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Abstract According to atmospheric modeling and satellite observations, cold fronts can cause trans-
regional transport (TRT) of haze particles from the North China Plain (NCP) to Yangtze River Delta (YRD)
in winter. However, compositions and aging of haze aerosols during the TRT have not been studied. We
showed the TRT PM, s dominated by organic matter (OM) (30%) and secondary inorganic ions (36%) in
the NCP and 29% and 60% in the YRD. Following the TRT, abundant spherical primary OM particles (i.e.,
tarballs) (71% by number) mainly from residential coal burning in rural areas of the NCP unexpectedly
occurred in the YRD. The inert tarballs display similar sizes (~300 nm) and O/C ratios (~0.15), but the
mixture of nitrate, sulfate, and secondary OM as the coatings completely convert the hydrophobic tarballs
into hydrophilic ones in the TRT. The aging and transport of tarballs from the NCP to YRD further
indicate that the TRT not only brought various trace gases (e.g., CO, SO,, NO,, and VOCs) but also carried
large numbers of nanosized primary particles (e.g., tarball, metal, fly ash, and soot) with secondary
coatings over 1,000 km. The findings suggest that these many nanosized tarballs containing brown carbon
and highly toxic species in the NCP influence regional climate and human health in northern and eastern
China, which needs more attention. Although the NCP and YRD have different energy consumption
structures in winter and are two isolated administrative regions, we emphasize the need for a coordinated
cross-regional emission reduction strategy for TRT haze control.

Plain Language Summary The North China Plain (NCP) and Yangtze River Delta (YRD)
are two isolated administrative regions in China with developed economies and serious regional haze
pollution during winter. There are different particle sources in the NCP and YRD in winter, in particular
for the abundant coal burning for heating and cooking in the NCP but not in the YRD. Recently, it has
been found that cold air can cause trans-regional transport (TRT) of haze particles from the NCP to
YRD in winter and further induces regional haze pollution in the YRD. However, there is no detailed
information on the fine TRT haze particles. Here we raise several questions about the fine particles:
What kinds of fine particles can be transported from the NCP to YRD? How are these particles changed
during their TRT? The answers are important for evaluating the impacts of air pollution between the two
large city-clusters on human health and climate. Therefore, we conducted field campaigns and analyzed
compositions and aging of fine haze particles during their TRT. This study not only provides critical
information about the TRT haze particles but also insights to the future coordination of air pollution
control between the NCP and YRD in winter.

1. Introduction

Because of the rapid development of urbanization and industrialization and rise of economy, China has fre-
quently experienced haze pollution. These haze pollution events profoundly affect human health, such as
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respiratory system and heart (Lelieveld et al., 2020); climate, such as temperature and precipitation (Suzuki
& Takemura, 2019); and ecosystem, such as growth of plankton in remote ocean areas (Li, Xu, et al., 2017).
Although the Chinese government has adopted a series of control measures (e.g., the 12th Five-Year Plan for
Air Pollution Control in Key Areas and Air Pollution Prevention and Control Action Plan), some regional
haze pollution events still occur in winter owing to adverse meteorological conditions (e.g., low wind speed
and high relative humidity (RH)), relatively high emissions from household heating, vehicle exhausts, and
industry activities, regional or long-range transport of air pollutants, and secondary aerosol formation (J.
Liu et al., 2016; X. Pan et al., 2019; Shao et al., 2019; Yao et al., 2018; F. Zhang et al., 2020; Zhang, Liu, Xu,
et al., 2020; G. J. Zheng et al., 2015; H. Zheng et al., 2019; Zhong et al., 2019).

The North China Plain (NCP) and the Yangtze River Delta (YRD) are two developed regions in China
with serious haze pollution (Guo et al., 2014; Li, Wang, et al., 2019). There are two large city-clusters, with
Beijing and Shanghai being the political and economic centers in the NCP and YRD. The statistical data
show that nearly 50% of China's total population lives in the NCP and YRD and that approximately one-
half of fossil fuel in China is consumed for industrial, residential, and vehicular activities in these two
regions (all data from National Bureau of Statistics of China, http://data.stats.gov.cn/index.htm, last access:
December 9, 2020). Therefore, the regional haze pollution in the NCP and YRD is a major world concern
(Cheng et al., 2013; Lyu et al., 2019; S. Zhai et al., 2018; Y.-L. Zhang et al., 2018; Zhong et al., 2019). The
previous studies suggested that regional winter haze events in the NCP were formed by accumulation of
air pollutants under stable meteorological conditions (C. Liu et al., 2017; X. J. Zhao et al., 2013) and were
further deteriorated by massive formation of secondary aerosols from their gaseous precursors (e.g., SO,,
NO,, and volatile organic compounds (VOCs)) (J. Wang et al., 2020; Xue et al., 2019; G. J. Zheng et al., 2015)
and two-way feedback between haze aerosols and meteorological conditions (Z. Li et al., 2017; Wang, Shi,
et al., 2015; Zhong et al., 2019). Finally, these haze events in the NCP are terminated by strong northerly or
northwesterly winds (i.e., cold fronts). As a result, air pollutants in haze events in the NCP are rapidly trans-
ported to downwind regions such as the YRD (Kang et al., 2019) or East China Sea (F. Wang et al., 2016).
To date, most of studies have focused on physicochemical characteristics of aerosol particles and regional
haze formation in the NCP or the YRD as two isolated regions (Cheng et al., 2013; Ge et al., 2018; Herrmann
et al., 2014; Lyu et al., 2019; Wang, An, et al., 2014; S. Zhai et al., 2018). There are only a small number of
studies concerning the trans-regional transport (TRT) of air pollutants from the NCP to the YRD through
atmospheric models (X. Huang et al., 2020; Kang et al., 2019; Li, Wang, et al., 2019). However, it is essential
to study the TRT of fine particles because of its large-scale potential impacts on human health, climate, and
ecosystem (Conway et al., 2019; Shrivastava et al., 2017; Yue et al., 2019; Zhao & Garrett, 2015).

Many mountains (e.g., Taithang Mountains, Ta-pieh Mountains, and Mount Huang) lie to the west of the
NCP and YRD, and the Bohai Sea, Yellow Sea, and East China Sea are to the east of the NCP and YRD (Fig-
ure 1a). There are no obvious high mountains barriers between the NCP and the YRD, although the Yangtze
River separates northern and eastern China into two large isolated administrative regions, with the NCP as
the northern part and the YRD as the southern part (Figure 1a). Therefore, it is reasonable to observe the
TRT haze events from the NCP to YRD in winter because of cold fronts (He et al., 2018; Kang et al., 2019).
Although a few studies have observed some TRT haze events from the NCP to YRD during winter, they
only analyzed the impact of weather system on TRT by weather patterns (He et al., 2018; Hou et al., 2020;
J. Lietal., 2019; Shu et al., 2017) or variations of components and geographical contribution of PM, s in the
YRD during TRT by bulk analysis (Li, Wang, et al., 2019; Ming et al., 2017), radiosonde observation (Zhong
et al.,, 2019), lidar measurement (T. Sun et al., 2018), and model simulation (X. Huang et al., 2020; Kang
et al., 2019; Li, Huang, et al., 2012; Ming et al., 2017). For example, He et al. (2018) suggested that during
winter, high frequency of cold fronts at 21%-41% can transport regional haze events occurring in the NCP
into the downwind YRD; Kang et al. (2019) further found that the cold fronts bringing air pollutants from
the NCP can increase YRD PM, 5 concentration from ~70 to >200 ug m~> within 8 h based on the meteor-
ological model and ground-based observations. When a TRT haze event from the NCP to YRD occurred, it
can cause YRD PM;, mass concentration contributed from the TRT of the NCP to be approximately twice
higher than that from the local YRD emission (Li, Huang, et al., 2012). However, field observations of the
TRT haze events have not been conducted to provide more specific evidences of chemical compositions
and mixing states of fine particles during their transports from the NCP to YRD, which would contribute to
understanding how haze particles are formed, age, and die during the TRT.
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Figure 1. Sampling sites and schematic diagram of the trans-regional transport (TRT) haze events in East China. (a) Geographic locations of four sampling
sites (i.e., Beijing, Handan, Zhengzhou, and Hangzhou) in the North China Plain (NCP) and the Yangtze River Delta (YRD). (b) Schematic diagram of the TRT
haze events in East China during winter with spatial distribution of monthly averaged organic carbon surface mass concentration during December 2017. The
white block in panel (a) represents that data are missed. The spatial distribution of organic carbon concentration in panel (b) is derived from the Modern-Era
Retrospective Analysis for Research and Applications, Version 2 (MERRA-2) model (https://giovanni.gsfc.nasa.gov/giovanni/, last access: May 10, 2020).

To better study the variations of chemical compositions and aging characteristics of haze particles during
the TRT from the NCP to YRD, we performed field observations in four cities (i.e., Beijing, Handan, Zheng-
zhou, and Hangzhou) located in the NCP and YRD in December 2017. A typical TRT haze event from the
NCP to YRD covering these four cities occurred from December 26 to 31, 2017. This study investigated the
compositions of PM, s, mixing structures of individual particles, and hygroscopic behavior of haze aerosols
at the four sampling sites during the TRT haze event.

2. Observations and Methods
2.1. Sampling Sites and Sample Collection

Four sampling sites in the urban areas of Beijing, Handan, and Zhengzhou cities of the NCP and Hangzhou
city of the YRD were selected to study the TRT haze event from the NCP to the YRD in winter (Figure 1a).

Beijing city (40°N, 116.35°E) is located in the northern part of the NCP (Figure 1a). Although the average
PM, 5 concentration (52 ug m™>) in Beijing in winter of 2017 is lower than the Grade II national ambient air
quality standard value (75 pg m™>) (Table S1), heavy hazes still occurred in Beijing in winter under adverse
meteorological conditions through secondary transformation of aerosols and regional transport from the
central and southern parts of the NCP (G. J. Zheng et al., 2015).

Handan (36.58°N, 114.51°E) and Zhengzhou (34.59°N, 113.69°E) cities are located in the central and south-
ern parts of the NCP (Figure 1a). There are intense pollutant emissions in these areas, which mainly in-
clude many heavy industrial activities around these two cities (e.g., steel and nonferrous metals factories,
cement plants, glass factories, and coal-fired plants) and residential coal burning for heating and cooking in
thousands of rural villages in the NCP because of quite low temperature during winter (J. Liu et al., 2016).
The high emissions can cause regional heavy haze pollution in the NCP in winter (S. Liu et al., 2018; Yang
et al., 2018), with the average PM, 5 concentrations of 105 and 91 ug m ™~ in winter of 2017 which are higher
than the Grade II standard value of 75 g m ™ (Table S1).
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Hangzhou city (30.31°N, 120.09°E) is a typical megacity in the YRD and is located in the south-central part
of the YRD (Figure 1a). Its air quality can be influenced by the long-range transported hazes from the NCP
under strong cold fronts (Li, Wang, et al., 2019). The average PM, s concentration was 63 ug m > during win-
ter in 2017 in Hangzhou (Table S1), which is lower than the Grade II standard value of 75 g m™>. Regional
haze events frequently appeared in the YRD in winter because of regional emissions from urban vehicle
exhausts and industrial activities (Liu, Zhang, et al., 2020; Xu, Zhang, et al., 2020), as well as the TRT of air
pollutants from the NCP (Li, Wang, et al., 2019; Ming et al., 2017). Compared with the NCP, there are no
coal-fired heating activities in villages and central heating in urban areas in the YRD during winter.

Ambient PM, 5 and individual aerosol particles were collected on 90 mm preheated (600°C for 4 h) quartz
filters (Whatman, UK) using medium volume samplers including PM, s impactors (Wuhan Tianhong Inc.,
TH-16A, 100 L min™") and transmission electron microscopy (TEM) grids and silicon wafers using DKL-2
samplers (Genstar Inc., 1 L min ") at the four sampling sites. PM, s samples, including the blank samples (in
the same collection way but no pumping), were collected twice a day from 8:30 (local time) to 20:00 (named
daytime (DT)) and from 20:30 to 8:00 on next day (named nighttime (NT)). The blank samples were used to
correct the ambient PM, s and its chemical composition concentrations. Individual particle samples were
collected four times a day at 0:00-3:00 (local time), 7:00-10:00, 12:00-15:00, and 18:00-21:00 with unstable
sampling durations from 30 s to 8 min based on PM, 5 concentrations. During the TRT haze event, although
intermittent rain occurred at the sampling sites and caused six PM, s samples before and after the TRT pro-
cess to be missed, samples during the TRT process were not influenced. After the sampling, PM, 5 samples
were immediately stored in —20°C refrigerators and individual particle samples were sealed in dry, clean,
and airtight containers until next laboratory analyses.

Meteorological fields, including wind speed and direction, temperature, geopotential height, and RH at
1,000 and 900 hPa in East China were obtained based on the FNL data (1° X 1°) from the National Centers
for Environmental Prediction (NCEP) (https://rda.ucar.edu/datasets/ds083.2/, last access: April 30, 2020).
Hourly meteorological parameters (i.e., wind speed and direction, RH, and temperature) and concentra-
tions of PM, s and CO were derived from the nearest monitoring stations (https://www.aqistudy.cn/, last
access: April 30, 2020).

2.2. PM,; Chemical Composition Analyses

Quartz filters were weighted using a high-precision digital balance (Sartorius ME 5-F) with 0.001 mg of
reading precision before and after sampling in a room with the following conditions: a temperature of
20°C + 1°C and an RH of 50% + 2%. The mass concentrations of DT and NT PM, s during the sampling
period were further calculated based on the weight differences of quartz filters and sampling volumes.
Although there is a 11% + 7% deviation between the weighted PM, s concentrations and PM, 5 concentra-
tions from the nearby air quality monitoring stations, their variations during the TRT haze event are same.
Therefore, the weighted PM, s concentrations can be used to reflect the TRT haze formation from the NCP
to the YRD.

PM, s samples were analyzed to obtain water-soluble ions (i.e., SO;~, NO3, NH}, Ca**, Mg**, K*, Na*, CI",
and F7) by an ion chromatography system (Dionex ICs-90, USA), organic carbon (OC) and elemental car-
bon (EC) by an OC-EC analyzer (Sunset Laboratory Inc., USA), and trace metals (i.e., V, Cr, Mn, Fe, Co, Ni,
Cu, Zn, Ge, Mo, Tc, Rh, Cd, Ag, In, Sn, Sb, Ba, Tb, Lu, TI, Pb, Bi, Th, and U) by inductively coupled plasma
mass spectrometry (ICP-MS, Agilent 7500ce). The detailed experimental processes were provided in the
previous studies (Y. Pan et al., 2013; Zhang, Liu, Wang, et al., 2017; Zhu et al., 2020). Concentrations of
organic matter (OM) were obtained by multiplying OC by a factor of 1.91, as reported by Xing et al. (2013).

2.3. TEM-EDS Analysis

Individual aerosol particles collected on TEM grids were analyzed using a TEM equipped with energy-dis-
persive X-ray spectrometry (EDS) (JEOL, JEM-2100). TEM-EDS analysis can obtain physical (e.g., morphol-
ogy and mixing structure) and chemical (e.g., elemental composition and ratio of elements) properties of
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individual particles. Each EDS spectra collection time is controlled within 30 s to reduce potential X-ray
damage and ensure sufficient signal intensity to individual particles. In EDS spectra, copper (Cu) is exclud-
ed because of the effect from the Cu TEM grids and carbon (C) may be overestimated for thin particles since
the substrate is C film. Here, we collected C and O from thick OM particles to calculate the O/C ratio which
can indicate the oxidation degree of organic particles. In total, 1,087 particles in Beijing, 1,176 particles in
Handan, 1,321 particles in Zhengzhou, and 963 particles in Hangzhou were analyzed.

The area, perimeter, shape factor, and equivalent circle diameter (ECD) of each particle in TEM images
were measured using an image analysis software (Radius, EMSIS GmbH, Germany). The shape factor can
be used to show morphological characteristics of individual particles. When the shape factor is closer to 1
(the maximum value), the particle is rounder (Xu, Fukushima, et al., 2020).

2.4. Geographic Source Analyses

The concentration-weighted trajectory (CWT) analysis based on backward trajectory can be employed to
estimate the contribution of air pollutants from different regions (H. Zheng et al., 2019). Before the CWT
analysis, air mass backward trajectory needs to be calculated. In this study, 72 h of air mass backward tra-
jectories with one-hour resolution before arriving at the four sampling sites at 500 m a.g.l. were calculated
based on the wind data sets from the Nation Oceanic Atmospheric Administration (NOAA) (ftp://arlftp.
arlhg.noaa.gov/pub/archives/gdas1, last access: March 31, 2020). A user-friendly Igor-based tool “ZeFir”
developed by Petit et al. (2017) was utilized for the CWT analysis. The region covered by the trajectories of
CWT consists of thousands of cells with a resolution of 0.4° X 0.4°. The CWT was simulated according to
the following equation:

1

= = CyT,

ij sV - k=t CiTiji 1)
where Cj is the average weighted concentration in a grid cell (i, j); Ci is the measured concentration of
pollutant observed on the arrival of trajectory k; 7 is the number of trajectory endpoints in the grid cell
(i, j) associated with the C, sample; N is the number of samples that have trajectory endpoints in the grid
cell (i, j). To further improve the accuracy of the CWT analysis, a weighing function in “ZeFir,” as shown in
Equation 2, was applied to the CWT calculation.

1 for log(n +1)>0.85 x MAX|o0(41)
)

0.725 for 0.6 x MAX o4 41) < log(n + 1) <0.85 x max,

)

g(n+1
0.475 for0.35 x MaX o0 (41) < log(n + 1) <0.6 x MaX, o (41)

0.175 for log(n + l)<0.35 X MaXo0(41)

o
g

log(n+1) represents the density of trajectory.

To further verify the geographic sources and transport of haze particles, the Lagrangian particle dispersion
model FLEXPART was applied (Stohl et al., 2005). The FLEXPART model computed backward footprints
of particles on the basis of considering atmospheric turbulence and convection, particle deposition, and
reactions with hydroxyl radicals (Eckhardt et al., 2009). In this study, this model was run by hourly mete-
orological data with a 0.5° x 0.5° resolution and 37 vertical levels derived from the NCEP (https://rda.ucar.
edu/datasets/ds094.0/, last access: April 30, 2020). Twenty-thousand particles at the sampling site were
released in the FLEXPART model to determine the geographic sources of haze particles more accurately.
Finally, 72 h of horizontal and vertical backward footprints of haze particles with particle residence time
and backward trajectory of air mass were obtained. More details regarding the FLEXPART model were
reported by Stohl et al. (2005).
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2.5. Hygroscopic Experiments

An individual particle hygroscopic (IPH) system is applied to observe the hygroscopic properties of indi-
vidual haze particles from the NCP to YRD. The experimental steps of the IPH system are as follows: (1)
dry and wet N, gases were introduced into a chamber through a mass flow controller; (2) a TEM grid or
silicon wafer was placed into an environmental microscopic cell (Gen-RH Mcell, UK), where the RH can
be changed by dry and wet N, gases and kept at a temperature of 20°C by a constant temp bath (DC-0506);
(3) images of individual particles were taken at different RH values via an optical microscope (Olympus
BX51M, Japan) equipped with a camera (Canon 650D). The IPH system was successfully used to inves-
tigate the hygroscopic properties of individual particles collected on TEM grids and silicon wafers (Chi
et al., 2015; J. Sun et al., 2018; Zhang, Yuan, et al., 2018). In this study, hygroscopic growth of individual
haze particles collected at the four sampling sites of the NCP to YRD was obtained at RH values of 3%-93%.
A parameter, that is, “growth factor (GF),” that can quantify particle size change was used to evaluate the
hygroscopic characteristics of individual haze particles. The GF calculation is as follows:

1. D,
GF, = -3 —& 3
n i lDi()

where GF is the average GF of individual haze particles at each sampling site at k% RH; Dy is the ECD of
particle i at k% RH; Dy is the ECD of particle i at 3% RH; n is the number of analyzed particles.

3. Identification of Trans-Regional Transport Haze Event

Figures Sla-Sle show a regional heavy haze event with continuous haze movement from the NCP to the
YRD along with a cold front from December 26 to 31. Based on the variations of PM,s mass concentra-
tions and visibility at the four sampling sites, we found that haze pollution (PM, > 75 g m™° and visibil-
ity <10 km) gradually formed in the NCP during the period of 26-29 December, and then it was cleared
(PM,5 < 75 ug m ™ and visibility >10 km) on 30 December (Figures 2e and S2a). Consequently, a regional
haze event suddenly occurred in the YRD under the condition of strong northwest winds during the period
of 30-31 December (Figures 2d ,2e and S2a). We noticed that wind played an important role in the TRT
haze event, which is consistent with other studies on the sudden formation of haze in the YRD (X. Huang
et al., 2020; Kang et al., 2019; Li, Wang, et al., 2019). Figures 2a-2d show that low wind speeds at ~1.4 m st
prevailed at the four sampling sites before December 30, suggesting that there was no TRT haze event from
the NCP to the YRD. Following a cold front occurring in the NCP on December 30, we noticed that the weak
southerly winds at ~0.5 m s~ quickly changed to strong northwest winds at ~4.7 m s~ within 2 h in Bei-
jing, Handan, and Zhengzhou (Figures 2a-2c). As a result, the hourly PM, 5 concentrations quickly dropped
from 253, 422, and 300 pg m™ to 15, 56, and 38 ug m~ in Beijing, Handan, and Zhengzhou, respectively,
on December 30 (Figure 2e). Four hours after the haze pollution disappeared in the NCP, we found that the
PM, 5 concentration quickly increased from 35 to 318 ug m™ under strong northwest winds at ~3.9 m s™" in
Hangzhou in the YRD on December 30 (Figures 2d and 2e). The meteorological model provides wind fields
at both 1,000 (surface) and 900 hPa (~1,000 m a.g.l.) in East China (Figures 3a, 3b, 4a, and 4b). The wind
fields show coincident results with the observed wind data, that is, that strong northwest winds prevailed
on December 30 compared with weak winds before December 30 in the NCP and the YRD. In addition, with
the occurrence of cold front, temperature at the four sampling sites largely decreased from 10°C + 3°C to
—3°C + 3°C (Figure S3b).

The CWT analysis clearly shows that high PM, 5 concentrations in the YRD during the period of December
30-31, mainly originated from the NCP and the TRT contribution from the NCP reached ~36.4% (Fig-
ure 4c). Furthermore, we ran the FLEXPART model at Hangzhou sampling site and found that haze parti-
cles in the YRD were indeed sourced from the TRT of the NCP (Figure 4d). These results firmly demonstrate
that the regional haze in the NCP was transported to downwind areas by a cold front and invaded the YRD
during the period of December 30-31 (Figures Sla-Sle). Kang et al. (2019) investigated the weather in
the whole wintertime of 2014 and found that at least 13 TRT haze events from the NCP to the YRD were
induced by strong northerly and northwesterly winds. As a result, our analysis shows that a regional haze
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Figure 2. Times series of wind data and PM, s and CO concentrations in Beijing, Handan, Zhengzhou, and Hangzhou during the TRT haze event from the
NCP to YRD. (a-d) Wind speed and direction. (e) PM,s. (f) CO. In panels (e-f), the green circles represent the PM, ;s and CO concentration peaks and the green
arrows indicate the variation in the concentration peaks following the TRT from the NCP to the YRD.

event gradually formed in the NCP and then turned into a typical TRT haze event following a cold front
movement from the NCP to the YRD during the period of December 26-31.

Based on the variation in wind and PM, s concentration, the TRT haze event was divided into three stages in
both the NCP and the YRD (Table S2). The three stages in the NCP are as follows: Accumulation stage from
26 DT to 29 DT December with weak winds and continuously increased PM, s; stabilization stage on 29 NT
with light air and persistently high PM, 5; and dissipation stage from 30 DT to 30 NT December with strong
northwest winds and rapidly decreased PM, 5 (Figures 2a, 2e, and S2a). Similarly, there are three stages in
the YRD: clean stage from 26 DT to 30 DT with weak winds and low PM, s; accumulation stage on 30 NT
December with strong northwest winds and rapidly increased PM, s; stabilization stage from 31 DT to 31 NT
December with weak winds and high PM, 5 (Figures 2a, 2e, and S2a). Because we mainly studied the TRT
haze event from the NCP to the YRD, the accumulation, stabilization, and dissipation stages in the NCP and
clean and accumulation stages in the YRD were primarily investigated.
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Figure 3. Meteorological fields and potential geographical origins of PM, s before December 30. (a-b) Meteorological fields covering the NCP and YRD at 1,000
and 900 hpa before December 30. (c) Concentration-weighted trajectory (CWT) plots of PM,; s before arriving in Beijing, Handan, Zhengzhou, and Hangzhou
before December 30. The red lines, blue lines, and green fillings in panels (a and b) represent temperature (T), geopotential height (GH), and relative humidity

(RH).

4. Results and Discussion
4.1. Meteorology and PM,; Compositions

Figures S2a-S2e show that the changes in PM, s concentrations and their chemical compositions appeared
to have similar trends among Beijing, Handan, and Zhengzhou of the NCP during the TRT haze event.
Winds remained at ~1.3 m s~ and the average RH increased from 31% to 73% in the NCP during the ac-
cumulation stage (Figures 2a, 2¢, and S3a). During the accumulation stage, the semidiurnal PM, s and CO
concentrations gradually increased from 136 ug m™ and 1.1 ppm to 302 pg m~ and 2.4 ppm in the NCP,
with the average concentrations at 218 ug m~> and 1.8 ppm (Figures 2f and 5). OM and secondary inorganic
ions (SNA, the sum of SO3~, NO3, and NH}) dominated PM, 5 in the NCP during the accumulation stage.
Figures 5 and S2b-S2d show that the average OM and SNA concentrations were 72 and 67 pig m™ in the
NCP based on 68 and 50 ug m™ in Beijing, 86 and 83 ug m™* in Handan, and 62 and 67 yg m~° in Zheng-
zhou. Following the further aggravation of meteorological conditions (weak winds at ~0.8 m s~ and high
RH at 80%), the regional haze in the NCP evolved into the stabilization stage from the accumulation stage
(Figures 2a, 2c, and S3a). The average PM, 5 concentration increased from 218 pg m™ during the accumula-
tion stage to 313 ug m ™ during the stabilization stage in the NCP (Figure 5). The hourly CO concentration
in the NCP reached its maximum value at 3.5 ppm during the stabilization stage, with an average value of
3.1 ppm (Figure 2f). Figure 5 shows that OM and SNA concentrations increased from 72 and 67 ug m™
to 93 and 111 ug m™>, respectively, in the NCP when the haze event from the accumulation stage evolved
into the stabilization stage. It should be noted that SNA concentrations strikingly increased by 60%-138%
during the period of 27 NT-29 NT, with RH at 62%-88% following the regional haze accumulation and
stabilization in the NCP (Figures S2b-S2d and S3a). Similar results showing that massive production of
secondary aerosols under high RH (>60%) induced severe haze formation in North China in winter have
been documented well (G. Wang et al., 2016; J. Wang et al., 2020; G. J. Zheng et al., 2015). In the NCP, the
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Figure 4. Meteorological fields and potential geographical origins of PM, s and haze particles during December 30-31. (a-b) Meteorological fields covering the
NCP and YRD at 1,000 and 900 hpa on December 30. (c) CWT plots of PM, 5 before arriving in Hangzhou during December 30-31. (d) 72 h backward footprint
analysis of particle transport using the FLEXPART model in Hangzhou at 06:00 (local time) on December 31.

period from the accumulation stage to the stabilization stage took four days to accumulate and region-

ally transport large amounts of anthropogenic air pollutants along the north-south Taihang Mountains
(Figures 3a-3c).

During the same period, the YRD had better air quality when a regional haze formed in the NCP (Figures 2e
and S2a). This converse phenomenon between the YRD and the NCP has often been observed during winter
(J. Li et al., 2019; Li, Wang, et al., 2019; Shi et al., 2020). Indeed, we noticed that PM, s and CO concentra-
tions remained at a low level of 82 ug m™ and 0.9 ppm, respectively, in the YRD during the period of 26
DT-30 DT December, although wind speeds were low at ~1.4 m s™" (Figures 2d-2f). Obviously, this period
was the clean stage in the YRD. The average OM and SNA concentrations were 25 and 31 pg m ™ during the
clean stage in the YRD (Figure 5).
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Figure 5. Mass concentrations of PM, s and organic matter (OM), elemental carbon (EC), secondary inorganic ions
(SNA, i.e., SO37, NO3, and NH}), other inorganic ions (i.e., Ca**, Mg®*, K*, Na*, Cl~, and F"), and trace metals in PM, s
during the TRT haze event from the NCP to YRD.

Figures 2a-2c and 2e show that the high concentrations of PM, s in the NCP rapidly dropped from 253-
422 ug m™ to 15-56 ug m~> when the weak southerly winds at ~0.5 m s™* changed to strong northwest
winds at ~4.7 m s~'. The regional severe haze in the NCP was completely swept within 6 h (Figure 2e).
During the same period, we observed that the YRD air quality became worse (Figure 2e). Figures 5 and 2f
show that the average concentrations of PM,s and CO in the NCP together decreased from 313 pg m™?
and 3.1 ppm during the stabilization stage to 116 ug m~> and 1.0 ppm during the dissipation stage, but the
concentrations of PM,s and CO in the YRD dramatically increased from 82 ug m™> and 0.9 ppm during
the clean stage to 156 g m™> and 1.5 ppm during the accumulation stage. CO as one tracer of primary
combustion emission (Y. J. Li et al., 2015), it had positive correlations with PM, s at the four sampling
sites (0.22 < R* < 0.96) (Figures S4a-S4d), suggesting that primary combustion constantly contributed haze
particles during the TRT haze event from the NCP to the YRD. Meanwhile, we found that OM and SNA
concentrations distinctly increased from 25 and 31 ug m ™~ during the clean stage to 45 and 94 ug m > during
the accumulation stage in the YRD (Figure 5). Notably, nitrates in PM, s largely increased from 17 yug m™>
during the clean stage to 50 ug m > during the accumulation stage in the YRD compared to sulfates and am-
monium (Figure S2e). Total trace metals, including Fe, Mn, Cr, Pb, and Zn, also increased from 4.9 pg m™>
during the clean stage to 5.2 ug m~> during the accumulation stage in the YRD following the TRT from the
NCP (Figure 5). In summary, regional haze pollution formed in the YRD in the accumulation stage when
the NCP was in the dissipation stage. Obviously, the meteorological fields, CWT analysis, and FLEXPART
model all prove that the converse phenomenon between the YRD and NCP is attributed to the TRT haze
events in East China (Figures 4a-4d). Therefore, the variation in chemical compositions of aerosol particles
during the TRT haze events should be paid more attention.

4.2. Classification of Individual Particles

TEM-EDS analysis obtained the morphology, mixing structures, and elemental compositions of individual
particles (Figures 6a-6i). In consequence, four basic major types of aerosol components in fine particles are
classified as OM, SNA, soot, and metal/fly ash (Figures 6a-6i).

SNA particles, also called secondary inorganic aerosols, are mainly comprised of S, O, and N elements
(Figure 6h) and generally are the mixture of (NH,),SO, and NH,NO; (Li, Sun, et al., 2016). Individual soot
particles, also called black carbon, are aggregation of many carbonaceous spheres (Figures 6c, 6d, and 6f)
and mainly contain C and minor O (Figure 6h). Metal/fly ash particles are mainly composed of O, Si, and
metallic elements (e.g., Al, Fe, Mn, and Pb) (Figure 6i) and present single sphere or aggregation of sever-
al spheres morphology (Figures 6¢ and 6f). OM particles mainly contain C, O, and Si (Figure 6g). When
comparing individual particles among the four sampling sites, we generally found large differences in OM
particles in different stages of the NCP and the YRD.
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Figure 6. Typical transmission electron microscopy (TEM) images of different mixing structures of individual aerosol particles and energy-dispersive X-ray
spectrometry (EDS) spectra of basic aerosol components. (a) Bare-like tarball. (b) Tarball partly coated by mixture of SNA and OM coating (SOM) particles.
(c-1) Tarball partly coated by mixture of SNA, soot, and SOM particles. (c-2) Tarball partly coated by mixture of SNA and Fe-rich particles. (c-3) Tarballs partly
coated by mixture of SNA, soot, and Fe-rich particles. (d) Mixture of SNA and soot particles. (e) Tarball totally coated by SNA particle. (f-1) Tarball totally
coated by mixture of SNA, soot, and SOM particles. (f-2) Tarball totally coated by mixture of SNA, Fe-rich, and SOM particles. (f-3) Tarball totally coated by
mixture of SNA, soot, Fe-rich, and SOM particles. (g) Tarball and SOM spectra. (h) SNA and soot spectra. (i) Fe-rich and fly ash spectra. The green, blue, and red
rectangular frames represent bare-like tarball, partly coated tarball, and totally coated tarball, respectively.

In this study, OM particles mainly presented two different morphology: Spherical morphology with the
average shape factor of 0.75 (Figures 6a and S5) and OM coating on SNA particles (Figures 6b and 6f). The
spherical OM particles with high viscosities exist as one type of primary organic particles (Reid et al., 2018;
Yuan et al., 2020) and have generally been considered to be tarballs (Adachi et al., 2019; Liu, Kong,
et al., 2017; Pésfai et al., 2004; Zhang, Yuan, et al., 2018). These studies also well documented that tarballs
are from combustion emissions and are good markers for household heating and cooking using biomass
and coals. While OM coatings have been perceived as secondary OM (SOM) aerosols although some SOM
aerosols that are homogeneously internally mixed with secondary inorganic particles could not be well
identified in this study (Li, Sun, et al., 2016; Zhang, Liu, Wang, et al., 2017). That means that OM coatings
are normally considered to form from the chemical transformation of VOCs in the atmosphere. Our study
further semiquantified O/C ratio of individual OM particles and found lower O/C ratios of 0.15-0.16 in
tarballs and a higher O/C ratio of 0.58 in SOM particles (Figure 7a). This result is consistent with O/C ratios
of 0.1-0.3 in primary organic aerosols and of 0.4-1.0 in secondary organic aerosols detected by aerosol mass
spectrometry in ambient air of East China (W. W. Hu et al., 2013; J. Zhao et al., 2019). Because of different
energy consumption structures between the NCP and the YRD in winter, tarballs from coal burning for
heating in rural households are unique in the NCP compared with the YRD with no residential coal burning
for heating.

To better compare tarballs in the NCP and the YRD, we further classified the particle type based on mix-
ing structures among four basic major particle types (Figures 6a-6f). TEM observations show that a large
number of SNA particles collected in the TRT haze event in East China were internally mixed with tarballs
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Figure 7. Ratios of O/C in OM particles and number fractions of haze particles. (a) Ratios of O/C in tarballs and SOM particles in the NCP and YRD during
the TRT haze event. (b) Number fractions of haze particles combined with concentrations of PM, ;s and OM. (c) Number fractions of different mixing structures
of tarball-containing particles. The red rectangular frames indicate tarball-containing particles. Number of analyzed particles is listed on the top of each
rectangle. Number fractions of haze particles and different mixing structures of tarball-containing particles at each sampling site are showed in Figure S6.

and some were coated by SOM, which are named SNA-tarball (-SOM) particles (Figures 6b and 6e). TEM
observations show that a majority of soot or metal/fly ash particles were internally mixed with tarballs and
SNA particles, which are named SNA-tarball-soot/metal/fly ash (-SOM) particles (Figures 6¢ and 6f). To
understand the variation in the number fraction and size distribution of the tarball-related particles during
the TRT haze event, we regard individual particles containing tarball (i.e., externally mixed tarballs and
particles with internally mixed tarballs) as tarball-containing particles (Figures 7b, 7c, and 8a-8c). If we
separate tarball-containing particles in the TRT haze event, the externally mixed SNA particles and mix-
tures of SNA with soot, metal/fly ash, and SOM particles are together named SNA (-soot/metal/fly ash/
SOM) particles (Figure 6d). Based on the mixing structures of tarball-containing particles, tarballs can be
further divided into bare-like tarball (Figure 6a), partly coated tarball (i.e., tarball partly embedded in other
particles) (Figures 6b and 6c), and totally coated tarball (i.e., tarball totally embedded in other particles)
(Figures 6e and 6f).
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Figure 8. Size distribution of tarball-related particles during the TRT haze event from the NCP to YRD. (a-b) Tarball-containing particles. (c) Tarballs. The size
distribution with single peak was fitted using lognormal distribution because lognormal distribution looks clearer. The size distribution with double peak was
fitted by Lorentz distribution.
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4.3. Variations of Individual Haze Particles

During the accumulation stage, the average number fraction of tarball-containing particles was 74% in the
NCP based on 71% in Beijing and 75% in both Handan and Zhengzhou (Figures 7b and S6a), and their sizes
mainly concentrated at 467 nm (Figure 8a). When the accumulation stage (PM,s: 218 ug m™>; OM: 72 ug
m™) evolved into the stabilization stage (PM;s: 313 ug m~>; OM: 93 ug m™) in the NCP, the number fraction
of SNA-tarball-soot/metal/fly ash (-SOM) particles largely increased from 29% to 46%, and tarball-contain-
ing and soot-containing (i.e., particles containing soot) particles slightly increased from 74% and 32% to 80%
and 35% by number (Figure 7b and Table S3). The previous studies found similarly high number fractions
of tarball-containing particles of 70% on light or moderate haze days in Jinan city in the NCP (S. Chen
et al., 2017) and 75% during haze periods in Shenyang city in Northeast China (Zhang, Liu, Xu, et al., 2020).
Moreover, we noticed that the dominant size of tarball-containing particles increased from 467 nm during
the accumulation stage to 537 nm during the stabilization stage in the NCP (Figure 8a). The number frac-
tion of individual particles including SNA aerosols (i.e., sum of SNA-tarball (-SOM), SNA-tarball-soot/met-
al/fly ash (-SOM), and SNA (-soot/metal/fly ash/SOM) particles) remained a high level (>90%) during the
accumulation and stabilization stages in the NCP (Figure 7b). Figure 5 also shows that more SNA formed
from the accumulation stage (67 ug m™>) to the stabilization stage (111 ug m ™) in the NCP. Consequently,
bare-like tarballs decreased from 10% (by number) to 4%, but partly coated and totally coated tarballs in-
creased from 64% and 26% to 67% and 29% (Figure 7c). These results from individual particle analysis and
bulk analysis all suggest that the haze evolution promoted more tarballs aging through complex chemical
reactions and/or physical coagulation.

When the stabilization stage (PM,s: 313 pg m™>; OM: 93 ug m™) converted to the dissipation stage (PM, 5
116 ug m™>; OM: 33 ug m~>) in the NCP, the number fraction of tarball-containing particles dramatically
decreased from 80% to 28% (Figure 7b). The dominant size of tarball-containing particles also decreased
from 537 to 338 nm in the NCP (Figure 8a). The CWT analysis and FLEXPART model show that these haze
particles in the NCP were transported into the YRD following a cold front movement (Figures 4c and 4d).

As the converse phenomenon between the YRD and the NCP during the same period, the number fraction
of tarball-containing particles surprisingly increased from 16% during the clean stage to 71% during the
accumulation stage in the YRD (Figure 7b). Moreover, the size distribution of tarball-containing particles in
the YRD presents a second peak at 618 nm during the accumulation stage besides the first peak at 359 nm,
which is close to 375 nm during the clean stage (Figure 8b). This result suggests that large numbers of
tarball-containing particles with diameters of ~600 nm suddenly occurred in the YRD following the TRT,
which is consistent with the increase of OM concentration from 25 to 45 ug m™> (Figure 7b). When abun-
dant tarball-containing particles in the NCP were transported into the YRD, we also found that the major
type of tarball-containing particles changed from partly coated tarball (67% by number) in the NCP to to-
tally coated tarball (73%) in the YRD (Figure 7c). These results provide a direct evidence that haze particles
underwent complicated aging processes during the TRT, as shown in Section 4.5. Overall, the results of tar-
ball-containing particles from individual particle analysis are coincident with OM and SNA concentrations
based on the bulk measurements.

Here we isolated tarballs in all the tarball-containing particles and measured their sizes. In other words, if
tarballs are internally mixed with SNA particles, we can manually measure sizes of tarball cores in TEM
images. Figure 8c shows that the size distribution of tarballs in the NCP is very similar to that in the YRD
during the TRT haze event, with near peaks at 281-292 nm. In addition, the O/C ratio of tarball (0.15) in
the NCP is really close to that (0.16) in the YRD during the TRT haze event (Figure 7a). These comparisons
show that physicochemical properties of tarballs did not change during the TRT, suggesting that tarballs are
inert in the atmosphere. Therefore, we conclude that the glassy tarballs have strong physical and chemical
resistance to high RH, temperature, phase change, and atmospheric oxidation.

4.4. Sources of Tarballs

Our results clearly show that over 70% of haze aerosols were tarball-containing particles in the NCP and
the YRD during haze periods (Figure 7b). During winter haze days in North China, the occurrence of abun-
dant tarballs sourced from residential heating activities have been documented well (S. Chen et al., 2017;
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R.-J. Huang et al.,, 2019; J. Liu et al., 2016; Zhang, Liu, Xu, et al., 2020; J. Zhao et al., 2019). In contrast,
large numbers of tarballs have not been found in South China (e.g., the YRD and the Pearl River Delta)
during the non-TRT winter haze pollution due to scarce residential heating activities (R. Hu et al., 2018;
Ming et al., 2017; G. Zhang et al., 2013). The previous studies have showed that C-O-Si weight ratios of
tarballs can indicate their sources from coal burning and biomass burning because coal burning-derived
tarballs normally contain much higher Si than biomass burning-derived tarballs (S. Chen et al., 2017; Li,
Shi, et al., 2012). In this study, C-O-Si weight ratios of tarballs in the NCP and the YRD were very similar
(Figure S7), suggesting that they had same source. It is well known that coal and biomass are used as the
major residential solid fuels in the NCP and the YRD in winter, respectively (Yun et al., 2020). Therefore,
based on the experimental analysis of tarball sources and the difference in the use of residential solid fuels
between the NCP and the YRD, the sudden appearance of abundant tarballs in the YRD during the TRT
haze event is strongly related to the TRT from the NCP, although local combustion emissions (e.g., biomass
burning) might contribute a small proportion to tarballs (Figures 4c and 4d).

Some studies have suggested that abundant tarballs in North China in winter haze days were mainly from
high-intensity residential coal burning for heating and cooking and occasional intensive biomass burning
emissions (R.-J. Huang et al., 2019; J. Liu et al., 2016; Zhang, Liu, Xu, et al., 2020). High levels of K* and
K-rich particles have always been observed, whether in the atmosphere influenced by biomass burning (Bi
et al., 2011; J. Chen et al., 2017; Zhang, Liu, Xu, et al., 2020) or in the direct biomass burning emissions
(Liu, Kong, et al., 2017; J. Zhai et al., 2017). Nevertheless, this work found quite low K* concentrations of
0.6-1.8 g m > and very few individual K-rich particles at the four sampling sites during the TRT haze event
(S2b-e and 7b). In addition, Figure S7 clearly shows that C-O-Si weight ratios of tarballs during the TRT
haze event are more similar to them from residential coal burning than biomass burning. Therefore, we
rule out biomass burning as one major source of large numbers of tarballs in the NCP and the YRD. Indeed,
S. Chen et al. (2017) estimated that less than 30% (by number) of tarballs were associated with biomass
burning in the NCP in winter haze days. Some studies have reported that vehicle exhausts, coal-fired power
plants, and industrial activities do not emit such plentiful tarballs (Li, Sun, et al., 2016), though they con-
tribute a small proportion to primary OM in the atmosphere (Charron et al., 2019; J. Liu et al., 2016). That
is the reason that individual particle analysis found abundant tarballs in North China in wintertime but not
in summertime (S. Chen et al., 2017; Li, Sun, et al., 2016; Zhang, Liu, Xu, et al., 2020).

The previous studies investigated the geographical sources of haze particles in the NCP during winter (X.
Li et al., 2018; J. Liu et al., 2016; P. Liu et al., 2017). They further used chemical models or aerosol meas-
urements to reveal that local primary emissions from residential coal burning for household heating and
cooking in rural villages were one major source of tarballs and continuously contributed to regional haze
events in the NCP during winter (X. Li et al., 2018; J. Liu et al., 2016; P. Liu et al., 2017). Based on the
CWT analysis and meteorological data during the accumulation and stabilization stages (Figures 2a-2c
and 3a-3c), we knew that haze formation in Beijing was mainly influenced by anthropogenic emissions in
the urban area and transported pollutants from upwind polluted Hebei province in the NCP. Haze pollution
in Handan and Zhengzhou was caused by local urban and industrial emissions, as well as surrounding
rural emissions. Therefore, we summarize that abundant tarballs in the NCP and the YRD during the TRT
haze event were mainly directly emitted from residential coal burning in rural villages of the NCP. In addi-
tion, our TEM-EDS analysis suggests that tarballs, as inert fine aerosols, did not have any transformation,
although they were internally mixed with SNA and SOM particles during the haze formation and transport
(Figures 7a, 7b, and 8c). Based on the particular source, high number, and strong chemical stability of
tarball, tarball identified by TEM should be considered as a particle marker to indicate the TRT haze event
from the NCP to the YRD during winter.

4.5. Aging Characteristics of the TRT Haze Particles

The change in the mixing structure of aerosol particles can reflect their aging characteristics (Kandler
et al., 2018; Li, Sun, et al., 2016; Moffet et al., 2013). Following the TRT, the dominant partly coated tarballs
in tarball-containing haze particles in the NCP turned into the totally coated tarballs in the YRD, although
tarball cores remained spherical morphology with high shape factors (Figures 7c, 9a-9h, and S5). The ratio
of particle diameter (D,) to its core diameter (D.) is often used to quantify the aging degree of individual
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aerosol particles (S. Chen et al., 2017; Moffet et al., 2013; Xu, Zhang, & Li, 2019). Figure 9i shows that the
D,/D. ratio increased by 41% from 1.61 to 2.27 within 12 h during the TRT from the NCP to the YRD, which
is much higher than 17% during the regional haze transport in the NCP reported by S. Chen et al. (2017).
As a consequence, the haze particle aging during the TRT caused the dominant size of tarball-containing
particles to increase from 537 to 618 nm (Figures 8a and 8b). Based on the D,/D, ratio and size variations
of tarball-containing particles, we further obtain the average growth rates of the D,/D, ratio and the size of
individual haze particles (100 nm-4 um) at ~5.5% h™"' and ~6.8 nm h™" during the TRT from the NCP to
the YRD.

It should be noted that during the TRT, the mass percentage of SNA aerosols increased from 49% in the
stabilization stage in the NCP to 63% in the accumulation stage in the YRD (Figures S2a-S2e). Compared
to the NCP, TEM observations show more SOM coatings on the surfaces of the TRT haze particles in the
YRD (Figures 9a-9h). These results directly show that more trace reactive gases (e.g., SO,, NO,, and VOCs)
participated in atmospheric aging reactions and formed thicker coatings on the surfaces of pre-existing
particles during the TRT (Figure 9i). The thicker coatings also caused the significant increase in the D,/D,
ratio during the TRT from the NCP to the YRD, compared with regional transport in the NCP (Figure 9i).
Although RH under the cold front dropped from 97% to 67% in the YRD on December 30 (Figure S3a), TEM
observations still show water rims around individual particles collected in the YRD. For example, Figure 9h
clearly shows wet particles impacting on the substrate because each dry residual particle is surrounded by
water rims. This result suggests that haze particles in the polluted air retained the wet or liquid phase during
their TRT from the NCP to the YRD. Furthermore, coagulation can be significant between particles with
sizes of <100 nm and >1 um but be minor among particles of >300 nm, when the total particle number
concentration is higher than 10* cm ™ (Hussein et al., 2009; Jacobson, 2002). During haze periods in the
NCP, although the particle number concentration (~5 X 10* cm™) is higher than 10* cm™ (Guo et al., 2014),
the sizes of TRT haze particles (~537 nm) are much larger than 300 nm (Figure 8a). This result implies that
coagulation should not be dominant for particle growth during the TRT. As an alternative, heterogeneous
reactions should be considered as the major pathway for the formation of SNA and SOM particles on the
surfaces of pre-existing haze particles in their aging during the TRT. Overall, atmospheric aging via het-
erogeneous reactions during the TRT likely promoted the conversion from partly coated tarballs to totally
coated tarballs and produced thick coatings on tarball-containing particles.

4.6. Hygroscopic Properties of the TRT Haze Particles

The IPH system can assess the hygroscopic properties of individual aerosol particles well (J. Sun et al., 2018).
In this study, the hygroscopic growth of haze particles was obtained at the four sampling sites during the
TRT haze event. Figures 10a and 10b show that the size growth of haze particles in Beijing, Zhengzhou, and
Hangzhou occurs at 53%, 53%, and 43% RH, respectively, but size of haze particles in Handan starts to grow
slightly at 70% RH. In general, haze particles collected in the NCP and the YRD fully deliquesce at RH of
81% and 86%, respectively (Figures 10a and 10b). We observe that the GF of haze particles has a large range
of 1.05-1.22 under 90% RH in the NCP and is 1.34 in the YRD (Figure 10a). TEM observations show thicker
coatings containing more SNA aerosols in the YRD compared with the NCP (Figure 9i). This result can well
explain why the GF value of these TRT haze particles in the YRD is larger than them in the NCP.

It is well documented that chemical compositions of aerosol particles mainly determine their hygroscopic
properties (J. Sun et al., 2018; Y. Wang et al., 2019). The lowest GF value of haze particles in Handan is relat-
ed to the highest number fraction of primary particles and the lowest SNA number and mass fractions (Fig-
ures S6a and S2b-S2e) since tarball, soot, and metal/fly ash particles are hydrophobic (Li, Sun, et al., 2016;
Semeniuk et al., 2007; Zhang, Yuan, et al., 2018). Meanwhile, we found that the GF values of all the TRT
haze particles in the NCP and the YRD are generally much smaller than 1.4-1.8 of pure SNA particles

Figure 9. Low magnification TEM images of individual particles at the four sampling sites before and after the TRT from the NCP to YRD and variation in

D, /D, ratio of tarball-containing particles from the NCP to YRD. (a-b) Individual particles in Beijing. (c-d) Individual particles in Handan. (e-f) Individual
particles in Zhengzhou. (g-h) Individual particles in Hangzhou. (i) Scatter diagram of D, and D, of tarball-containing particles with different mixing structures
from the NCP to YRD. Individual haze particles in panels (a, c, e, and h) were collected at 09:00 (local time), 10:00, 07:00, and 20:00 on December 30. A
schematic diagram of tarball-containing particles aging during the TRT is showed in panel (i).
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Figure 10. Hygroscopic properties of the TRT haze particles. (a) Growth factor (GF) variation of the TRT haze particles with increase of RH in Beijing,
Handan, Zhengzhou, and Hangzhou. (b) Corresponding hygroscopic growth images of the TRT haze particles.

reported by J. Sun et al. (2018). This reason can be attributed to SOM and hydrophobic primary particles
in individual haze particles (Figures 9a-9h) because the internally mixed SOM and hydrophobic primary
particles can constrain the growth of secondary SNA particles (Chan et al., 2006; Hansen et al., 2015; Q. Liu
et al., 2016; Zhang, Yuan, et al., 2018). Moreover, we noticed a higher NO;/SO%’ ratio and more SOM in the
TRT haze particles in the YRD in contrast to those in the NCP (Figures S2b-S2e and 9a-9h). Some studies
indicated that both secondary nitrates and SOM in aerosols can promote particle deliquescence at low RH
(Peckhaus et al., 2012; Smith et al., 2012; J. Sun et al., 2018; Wu et al., 2011). Based on the results from bulk
and individual particle analyses (Figures S2b-S2e and 9a-9i), we conclude that more nitrates and SOM in
fine particles mainly result in the earlier deliquescence and larger GF value of haze particles in the YRD
compared with the NCP. The hygroscopic behavior of haze particles further implies that the aged TRT haze
particles, including more nitrates and SOM, can provide aqueous surfaces for the formation of secondary
aerosols via heterogeneous reactions under lower RH in the YRD.

5. Atmospheric Implications

This work shows that enormous levels of haze aerosols containing tarballs (over 70% by number) from the
NCP can be rapidly transported into the YRD within 12 h and further induce regional haze formation in
the YRD during winter (Figures 2a-2e, 4a—4d, 5, and 7b). This is the first study proving that large numbers
of tarballs emitted from residential coal burning in rural villages of the NCP can be transported thousands
of kilometers and influence air quality of the YRD (Figure 11). Tarballs have been generally considered as
primary brown carbon (Adachi et al., 2019; Chakrabarty et al., 2010; Sedlacek et al., 2018; Toth et al., 2014;
Zhang, Yuan, et al., 2018), which can widely absorb radiation from visible to ultraviolet wavelengths of the
solar spectrum like black carbon (Hoffer et al., 2016). As a result, these abundant light-absorbing tarballs
from the NCP can influence the climate in all of East China following cold fronts (Figure 11). This should
be further considered in climate models.

TEM observations not only find large numbers of tarballs but also reveal that many nanosized metal parti-
cles internally mixed with SNA particles from the NCP were transported into the YRD (Figure 7b). Tarballs
from residential coal burning contain plentiful carcinogenic polycyclic aromatic hydrocarbons (PAHs), and
metal (e.g., Zn, Pb, Mn, and Cr) particles from heavy industries are typical toxic aerosols for human health
(Y. Chen et al., 2013; Lu et al., 2020; Zhang, Schauer, et al., 2008). Our study potentially shows that the large
population in the city clusters of the YRD can also be exposed to these long-range transported tarballs and
metal particles during the TRT haze events (Figure 11).
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Figure 11. A schematic diagram of air pollutants TRT from city clusters in the NCP to city clusters in the YRD under cold fronts during winter. The schematic
diagram shows that air pollutants such as trace gases (e.g., NO,, SO, and VOCs) on the TRT pathway participate in the aging processes of TRT particles,
promoting the conversion from partly coated tarballs to totally coated tarballs and thickening secondary coatings. The transformation of aerosol particle mixing
states changes their hygroscopicity and potential optical properties. These abundant toxic and light-absorbing tarballs not only affect human health but also
influence climate in all of East China.

The aging of haze particles via heterogeneous reactions in the TRT significantly transformed their mixing
structures, such as tarball-containing particles changing from partly coated states in the NCP to totally
coated states in the YRD (Figures 9a-9i), which is different from the short-range regional transport (S. Chen
et al., 2017). The aging processes of the TRT haze particles also changed their hygroscopic properties, pro-
moting wet surfaces of individual secondary particles at a lower RH of 43% in the YRD than 53%-70% in the
NCP (Figures 10a and 10b). The variations should be important because they change these particles’ optical
properties and activity as potential cloud condensation nuclei (Figure 11).

Our study highlights that the influence of haze pollution is not only on the local and regional scale but
is also on the trans-regional scale (Figures 1b and 11). This work shows for the first time that the TRT
haze events can carry large numbers of nanosized primary particles (e.g., tarball, metal, fly ash, soot, and
mineral) from the NCP to the YRD in addition to trace gases (e.g., SO,, NOy, and VOCs) and SNA aerosols
reported by Li, Wang, et al. (2019). Therefore, long-range transport of nanosized primary particles in the
global atmosphere should receive more attention because they have large potential impacts on climate and
human health.

By understanding the chemical compositions, aging, and hygroscopicity of aerosol particles during a TRT
haze event, we can find that regional air pollution is not limited by administrative regions or national
boundaries. Topographical features and large-scale meteorological characteristics need to be considered
because they influence the formation of the TRT events. In addition, international trade among different
countries or regions can cause the potential TRT of air pollutants (Lin et al., 2014; Q. Zhang et al., 2017).
Consequently, emission controls in only one region are insufficient, and the joint control among multiple
regions is crucial to reduce the level of air pollution.

In summary, TRT and TRT-related transformation of air pollutants should receive more attention because
of their trans-regional and global impacts on human health, climate, and ecology (X. Huang et al., 2020).
This can provide important information for producing simulations of climate changes and health effects.
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