﬁzfﬂ %'Po)

where w,o represents the topographic ascending velocity of
the ground surface, h refers to the topographic height, V,
and P, are the surface wind vector and air pressure,
respectively, I'(p) denotes the attenuation coefficient of
topographic vertical velocity with height, L stands for the
wavelength of the periodic function of the surface, and o =
g/K is a constant. It can be seen that the vertical velocity
increases exponentially with an increase of p. That is, with a
decrease of the height index, the smaller the topographic
scale, and the faster the topographic vertical motion decays
with height. The precipitation rate I = —fgop 'Zq; dz is placed
into the static force equation and the relation expression

dq, _ dg; dp _ . dg; : .
& = dp dt = Vap and the following expression can be
obtained:

1 [o 1
I=— / wsdgs = 5 g (4)

qs0

where @ is the average vertical velocity of the whole atmospheric
layer and gy is the surface saturation specific humidity. It is
assumed that the entire atmosphere is saturated during
precipitation and the temperature declines according to the
moist-adiabatic lapse rate. The humidity of the entire layer
becomes a function of the surface saturation specific humidity,
so the ground saturation specific humidity is used to represent
the specific humidity of the entire layer. Suppose the non-
divergent layer is po/2 and w is distributed sinusoidally with
height, then:

®)

Then considering Formulas (2, 3, 4), and neglecting negligible
terms:

Wso

po W
I'(p)dp=
” / (p)dp

2
= ,—A=\/§—ﬂ 7
0 /Po

L \f?

(6)

1S

Typhoon Maysak and its Precipitation

Characteristics

The No. 9 Typhoon Maysak in 2020 was generated in the
northwest Pacific Ocean surface at 08:00 BT (Beijing Time, 8 h
later than UTC), August 28, 2020, on the ocean surface of the
Northwest Pacific Ocean. Then it traveled toward the northwest
steadily with its force strengthening. It intensified into a super
typhoon at 05:00 BT, 1 September, and landed on the coast of
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Busan, South Gyeongsang Province, South Korea around 1:30 BT
on 3 September. At the time of landfall, its maximum wind force
near the center was CAT-14 (42 m/s), and the lowest pressure was
950 hPa in the center. After landing, Maysak shifted to the
northwest direction, and at 14:00 BT on 3 September the center
moved into Helong of Yanbian Prefecture, Jilin Province, China.
Maysak remained at a super typhoon level for 18h, with a
minimum atmospheric pressure of 940 hPa and a maximum
wind speed of 52m/s in its center. After landing, it stayed in
Northeast China for 27 h, and direct effects lasted as long as 45 h.
The typhoon path is shown in Figure 3A.

Typhoon Maysak gave rise to intense precipitation, with some
local rainfalls exceeding historical records. Generally, the typhoon
precipitation could be divided into four stages: the first rainfall
stage was affected by the typhoon from a long distance, the second
stage was dominated by the spiral cloud belt in the typhoon
periphery, the third stage was the extreme rainstorm near the
typhoon center after it made landfall, and the last was the stage
influenced by the extratropical cyclone which was developed from
the weakening of this typhoon. The intense precipitation was
mainly concentrated in the period from 08:00 BT, 3 September,
to 08:00 BT, 4 September, peaking from 14:00 BT in the third
typhoon stage to 02:00 BT in the 4th stage. In 48 h (20:00 BT in the
2nd stage to 20:00 BT in the 4th stage), the average rainfall in the
whole region of Northeast China was ~54 mm, and that in Jilin
Province reached up to 72.5 mm. The daily rainfall at 49 national
stations in Northeast China exceeded the historical extremes (since
1961) for every September, and two stations broke historical
records since the establishment of the stations (since 1961).

A group of 201 meteorological stations received >100 mm of
accumulated precipitation in Jilin Province. From 20:00 BT, 3
September, to 20:00 BT, 4 September, the two extreme rainfall
centers were in Zone A, where Yanji city and Longjing city are
located, and Zone B at the junction of the plains and mountains in
the south-central parts of Jilin Province (Figures 3B,C). The peak
amount of accumulated precipitation was 221.7 mm, found at the
Jiefang Nantun Station of Panshi City, in Zone B with topographic
lifting after Maysak’s landfall; it had the maximum rainfall intensity
of 57 mm/h. Combined with the topography of Jilin Province, it
can be seen that there was clear correspondence between the
extreme rainfall center and the terrain height (Table 1). In
addition, those stations with rainfall of more than 100 mm at a
single station are all in the two zones with high rainfall values, and
the terrain heights of these stations are all ~300 m a.s.l. (Table 1).
Table 1 compares the distribution of rainfall extremes with
altitude, revealing that the two extreme rainfall regions
corresponded to the windward slopes and inclining areas of the
mountains. So, we can see the topography of Changbai Mountain
played a significant role in the extreme precipitation process caused
by the super typhoon.

RESULTS

Influence of Terrain
Northeast China is an important grain-producing region in
China, and the abnormal precipitation of typhoons directly
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affects the grain harvest. When a typhoon moves northward, in
addition to the transition of the underlying surface from ocean to
land, the interaction with weather systems at middle and high
latitudes is important. Likewise, as one of the major landforms in
Northeast China, the Changbai Mountain range has critical
impacts on the summer rainfall in this region.

The Drag Effect of Terrain

After a typhoon makes landfall, because of the frictional drag
of the underlying surface, its strength will be weakened and
speed slowed. Typhoon Maysak weakened soon after making
landfall in Busan, South Gyeongsang Province, South Korea,
and then continued to lose its strength as it made a second
landing in Helong of Yanbian Prefecture, Jilin Province,
China. Specifically, on the open sea surface, Maysak moved
at a speed of 40-50 m/s. When Maysak landed for the second
time, the friction and obstruction effects of the Changbai
Mountain terrain slowed it down to 18 m/s. In Figure 1 and
Table 1, it can be seen that the deceleration period of the
typhoon corresponded to the period of heavy precipitation in
Zone A. Thus, the blocking effect of the Changbai Mountain
terrain lengthened the period of accumulating precipitation in
the eastern part of Jilin Province. The combination of the
typhoon peripheral cloud belt and the typhoon traveling
direction maintained severe precipitation in certain areas.

Orographic Forced Uplift

Topography promotes the formation of precipitation and affects
its distribution, both driven by the blocking terrain which forces
air to rise. The Changbai Mountain range comprises a series of
parallel and folded fault mountains, basins, and valleys oriented

in a northeast-southwest direction, with three main ridges
extending to the southwest, northeast, and southeast. The
temporal and spatial evolutions of vorticity, divergence, and
horizontal wind speed in the high rainfall areas (42°-45°N,
124°-131°E; Figures 4A,B) indicate that the positive vorticity
circulation was maintained throughout the troposphere from 20:
00 BT, 2 September, to 20 00 BT, 4 September. After Maysak’s
landfall, the positive vorticity reached its maximum at 20:00 BT 3
September, with the maximum in the center emerging at 850 hPa
and areas extended from the center were over 200 hPa. From the
perspective of spatiotemporal variation of the divergence field,
before 20:00 BT 3 September, all the areas below 400 hPa were
dominated by mid-low level convergence zones, and the mid-
high level between 400 hPa and 100 hPa were under the control of
divergence zones. Near the typhoon center during 08:00-20:00
BT 3 September, there was a strong convergence center from
925 hPa to the ground, with the center value greater than 15 x
107 s7'. After the typhoon changed direction at 20:00 BT 3
September, the convergence intensity in the lower layer faded
with increasing height and shifted to a divergence area near the
ground.

To further study the influence of mountain topography on the
distribution of vorticity and divergence, the lifting areas on the
east and west sides of Changbai Mountain ridge (Zone A and
Zone B in Figure 1) were selected for comparative analysis of
temporal vertical profiles. As shown in Figures 4C,D, the two
selected areas corresponding to the typhoon-affected phases are
both lifting areas, and both are close to the typhoon center.
During the influence phase of the peripheral spiral cloud belt of
the typhoon, Zone A was the area on the windward slope. From
08:00 to 20:00 BT on 3 September, the intensity of the positive
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leeward slope (42.9°N, 126.5°E; Zone B) are also shown.

FIGURE 4 | (A) Terrain height of Jilin Province (shaded, unit: m) and 850 hPa wind at 08:00 BT 3 September (black arrow, unit: m/s). The yellow solid line is the
mountain ridge of Changbai Mountain. Red dotted boxes are the high rainfall areas in Jilin Province; (B) Time-vertical profile of the averaged vorticity (black solid line, unit:
107°s7"), divergence (red shaded area, unit: 10~° s™"), and horizontal wind speed (blue wind barb, unit: m/s) in the red dotted area from 08:00 BT, 2 September, to 20:00
BT 4, September 2020. The time-vertical profile of vorticity, divergence, and horizontal wind speed on (C) the windward slope (42.8°N, 129.4°E; Zone A) and (D)
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vorticity area was much larger than the regional average, in which
the center intensity of vorticity in Zone A of the windward slope
reached its maximum at 850 hPa, and the upward extending area
developed to around 300 hPa. During the typhoon-weakening
period from 08:00 to 20:00 BT on 4 September, Zone A on the
windward slope had negative vorticity below 700 hPa in the lower
layer and a positive vorticity center near 300 hPa in the upper
layer. The vorticity variation before and after the typhoon center
passed was more symmetrical.

As shown in the distribution of the divergence field, there was
an obvious convergence center in the lower layer of Zone A on the
windward slope from 08:00 BT, 3 September, to 08:00 BT, 4
September. Especially at 14:00 BT on 3 September, the
convergence in the lower layer was significantly enhanced,
whereas the divergence in the upper layer at this time was also
the greatest. The strong convergence center at the lower level of
the windward slope appeared in the northeast wind in front of the
typhoon center, and after the typhoon center passed, it turned
toward the south and the convergence decreased. When the
typhoon center passed through Zone B, the terrain altitude
increased, strengthening the convergent lifting, and the strong
convergence center was in the southwest wind behind the

typhoon center. At 20:00 BT on 3 September, the middle layer
became a compact area of convergence, the upper layer was a
divergent field, and the vertical wind shear gradient was large. At
this time, the maximum hourly rainfall intensity was in Panshi of
Jinlin Province. Hence, the dynamic conditions of precipitation in
Jilin Province are largely strengthened by the cooperation of
terrain lifting and convergence.

Ascending motion is one of the conditions related to torrential
rain, and vertical velocity can well reflect the strength of
ascending motion. Combined with the terrain height of Jilin
Province, the vertical velocity profile was developed (Figure 5)
along a 43°N latitude line, and it shows that at 02:00 BT on 3
September, the typhoon was still in the area to the east of 127.5°E,
corresponding with a strong vertical up-rising area above it. At
this time, a relatively small vertical rising center emerged on the
east side of the Changbai Mountain range. As the typhoon
gradually moved westward, the vertical velocity center above
the typhoon center kept tilting forward, and merged with the
center in front of the mountain, strengthening, and with the
velocity center value reaching 15 m/s. This strong center before
the mountain remained until the typhoon landed again in Jilin
Province. After the typhoon landed, the southwest wind area in
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FIGURE 5 | Longitudinal cross-section of vertical velocity (contour, unit: m/s) and terrain height (shaded, unit: m) along 43°N at (A) 02:00, (B) 08:00, (C) 14:00, (D)
20:00 BT 3 September 2020. The typhoon mark indicates the longitude location of typhoon Maysak.

the fourth quadrant of the typhoon center was once again lifted by
the terrain behind the mountain, and the velocity center value
reached 33 m/s, thus forming favorable conditions for heavy
precipitation in Panshi City. After the typhoon crossed the
mountain, the vertical velocity area was weakened. We can see
that topographic lifting has a dynamic strengthening effect on the
two severe precipitation phases.

Moisture Convergence

In addition to the dynamic effect, moisture condensation due to
the cooling of airflow passing over the mountain also increased
significantly. At 02:00 BT 3 September, Maysak made landfall on
the coast of Busan, South Gyeongsang Province, South Korea, and
at this moment the moisture in the periphery of the typhoon
began to affect eastern Jilin Province. Obstructed by the
topography of Changbai Mountain, the convergence center of
water vapor flux above —90 x 107> s™! was observed on the eastern
side of the mountain range (Figure 6). With the typhoon
approaching, the convergence of piedmont water vapor flux
was continuously strengthened, gradually expanding to the
west of Jilin Province. At 10:00 BT on 3 September, the
convergence center reached its maximum value of -120 X
107 57!, far higher than the typhoon near-center circulation.
Before and after the typhoon landed, Jilin Province was located in the
strong convergence zone of water vapor flux, whose central extreme
value was maintained at —~120 x 107> s™". There were two extreme
centers in the strong convergence zone, one was the east side of
Changbai Mountain before the typhoon landed, and the other was

the terrain lifting area in the fourth quadrant on the southwest side of
the typhoon center after the typhoon landed, which corresponded
to the two precipitation extremum centers Zone A and Zone B. In
addition, it was found from the two microwave measurements in
Changchun City and Jilin City that the water vapor density profile
and integrated water vapor at 0-3 km increase significantly with the
precipitation process. In the stage of heavy precipitation, water vapor
density profile increased rapidly, with a peak of 14 g/m’. The high
value of the water vapor density profile lasted from 01:00 BT, 3
September to 16:00 BT, 3 September (Figure 7). With the weakening
of precipitation, the water vapor density profile and integrated water
vapor began to decrease at the same time. As a result, the sustained
and abundant water vapor transport provided a sufficient moisture
supply for this precipitation. The convergent lifting of the Changbai
Mountain topography promoted the provision of very favorable
water vapor conditions for the occurrence of a heavy rainstorm.

Rate Calculation of Topographic

Precipitation in Changbai Mountain

It can be seen from the analysis of the actual field of physical
parameters that the topography of Changbai Mountain produced
a critical convergent lifting effect on the extreme precipitation
brought by the typhoon, which was mainly manifested as
dynamic lifting and water vapor convergence. The effect of
terrain on the increased precipitation can be estimated by
parameters such as wind direction and wind force during a
typhoon.
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(C) 20:00 BT 3, and (D) 08:00 BT 4 September 2020. The typhoon mark represents the position of Maysak.

The direction of the strongest wind at the Longjing
Pingdingshan station on the windward slope of Changbai
Mountain was dramatically affected by topography, and
precipitation was closely related to wind shear. Under the
influence of the surrounding terrain, there were only two wind
directions, northerly and southerly, at the Longjing
Pingdingshan station during the lifecycle of the typhoon.
When the northeast wind in the periphery of the typhoon
encountered the Changbai Mountain, it was blocked and
forced to turn to the south, and the precipitation at the
Longjing Pingdingshan station occurred mainly when the
southerly wind was blowing. With the increasing southerly
wind, precipitation was intensified. This was because the
southerly wind can behave actively on the southwest side
of the mountain range only after it was over the mountain,
thus most precipitation occurred before the wind passed over
the mountain.

Take the latitude of the Longjing Pingdingshan station at
425N, f=9.8 x 107 57", Py=906 hPa, K= 5.2 x 102hPa’>m ™', L
is 100 km, and then w = w/118 can be obtained.

Set a is the terrain slope, B is the angle between wind direction
and terrain, then Eq. 1 can be rewritten as:

Wy = —MVO cosftana

RT, 7)

where py and T represent surface pressure and temperature,
respectively, and Vycosf indicates the wind component
perpendicular to the terrain. For a certain time, the calculation
formula for the rate of topographic precipitation in Changbai
Mountain can be simplified as:

_ L Pogso
118 RT,

-VycosBtana (8)

The hourly average values of the Longjing Pingdingshan
station during the heaviest precipitation (from 01:00 BT to
13:00 BT on 3 September) are taken for each parameter. At
the Longjing Pingdingshan station, the average surface pressure
was 906 hPa, the average surface temperature was 16.9°C, the
average specific humidity was 10 g/kg, the terrain slope was
about 11.1°, and the velocity perpendicular to the terrain was
about 8 m/s. Then, the precipitation increment caused by
terrain lifting can be estimated to be about 6.8 mm/h, and
the 12-h accumulated rainfall increased by nearly 82 mm,
accounting for 41% of the observed rainfall during the
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period. Therefore, we can see that much of the precipitation was
caused by the uplift of the terrain.

Numerical Simulation Experiment
Comparison of Model Simulation and Observation
Comparing the model simulation of Typhoon Maysak with the
observed data (Figure 8D), the mesoscale numerical model
WRF-ARW can well simulate the track of the typhoon before
its landing, and especially the simulated and observed landfall
locations in Jilin Province. But after its landing, it degenerates
into an extratropical cyclone and the simulated track is slightly
to the north until it leaves Jilin Province (Figures 8A-C).
According to the precipitation distribution from 20:00 BT, 2
September, to 08:00 BT, September 4, 2020, the precipitation
distribution pattern in Jilin Province simulated by the WRF
numerical model is consistent with empirical observations
and, in particular, the two extreme rainfall centers are
consistent (as is shown in Figure 8B). There is an obvious
asymmetric structure near the typhoon center, with extreme
precipitation concentrated in the first quadrant and the third
quadrant of its center.

The comparison of the precipitation distributions in the
control simulation experiment and topographic sensitivity

experiment indicates that the path and intensity of the
typhoon did not change significantly at lower terrains, with
the overall precipitation trend in most parts of Jilin Province
consistent with that in the control experiment (Figure 8C). To
better analyze the impact of topography on this extreme rainfall,
we conducted three sets of numerical modal experiments, which
were Scheme I, Scheme II, and Scheme III (for details see the
section Model Configuration and Design). The precipitation of
the control experiment Scheme I is used to standardize that of
Scheme II and Scheme III, and Figures 8E,F show the anomalies
of precipitation difference of Scheme I minus Scheme II and
Scheme I minus Scheme III during the three simulation
experiments. After the terrain altitude was changed to half of
the original terrain height (or Om), the anomalies of
precipitation in rainfall amount between the two schemes
gradually increases at the border of North Korea and the
eastern part of Jilin Province, and the maximum difference
exceeds 40 mm, which can further indicate the effect of
mountain topography on the precipitation. It is worth
mentioning that the negative anomalies’ precipitation
difference reaches 20 mm over the eastern part of central
Jilin Province in the fourth quadrant of the typhoon center.
We will further analyze in the next section.
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Analysis of Simulation Parameters
The storm-relative helicity was a parameter used to measure the
strength of storm inflow and the magnitude of the vorticity
component along the inflow direction. It can reveal the relative
inflow strength of a storm and the rotation degree of the ambient
wind field, thus reflecting the potential of rotation development
(Lilly, 1986). The distribution comparison (Figures 9A-C) of storm-
relative helicity at 06: 00 BT, 3 September, shows that when the
terrain height is lower, the storm-relative helicity near the
eastern border of Jilin Province declines distinctly. At 08:00
BT on 3 September, because of the lifting effect of terrain, the
high-value center of storm-relative helicity in the control
experiment Scheme I is located in the eastern part of Jilin
Province (Figures 9B,C), matching the extreme area of
precipitation. When the terrain height is lower, the storm-
relative helicity in the east of Jilin Province decreases, and
the potential for the development of storm rotation is
weakened. After the terrain height drops to 0Om, the
rainstorm gradually moves to the central part of Jilin
Province, and the rainfall in Dunhua and Jiaohe of Jilin
Province in the first quadrant of the typhoon center is enhanced.
Comparing the whole layer of atmospheric precipitable water
distributions (Figures 10A,C,E) of the topographic sensitivity
experiment, we found that after removing the obstruction of

mountains, the high-value area of atmospheric precipitable water
in Jilin Province became even wider, and the moisture transport is
even more apparent (Figures 10B,D,F), so the precipitation in
the eastern part of central Jilin Province and the southern part of
Heilongjiang Province was intensified instead. Even when Zone B
(including Panshi city) lies in the third quadrant after typhoon
landfall, the extreme precipitation center still fails to appear
because there is no topographic lifting. This finding can
further verify the critical significance of the Changbai
Mountain topography for extreme precipitation.

DISCUSSION

The September 2020 extreme precipitation resulting from
Typhoon Maysak in Northeast China was analyzed based on
the hourly gridded precipitation data, ECMWEF ERA5 reanalysis
data, and microwave measurements. The control simulation
experiment and topographic sensitivity experiment were
carried out in combination with the mesoscale numerical
model WRF-ARW, and then the simulation results from the
reduced and the altered terrain heights were compared. During
the influencing period of Maysak, two extreme precipitation
centers existed in Jilin Province, both of which were found in
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the upslope areas of the Changbai Mountain range,
corresponding well to the terrain height. The overlap of the
typhoon-affected region and the typhoon-moving direction
also contributed significantly to the persistence of the
extremely severe rainfall, during which the topography of
Changbai Mountain had a critical promoting function.

In summation, the topographic impacts of the Changbai
Mountain on the extreme typhoon rainfall are reflected in
three aspects:

(1) Blocking and dragging. During the heavy precipitation period
after the typhoon made landfall, the topography of the mountain
slowed down the typhoon, helping prolong the rainfall duration,
which facilitated the occurrence of severe precipitation;
Forced lifting. The mountainous terrain made the high-value
area of positive vorticity extend to 200 hPa through the
remarkable dynamic lifting in front of the mountain,
accelerating the vertical upward motion. The strong
low-level  convergence and high-level  divergence
strengthened the dynamic action;

The corresponding moisture convergence intensified. The
microwave measurements show the higher water vapor
density profile was in lower layer. The high-water vapor
density profile lasting for 15h coupled with the strong

2

3)

convergence of water vapor flux supplied sufficient water
vapor and transported it, supporting the extreme
precipitation. The dense moisture area corresponded to
the terrain height with increasing precipitation.

According to the estimated precipitation rate, the positive
effect of Changbai Mountain on the torrential rains reached
6.8 mm/h, which nears 41% of the total rainfall of this period.
After the terrain height is lowered in the topographic sensitivity
experiment, the convergence and ascending motion in the eastern
part of Jilin Province weakens, and the rainfall is significantly
diminished. The calculated difference between the topographic
sensitivity experiment and control experiment denotes that the
terrain obstruction also affects the distribution of storm-relative
helicity and atmospheric precipitable water, which further
indicates that the topography of Changbai Mountain is one of
the significant causes for this extreme precipitation event.

In short, the topography of Changbai Mountain played a very
important role in the extreme precipitation caused by the super
typhoon Maysak. In this paper, we have analyzed how Changbai
Mountain influenced the extreme heavy rainfall in the respect of
dynamics and moisture transport, but in terms of the
thermodynamic effect, it is worthy of further research. The
trace of typhoon will be influenced by the subtropical high
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pressure, westerly trough ridge, and typhoon internal force,
among which the most decisive is the subtropical high
pressure. In July 2020, the intensity of the subtropical high
pressure was significantly stronger with its abnormal ridge
line. The radial circulation composed of subtropical high
pressure and northeastern cold vortex maintained a relatively

stable state, guiding all three typhoons to move north along the
“straight” similar path as the longitude line, and combined with
the western belt system, bringing continuous strong wind and
rain weather to Northeast China. With global warming, the
warming ocean surface may drive and generate the necessary
convections to sustain tropical cyclones (Sobel et al., 2016; Velden
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et al., 2017). Thus, whether the physical mechanism of typhoons
affecting the middle and high latitudes follows the historical
statistical laws or not needs to be further deeply studied and
discussed in the light of high-resolution data, numerical
simulation, and analysis techniques.
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Although many severe pollution events in Central and East China have been analyzed in
recent years, the heavy PM, 5 pollution episode happened on persistent foggy days from
January 13 to 18, 2018 was unique, characterized by explosive increase and sharp
decrease in PM, 5 (particles with kinetic equivalent diameter less than or equal to 2.5
microns) concentration. Based on hourly data of ground level meteorological parameters,
PM, 5 data and CALIPSO-based (the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observation) aerosol data, combined with ECMWF (European Centre for Medium-Range
Weather Forecasts) reanalysis data and radiosonde temperature profile, a comprehensive
analysis was conducted to reveal the meteorological reasons for the evolution of the episode
at horizontal and vertical scales. The PM, 5 concentration experienced four stages: a slow-
increase phase, rapid-increase phase, rapid-decrease phase, and rebound phase. Results
show that because Central and East China (CEC) were located at the back of a high-
pressure system, humid southerly winds and near surface inversion (NSI) were responsible
for the slow accumulation of pollutants. The rapid-increase phase was attributed to pollution
transport at both ground level and in the lower troposphere because of weak cold air
invasion. The significant subsidence at 500 hPa and 700 hPa intensified the NSI and led to
dense fog. In that case, corresponding to the supersaturated atmosphere, the particles
entered the fog droplets and were scavenged partly by deposition at night and were
resuspended on the next day when the atmosphere was unsaturated. Our findings provide
convincing evidence that surface PM, 5 rapid-decrease phase and the rebound phase were
closely associated with dense fog process.

Keywords: PM, 5 pollution episodes, fog process, wet deposition, subsidence motions, rebound

INTRODUCTION

In recent years, severe air pollution events have received media and public coverage as common
phenomena in China (Guo et al,, 2011; Ding and Liu, 2014; Wang et al., 2019). High particulate
matter levels are usually closely associated with high levels of precursor emissions (Markovicl et al.,
2014; Holt et al, 2015). Therefore, the government took strong measures to improve those
enterprises with high energy consumption, such as coal, to reduce pollution emissions (Liu
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etal,, 2015; Guo et al,, 2016; Gao et al., 2020). However, according
to the statistics, humans still suffer from air pollution during most
of the wintertime in some Chinese cities (Chen et al., 2013; Yang
etal., 2020). Especially in the Beijing-Tianjin-Hebei region (BTH)
and Yangtze River Delta region (YRD), large amounts of data
indicate that air pollution has been very serious as a consequence
of the phenomenal economic growth (Zhang et al., 2012; Wang
et al., 2015; Zhang et al., 2015; Zheng et al., 2018). Fine particles
suspended in the air contain high concentration of heavy metals,
which enter the blood circulation through the respiratory system
and then result in disease (Peters et al., 1996; Delfino et al., 2005;
Pope and Dockery, 2006; Wei et al., 2017; Gu et al., 2020), which
vitally affects social activities.

The formation mechanisms of typical PM,s pollution
episodes over China have been extensively studied to provide
references for local governments to take air pollution control
measures (Gao et al.,, 2012; Zhou et al., 2015; Jin et al., 2017; Wu
et al., 2020; Wang, et al., 2021a; Wang, et al., 2021b). Normally,
meteorological factors play a significant role in the generation,
development and end of pollution events through a complex
combination of processes, including pollutant transitions,
secondary particle production, particle hygroscopic growth and
wet removal processes, and are principally responsible for heavy
pollution episodes (Pasch et al., 2011; Wang and ChenSun, 2014;
Wang et al,, 2015; Miao et al., 2017; Yang et al,, 2018). Many
studies have been carried out to understand the correlation
between climate and pollution episodes in China (Zhu et al,
2012; Li et al,, 2016; Yang et al., 2018). It is generally believed that
the weakening East Asia winter monsoons result in reductions in
the number of strong cold outburst events and increases in
stagnant weather conditions, both of which further lead to
more heavy pollution events (Lin et al, 2018). In addition,
studies have shown that pollutant accumulations are directly
influenced by local adverse meteorological parameters (Chen
et al., 2008; Deng et al, 2012; Ji et al, 2014). It has been
indicated that reduced rainfall amounts, gentle winds and high
relative humidity are key factors in the formation of heavy
pollution (Sun et al., 2013; Shi et al., 2018; Chen et al., 2020).

Meanwhile, wet deposition of particulate matter caused by
precipitation and fog are also important process to purified air
and maintain the source-sink balance of suspended particles in
the atmosphere. Previous studies reported that the air quality
deteriorated during haze but improved in fog (Wang and
ChenSun, 2014; Xu et al., 2017). Especially in the late stage of
extremely dense fog episodes, particulate mass concentration
reached the lowest value because of the progressive
accumulated effect of wet deposition of large fog droplets
(Yang et al, 2012). The observations showed also that in a
core city of BTH region, the concentrations of PM, 5 and SO2
obviously decreased during the heavy fog period (Han et al,
2018). Compared with dry deposition, the wet deposition by fog
formation led to pollutant lifetimes on the order of 6-12 h, while
pollutant removal by ventilation of valley air required at least
5 days (Waldman and Hoffmann, 1987).

CEC lies in the north and south climate intermediate belts
with time-varying weather conditions, and both increase the
difficulty of studying pollution episodes. The formation and

Pollution Episodes on Foggy Days
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FIGURE 1 | The topography of Central East China, locations of
representative cities and the CALIPSO satellite orbit used in this paper. The
red letters indicate provinces (e.g., SX: Shanxi, HeB: Hebei, SD: Shandong,
HN: Henan, HuB: Hubei, AH: Anhui, and JS: Jiangsu). The pink spot
indicates a city (fy: Fuyang). The blue spots indicate the CALIPSO satellite orbit
that passed over CEC on January 16.

evolution of heavy PM, 5 pollution episodes are characterized by
distinctive regional features. Even though studies have analyzed
the characteristics and mechanisms of heavy PM, 5 pollution
episode in CEC, few studies have reported the joint occurrence
of persistent PM, s pollution episodes and foggy days. In this
paper, the heavy air pollution episode accompanied by dense fog
in CEC was taken as an example to comprehensively analyze the
driving meteorological conditions for slow-increase, rapid-
increase and short-term dissipation of PM, s pollution by
using meteorological data (including high-resolution
sounding data, surface observation data, and reanalysis data);
real-time pollutant concentration monitoring data; and vertical
aerosol extinction coefficient data that were monitored by
CALIPSO.

DATA AND METHODS
Region and Site

Severe PM, s pollution episodes occurred in central and
eastern China (mainly in Shanxi, Hebei, Shandong, Henan
and Anhui provinces) during January 13-18, 2018. In addition,
Fuyang was selected as the representative city in this paper.
Fuyang (115.82°E, 32.92°N, 39 m above sea level) is located in
northwestern Anhui Province and has a seasonal temperate
semi humid monsoon climate (Deng et al, 2019). The
monsoon climate is clearly defined with concentrated rainy
summers and cold winters. Northerly winds rule in winter,
while southerly winds prevail in summer. Fuyang station
possesses a modern observation system that can conduct
surface  meteorological  observations and sounding
measurements and provides abundant and reliable
observational data for relevant research.
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Air Quality Data

All the data and results in this study were presented at Beijing
Standard Time (BST). The PM, 5 hourly concentration data were
downloaded from the website of the Ministry of Environmental
Protection of China. Based on the PM, 5 concentration, heavy air
pollution was found to occur in central and eastern China on
January 13-18 and accompanied by large-scale dense fog. During
this episode, the areas with PM, s concentration greater than
150 pg/m’> expanded and moved southward. In addition, the
characteristics of the pollutant concentration at different stages
and their relationships with the meteorological parameters were
analyzed, which included slow increases, rapid increases and
sharp decreases in PM, s concentration. Figure 1 shows the
topography of CEC and the surrounding areas and the
location of the representative city, Fuyang, which experienced
violent swings in the PM, 5 concentration during January 13-18.

Meteorological Data

The circulation patterns and vertical motions of the middle-lower
troposphere are closely related to the surface meteorological
conditions. The sea level pressure (SLP) and vertical velocity
data with a resolution of 0.25™ 0.25° obtained from the ECMWF
were obtained from the European Centre for Medium-Range
Weather Forecasts were used to analyze the influence of the
weather systems during the severe pollution episode.

To understand the effects of surface meteorological
parameters on pollutant concentration, hourly ground
meteorological observation data and sounding data from
Fuyang station were obtained from the Anhui Information
Center of Meteorology, where data quality control had been
carried out and were utilized in the study. The surface
meteorological ~variables included hourly ground level
temperature, dew point temperature, wind speed, wind
direction, relative humidity and visibility. The high-resolution
(1.2 s) sounding data that were obtained at 07:00 and 19:00 at the
Fuyang sounding station were used to determine the temperature
inversions and vertical wind distributions. The accuracies of the
radiosonde temperature data are within 0.1 K and have been
broadly used to characterize the boundary layer structures in
China (Guo et al., 2019). These observations are conducted by
specially trained personnel and use the procedures established by
the World Meteorological Organization (WMO).

CALIPSO Data

During the study period, CALIPSO passed over the contaminated
area. The CALIOP instrument was launched in 2006 and has
provided nearly continuous global measurements of aerosols and
clouds with high vertical and spatial resolutions (David et al,
2009), which are important for studies of radiative forcing
(Satheesh, 2002) and air quality (Al-Saadi et al., 2005). The
level 2 products are reported both as layer products and as
profile products. In this paper, the version 3.01 level 2 aerosol
layer product was used to obtain the altitude-height distributions
of the aerosol extinction coefficients and further investigate the
vertical distributions of the aerosols. The product has a horizontal
resolution of 333 m and vertical resolution of 30 m below 8 km.

Pollution Episodes on Foggy Days

THE POLLUTION PROCESS AND DENSE
FOG EVENT

Spatiotemporal Variations in PM5 5

Concentration

Figure 2 depicts the PM, 5 concentration distributions at 06:00 for
each day during January 13-18, 2018. We observed that a heavy
pollution zone PM, 5 > 150 pg/m3) began in Shanxi Province on
January 13 and worsened the next day. On January 15, the heavily
contaminated area moved eastward to the BTH region and
expanded southward to the border with Shandong and Hebei
Provinces. On the morning of January 16, we found that the
pollution zone moved southward and that the center of heavy
pollution was located at the region where Henan, Shandong and
Hubei Provinces intersect. On January 17, the heavily polluted area
moved further southward and the air quality in eastern Hebei
Province was improved, while the PM, 5 concentration for most
parts of Henan rose to above 250 pg/m’. Meanwhile, it should be
noted that PM, 5 concentration in northwest Anhui, where the
Fuyang sounding station is located, sharply decreased to below
100 yg/m” at 06:00 January 17. The air quality exhibited large
differences between southeastern Henan and northwestern Anhui.

Previous studies have shown that cold air intrusion and
precipitation are the main removal mechanisms of large-scale
severe pollution (Kang et al., 2019), especially in winter. However,
improvements in air quality occurred in limited areas with no
precipitation at 06:00 January 17, while the pollution in the
surrounding areas remained, which indicated that local
meteorological parameters played a role during the episode.
On January 18, the pollutants again remained in the
atmosphere above Henan, Shandong and their border with
Anhui and Jiangsu Provinces.

The whole pollution process led to average PM,;
concentration reach 120 pg/m’ from 04:00 January 13 to 04:00
January 18 in Fuyang city. Time series plots of the PM,s
concentration are shown in Figure 3. We found that the
PM, s mass concentration evolution trend in Fuyang could be
divided into four phases (Table 1): 1) a slow-increase phase from
04:00 January 13 to 08:00 January 16, 2) rapid-increase phase
from 08:00 January 16 to 20:00 January 16, 3) rapid-decrease
phase from 20:00 January 16 to 07:00 January 17, and 4) rebound
phase from 07:00 January 17 to 04:00 January 18. In the first stage,
the PM, 5 mass concentration increased slowly to 139 pg/m”’ from
43 pg/m3. The most severe PM, 5 pollution levels occurred in the
second stage, with a peak value of 285 pg/m” at 20:00 January 16.
Thereafter, the PM, s mass concentration decreased sharply to
31 pug/m’ within 11 h. However, after short-term dissipation, the
PM, 5 mass concentration rebounded to 166 pg/m” in 1 day. This
means that although the air quality improved quickly during the
evening of January 16, the pollutants were not cleaned up.

The PM, 5/PM,, ratios of the mass concentration exhibited
obvious differences at different stages. The ratios were always
between 0.63 and 0.86 with no obvious trends during the slow-
increase stage, and the ratios increased overall to 0.79-0.95 in the
rapid-increase stage, which suggested that fine particles
accounted for a large proportion of the particle mass.
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FIGURE 2 | Distributions of PM, s (unit: ug/m®) concentration at 06:00 in Central-East China on 13-18 (A-F) January 2018.

Fog Weather Process During the Episode

| —a=—PM2.5 =—0=pm2.5/pm10 Fog is a weather phenomenon, which occurs when the atmospheric

ek relative humidity in the boundary layer is greater than 90% and the

- al R horizontal visibility is less than 1 km. The visibility within 1-10 km
ji 8 is called light fog. It is worth noting that large-scale foggy weather
B [ 06 3 was observed on the mornings of January 16-18 and affected more
G ‘g than 20 provinces in China. Figure 4 depicts the dense fog areas
E o4 g with visibility below 1 km and the relative humidity exceeds 90%.
~ On the morning of January 17, dense fog occurred in most parts of

ottt 02 Anhui and Jiangsu Provinces and their border with Hebei and
RN e Y T Shandong Provinces. Especially in northern Anhui Province, the

visibility was less than 0.4 km.

Date and Time

FIGURE 3| Variations in the hourly PM, s concentration and proportions
of PMy 5 to PMyq in Fuyang.

THE DRIVING METEOROLOGICAL
CONDITIONS FOR SLOW-INCREASE,
RAPID-INCREASE AND SHORT-TERM

Thereafter, the particles exhibited irregular fluctuations, the
PM, 5/PM,, ratios dropped to 0.31, and PM;, became the
main pollutant in the rapid-decrease stage. Corresponding to
the rebound in pollutant concentration in the daytime on January
17, the ratios rose to 0.93 and remained above 0.78 on January 18.

DISSIPATION OF PM, s POLLUTION

Large Scale Synoptic Patterns
Figure 5 shows that evolution of the sea level pressure fields
during the heavy pollution episode. The results show that CEC

TABLE 1 | Summary of the different air pollution stages in Fuyang during the study period.

Stage Date Duration (h)
Slow increase 04:00 January13-08:00 January16 76
Rapid increase 08:00 January16-20:00 January16 12
Rapid decrease 20:00 January16-07:00 January17 11
Rebound 07:00 January17-04:00 January18 21

Initial PM_ 5 End PM, 5 PM, 5 difference
concentration (ug/m®) concentration (ug/m®) (ug/m?)
43 139 %
139 285 146
285 31 -254
31 166 135
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experienced sustained south winds due to its location near the
rear of the high-pressure system that was caused by the East Asian
trough on January 13 (Figure 5A). In addition to the East Asian
trough moving east on January 14, the atmospheric circulation
adjusted, as is demonstrated by the continuous high-pressure
systems, and was separated from the Mongolia-Siberian High
Pressure (Figure 5B). A separate high-pressure system centered
at the Bohai Gulf area moved rapidly east on January 15
(Figure 5C). After that, a slightly stronger high-pressure
system was separated again on the morning of January 16 and
affected a wider area, while weak north winds prevailed in Anhui
(Figure 5D). However, the high pressure system was not strong
enough and gradually diminished by the night of January 16.
Meanwhile, the southerly airstream strengthened and moved
northward, which meant that convergence lines formed at
night on January 16 in CEC when the enhanced southerly
winds met the original northerly winds. By the morning of
January 17, CEC was entirely dominated by southerly winds.

The changes in SLP in Anhui, along with the surface winds,
demonstrate that heavy pollution episodes occurred during the
atmospheric circulation adjustment period, with several weak
colds fronts intruding into the North China Plain and Northeast
Plain. Most of the time, the SLP were uniformly distributed, with
southerly wind speeds that were low in CEC.

Inversion of Boundary Layer Temperature
The wind and temperature profiles at the Fuyang sounding station
that were obtained at 07:00 and 19:00 on each day during the episode
were used to reveal the vertical structures of the atmospheric layer
(Figure 6). On January 13-14, all of the middle and lower
troposphere was controlled by southwesterly winds. In particular,
the southwesterly warm moisture flow was stronger between 500 m
and 1,500 m (Figure 6A), which led to the temperature of the lower
atmosphere being higher than that at the surface. Therefore, an NSI
was observed in the morning and night of January 13-14 (Figures
6B,C). The top of the NSI was below 500 m, and its intensity was
approximately 1-2.4°C/100m. These results indicate that a
persistent temperature inversion decreased the thickness of the
mixing layer and hindered the upward transport of pollutants
and was favorable for the gradual air pollution accumulation on
the ground at the early stage of the pollution episode.

The prevailing wind direction within 1km of the ground
shifted to northeast on the evening of January 15 (Figure 6A).
At 07:00 on January 16, northerly winds further strengthened and
dominated from ground level to 3 km or higher, which indicated
that the warm air mass had weakened and retreated southward
when the cold air mass was enhanced and the CEC area was
controlled. The northerly wind broke the NSI and an inversion
layer appeared between 1,400 and 1,500 m, which was higher in
the daytime on January 16 (Figure 6E).

Although the vertical diffusion conditions improved, the ground
pollution levels were pushed upward (Figure 3). Therefore, we
further investigated the effect of pollutant transport in the
daytime of January 16. Figure 7 shows the height-latitude cross
section of aerosol extinction along the orbit displayed in Figure 1 on
13:00 January 16. After removing the influence of clouds, the high
extinction coefficients were attributed to high aerosol concentration.
Large amounts of aerosols were distributed from the ground up to
1.5 km between 31.5°N and 35°N. As mentioned in Figures 5D, 6A,
not only the surface but also the lower atmosphere were controlled
by north winds in Anhui and Henan Provinces as a result of the
development of the high-pressure system. It can be deduced that in
addition to pollution transport on the ground, the north winds in the
lower atmosphere were also conducive to the transport of particulate
matter from North China to CEC during the episode.

On the morning of January 17 (07:00), corresponding to the
northerly winds at ground level up to 1.5km and southwesterly
winds above 2 km, the ground temperature dropped to 0°C, but the
temperature at 1,500 m rose from —3°C to 3°C and formed a deep,
strong SBI in the boundary layer with the inversion top located at
approximately 200m and the top of the isothermal layer at
approximately 2km. The SBI at 07:00 January 17 decreased the
thickness of the mixing layer and was favorable for the
accumulation of air pollution on the ground. However, under
unfavorable conditions, the PM, s mass concentration at Fuyang
decreased sharply and decreased by 254 pg/m’ within 11h
(Table 1). We further investigate the reasons for the sharp
reduction in PM, s concentration in Analysis of the Reasons for
the Dramatic Drop and Rebound in PM, 5 Concentration. At the
night of January 17 (Figure 6F), the surface temperature rose from
0°C to about 4°C, but the NSI was not broke. The top of the
isothermal layer located at approximately 2 km.
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Surface Meteorological Factors
To further understand the formation, maintenance and short-

term dissipation of the episode, especially the two increasing
phases and one sharp reduction phase, extensive analyses were

conducted to understand the driving meteorological conditions.
Hence, the hourly near-surface meteorological conditions (e.g.,
wind speed, wind direction, temperature, dew point temperature,
relative humidity, and visibility) and important weather events
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FIGURE 6 | Vertical distributions of wind vector (A) and temperature (B-F) at the Fuyang sounding station, which are shown in Figure 1, from January 13 to
January 18, 2018.

from January 13 to January 18, 2018 in Fuyang are shown in
Figure 8.

In the early period of the slow-increase stage (January 13-14), the
prevailing wind direction was mainly southeast on January 13-14
with wind speeds of approximately 2-3 m/s. The ground relative
humidity correspondingly showed fluctuating growth and reached

90% at 00:00 on January 15 (Figure 8B). In combination with
Figures 6, 8A, it can be deduced that the existence of the NSI led
to pollutants being confined to the shallow mixing layer, and the
sustained southerly winds increased the moisture content of the
atmosphere and particle hygroscopic growth occurred, which were
both conducive to an increase in the PM, 5 mass concentration. In the
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later period of the slow-increase stage (January 15), the prevailing
wind speeds were light, and the directions changed frequently from
southeast to northeast due to a weak high-pressure system that
originated in Mongolia (Figure 8C). This meant that the
enhanced northerly winds met the southerly winds and the wind
fields converged near Fuyang, which led to the pollutants and vapor
that had been transported in the earlier stage remaining for a longer
period and were not conducive to the diffusion of pollutants.

On January 16, due to the development of the high-pressure
system shown in Figure 5D, weak cold air invaded southward, and

north winds prevailed on the ground with velocities below 2 m/s in
Fuyang (Figure 8A). It is worth noting that the center of highest
pollution was located in the region north of Fuyang, so it transported
pollutants from Henan and Shandong. However, the cold air was so
weak that the pollutants in CEC could not be carried away and
continued to accumulate. Meanwhile, along with a sharp increase in
the PM, 5 mass concentration, the visibility further decreased to less
than 1 km by 17:00 January 16.

It could not be neglected that the value of relative humidity
increased gradually from January 13 to 15 (Figure 8B). At the night
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FIGURE 8| Hourly surface meteorological conditions from January 13 to January 23, 2018 at Fuyang station including (A) wind speeds (WS), wind directions (WD),
(B) relative humidity (RH) and visibility (Vis), (C) temperature (T) and dew point temperature (Td).
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of January 14, the relative humidity exceeded 90% and haze turned
into light fog. However the fog days just sustained for about 7 h and
then dissipated as the sun rose. At the afternoon of January 16,
because of the weakening of the high-pressure system, the surface
winds changed to the south in Fuyang which brought warm, moist
air, which resulted in relative humidity greater than 95% by the
evening of January 16 and maintained at a high level over the next few
days. From 08:00 January 16 to 14:00 January 17, the dew point
temperature was nearly equal to the temperature, and the air was
totally saturated (Figure 8C). Therefore, psersistant fog days were
observed in Fuyang and surrounding areas during January 16-18, as
shown in Figure 4B. Especially at the night of January 16, the
visibility was below 300 m, which meant dense fog formed. It should
be noted that it was during that time that the PM,s mass
concentration dropped to 31 pg/m® from 285 pg/m’. Therefore, it
can be deduced that the dense fog played an important role in the
sharp decline in PM, 5 concentration during the pollution episode.

Analysis of the Reasons for the Dramatic

Drop and Rebound in PM, 5 Concentration
As mentioned above (Figures 6, 7), the meteorological
characteristics in Fuyang from 20:00 January 16 to 07:00 January
17 can be summarized as a strong NSI, high humidity, and ground
breeze, none of which were conducive to pollution dissipation (He

et al,, 2017). Therefore, we further investigated the reason for the
sudden pollution decrease on the night of January 16.

Figure 9, shows the time-latitude cross sections of the vertical
velocities at 500, 700, 850, and 925 hPa along 115.75°E (Fuyang
Station 115.82°E, 32.92°N). The results show that significant
subsidence occurred from the evening of January 16 to the
morning of January 17 in the mid-low troposphere and that
the center was located at 33°N. The greatest subsidence speed at
500 hPa was approximately 1.0 Pa/s, which decreased to 0.4 Pa/s
at 700 hPa and was weaker and not obvious at 850 and 925 hPa.
The local subsidence motions at 500 and 700 hPa led to a
temperature increase in the lower atmosphere, and a strong
NSI occurred. This is consistent with previous research results.
Gramsch et al. (2014), Shi et al. (2019) suggested that subsidence
movements in the middle and upper layers cause warming in the
lower troposphere, and an inversion layer then forms. As a result,
the strong NSI confined the vapor water to the shallow mixing
layer, and large-scale fog occurred.

In Figure 10, the colored areas show the dense fog regions
with surface visibility below 500 m at 06:00 January 17. The
heavier the fog, the lower the visibility. The region of dense fog
was located in the region of the intersection of Shandong, Hebei
and Anhui. In Fuyang, the visibility was lower than 100 m.
The colored spots depict the PM, 5 concentration differences
between 20:00 January 16 and 07:00 January 17. Negative
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FIGURE 10 | Surface visibility distributions at 07:00 January 17 (colored areas) and PM, 5 concentration difference from 20:00 January 16 to 07:00 January 17

values indicate decreases in the PM, s concentration. The
PM, s concentration in the region of the intersection of
Shandong, Hebei and Anhui experienced the largest drop
with a concentration decrease that exceeded 100 pg/m’
within 11h. Especially in Fuyang city, Bozhou city of
Anhui Province and Zhoukou city of Henan Province, the
PM, s concentration fell by more than 200 pg/m>, which
meant that sharp reductions occurred in the areas where
dense fog appeared. It can be deduced that the scavenging
of particles was caused by fog droplet deposition.

Previous research has shown that large fractions of the
pollutants scavenged in fog could be removed from the
atmosphere so that the occurrence of fog could diminish or
limit the accumulation of particulate matter in stagnant air
masses (Jacob et al., 1984). Studies have revealed that many
air pollutants are deposited via fog droplets, and the nitrogen
deposition rate via fog water is of the same magnitude as that via
rainwater (Igawa et al., 1998). Moreover, a simple formula for
cleaning a polluted atmosphere by fog (haze) events was deduced
for fog that lasts more than 4 h (Podzimek, 1998). As mentioned
above (Figure 8), the atmosphere was supersaturated and
condensed from fog droplets on the evening of January 16.
The particles entered the fog droplets and were scavenged
partly by the deposition of large droplets on the surface.

On the morning of January 17, the air quality was good with
PM, 5 concentration sustained in the range of 31-58 ug/m3. At
14:00 of January 17, the relative humidity decreased to about 80%
and the atmosphere was unsaturated (Figure 8B), the droplets
dehydrated, and the aerosol particles resuspended again in the
atmosphere. It resulted in a rebound in the mass concentration
with the PM, 5 concentration jumped to about 100 pg/m” at 14:00
of January 17 (Figure 3). Thereafter the air quality continued to
deteriorate and started another pollution process under the
unfavorable meteorological conditions.

CONCLUSION

Based on multisource observations, the characteristics and
mechanisms of the heavy PM, s pollution episode that was

accompanied by dense fog that occurred in CEC from
January 13 to 18, 2018 were comprehensively investigated.
The results showed that the episode occurred during an
atmospheric circulation adjustment and that the surface
PM, 5 concentration slowly increased in Fuyang city in four
stages: 1) the slow-increasing phase, 2) the rapid-increasing
phase, 3) the rapid-decreasing phase, and 4) the rebound phase.
The slow-increase phase was due to high humidity, ground
breeze and a surface-based inversion, whereas the rapid-
increase phase was due to pollution transport. In particular,
the CALIPSO satellite monitoring suggested that pollution
transport occurred not only at ground level but also in the
lower troposphere.

The rapid-decrease phase and rebound phase were closely
associated with the dense fog process. A rapid decrease in PM, 5
concentration occurred in the region of the intersection of
Shandong, Hebei and Anhui, where dense fog was observed.
The analysis showed that the significant subsidence at 500 and
700 hPa led to a strong NSI, which confined the vapor water to the
shallow mixing layer, and the atmosphere was supersaturated.
Under these conditions, the particles entered the fog droplets and
were scavenged partly by deposition of the large droplets on the
surface. However, the aerosol particles were resuspended when
the atmosphere was unsaturated Kang et al., 2019, Ni et al., 2018,
Su et al,, 2020, Wang et al., 2017, Wang et al,, 2021c, Wang et al.,
2014, Wang et al., 2016, Xu and Zhu, 2017, Xu et al., 2015, Zheng
et al., 2019.
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Understanding of the contribution of LUCC to air pollution is the basis for land
management and air pollution control. This study aimed to estimate the contribution of
LUCC to PM,s pollution levels in the Changsha-Zhuzhou-Xiangtan (CZT) urban
agglomeration in the central south China. Methodologically, residual analysis was
adopted to isolate the LUCC contribution with the aid of multiple datasets from
satellite observations and reanalysis products. The results revealed that the PMs g
concentration increased significantly from 2001 to 2008 and then decreased. LUCC
tended to enhance both the increasing and decreasing trends, while the magnitudes varied
under different climate conditions. During 2001-2008, LUCC exerted more important
influence on the air pollution, which contributed 40.59% of the total increase. During
2008-2014, the changing climate enhanced air pollution removal. During this time, the
government of the CZT proposed the “Two Oriented Society” policy for sustainable urban
development. Under this condition, the LUCC accounted for only 25.66% of the total
PMo, 5 decrease. This result suggested that it is necessary to further strengthen the goal of
sustainable development rather than following the traditional way of “governance after
development”.

Keywords: fine particulate matter, land use and cover change, multiple linear regression model, changsha-zhuzhou-
xiangtan urban agglomeration, remote sensing

INTRODUCTION

The global urban area has expanded by ~ 130% in recent decades (He et al., 2019), which exerts
significant impacts on the environment through changes in surface energy and the hydrologic cycle,
i.e., air pollution, global and regional climate change and biodiversity reduction (Foley et al., 2005).
Among them, air pollution poses a severe threat to human health (Zou et al., 2019; Zou et al., 2020),
climate change (Feng and Zou 2019; Feng et al., 2019), atmospheric visibility (Wang et al., 2019) and
economic development (Chen et al., 2019), which has attracted increasing attention from researchers
and governments.

It is crucial to clarify the land use and cover change (LUCC) impact on air pollution for land
planning and environmental management during urban growth. Physically, LUCC affects air
pollution in direct and indirect ways (Feng et al., 2017). First, LUCC can directly affect the
spatial distribution of emission sources (Heald and Spracklen, 2015). Second, different land
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FIGURE 1 | Study area.
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types exert various influences on dry deposition (Dzierzanowski
et al., 2011). In addition, LUCC helps alter the dispersion and
transportation of air pollution by changing the local or regional
climate conditions (Bai et al., 2017). On the other hand, air
pollution is also strongly affected by natural factors and
anthropogenic emissions (Yang et al, 2018; Zheng et al,
2018). For example, precipitation controls wet deposition,
which acts as one of the main removal methods of
atmospheric pollutants (Ouyang et al., 2015). Wind has a
direct influence on the variation in the air pollution
concentration by enhancing its dispersion (Janhall 2015).
Temperature and relative humidity play crucial roles in the
formation of secondary aerosols by affecting the gas-to-particle
process (Raes et al., 2000). Natural and anthropogenic factors
affect air pollution through complex interactions, making it
difficult to isolate individual effects.

Researchers have adopted several air quality models to isolate
the LUCC impact by measuring the difference in air pollution
with and without the influence of LUCC (i.e., WRF-Chem and
GEOS-Chem) (Avise et al., 2009; Wu et al., 2012; Martin et al.,
2015). However, the results are controversial due to the
unavoidable uncertainty originating from the initial input,
model error and prediction scenarios in different models
(Bonan and Doney, 2018). For example, the modeled LUCC
contribution to ozone variation ranges from —5 ppb to +5 ppb in
different published works (Ganzeveld and Lelieveld, 2004; Chen
etal., 2009; Squire et al., 2014). Considering these uncertainties, it
has been suggested that direct observations (satellite and in situ)
are required for accurately performing an air pollution evaluation
and determining the corresponding driving factors (Bellouin
et al., 2005; Seinfeld et al., 2016).

Focusing on the driving factors of air pollution, this study
attempted to estimate the effect of LUCC using a statistical
method with the aid of multisource satellite observations and

reanalysis products. The Changsha-Zhuzhou-Xiangtan (CZT)
urban agglomeration in central China, which suffers from
serious air pollution of fine particulate matter (PM,s), was
selected as the study area. First, the spatial-temporal variations
in the annual PM, 5 concentration were analyzed during the last
decade (2001-2014). Then, residual analysis of the MLR model
was performed to isolate the influence of LUCC on PM, 5. The
results of this study will help capture the characteristics of air
pollution evolution and provide valuable information for
improving urban air quality by optimizing land management
strategies.

METHODS

Study Area

The Changsha-Zhuzhou-Xiangtan (CZT) urban
agglomeration, which spans 111°53'E to 114°15’E longitude
and 232N to 28°39'N latitude, was selected as the study area
for this investigation. The study area is located in northeast
Hunan Province, China, and includes the cities of Changsha,
Zhuzhou and Xiangtan (Figure 1). The climate of the CZT is
characterized by the subtropical humid monsoon with
abundant precipitation and warm temperatures. The center
of the CZT is at a low altitude and is surrounded by mountains,
resulting in unfavorable diffusion conditions. As one of the
regions with the fastest economic development and
urbanization in midwest China, the study area has
experienced severe atmospheric environmental problems.
Considering the serious air pollution in the CZT, this area
was designated one of the thirteen priority areas for air
pollution control according to the National Plan on Air
Pollution Control by the Chinese government during the
12th Five-Year Plan (2011-2015) (Chen et al., 2013).
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Data Sources and Preprocessing
According to our previous study (Feng and Zou, 2020), the

variation in air pollution is controlled by natural and
anthropogenic factors. Natural factors mainly refer to
meteorological or natural surface parameters, including
precipitation, surface and air temperatures, surface wind speed,
relative humidity and terrain. Anthropogenic factors are strongly
represented by human activities, such as anthropogenic emissions
and land use and cover change (LUCC) (Feng and Zou, 2019).
These datasets were also adopted to carry out the investigation in
this study. Multi-source data sets have different spatial and
temporal scales, which must be uniform Dbefore the
investigation. Thus, All the datasets were resampled to the
same spatial resolution (0.01°) through the NEAREST
interpolation method and temporal scale (annual).

1) PM, 5 concentration. The annual surface PM, 5 concentration,
at a resolution of 0.01°, was collected from the Atmospheric
Composition Analysis Group (http:/fizz.phys.dal.ca/~atmos/
martin/). The data were estimated by combining aerosol
optical depth (AOD) retrievals from MODIS, MISR, and
SeaWIFS with the GEOS-Chen chemical transport model.
The annual mean PM, 5 estimate from this dataset was highly
consistent with global ground observations (R” = 0.81; slope = 0.
90). This study used the China regional datasets of V4.CH.03
from 2001 to 2014, which are widely used in national- and
regional-scale research (van Donkelaar et al, 2019; Shi et al,
2020; Yue et al.,, 2020).

Natural parameter datasets. Natural parameter data were
used to investigate the natural factors of air pollution,
including precipitation, surface and air temperatures, wind
speed, relative humidity and terrain. Integrated Multi-
Satellite Retrievals for Global Precipitation Mission (IMERG)
monthly precipitation data at a resolution of 0.1° were
downloaded from the NASA Goddard Earth Sciences Data
and Information Services Center (GES DISC) (https://disc.gsfc.
nasa.gov/datasets/GPM_3IMERGM_V06/summary). The data
showed the best expression of precipitation, with a correlation
of 0.79 (Yu et al, 2020). The land surface temperature of
MODIS/Terra  Land  Surface  Temperature/Emissivity
Monthly L3 Global 0.05Deg CMG (MOD11C3) (https:/
Ipdaac.usgs.gov/products/mod11c3v006/) at a resolution of 0.
05" was selected over the time period of 2001-2014. The
annually averaged air temperature and wind speed data
from the China Meteorological Forcing Dataset (CMFD)
were downloaded from the National Tibetan Plateau Data
Center  (http://data.tpdc.ac.cn/zh-hans/data/8028b944-daaa-
4511-8769-965612652c49/), which were produced by
merging a variety of data sources (He et al, 2020a). The
relative humidity data at a resolution of 0.1° were collected
from the Copernicus Climate Change Service (C3S) Climate
Data Store (https://cds.climate.copernicus.eu/cdsapp#!/dataset/
reanalysis-era5-land-monthly-means?tab overview). In
addition to the atmospheric data, terrain DEM data were
adopted; these data were available from the ASTER GDEM
at a resolution of 30 m collected from the Geospatial Data
Cloud (http://www.gscloud.cn).

2)

LUCC Contribution to Air Pollution

3) Anthropogenic factors datasets. In addition to the natural
parameter data, land use and cover data and anthropogenic
emissions inventories were used to investigate the
anthropogenic drivers of air pollution. Specifically, land use
data at a 1 km resolution in 2000, 2005, 2010, and 2015 from the
Resource and Environment Science and Data Center, Chinese
Academy of Science (http://www.resdc.cn), were reclassified
into classes of built-up, forest, grassland, water, agricultural
land, and bare soil. The land use data were generated by
artificial visual interpretation from Landsat TM/ETM remote
sensing images, and the overall accuracy was above 91.20% (Liu
et al,, 2014). Anthropogenic emissions inventories of PM, s
with a spatial resolution of 0.1° were obtained from the Peking
University website (http://inventory.pku.edu.cn/).

Methodology
Considering the unavoidable uncertainty of the model, this study
used the statistical method of residual analysis to estimate the LUCC
impact. The method has been applied in several studies and has
shown great potential for identifying and clarifying the driving factors
of environmental change (Tai et al., 2010; Che et al,, 2019; Li et al,
2019; He et al., 2020b). Methodologically, the trend of observed PM, 5
was used to present the actual change in air pollution. Then, the
theoretical PM, 5 concentration without LUCC impact was simulated
by a stepwise MLR model. Finally, the residual trend between the
observed and theoretical PM, 5 trends was adopted to represent the
LUCC influence.

For each grid, the theoretical PM, 5 concentration estimated
by the MLR model can be written as:

Pooa = f (P, T,, T, WS, RH, DEM, EMI) (1)

where P,,,4 is the PM, s concentration under the control of
factors other than land use, P, Ta, Ts, WS, RH, DEM and EMI
represent the explanatory variables of precipitation, air
temperature, land surface temperature, wind speed, relative
humidity, terrain and anthropogenic emissions, respectively.

Because the MLR model does not consider the LUCC impact, a
residual exists between the observed and MLR-simulated PM, 5
concentrations, which reflects the land use influence. The residual
is calculated by the following equation:

2

where residual is the residual of the MLR model, P, represents
the observed PM, 5 concentration, and P,,,,4 is the MLR simulated
PM, 5 concentration.

The trends of the observed PM,s concentration and the
residual represent the actual variation and the LUCC impact
of the PM,s concentration. We then estimate the relative
contribution of LUCC as:

residual = P,y — Poyoq

res

Tubs

C= x 100% (3)
where C is the relative contribution of LUCC to the PM,;
concentration variation, T, represents the trend of the
residual, and T, is the trend of the observed PM,5

concentration.
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FIGURE 2 | Spatial distribution of land use in (A) 2000, (B) 2005, (C) 2010, and (D) 2015 in the CZT.

TABLE 1 | Area percentage statistics of land use types.

Land use type 2000 (%) 2005 (%) 2010 (%) 2015 (%)
Agricultural land 30.59 30.31 30.13 29.41
Forest 63.80 63.56 63.43 63.03
Grass land 1.46 1.45 1.45 1.43
Water 1.87 1.89 1.91 1.96
Built-up 2.27 2.78 3.07 4.16
Bare soil 0.01 0.01 0.01 0.01

RESULTS AND DISCUSSION

Spatial Pattern and Temporal Trend of
LUCC, Meteorological Conditions and
Anthropogenic Emissions in the CZT

It is necessary to first capture the spatial and temporal trends of
LUCC, climate and anthropogenic emissions to understand the
mechanism of air pollution in the CZT. The distributions of land

use in 2000, 2005, 2010, and 2015 are presented in Figure 2 and
Table 1. Generally, forest (63.46%) is the dominant land use type
in the CZT, followed by agricultural land (30.11%) and built-up
land (3.07%). Spatially, forests are mainly distributed in the west,
east and south of the urban agglomeration at a high altitude.
urban are located mainly along the Xiangjiang River, and
agricultural land is distributed around the built-up areas. Since
China implemented the reform and opening up policy in 1978,
urban sprawl and industrial development in the CZT have been
increasingly occupying forest and farmland. The proportion of
built-up areas increased from 637.57 km? in 2000 to 1168.42 km*
in 2015. The expansion of built-up areas is mainly from the
conversion of agricultural land and forest, whose areas were
reduced to 331.43 and 216.27 km? respectively. The water
area increased slightly (from 1.87 to 1.96%). In addition,
grassland decreased from 1.46 to 1.43%.

Figures 3, 4 present the spatial patterns of the temporal trends
of the meteorological factors and anthropogenic emission. The
relative humidity decreased in the central CZT and slightly
increased in southern Zhuzhou. The rising trend of
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precipitation gradually weakened from east to west and showed a
decreasing trend in the west. Because of the urban heat island
effect, the land surface temperature increased in both urban and
suburban areas. Air temperature dropped in the western CZT,
while it increased in eastern Changsha and southern Zhuzhou.
Wind speed presented a significantly increasing trend in the
entire CZT, with the greatest increase occurring in the western
region. Some studies also found the recovery of surface wind
speed from stilling (Kim and Paik 2015; Li et al., 2018; Zeng et al.,
2019). During the 2001-2008 period, anthropogenic emissions
increased significantly in urban areas of the central CZT. From
2008 to 2014, emissions in Changsha and Zhuzhou urban areas
decreased, while other areas changed slightly.

Spatial-Temporal Characteristics of PM, 5

Concentrations

Under the background of regional LUCC, air pollution was
characterized by significant spatial and temporal variations in
the CZT (Figure 5). Generally, the multiyear mean of the
PM, 5 concentrations was 53.71 pg/m3, with the spatial
distribution mainly characterized as high in the west and
north and low in the east and south (Figure 5A). At the
scale of land use types, the PM, s concentrations are high in
urban areas and relatively low in rural and suburban areas,
which is consistent with most of the previous studies (Zou
et al., 2016; Liu et al., 2020). Specifically, the most polluted
districts were central Changsha, northeastern Xiangtan and
northwestern Zhuzhou, while the areas with the best air quality
were eastern Changsha and southern Zhuzhou. Figure 5B
shows the temporal changes in the PM,s concentrations,
which present a significant peak pattern. During the

2001-2008 period, the PM,s concentrations increased
significantly by 3.40pgm™—>a' (R° = 0.93, p < 0.05).
During the period 2008-2014, however, the PM,;

concentrations decreased by -1.14pugm™>a' (R® = 0.33,
p = 0.18). The decreasing trend of the PM, 5 concentration
starting from 2008 resulted because the CZT became one of the

areas that implemented the “Two Oriented Society” policy in
2007. To build a resource-saving and environmentally friendly
society, local governments have adopted a series of policies of
land management and air pollution mitigation, including
encouraging high-tech industries with clean production to
replace traditional industries, afforesting waste hills or
unclaimed lands, and building greenbelts along streets.
Moreover, the original disordered productive land use has
gradually been replaced by science parks (Zou et al., 2016).

Figure 6 further shows the spatial distribution of the PM, 5
concentration trends during the periods 2001-2008 and
2008-2014. From 2001 to 2008, the PM,s; concentrations
increased over the entire CZT. The worsening air pollution
was mainly found in northern Zhuzhou, where the PM,;
concentration was relatively low. With respect to the period
2008-2014, the PM,s concentration showed a significant
reduction over the entire study area. The largest decreasing
trend occurred in the central regions, where PM, s pollution
was relatively severe. Despite great improvement, the study area
still faced serious air pollution in 2014, with 96.62% of the area
still greatly exceeding the Chinese National Ambient Air Quality
Standards (CNAAQS, i.e., Level-2, 35 ug/m). Strict controlling
policies need to be continued in the future.

Impact of LUCC on PM, 5 Evolution

This study next explores the LUCC impact on PM, 5 for land
and environmental management. Figure 7 shows the annually
averaged PM, 5 concentrations for five land use types in 2000,
2005, 2010, and 2015. From 2000 to 2005, the annual mean
PM, 5 concentrations for all land use types greatly increased.
The magnitude of the increase was highest in built-up areas.
This increase may be because urban land concentrates high
anthropogenic emissions, such as automobile exhaust and
industrial activities. Notably, the PM, 5 concentrations in the
water body and farmland use types were also relatively high. The
water body land use type is mainly distributed in urban and
suburban areas. Thus, particles from the built-up area are
transmitted to water areas with low altitudes through
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land uses.

diffusion, resulting in a higher PM,s concentration.
Agricultural waste burning and clearing, including open field
burning and burning as household fuel, are significant emission
sources of PM, s (Zhang et al, 2017). In contrast, the PM, 5
concentrations in forests and grasslands were relatively low,
indicating that these land types could promote a decrease in the
PM, 5 concentration through the deposition effect and stomatal
absorption from the vegetation blade surface (Nowak et al.,
2013; Reddington et al, 2015). Correlations between air
pollution and natural factors were also evaluated (see
Supplementary Figure S1). Specifically, the PM,;
concentration showed negative correlations with relative
humidity, precipitation and wind speed. Conversely, both air
temperature and land surface temperature showed positive
correlations with the PM, 5 concentration.

To quantify the LUCC influence, the MLR model was used
to simulate the PM, s concentrations under the control of
other factors (factors except for land use). Figure 8 shows the
trends of the MLR-simulated PM, 5 concentrations and the
residual during the periods 2001-2008 and 2008-2014, which
present similar trends with the observed PM, s. Specifically,
the simulated PM, 5 concentration and the residual increased
by 2.02 ugm>-a”' (R® = 0.96, p < 0.05) and 1.37 uygm >a™!
(R?=0.76, p < 0.05) during 2001-2008. As a result, the relative
contributions of the LUCC and other factors were 40.59 and
59.41%, indicating the predominant factors of emissions and
meteorological conditions for the worsening air quality.
During 2008-2014, the observed PM,s concentration
decreased by —1.13 ugm>-a”', while the simulated PM, 5
concentration and residual decreased by —0.85ugm >a”'
(R? = 0.46, p = 0.09) and —0.29 uygm>a' (R> = 0.13, p =
0.43). The relative contributions of land use and other factors
were therefore 25.66 and 74.34%, suggesting the increasing
influences of climate factors and anthropogenic emission. The
main reason might be attributed to the strengthening
influence of the «climate conditions. As shown in
Supplementary Figure S3, the meteorological conditions
changed significantly after 2008, characterized by increased
humidity, precipitation, and wind speed and decreased land
surface temperature. Under these conditions, the climate
tends to mitigate air pollution effectively. Our results are
similar to Zhang et al. (2020), which implemented
sensitivity experiments based on atmospheric chemistry
model and demonstrated that contribution of more
favorable meteorological conditions on decrease in PM, s
were higher than emission in Beijing. In conclusion, the
signs of the LUCC impact remain positive, suggesting that
land activities promote air pollution evolution. On the other
hand, the magnitude is much greater in the process of the
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increase in PM, s, suggesting that the costs of unreasonable
land activities are much higher than the benefits of rational
land policy. Therefore, strengthening sustainable land
management rather than following the traditional way of
“governance after development” is required.

Figure 9 further shows the pixelwise contributions of the
LUCC impact. From 2001 to 2008, the influences of natural
factors and emissions were relatively large in urban areas. In
contrast, land use acted as the primary contributor in western
Changsha and southern Zhuzhou. During 2008-2014, the
decreasing trend of the PM, 5 concentration was also mainly
controlled by natural factors and anthropogenic emissions, with
most of the LUCC contributions less than 50%. The land use-
dominant areas were located in southern Xiangtan, the urban area
of Changsha and southern Zhuzhou. Additionally, LUCC
weakened the decreasing trend in the suburbs located in
western Changsha, which might be attributed to the increase
of built-up areas and the decrease of vegetation coverage during
the rapid urbanization after 2008 (Figure 2 and Supplementary
Figure S4).

CONCLUSION

This study aimed to explore the impact of LUCC on PM, 5
pollution levels in the CZT from 2000 to 2014. Residual
analysis of the MLR model was adopted with the aid of
multiple source datasets (including satellites and reanalysis).
The main conclusions are as follows:

Because of the implementation of the Two-Orientated
Society policy since 2007, there was a turning point of air
pollution evolution after 2008 in the CZT. Specifically, the
PM,s  concentration  increased  significantly = by
3.40pgm>a' (R° = 0.93, p < 0.05) from 2001 to 2008
and then decreased by -1.14pugm>a™' (R = 0.33, p =
0.18) after 2008. However, the study area still suffered from
serious air pollution, which requires sustained efforts from
environmental management.

LUCC exhibited a strong influence on air pollution. The
statistical results show that the PM, 5 concentrations were high
in built-up, water body and farmland land use types, while they
were relatively low in forest and grassland land use types. The
correlations between air pollution and climate were relatively
complex. The PM, 5 concentration had negative correlations
with relative humidity, precipitation and wind speed and
positive correlations with air temperature and land surface
temperature. However, the weak correlation (p > 0.05)
between the PM,s concentration and individual
meteorological parameters suggests that it is difficult for
individual factors to explain the PM,s concentration
variation.

With the MLR model, the LUCC influence was finally
estimated. From 2001 to 2008, LUCC accounted for 40.59%
of the increase. During 2008-2014, the meteorological
conditions changed, significantly enhancing the air
pollution cleaning ability, which was characterized by

LUCC Contribution to Air Pollution

increased humidity, precipitation and wind speed and
decreased land surface temperature. Under this condition,
the natural and emissions contributions (74.34%) were
much greater than the contribution of LUCC (25.66%). This
result suggested that the negative impact of unreasonable land
management was much stronger than the positive impact of
sustainable land development. Therefore, it is necessary to
further strengthen the goal of sustainable development in
regional land and environment management rather than
following the traditional way of “governance after
development”. Furthermore, the LUCC impact presented
significant spatial variabilities. From 2001 to 2008, LUCC
significantly worsened the air quality in western Changsha
and southern Zhuzhou. During 2008-2014, the PM,;
concentration variation was mainly controlled by natural
factors and emissions, and land use-dominant areas were
only located in southern Xiangtan, the urban area of
Changsha and southern Zhuzhou.

This study clarified the impact of LUCC on air pollution,
which could help capture the driving factors of air pollution
and support sustainable land planning. Several issues should
be addressed in future research. First, the physical mechanism
of the LUCC impact should be fully investigated to understand
its influences. Furthermore, natural factors and anthropogenic
factors exert significant interactions under the complex system
of Earth, which will require further evaluation to capture the
sign and magnitude of the LUCC impacts.
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With the increasing control of air pollution, the levels of atmospheric particulates in the Pearl
River Delta (PRD) region are gradually decreasing. However, ozone pollution has become
more and more serious, and the problem of secondary aerosol pollution caused by
photochemical reactions cannot be ignored. Based on the observation data of
environmental and meteorological stations in the nine cities of the PRD during 2019,
we investigated the variations of secondary PM. 5 (PM» 5.¢ec) in the PRD under different
photochemical reactivity backgrounds. It was shown that the photochemical reactivities
appeared more significant in the central and western areas than those in the eastern areas
of the PRD and appeared more significant in inland areas than those in coastal areas. The
days of moderate and high photochemical reactivities mainly appeared from August to
November. PM, 5. CONCentrations were the highest in autumn, during which the regional
discrepancies appeared most significantly with the highest levels in the southern areas.
With the enhancement of the photochemical reactivity background, the PM, 5 s level at
each station increased significantly, which appeared significantly higher in coastal areas
than in inland areas. Both PMs 5.¢c @nd ozone concentrations showed single-peak
variations, which appeared higher in the daytime than at night with the peak occurring
at about 15:00. For each pollutant, the average maximum concentration appeared higher
for polluted stations than for clean ones, indicating that the atmospheric oxidation
background was conducive to the formation of PMs 5_gec.

Keywords: secondary PM, 5, 0zone, photochemical reactivity, oxidation background, coordinated increase

INTRODUCTION

With the strengthening of environmental governance, air pollution in some cities of China has been
gradually transforming from single to complex pollution as a result of the increase in ozone and aerosol
levels (Zhang et al., 2019; Wang et al., 2021a; Wang et al., 2021b; Wang et al., 2021¢). Ozone and aerosols
significantly influence human health, crop yield, and global climate change (Mills et al., 2009; Stoker et al.,
2013; Zhang et al., 2017; Fleming et al., 2018), meaning that their coordinated control is very urgent.
Therefore, many scholars have carried out relevant studies and found that their coordinated variations are
fulfilled through the influence of aerosols on the levels of atmospheric radiation and hydroxyl radicals and
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the influence of ozone on atmospheric photochemical reactivities
(Yuan et al., 2012; Liu et al,, 2021; Wang et al., 2021a; Wang et al,
2021b; Wang et al., 2021c). It is worth noting that the strengthening
of atmospheric photochemical reactivities and the following
significant growth of secondary aerosols resulting from ozone
enhancement have become the common causes of complex
pollution in China. However, because of the influence of weather
background, emission source structure, and geographical factors, the
characteristics of complex pollution are different (Liu et al., 2019;
Zhao et al., 2021). Some scholars found that with the increase of
PM,5 levels, the maximum values and change rates of ozone
concentrations with different backgrounds in Guangzhou increase
gradually, indicating the coordinated increase between PM, s and
ozone (Yao et al., 2021). Some scholars found that in Handan, the
fourth largest city of Hebei Province, ozone increased with the
enhancement of PM,s during summer in the case of its
concentration being below the standard values, whereas high-level
PM, 5 had an inhibitory effect on ozone formation in winter (Zhao
et al., 2021).

The common precursors of aerosols and ozone (i.e., VOCs and
NO,) can be transformed into secondary aerosols and inorganic
salts through gas—particulate matter interactions (Xing et al.,
2017), contributing to the formation of PM,s. Li (Li et al,
2020) evaluated the coordinated increase of ozone and
secondary aerosols in Beijing, Shanghai, and Guangzhou and
found that the formation of secondary aerosols in Shanghai and
Guangzhou increased by multiples with the enhancement of
photochemical reactivities, whereas that in Beijing was scarcely
varied. Previous studies were mainly based on a single city or
station and rarely focused on regional ozone and secondary
aerosol variations (Wu et al., 2021).

The Pearl River Delta (PRD) region is located south of the
Tropic of Cancer, bordering the South China Sea, with good
thermal conditions. The regional economy is developed, the
manufacturing industry is prosperous, and the population is
dense. The precursors produced by a large number of
industrial sources and man-made sources are conducive to the
generation of ozone photochemical reactions. In recent years, the
ozone levels in the PRD have gradually increased (Zhan, 2018;
Yin and Wang, 2020), with complex pollution of ozone and
secondary aerosols occurring frequently (Lai et al., 2018). In this
article, we analyze the various characteristics of PM; 5 g
concentration in the PRD under different photochemical
reactivity backgrounds, based on the observed data from
environmental and meteorological stations in nine cities of the
PRD in 2019; the correlation between ozone pollution and
secondary PM, s were revealed; and the possible mechanisms
of formation of PM, ;.. under different ozone levels were
analyzed, which provide scientific support for the coordinated
control of PM2.5 and ozone in the PRD.

DATA AND METHODS

Data Sources
This article selects the PRD as the research area including nine
cities of Guangdong Province, i.e., Zhaoqing, Guangzhou,
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FIGURE 1 | Distribution of national control stations in the Pearl River
Delta.

Foshan, Zhuhai, Jiangmen, Zhongshan, Huizhou, Shenzhen,
and Dongguan. The data come from the national control
station of the Department of Ecology and Environment of
Guangdong Province (Station No. 1345A-1400A, Figure 1).
Season classification criteria are as follows: spring (March,
April, and May), summer (June, July, and August), autumn
(September, October, and November), and winter (December,
January, and February). The validities of atmospheric pollutant
concentration data meet the requirements of the Environmental
Air Quality Standard (GB3095-2012) and the Technical
Specification for Environmental Air Quality Assessment
(TRIAL) (HJ633-2013). The meteorological data come from
the national basic meteorological observation stations of the
respective cities, and the accuracy of all meteorological data
was over 98% after quality control. Data on the 10 m mean
wind and accumulated rainfall in the PRD in 2019 were obtained
from the EC ERA5 monthly reanalysis data.

Research Methods

Lietal. (2020) used the following research methods to analyze the
coordinated increase of ozone and secondary aerosols in typical
Chinese cities: First, the daily maximum 1h average
concentration of ozone (Os;-max) was used to classify the
atmospheric photochemical reactivity level. O3;-max < 100 pg/
m> was defined as a low level of photochemical reactivity (O;1),
and 100 pg/m’ < Os-max < 160 pg/m” was defined as a light level
of photochemical reactivity (Osrg). 160 pg/m3 < Oz-max <
200 ug/m’ was defined as a moderate level of photochemical
reactivity (O3y), and Os-max > 200 pg/m3 was defined as a high
level of photochemical reactivity (Osy). Then, CO was used as a
tracer of the primary emission source, assuming that the structure
of the emission source is basically stable; the larger the ratio of
PM, s/CO mass concentration is, the larger the proportion of
secondary components in PM, 5 is (Chang and Lee, 2007; Zhang
et al., 2015). Specific equations are as follows:

(PMZS)p,LH,t = COruy x (PMy5 / CO)p,L’ (1)
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FIGURE 2 | Mean concentrations of PM, 5, NO,, Og_gn, and CO at various stations.
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(PMz.s)p,M,t = COp, X (PMZS/CO)p,L) (2)
(PMZ,S)p,H,t = COp, X (PMZ,S/CO)p,D (3)
(PM25)secrrie = (PMas) g i — (PMZ.S)p,LH,t’ 4
(PMZ.S)sec,M,t = (PMZ.S)obs,M,t - (PMZ.S)p,M,t’ (5)
(P M2.5)sec,H,t = (PMZ.S)obs,H,t - (PMZ.S)p,H,t’ (6)

where p is the primary pollutant, sec is a secondary pollutant, and
obs is observed PM, 5 concentration. t is the specific time of the
day. L, LH, M, and H represent Oz, O3y, Ospm, and Osp,
respectively. COrgy X (PMy5/CO),; is 25% of the hourly
PM,s/CO in Ojy. It is the reference value of the primary
aerosol for the calculation of different levels of photochemical
reactivities. Finally, since ozone concentrations in eastern China
generally peak between 14:00 and 16:00, the phenomenon of
PM, s and ozone concentration increasing simultaneously and
continuously for no less than 2 h from 11:00 to 19:00 is defined as
the coordinated increase of PM, 5 and ozone. In this article, the
aforementioned methods are used to estimate the hourly
concentration of PM,s5.. under different photochemical
reactivities and to calculate the time for the coordinated
increase of PM, 5 .. and ozone. More details can be found in
Li et al. (2020).

DISTRIBUTION CHARACTERISTICS OF AIR
POLLUTANT CONCENTRATION IN THE
PEARL RIVER DELTA

Annual Average Variations

Figure 2 shows the mean concentrations of PM, 5, NO,, O3_gp,
and CO at various stations in the PRD in 2019. The air pollutants
have obvious spatial variation characteristics. Concentrations of

PM, 5, NO,, and CO are higher in the central and northern parts
of the PRD (e.g., Guangzhou, Foshan, and Dongguan), whereas
they are lower in coastal areas. The maximum annual mean
concentrations of PM,s, NO,, and CO appear in Dongguan
(37 ug/m?), Guangzhou (54 ug/m’), and Foshan (980 ug/m?),
respectively. The average ozone concentrations in coastal areas
(e.g., Zhuhai, Shenzhen, and Huizhou) are higher than those in
other areas, and the maximum appears in Shenzhen with a value
of 72 ug/m”>.

Seasonal Variations

Table 1 shows the seasonal variations of air pollutants in the PRD
in 2019. The average concentrations of PM, 5, CO, and NO, in the
PRD appear the highest in winter and the lowest in summer,
whereas the concentrations of Oj;_g, appear the highest in
autumn and the lowest in winter. The concentrations of
PM,s, NO,, and CO in the northern part of the PRD are
higher than those in the southern part, whereas the
distributions of O;_g, appear vice versa. Figure 3 shows the
variations of PM, 5 and ozone with temperature and humidity
during autumn and winter in the PRD. The high-level PM, 5 in
autumn ma