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Abstract Since the distinct thermostability difference of sulfate ammonium and nitrate ammonium
aerosols, their distributions, evolutions and sources could be unpredictable on a long-range transport condition.
Here, we highlighted the 3-D structures and sources of SO,>~, NO;~ and NH,* (SNA) during two cold front
episodes in east China. Cold fronts effectively uplift and transport PM, 5 and its precursors from upstream
sources to the Yangtze River Delta (YRD). Specifically, in the YRD, surface SO,>~ is mostly imported from the
upstreams, accounting for ~48%, significantly higher than the contribution from the YRD itself (~29%). In
contrast, NH,NOj; is thermally unstable and more easily lost in the warmer and lower boundary layer (BL) ahead
of cold front. Consequently, only 20% of the total NO;™ originates from upstreams, while the YRD contributes
28%. In the upper BL, the contribution of SO,>~ from upstreams remain high (~49%), with only 18% originating
from the YRD. However, due to the intense thermostability of NH,NOj; in colder and wetter air, the YRD’s
contribution to NO;™ is 27%, and upstreams contribute 20%. The physical processes exert relatively consistent
effects on variations of PM, 5 and SNA concentrations. The aerosol chemical process (AERO) of (NH,),SO,
consistently contributes positively throughout the entire BL. Conversely, the temperature-sensitive NH,NO;
undergoes repeated dissociation/condensation and deposition, causing positive AERO contributions in upper
BL and negative contributions in lower BL. Results indicate that one difference in physicochemical property of
species could induce their distinct distributions and sources in large scale, and should be considered in regional
air pollution control.

Plain Language Summary Long-range transport of PM, 5 by cold frontal passage is an important
haze formation mechanism. Previous field and modeling studies have revealed that the vertical distribution of
particle sulfate and particle nitrate concentrations varied significantly. However, few studies have explored the
3-D structures and sources of particle sulfate and nitrate under a long-range transport conditions. In this study,
we used combined observations and model simulations during cold front events to address the unrevealed
inconsistent 3-D structures and sources of sulfate and nitrate resulting from temperature stability differences.
Cold front episodes redistribute SNA and precursors in three dimensions, driven by drastic meteorology
changes and long range transport. Consequently, the distributions, variations and sources of SNA may exhibit
complexity and unpredictablility during long-range transport. Specificlly, (NH,),SO, is mostly imported from
the upstream in the whole boundary layer (BL), but NH,NO; is dominant by local source. Moreover, uplifting
by cold front, temperature-sensitive NH,;NO; form in the upper BL and dissociation in the lower BL, whereas
(NH,4),SO, forms uniformly across the whole BL. These findings suggest that one difference in
physicochemical property of species can induce distinct distributions and sources in large scale, highlighting the
importance of considering such differences in regional air pollution control.

1. Introduction

Since the implementation of the Atmospheric Pollution Prevention and Control Action Plan in 2013, particulate
concentrations, particularly PM, 5 and sulfate aerosol, have sharply declined in central-eastern China (Wei
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etal., 2017). However, the changes of nitrate aerosol are not as significant, making it the main inorganic aerosol in
eastern China (Ding et al., 2019; Xu et al., 2019). SO,>~, NO,~ and NH, ¥, collectively referred to as SNA, are the
main components of PM, 5 (Fan et al., 2015). They are soluble in water, volatile, and can be partitioned between
the gas and particulate phases. There are three mechanisms for SNA formation: gas-to-particle conversion, which
is the primary mechanism through the neutralization of NH; with H,SO, and HNO; (Hu et al., 2008); atmospheric
oxidation of precursors such as SO,, DMS, NO, and HNO, to form acidic gases such as H,SO, and HNO3; and
formation through heterogeneous chemical and transformation processes on the surface of particles (Zhao et al.,
2013; Zhao et al., 2013). SNA has substantial regional and worldwide consequences on the climate, the
ecosystem, and human health (Vang et al., 2013; Wang et al., 2014).

The factors driving the formation mechanism of PM, 5 pollution in China remain unclear due to the intricate
interactions among pollution sources, meteorology, and atmospheric chemical processes (Guo et al., 2014).
Among these factors, precursor emissions, unfavorable meteorological conditions, the formation of secondary
aerosols, and regional transport of particulate matter all contribute to particulate pollution (Pang et al., 2020). For
example, Huang et al. (2020) and Kang et al. (2019) pointed out that southward-moving cold fronts accompanied
by strong northerly winds remove haze pollution from the North China Plain (NCP) but transport pollution from
the NCP to its downstream Yangtze River Delat (YRD). Sun et al. (2019) found that nitrate concentrations are
influenced by regional transport from northern China. Observations revealed that about 63% of the haze events
occurring in the YRD are attributed to long-range transport caused by cold fronts (Liu et al., 2021).

During PM, 5 pollution events, PM, s concentrations increase significantly, which accompanied by an increase in
the proportions of secondarily formed SNA (Zheng et al., 2015). Typically, NH,NO; formation occurs only when
NHj; is enriched after completely neutralizing H,SO, with NH;. In wintertime, nitrate mass concentrations are
generally higher than sulfate concentrations and predominate the SNA composition (Sun et al., 2020; Xu
etal., 2019). Chemical thermodynamic characteristics are linked to the formation of SNA and their compositions.
For example, temperature can adjust aerosol concentrations by affecting the chemical reaction rate of precursors
and changing the gas-particle equilibrium constant. The gas-particle equilibrium of NH,NO; is more
temperature-sensitive than that of (NH,),SO,. The lower temperature shifts the system equilibrium to the aerosol
phase, thus increasing NH,NOj; concentrations (Pathak et al., 2009; Wang et al., 2020). As HNOj; is deposited at a
much higher rate than NO; ™, when NHj is insufficient to significantly neutralize HNOj, the formation of particle
nitrate can be reduced (Zhai et al., 2021). Under NH;-rich and high relative humidity conditions, NO;™ is
considered to be formed mainly by enhanced heterogeneous reactions (Ge et al., 2019; Shao et al., 2018).
However, the relative humidity and precursor SO, are major factors influencing sulfate formation, and significant
reductions of SO, emissions inhibit sulfate formation (Ding et al., 2019; Li et al., 2019).

Because of the distinct thermostability and lifetime difference between sulfate ammonium and nitrate ammonium
aerosols, as well as differences in emissions of SNA and precursors between upstream and downstream regions
(Saikawa et al., 2017), the distributions, variations and sources of SNA may be complex and unpredictable during
long range transport (Figure 1). Cold front episodes can redistribute SNA and precursors in three dimensions with
drastic changes in meteorological elements (Kang et al., 2021). Previous studies have revealed differences in
concentration distribution of sulfate and nitrate vertically by in-situ observations and urban-scale model simu-
lations (Sun et al., 2020). However, few studies have clearly revealed the inconsistent three-dimensional (3-D)
structures, evolution and sources of these components under a long-range transport condition. To further un-
derstand the 3D structures and evolution of SNA under cold frontal intrusion periods, the 3-D distribution of SNA
and regional sources were investigated during two cold front episodes in eastern China from 15 to 20 January
2019, using the Weather Research and Forecasting (WRF) mesoscale meteorological model and the Community
Multiscale Air Quality (CMAQ) modeling system coupled with the integrated source apportionment method
(ISAM). Combined with the field experiments on boundary layer (BL) air pollution and meteorology conducted
in Nanjing, the results highlight the regional source apportionment, and the physical and chemical processes that
control SNA distributions along cold frontal passage in eastern China.

2. Data, Methodology and Model

In this study, CMAQv5.3.2 was used to simulate chemical processes and transport diffusion processes of gaseous
and particulate, and WRFv3.9.1 was employed to simulate the meteorological fields required to drive the CMAQ
model. The Observation Nudging method implemented in WRF aided in improving the model prediction
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Figure 1. How does a cold front specifically affects the three-dimensional structure of PM, 5 and its inorganic components, for example, sulfate, nitrate and ammonium?
The gray dots indicate PM, s particles, yet lack detailed information on distributions, variations and sources of SNA due to their thermodynamic features under the cold
front passage (the blue arrow) with sharply changed meteorology. The blue and red shadow indicate the cold and polluted air masses transported over long distance, and
the warm and humid local air masses, respectively.

accuracy (Liu et al., 2008). The simulation area and source regions as shown in Figure 2. The simulation domain
covered East China, the Korean Peninsula, and the surrounding ocean with 10 X 10 km horizontal resolution and
220 x 220 grids, centered at 33.5°N and 118°E. We divided the WRF-CMAQ model vertically into 37 sigma
levels from the surface to the top of the troposphere, with 7 levels below 1 km. The anthropogenic emissions we
adopted were based on the Multi-resolution Emission Inventory for China (MEIC, 2016 version, http://www.
meicmodel.org/) provided by Tsinghua University (Li et al., 2017), and biogenic emissions were generated by the
Model of Emissions of Gases and Aerosols from Nature (MEGAN) version 2.1 (Guenther et al., 2012). The initial
meteorological and boundary conditions of the simulated area we used to drive the WRF model were provided by
the National Center for Environmental Prediction (NCEP) Final (FNL) meteorological field data at a
0.25° x 0.25° horizontal spatial resolution (National Centers for Environmental Prediction/National Weather
Service/NOAA/U.S. Department of Commerce, 2015). We adopted the Mellor-Yamada-Janjic TKE scheme
(Janji¢, 1994; Petdjd et al., 2016) as the boundary layer scheme, and we utilized the gas-phase chemical mech-
anism CBO06 coupled with the AERO7 aerosol scheme in the CMAQ model (Appel et al., 2021). We used the
initial chemical and boundary conditions (ICON and BCON) drive the CMAQ model were provided by the
outputs of the Community Atmosphere Model with Chemistry (CAM-Chem) based on MOZART2CAMX
(Lamarque et al., 2012). The simulation ran from 00:00 UTC 10 January 2019 to 00:00 UTC 25 January 2019,
with the first 5 days used as the spin-up time.

The process analysis technique, coupled with the CMAQ model, can determine the contribution of physical and
chemical processes to the simulated species (Byun & Ching, 1999). We used the process analysis to calculate the
physical and chemical processes include horizontal advection (HADV), vertical advection (VADYV), vertical
dispersion (VDIF), dry deposition (DDEP), cloud processes and aqueous chemistry (CLDS), aerosol (AERO) and
emission (EMIS) processes, to analyze pollution causes specifically. The integrated source apportionment method
(ISAM) within the CMAQ model that we used, tracked the contributions of ICONs, BCONSs, and user-defined
source regions to ambient and deposited gases and aerosol particles (Kwok et al., 2013). Currently, ISAM
supports two PM, 5 tags: a primary species tag tracks elemental carbon, organic carbon, sulfate, nitrate,
ammonium, and other trace elements (e.g., Cl, Na, K, Fe, Ca, Al, Si, Ti, Mn); another tag tracks the secondary
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Figure 2. Modeling domain and source regions. Black dots denote the

120°E 130°E formation of sulfate, nitrate, ammonium and all gases associated with sec-

ondary aerosol species formations (e.g., SO,, NO,, NO, NO;, HNO;, HONO,
N,Os, PAN, and NH3;).

We carried out a meteorological and atmospheric pollution field experiment

38°N in the boundary layer, as well as ground-based SNA online observations in the
northern suburb of Nanjing City (32. 2°N, 118. 7°E) between 12 and 20

January 2019. An unmanned aerial vehicle (UAV) platform equipped with

34°N meteorological sensors and aerosol monitoring instrument (Thermo Mie
PDR-1500) was employed to measure the vertical profiles of meteorological

parameters and PM, 5 concentrations in the boundary layer up to approxi-

3 OoN mately 1,000 m, with a temporal resolution of 3 hr (Shi et al., 2021). Mornitor
for AeRosols and Gases in ambient Air (MARGA) was deployed over the

entire period to determine the chemical composition of water-soluble inor-

o ganic ions (SO,>~, NO,~, NH,*, CI~, Ca®*, K¥, Na*, Mg**), and trace gases
26°N (NH;, SO,, HONO, HNO; and HCI) with an hourly time-resolution (Griffith
et al., 2015; Rodelas et al., 2019). The detection limits for water-soluble

118°E 126°E inorganic ions were 0.04, 0.06, 0.01, 0.05, 0.09, 0.05, 0.50, and

0.10 pg-m™, respectively, for trace gases were 0.08, 0.05, 0.08, 0.05 and
0.10 pg-m™>, respectively. Ground-based PM, 5 data from other areas were
7 Other obtained from the China air quality online monitoring and analysis platform
(https://www.aqistudy.cn/) provided by the Ministry of Ecology and Envi-
ronment of China, and the ground-based observations of meteorological pa-

locations of observation sites in Beijing, Huaian, and Nanjing. The solid rameters were derived from America National Centers for Environmental
black line connects 14 observation sites from the north of the North China Information (https://www.ncei.noaa.gov/).

Plain (NCP) to the south of the Yangtze River Delta (YRD). The dashed blue

line indicates the location of the vertical cross section shown in Figure 5. The Air mass backward trajectories were calculated by the Hybrid Single-Particle
emission from Yangtze River Delta (YRD) is considered as local source. Lagrangian Integrated Trajectory (HYSPLIT) model, implemented in the
Emissions from the North China Plain (NCP), Anhui (AH), the Southwest of Meteolnfo tool (Wang et al., 2009), developed by the National Oceanic and
iﬁz e(SSWY) and other regions are considered as long-range transport Atmospheric Administration (NOAA) (Rolph et al., 2017; Stein et al., 2015).

The meteorology data utilized to drive the HYSPLIT model were derived
from the National Centers for Environmental Prediction Global Data
Assimilation System (GDAS), provided by the US National Center for
Environmental Prediction (NCEP), with a horizontal resolution of 1°.

3. Results and Discussion
3.1. Model Validation

To evaluate the model’s performance in reproducing pollutants and meteorological parameters, Figure 3 shows
the vertical distributions of simulated and observed PM, 5 concentrations and meteorological factors (RH, T, and
wind vectors) in Nanjing during the pollution period. Result indicates an acceptable agreement between the model
simulation and UAV observations for both PM, 5 and meteorological factors. Simulated and observed results of
near-surface $SO,>~, NO;~, and NH," in Nanjing are further compared in Figure 4. The daily variation of SNA
showed a bimodal distribution. The SNA gradually accumulated at night and maintained at higher concentration
levels than in daytime. The SNA peaked in the morning around 10:00-12:00 LT and then began to decline and
reached its lowest concentration in the afternoon around 15:00-17:00 LT. This pattern is mainly due to the in-
crease in boundary layer height and enhanced vertical diffusion of pollutants. In winter, NO;~ concentration
varies more slightly than SO,>~ throughout the day, consistent with observation by Sun et al. (2019), as discussed
in Section 3.3. The concentration of NH,* is affected by SO,*>~ and NO;~ under NH,-rich conditions. However,
the simulation without the bidirectional treatment of ammonia fluxes may underpredicts NH; concentrations,
especially in warm season and agriculture areas (Pleim et al., 2013, 2019). While in the cold front episodes, NH,*
from upstream and local sources may be overestimated and underestimated in a small extend, respectively,
without considering bidirectional ammonia fluxes. The model predicted molar concentration ratios of SO42_,
NO;~, and NH,* were 6.5%, 40.4%, and 53.1%, respectively, with SNA contributing 62.0% of PM, 5 mass
concentrations. The observed SNA molar concentration accounted for 8.0%, 40.0%, and 13.0%, respectively, with

PENG ET AL.

4 of 15

8518017 SUOWIWOD BAEaID 3|(eo!dde 8Ly Aq peusenoh aJe Sspiie O ‘88N JO SaInJ 10} A%Iq1T8UIUO A8]IM UO (SUORIPLOD-PUe-SWIB} W00 A8 | M AReiq 1 Ul Uo//Sdny) SUORIpUOD pue swid | 8ui8es *[120z/70/70] uo ArigiTauluo A8 |im ‘O Asieaun BullueN Aq 8566£0ArE202/620T OT/I0P/W00" A8 1M Areaq 1 puluo'sgndnBe/:sdny wiouy papeojumoq ‘2 ‘+20z ‘96686912


https://www.aqistudy.cn/
https://www.ncei.noaa.gov/

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres

10.1029/2023JD039958

® PM,. OBS — Wind vector OBS ====T_OBS ====RH_OBS
—m—pM, SIM —> Wind vector_SIM  —5—T_SIM RH_SIM
RH(%) RH(%) RH(%)
(a) 0 25 50 75100 (b) 0 25 50 75100 (©) 0 25 50 75100
1000T— =T =W — e 1000
: Smis o Smis ‘ Smis “‘
. | ) \ ! \
o= ° N » ' ' i
“ t \ s \ |
° \
800 \ “ - - \ - 1 & : x‘ - 800
/ \ s ' ‘t
' A i ' |
F o . & v |1
~ 600 - L 3 i | ’ \ L 600 ~
E |, N i || E
] A & / | ]
= 4 =]
£ s by - Y ::- ¥ 3 : B
= s |/ $ ¢ : / rl =
< 400 L : 1 . \ - { ¢ / u L 400 <
5 / | .o / \
N  EREE ! 4
i . /7
L d L ]
2001 E |, ! : 1 E ' : - s . - 200
: \: /
A : R |/,
s |~ 1 ‘ N
0_100 200 300 10-5 0 5 10 0 100 200 5 05 10 0 100 200 2024 6
PM:s conc. Wind vector  T(CC) PM;s conc. Wind vector  T(°C) PM:s conc. Wind vector  T(°C)
(ugrm) (ugm) (ugm)

Figure 3. Vertical distribution of observed and simulated PM, 5 mass concentration and meteorological parameters in Nanjing at (a) 12:00 LT 15 January, (b) 20:00 LT

19 January, and (c) 08:00 LT 20 January.

SNA contributing 63.0% of PM, s mass concentrations. The model simulation results were satisfactory because
the model successfully replicates the diurnal variation of pollutant concentrations. The correlation coefficients for
NO,~, and NH,* were found to be 0.74, 0.58, 0.83, and 0.80, respectively, and passed the sig-

PM, s, 5042_,
nificance test of P < 0.01.

To further validate the model performance, some statistical metrics, including the correlation coefficient (R),

normalized mean bias (NMB), and normalized mean error (NME), were calculated to compare simulated results
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Figure 4. Time series of observed and simulated PM, 5 and its major chemical composition (SO427, NO;~, and NH, ™) mass concentration from 00:00 LT 15 January

2019 to 00:00 LT 20 January 2019 at Nanjing. (The gray shadows indicate the two cold front episodes considered in this study.)
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Table 1
Statistical Test Results of PM, 5, SO, and NO, Mass Concentration and Meteorological Elements (Temperature, Wind Speed,
Wind Direction, and Relative Humidity)

Beijing Huaian Nanjing

R NMB NME R NMB NME R NMB NME
PM, 0.80 —8.0% 35.6% 0.81 —6.7% 26.4% 0.74 —7.86% 27.8%
T 0.86 10.5% —119.6% 0.95 57.3% 80.8% 0.88 3.2% 35.7%
RH 0.41 27.8% 48.6% 0.73 —20.4% 22.6% 0.62 —17.6% 21.2%
Wspd 0.68 —26.2% 46.1% 0.78 31.9% 49.6% 0.67 37.3% 50.6%
Wdir 0.88 —2.7% 13.1% 0.96 2.8% 11.9% 0.93 —1.4% 16.8%
SO, 0.76 433 43.8 0.46 51.5 59.3 0.40 36.1 42.7
NO, 0.89 —46.2 46.2 0.72 11.9 30.2 0.74 9.1 34.1

with observations for PM, 5, SO, and NO, concentration and meteorological elements (temperature, wind speed,
wind direction, and relative humidity) separately (Table 1). Statistical metrics were calculated as follows:

R= Cov(x,y) 0
VD) y/D(y)

N
M- 0)
NMB == x 100% )

20

i=1
N
2IM; -0
NME = ='N7 x 100% (3)
Y 0;
i=1

where M; are the hourly model simulations, O; are the hourly observations, and N denotes the number of data
pairs.

The correlation coefficients for PM, 5 concentrations were above 0.74 for all assessed sites (Table 1). Regarding
the meteorological factors, the correlation coefficients were higher than 0.62 for all sites except for the relative
humidity at Beijing, and for temperature and wind direction were found to be around 0.90 for all sites. Overall,
simulations of all variables exhibit well agreement with the observations, confirming that the model simulations
reasonably captured the 3-D and temporal variations of meteorological variables, and PM, 5 concentration over
east China, and surface SNA concentrations in Nanjing during the pollution period. Even if the model accurately
replicates the variation in pollutant concentration, biases still exist. These biases can be related to the bias in the
meteorological simulation, the substantial uncertainty in the emission inventory, the relatively coarse grid size of
the model, and the incomplete consideration of the atmospheric chemical processes (Harris et al., 2013).

3.2. Synoptic Situations and Air Pollution Events

Figure 5 displays the time-latitude distribution of observed PM, 5 concentrations, wind vectors, and 24-hr tem-
perature changed from 14 January 2019-21 January 2019 at 14 cities (connected by a solid black line in Figure 1)
spanning from the NCP to the YRD. Two heavy pollution episodes occurred in eastern China during this period:
on 15-16 January (defined as episode 1) and 19-20 January (defined as episode 2) respectively, both due to the
transport of high concentrations of PM, 5 from north to south under the influence of cold fronts. The high-value
area of PM, 5 concentrations and time series showed a belt distribution from north to south, characterized by the
significant short-term variation of pollution events and meteorological elements, strong northerly winds near the
surface, and sharp temperature decreases. There is a distinct difference between the transport paths of the air mass
in the two cold front episodes.
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Figure 5. Surface PM, 5 concentrations (color-filled contours), wind vectors, and 24-hr temperature changes (dashed red
lines) at 14 cities (connected by solid black line in Figure 1) from the north of the North China Plain (NCP) to the south of the
Yangtze River Delta (YRD) from 00:00 LT 14 January 2019 to 00:00 LT 21 January 2019. The white area denotes missing
values. The gray shadows indicate the two cold front episodes considered in this study.

According to the backward trajectory (72 hr) of air masses calculated by the HY SPLIT model, the surface air mass
moved southly along the northwest path from the NCP to the YRD in episode 1 (Figure 6b). The cold air was
strong and moved fast, and the pollution level was heavier (Figures 5 and 6e), which is the most common pollution
type in winter (Liu et al., 2021). In episode 2, the near-surface air mass originated from Anhui (AH) and the YRD,
then moved to the NCP and eventually turned southward into the YRD along the northeast path (Figure 6d). The
cold air was relatively weak, with a less common pollution type during autumn and winter in eastern China (Liu
et al., 2021). The backward trajectory model results are consistent with the source-tracing results. Source
apportionment of PM, 5 and SNA was further investigated in detail in Section 3.3.

Figure 6 further revealed the synoptic situations and presented the simulated PM, 5 distribution for the two ep-
isodes. In EP1, the center of the Siberian high-pressure system was located over west of Lake Baikal on 15
January. By 02:00 LT, the cold front in front of the high pressure initially arrived in southern NCP. At the same
time, the YRD was controlled by the uniform-pressure field in front of the high pressure, resulting in adverse
atmospheric dispersion conditions (Figure 6a). Shandong, western and central Anhui, and Jiangsu suffered a
severe air pollution (Figure 6e). Thereafter, the center of high pressure strengthened. At 11:00 LT 15 January
(Figure 6b), PM, 5 concentrations significantly decreased in southern Hebei and most of Shandong due to
northerly winds with clean air behind the cold front. As the shown in Figure 5, the PM, 5 high-value area moved
southly along the northwest path (Figure 6f). Comparatively, in EP2, the center of the Siberian high-pressure
system was located southwest of Lake Baikal at 20:00 LT on 19 January (Figure 6¢). The cold air moved
southly along the northeast path. Shandong was mainly influenced by eastern airflow, and the overall air pollution
level was relatively low (Figure 6g). The isobars became denser in the YRD at 05:00 LT on 20 January
(Figures 6d and 6h). The analysis mentioned above demonstrates that the two episodes are representative of the
impact on the long-range transport of PM, 5 to downstream regions by winter cold fronts, as described by Liu
etal. (2021). The distribution and evolution of the SNA, as well as the formation processes and mechanisms under
the influence of the 2 types of cold fronts are discussed further below.

3.3. Source Apportionment of PM, s and SNA During Cold Frontal Events

The time series of contributions of source regions to PM, 5 and SNA concentrations in the YRD are shown in
Figure 7. The difference between the transport routes in the two cold front episodes is discussed in Section 2. The
source-tracing results (Figure 7a) show that in EP1, the cold front effectively transported PM, 5 and SNA from the
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Figure 6. (a)—(d) Surface weather patterns over eastern Asia and (e)—(h) simulated PM, 5 mass concentrations (color-filled contours) with wind vectors (arrows) at
ground level at (a) and (e) EP1: 02:00LT on 15 January, (b) and (f) EP1: 11:00LT on 15 January, (c) and (g) EP2: 20:00LT on 19 January, (d) and (h) EP2: 05:00LT on 20
January. (b) and (d) Backward trajectory (24 hr) of the air mass reaches 500 m above Nanjing (red line). The blue lines with blue triangles indicate the heads of cold

fronts.

NCP to the downstream YRD. The near-surface PM, 5 contribution from the NCP (31.4%) was comparable to that
from the YRD (35.5%). In EP2, the cold front was weaker than in EP1 and the YRD was mainly affected by the
joint contribution of the NCP and AH. The local contribution of YRD itself accounted for 36.8%, and the con-
tributions from the upstream sources mostly came from NCP (18.0%) and AH (14.6%). In the non-cold front
period, local and upstream sources contributions were approximately 44.6% (~10% higher than during cold front
periods) and 18.8% (~12% lower than during cold front periods). The contributions of PM, 5 sources in the two
cold front episodes were consistent with the backward trajectory results in Figures 6b and 6d. As shown in
Figures 8a and 8e, upstream sources contributed 37.5%-41.0% in the upper boundary layer (BL) (0.5-1.0 km)
(~15% higher than during non-cold front periods). The long-range transport from the external sources (including
the upstream, southwest of YRD (SWY), BCIC, and OTHR regions) contributed about 90.4%-91.8% in the lower
free troposphere (LFT) (1.0-2.0 km). Local contribution from the YRD decreased from 21.2% to 23.2% in the
upper BL to 8.2%-9.6% in the LFT. The local source contribution in EP2 was relatively higher than in EP1 as the
air mass hovered, and the upstream sources contribution was lower than in EP1. Despite the distinct transport
paths of the two cold front episodes, the variation and vertical structure of the source apportionment during the
two episodes had commonalities, primarily affected by long-range transport from upstream regions. The results of
the two episodes will be combined for the analysis below.

(NH,4),SO, is influenced by the gas-particle equilibrium as well as the vapor-liquid equilibrium on the aerosol
surface when atmospheric RH is relatively high. (NH,),SO, mostly exists as particle phase in the air and is
difficult to dissociate into gas phase due to the dissociation constants of ammonium sulfate aerosol are very small
and with weak variable at different heights and temperatures in the air. In Figure 7b, the contributions of local
source on SO42_ in the two cold front events near the surface were 26.9% and 31.2%, respectively, while upstream
sources predominantly contributed 43.7%-53.1%. The time-weighted average (TWA) contribution of upstream
sources and the YRD for two episodes near the surface were 48% and 29%, respectively (Table 2). In contrast, in
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Figure 7. Surface (a) PM, s, (b) SO42_, (c) NO; ™, and (d) NH,* concentration of each source region over the YRD from 00:00 LT 15 January 2019 to 00:00 LT 20
January 2019. The pies from left to right denote the surface mean contribution over the YRD during EP1, EP2 and the non-cold front period, respectively. The legend
refers to the regions shown in Figure 1. (The gray shadows and blue dashed box indicate the two cold front episodes and non-cold front period considered in this study.)

the non-cold front period (Figure 7b), local and upstream source contributions were approximately 46.0% (~18%
higher than that of the cold front period) and 29.8% (~20% lower than that of the cold front period), respectively.
As illustrated in Figures 8b and 8f, the contribution from long-range transport become dominant as altitude
increased, with about 44.9%-53.3% contribution from the upstream sources in the upper BL (TWA contribution
was 49% higher than the non-cold front period 14%), only 13.7%-21.6% contribution from local source (TWA
contribution was 18% lower than the non-cold front period 9%). The local contribution in the LFT was below 6%,
and the rest was contributed by external sources.

The gas-particle and the vapor-liquid equilibrium on the aerosol surface in the relatively high RH condition have a
joint impact on NH,NO;. Compared with (NH,),SO,, the dissociations of ammonium nitrate aerosol strongly
depend on air temperature. NH,NOj is temperature-sensitive, thermally unstable, and readily dissociated in the
warmer and lower BL. At high elevations where the air is colder, the balance is on the side of the particle phase,
and NH,NOs is quite stable and difficult to dissociate into the gas phase (Seinfeld & Pandis, 1998). Driven by
cold front, the vertical advection and diffusion lift the prefrontal warm moist air mass to the upper BL and LFT,
and the cold environment leads to more NH,NO; formation. Kang et al. (2022) revealed that urban heat island
circulation causes similar high-altitude NH,NO; formation. Since the deposition velocities of HNO;(g) are
significantly greater than those of nitrate (about one order of magnitude) (Zhai et al., 2021), total nitrate
(NO,;" = HNO; 4+ NO;") is rapidly lost near the surface due to repeated gas-particle thermodynamic conversion
and dry deposition effects. Hence, NO,~ was more easily lost than SO,>~ in the lower BL. In Figure 7c, the
upstream sources of NO;~ was 15.5%—24.2% of the total NO; ™ near the surface, much lower than that of SO,>~
(TWA contribution was 27% lower than SO,>7). However, the local source contributions of NO;~ and SO,*~
were similar (around 28%) due to rapid mixing in the BL (Table 2). We can also find that there was no distinct
difference of NO;™ source ratios in the cold front and non-cold front periods, might indicating NO;~ was mainly
controlled by local sources and atmospheric mixing around the surroundings. As altitude increases and
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Figure 8. Averaged vertical distributions of (a) and (e) PM, s, (b) and (f) SO42_, (c) and (g) NO; ™, and (d) and (h) NH," concentration and contribution ratio of each
source region in the YRD during (a)-(d) EP1 and (e)—(h) the non-cold front period. The bottom up pies denote the mean contribution at 0.5-1.0, and 1.0-2.0 km over the
YRD. The black solid lines denote the average boundary layer height. The legend refers to the regions shown in Figure 1.

Table 2

temperature decreases, NH,NOj stabilizes intensely and has a longer lifetime than near the surface. In the upper
BL, the local sources - contributed about 26.0%—27.8% of NO; (TWA contribution was 9% higher than SO,>" and
6% lower than the non-cold front period), whereas upstream sources contributed 15.3%-23.7% (TWA contri-
bution was 27% lower than SO,*~ and 9% higher than the non-cold front period). In the LFT, the contribution
from the local source of NO;~ was about 18.6% (~13% higher than SO,*~ and 9% higher than the non-cold front
period), while the contribution from the external source was around 81.4% (~13%-17% lower than SO42_ and 9%

8O, and NO;~ Averaged Contribution Ratio From the Upstream Sources
and YRD Sources to YRD During EP1, EP2 and Time-Weighted Average
(TWA) Contribution Ratios for Two Episodes Near the Surface and Within

lower than the non-cold front period). Considering the temperature sensitivity
of NH,NOs, the lifetime differences between NH,NO; and (NH,),SO,, and
the cold front physical effects, we can explain why NO; ™ is dominant by local
source compared to SO,>~ in the BL and LFT, as well as the slighter con-
centration gradient in the vertical distribution compared to SO,*” in

0.5-1.0 km (Figure 8).
rf: — .. — — .

Surface 0-5-1.0 km NH,* was jointly affected by SO,*~ and NO,~, and its upstream sources
Source  EPI  EP2  TWA EPl  EP2 TWA  contribution ratio was between SO,?~ and NO,;~ near the surface. The
SO, Upstream 53.1% 43.7% 47.7% 53.3% 44.9% 48.5% contribution from local source was greater than that from the upstream
NO,~ 155% 242% 204% 153% 237% 20.1% sources. The local contribution near the surface was higher than 50% for the
50,2 D) L N BT tw.o cold front episodes, énd the upstream sources.contributed 35.8%—.37..9%
(Figure 7d). In contrast, in the non-cold front period, the local contribution
MO 27.0% 293% 283% 260% 27.8% 27.0% was around 63.3%, and the NCP contribution was about 18.8%. The average
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upstream sources contribution reached 60.3%—63.9% in the upper BL (~29% higher than that of the non-cold front
period), and the local YRD contribution was only 16.7%—-20.0% (similar to the non-cold front period) (Figures 8d
and h). There was almost no local YRD contribution in the LFT. The mechanism of physical and chemical
processes influencing the formation and distribution of SNA will be further elaborated in Section 3.4 by process
analysis.

3.4. The Physical and Chemical Processes of SNA Evolution

In this section, the process analysis technique was used to further investigate how cold fronts affect the vertical
distribution of PM, s and SNA through accounting each physical and chemical processes (Figure 9). Cold fronts
transported polluted air masses from upstream areas (e.g., NCP, AH, etc.) to the YRD through the horizontal
advection (HADYV) process, increasing the inflow of PM, 5 into the atmosphere within 0-2 km. The HADV
process removed pollutants rapidly when the cold front moved through. The vertical advection (ZADV) process
negatively contributed to the PM, 5 concentration below 500 m but was positive above 500 m, which indicated
that the ZADV process driven by cold fronts transported the warm, moist, and polluted air mass with high PM, 5
concentrations from the lower BL to the upper BL and LFT. The vertical diffusion (VDIF) process mixed the
PM, 5 near the surface with the upper air. The VDIF process had a significantly negative contribution to PM, s
near the surface since the emissions of PM, 5 and its precursors therein. The VDIF process contributed positively
to the upper BL, indicating that the VDIF process diffused aerosol and its precursors from the surface to the upper
air through turbulent mixing. Physical processes had relatively consistent effects on variations in PM, s and SNA
concentrations.

Ammonium sulfate was highly thermally stable and impervious to dissociation, and its dissociation constant
varied slightly at different heights and temperatures in the air. Thus, the chemical process always contributed
positively, peaking near 1.5 km above the surface (Figure 9b). Comparatively, NH,NO; was thermally unstable
and in a reversible equilibrium of dissociation/condensation at high/low temperatures. As shown in Figure 9c,
when the cold front reached the YRD at 06:00 LT on 15 January, abundant SNA and gas precursors from the
upstream and local regions formed high concentrations of SNA near the surface, showing a positive contribution
in the AERO process. The ZADV and VDIF processes driven by the cold front forced the warm and humid air
mass lifting upward in front of the cold front zone (Kang et al., 2021). We can see NH,NO; dissociated at 500 m
due to relative high temperature (>0°C). At around 900 m above the surface, the equilibrium shifted to the aerosol
phase at lower temperature (<0°C) and high aerosol water content, which promoted the condensation of
ammonium nitrate therein. Under the effect of uplifting and mixing, the temperature-sensitive and thermally
unstable NH,NO; repeatedly dissociated/condensated, and HNO; effectively deposited near the surface, resulting
in the AERO process contributing positively in the upper BL and negatively in the lower BL.

4. Conclusions

Because of the distinct thermostability and lifetime difference between ammonium sulfate and ammonium nitrate
aerosols, coupled with variations in SNA emissions and precursors across different regions, the distributions,
variations and sources of SNA are complex and unpredictable under the long-range transport conditions with
sharply changed meteorology. Focusing on these issues, this study investigated the regional sources, 3-D
structures and formation mechanisms of physical and chemical processes of PM, 5 and SNA during two cold
front episodes, utilizing the CMAQ model with an online source apportionment module, combined with the field
experiments conducted in situ to monitor boundary layer air pollution and meteorology. The major findings are
summarized as follows:

Observations showed a southward movement of the peaks of PM, 5 along the cold frontal passages and effectively
transported PM, 5 from the NCP to the YRD, which was well captured by the model simulations. Also, the model
reasonably reappeared the 3-D structures and temporal variations of meteorological elements, PM, s and the
surface SNA concentrations. Model simulations reveal that cold front can effectively uplift and transport the
upstream sources of PM, 5 and its precursors to the YRD. Specifically, near the BL of YRD, SO,>~ was mostly
imported from the upstream sources, around 48% (time-weighted average of 2 episodes) near the surface, much
higher than from local source (~29%). In contrast to (NH,),SO,, NH,NO; is thermally unstable and readily
dissociated in the warmer lower BL. Under repeated gas-particle thermodynamic conversion and dry deposition
effects, NO,~ was more easily lost than SO,>~ in the lower BL. Therefore, the upstream sources of NO,~ was
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Figure 9. Vertical contributions of horizontal advection (HADV), vertical advection (VADV), vertical mixing (VMIX), and aerosol processes (AERO) to (a) PM, s,
(b) SO42_, (c) NO;~ and (d) NH,* in Nanjing during EP1. The black and brown lines in AERO process panels represent air temperature (°C) and RH (%) respectively.

only 20% of the total NO;~, much lower than that of SO,*~, and the local source contributed 28% of NO;™ near
the surface.

In the upper BL, the contribution of SO,*~ from the long-range transport to the YRD was still high, with about
49% from the upstream sources but only 18% from local source. In the LFT, the local contribution was below 6%,
and the contribution from the external sources varied between 94% and 98%. In contrast, NH,NOj; stabilized
intensely and had a longer lifetime in the cold and wet upper BL with high aerosol water content. Local source of
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Figure 10. A conceptual scheme for the three-dimensional structures and sources of sulfate ammonium and nitrate ammonium aerosols during cold front episodes. The
hollow yellow and green dots denote NH;(g) and HNO;(g). The blue, green, and yellow dots indicate SO42_, NO,~, and NH, ™, respectively. The size of the dot
represents the particle concentrations and the blue shadow on the dot represents high aerosol water content. The blue and green vertical profiles indicate the variation of
dissociation constants of (NH,),SO, and NH,NO; with height. The cold front (the blue arrow) transports polluted cold air masses (the blue shadow) from the upstream
region to the downstream region through the horizontal advection process. The vertical advection and diffusion processes (the red arrow and grep rotation arrows) driven
by the cold front forced the local warm and humid air masses (the red shadow) to lift upward in front of the cold front zone. Under drastic changes in meteorological
conditions, compared to (NH,),SO,, NH,;NO; was temperature-sensitive and in an obvious reversible equilibrium of dissociation/condensation at high/low
temperatures.

NO;™ contributed 27%, whereas upstream sources contributed 20%. In the LFT, the local source contribution to
NO,~ was about 19%, much higher than that of SO,

NH,* was jointly affected by SO,>~ and NO;~, with local and upstream sources contributing 52% and 37%,
respectively, near the surface. The average upstream sources contribution to NH,* increased to 62% in the upper
BL, and the local YRD contribution was only 19%, and negligible local contribution to NH,* in the LFT.

Physical processes had relatively consistent effects on variations in PM, 5 and SNA concentrations. The PM, 5
chemical (AERO) process formed a greater mass concentration of NH,NO; than (NH,),SO, The AERO process
of (NH,),SO, consistently contributed positively in the whole BL, peaking near 1.5 km. Comparatively, under the
uplifting and mixing effects, the temperature-sensitive NH,NO; repeatedly dissociated/condensated, and HNO;
deposited near the surface, resulting in positive AERO process contributions in the upper BL and negative
contributions in the lower BL.

At last, we propose a conceptual framework to demonstrate the complex mechanisms controlling the three-
dimensional structures and sources of (NH,),SO, and NH,NO; due to their thermostability and lifetime dif-
ferences under a long-range transport condition (Figure 10). Compared to highly thermally stable (NH,),SO,,
NH,NO; has unique properties, that is, being thermally unstable in the warmer lower BL but quite stable in the
cold and wet upper air. Under drastic changes in meteorological conditions caused by the cold front passages,
NH,NO; was in a reversible equilibrium of dissociation/condensation at high/low temperatures and was
dominant by local source. In contrast, (NH,),SO, was impacted by the upstream significantly. These results
indicate that one difference in the physicochemical properties of air species can lead to distinct distributions and
sources on a large scale, especially under long-range transport conditions. This insight underscores the impor-
tance of considering these differences in regional air pollution control strategies.
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