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Abstract

Regional transport has been identified as an important contributor to air pollution. Yet, understanding evolution of aerosol

components associated with synoptic systems remains limited, particularly in China, where most of the measurement studies

were conducted at ground-surface. In this study, an intensive campaign was designed with an aircraft measurement in Northeast

China (NEC) together with ground-surface measurements in North China Plain (NCP), to investigate the role that the mid-

latitude cyclone plays in transporting air pollution, specifically in changing aerosol components during the transport. During a

flight on 30 July 2018, high concentrations of aerosols dominated by sulfate were observed in the free troposphere (FT), despite

low aerosol loadings dominated by organics in the planetary boundary layer. Model simulations indicated that pollution in the

lower free troposphere (LFT) was transported directly from North Hebei by warm and moist air masses, while pollution in the

higher free troposphere (HFT) was influenced by the warm conveyor belt (WCB), which transported aerosols from the NCP

and lifted them into the HFT. Both particulate nitrate and sulfate were formed productively due to strong emissions and high

atmospheric oxidizing capacity in the NCP. During the transport, sulfate concentrations stayed relatively constant while nitrate

decreased readily due to evaporation losses, resulting in an increasing contribution of sulfate but a decreasing contribution of

nitrate to secondary aerosols along the transport path.
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Key Points:

• Aircraft measurements recorded high loadings of sulfate-dominated secondary aerosols in the free tro-
posphere of the Northeast China.

• Strong changes of secondary aerosols occurred in the fronts-induced air masses transported by a mid-
latitude cyclone.

• Increased sulfate contribution in PM2.5 was mainly caused by evaporation-induced nitrate losses during
the transport.

•

Abstract

Regional transport has been identified as an important contributor to air pollution. Yet, understanding
evolution of aerosol components associated with synoptic systems remains limited, particularly in China,
where most of the measurement studies were conducted at ground-surface. In this study, an intensive cam-
paign was designed with an aircraft measurement in Northeast China (NEC) together with ground-surface
measurements in North China Plain (NCP), to investigate the role that the mid-latitude cyclone plays in
transporting air pollution, specifically in changing aerosol components during the transport. During a flight
on 30 July 2018, high concentrations of aerosols dominated by sulfate were observed in the free troposphere
(FT), despite low aerosol loadings dominated by organics in the planetary boundary layer. Model simu-
lations indicated that pollution in the lower free troposphere (LFT) was transported directly from North
Hebei by warm and moist air masses, while pollution in the higher free troposphere (HFT) was influenced
by the warm conveyor belt (WCB), which transported aerosols from the NCP and lifted them into the HFT.
Both particulate nitrate and sulfate were formed productively due to strong emissions and high atmospheric
oxidizing capacity in the NCP. During the transport, sulfate concentrations stayed relatively constant while
nitrate decreased readily due to evaporation losses, resulting in an increasing contribution of sulfate but a
decreasing contribution of nitrate to secondary aerosols along the transport path.

Plain Language Summary

Atmospheric chemical processes may occur inside an air mass plume as it moves continuously along the
trajectory. This challenges the signal-site based investigation in understanding the change of aerosol compo-
sition. Here, we organized a campaign using an aircraft in the Northeast China (NEC) and multiple ground
observations in North China Plain (NCP) to investigate aerosol chemistry during the regional transport
from the NCP to the NEC influenced by a mid-latitude cyclone. High loadings of aged secondary aerosols
observed in the free troposphere in the NEC were attributed to the regional transport from the NCP. Both
sulfate and nitrate formed strongly in the NCP but behaved differently during the transport to the north in
that sulfate kept constant while nitrate decreased readily due to evaporation losses.

1 Introduction
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Atmospheric aerosols, especially fine particles (PM2.5, aerodynamic diameter [?] 2.5μm), have adverse effects
on human health (Wang et al., 2012; Zhang et al., 2015), reduce visibility (Charlson and Heintzenberg, 1995),
and influence climate and ecosystems (Ellison et al., 2020). Therefore, full characterization of the sources,
chemical compositions, and evolution processes of atmospheric aerosols is crucial to elucidate the effects
they cause. Extensive field studies around the world have investigated the chemical properties of PM2.5,
and usually found that organics and secondary inorganic species, i.e., sulfate, nitrate and ammonium (SNA),
were the dominant aerosol components (Jimenez, et al., 2009; Zhang et al., 2007; Huang et al., 2014; Li et
al., 2017b; Zhou et al., 2020). The mass concentrations and compositions of fine particles show dramatic
temporal and spatial variations due to influences from various emission sources, atmospheric processes, and
meteorological conditions (Li et al., 2017b; Kim et al., 2017).

The particulate pollution of a specific area is contributed by both its local sources and regional transport
processes, which sometimes have been identified as a main reason for the occurrence of regional haze episodes
(Sun et al., 2014; Sun et al., 2020; Huang et al., 2020; Wang et al., 2020; Kim et al., 2018; Dong et al.,
2018). Du et al. (2020) conducted model simulations and illustrated the importance of transported secondary
aerosols and precursors on haze in the North China Plain (NCP). Zhang et al. (2021) carried out field studies
and investigated compositions and aging of haze aerosols during the trans-regional transport from NCP to
Yangtze River Delta (YRD). Tan et al. (2021) even found an increasing impacts of the relative contributions
of regional transport on surface air pollution in Beijing through observational evidence. A Common view
has been reached that coordinated cross-regional emission reduction strategy is required to further mitigate
haze pollution. Though previous studies have emphasized the importance of regional transport on aerosol
loadings and frequent haze episodes, they were focused on the aerosols within planetary boundary layer
(PBL) based on the ground observations and corresponding simulations.

The PBL into free troposphere (FT) transport is of great importance for the understanding of atmospheric
chemistry and climate issues (Henne et al., 2005), but scant research has covered this topic. Partially
because both airborne and ground observations are simultaneously required to fully capture the composition
and evolution of aerosols, which challenges the observation technology. The frontal systems, especially the
so-called warm conveyor belts (WCBs), associated with cyclones are the dominant mechanism that could lift
or ventilate PBL air into the FT (Bethan et al., 1998). Air pollutants, including ozone, aerosols, and their
precursors, can substantially change the chemical environment and radiation property of the troposphere.
The longer lifetime of these pollutants in the FT extends their impact from the regional to the continental
or even global scale because of long-range transport (Henne et al., 2005; Dickerson et al., 2007; Ding et al.,
2009).

North China Plain (NCP), which includes the Beijing and Tianjin city clusters and many other cities in
the flat region of central-eastern China, experiences severe air pollution owing to high population density,
intense industrial activities, and unfavorable meteorology conditions in the region (Wang et al., 2006; Hu
et al., 2017; Sun et al., 2013; Li et al., 2017; Sun et al., 2014; Zhang et al., 2016; Wang et al., 2017). The
NCP thus serves as an important pollution source region, from where polluted air masses are easy to be
transported to other regions through different synoptic systems. For example, air pollutants transported
from NCP to YRD have been fully investigated (Ding et al., 2013; Sun et al., 2020; Huang et al., 2020; Wang
et al., 2020; Chen et al., 2020b; Bao et al., 2017).

Northeast China (NEC) is easily influenced by the northward transport of pollutants accumulated in the
NCP through synoptic systems (Ma et al., 2018; Li et al., 2019) and thus becomes an ideal region to study
this PBL to FT transport. Lots of studies have emphasized the important role that mid-latitude cyclones
play in exporting air pollution from the NCP to the NEC (Eckhardt et al., 2004; Stohl, 2001; Li et al., 2012;
Dickerson et al., 2007; Oshima et al., 2013; Ding et al., 2009; Wu et al., 2018). However, the understanding
of the detailed transport mechanism and the aerosol chemistry during the transport remains poor. This
mid-latitude cyclone-influenced regional air transport can lift pollution plumes into FT from PBL (Bethan
et al., 1998; Fuelberg, 2006; Cooper et al., 2004; Stohl et al., 2003). Thus both aircraft and multiple ground
measurements are required to investigate the evolution of aerosol chemistry along the transport path.
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In this study, we organized a campaign to conduct multiple-platform measurements of chemically-resolved
PM2.5. Specifically, we conducted aircraft measurements in the NEC using a Time-of-Flight Aerosol Chemical
Speciation Monitor (ToF-ACSM) to capture the air plume over the downwind region, and we also conducted
multiple ground measurements using Monitor for Aerosols and Gases in ambient air (Marga) in the NCP
to measure aerosol chemical compositions in the source regions and along the transport path. To provide
a regional picture of the air pollution distribution, the monthly average SO2concentrations in July 2018 in
eastern China are shown in Fig. 1a. A flight was specifically designed in late July to investigate the role that
a mid-latitude cyclone plays in air pollution transport. By combining Lagrangian dispersion modeling and
WRF-Chem (the Weather Research and Forecasting model coupled with Chemistry) numerical simulations,
we present a detailed analysis of the PBL to FT long-range transport of air pollutants and the evolution of
aerosol chemistry alongside.

2 Materials and Methods

2.1 Aircraft and multiple ground measurements

Figure 1 (a) Map showing the distribution of average surface SO2 mass concentrations in July in eastern
China from OMI satellite reproduced dataset . (b) Measurement overview. Map showing the surface mea-
surement sites (black circles with white numbers) and flight route (black dotted lines). The numbers from
1 to 9 correspond to the measurement sites in Heze, Jining, Liaocheng, Jinan, Zibo, Binzhou and 3 sites in
Beijing. The spatial distributions of sea level pressure and 10-m wind field at 16:00 LT on July 28, 2018 are
also shown corresponding to the areas in the black box marked in (a). The surface position of the warm
front is marked with the symbol of a red line with semicircles. The meteorology data were downloaded from
the ERA5 reanalysis website.

We conducted aircraft measurements of trace gases and aerosols from July to August 2018 in Jilin province
of NE China. A Y-12 aircraft of the Jilin Weather Modification Office was used for the study. This
twin-engine turboprop aircraft was similar to a Twin Otter. The aircraft campaign was conducted out of
Baicheng city (122.84°E, 45.63°N), which is located 300 km from Changchun (the capital of Jilin, with a
population of 7 million). The airport is located in the north (generally upwind direction) of the city. The
sampling inlet was mounted at the bottom of the airframe with a forward-facing inlet connected to the
measurement instruments. O3 and SO2 were measured with Thermo instruments (TEI 49i and 43i), and the
aerosol scattering coefficients were measured with a commercial integrating nephelometer (TSI3563), which
detects the light scattering coefficient (Bsp) at 450 nm, 500 nm, and 700 nm. All trace gas instruments were
calibrated at the ground base and different altitudes on several selected flights. An Aerodyne time-of-flight
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Aerosol Chemical Speciation Monitor (TOF-ACSM) (Fröhlich et al., 2013; Sun et al., 2020) was deployed
and fixed in the aircraft cabin for the chemical characterization of non-refractory PM2.5(NR-PM2.5). The
detailed descriptions and data analysis of the instrument are in Text S1.

For multiple-surface measurements, the inorganic ions of PM2.5 were measured with a Monitor for Aerosols
and Gases in ambient Air (MARGA, designed and manufactured by Applikon Analytical B.V., the Nether-
lands) (ten Brink et al., 2007) at 9 ground supersites in the NCP with three in the megacity Beijing and the
other six in the Shandong Province, located from South to North in Heze, Jining, Liaocheng, Jinan, Zibo,
and Binzhou, separately (Fig. 1b).

2.2 Designed aircraft experiments under the influence of mid-latitude cyclone

Previous studies have indicated the important role of mid-latitude cyclone in transporting pollutants from
the NCP to NE China (Eckhardt et al., 2004; Stohl, 2001; Li et al., 2012; Dickerson et al., 2007; Oshima et
al., 2013; Ding et al., 2009; Wu et al., 2018). In this study, we specially designed an aircraft experiment on
July 30, 2018 under the influence of a cyclone. As shown in Fig. 1b, a deep mid-latitude cyclone was located
over Mongolia (centered at 107°E, 45°N). The cyclone was characterized by a low-pressure system on the
ground with a warm front extending from the center to the western edge of inner Mongolia. Wind vectors
clearly show that warm and humid air from the NCP moved northwardly until encountered cold air mass
from the north Mongolia and accordingly formed the convergence belt. Previous studies have identified the
warm conveyor belt (WCB) from the distribution of 500 hPa specific humidity due to moisture advection
associated with the lifting effect (Kiley and Fuelberg, 2006; Ding et al., 2009). The 500 hPa specific humidity
field (Fig. S1) consistently shows a moist band over the front, revealing the strong vertical venting in this
region. The distribution of specific humidity and wind filed indicate that a WCB-like circulation extended
from the warm sector of the frontal system to NE China, where we conducted our aircraft study.

In addition to this specially designed experiment, we have also conducted 4 aircraft experiments respectively
on August 2, August 3, August 8 and August 9. All the experiments were carried out during the daytime.

2.3 Positive matrix factorization (PMF)

Positive matrix factorization (PMF) (Paatero and Tapper, 1994) with the PMF2.exe algorithm was performed
on the TOF-ACSM organics mass spectra to investigate various organic aerosol (OA) sources and processes.
PMF analysis was performed with an Igor Pro-based PMF Evaluation Tool (Ulbrich et al., 2009), and the
results were evaluated following the procedures detailed in Ulbrich et al. (2009) and Zhang et al. (2011).
The total OA of all aircraft experiments was resolved into a hydrocarbon-like OA (HOA) factor and an
oxygenated OA (OOA) factor. The detailed PMF results are described in Text S2.

2.4 The WRF-Chem model

The WRF-Chem model is an online-coupled chemical transport model that considers multiple physical and
chemical processes, including emission and deposition of pollutants, advection, diffusion, gaseous chemical
transformation, and aerosol chemistry (Grell et al., 2011). In this study, the WRF model (version 3.9.1)
was employed to simulate weather conditions using the 1° x 1°NCEP (National Centers for Environmental
Prediction) FNL Operational Global Analysis data (ds083.2). Meanwhile, the NCEP ADP Global Upper Air
Observational Weather Data (ds351.0) was assimilated to improve the model’s meteorological reproduction.

The simulation is conducted from 1 July 2018 to 20 August 2018. The detailed configurations of the model
are listed in Table S1. In this study, the model domain was centered at 35° N and 110° E with a 20 km ×
20 km spatial resolution to cover the eastern China and its surrounding areas. On vertical distribution, 30
vertical layers are set from the surface to the top pressure of 50 hPa, and 10 of which are set below 1 km
to better resolve the processes within boundary layer. Natural emissions such as biogenic, sea salt and dust
are included online into the model runs for this study. For biogenic emissions, online biogenic emissions are
calculated through MEGAN (Model of Emissions of Gases and Aerosols from Nature) module. It estimates
the net emission rates of isoprene, monoterpene and other biogenic VOCs from terrestrial ecosystems into
the above-canopy atmosphere. In addition to natural emissions, the anthropogenic emissions of CO, NOx,
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SO2, NH3, BC, OC, PM2.5. PM10 and VOCs are set based on the MEIC database (Multi-resolution Emission
Inventory for China) (Huang et al., 2018).

To investigate the contributions of each individual physical and chemical process to variations of atmospheric
nitrate and sulfate concentrations, we performed a diagnostic analysis in WRF-Chem modeling (Wang et
al., 2020). The detailed diagnostic analysis and model evaluation are described in Text S3.

2.5 Lagrangian dispersion modeling

Lagrangian particulate dispersion modeling (LPDM) was used to study the transport pathways and trace
the potential sources of air masses during the campaign using HYSPLIT (Stein et al., 2015), following the
method developed by Ding et al. (2013). Briefly, for each hour during the study period, the model was
run several days backwardly with 3,000 particles released every hour at a specific height over the site. The
model calculated the particle position with mean wind and turbulent transport after being released from the
receptor point. The residence time of particles at specific height columns was used to identify the footprint
retroplume. The spatiotemporal distributions of these particles were used to identify the potential source
regions and their relative contributions to the air masses at the measurement sites.

3. Results and discussions

3.1 Overall aircraft observation results

Fig. 2 shows the overall results of these 5 aircraft experiments conducted in the NEC. The overall NR-PM2.5

was dominated by secondary species, including sulfate, ammonium, nitrate and OOA since most of the
flight time is outside the boundary layer, where the influence of surface primary emission is supposed to be
small. Pollution episodes were captured by our flight on July 30 and August 3 with relatively higher mass
concentrations of NR-PM2.5.

Sulfate, a secondary inorganic specie usually formed over a regional scale (Sun et al., 2011) contributed a
significant fraction of NR-PM2.5 on July 30 (43%) and August 3 (54%). The sulfur oxidation ratios (defined
as SOR = nSO4

2-/ (nSO4
2- + nSO2), where n represents molar concentration) were substantially higher

on these two days, indicative of overall aged secondary aerosols. HOA, which represents primary organic
aerosols (POA) usually associated with freshly traffic emissions (Zhang et al., 2011), contributed notably to
NR-PM2.5 mass loadings during clean situations and its contribution were comparable on August 2 (13%),
August 8 (15%) and August 9 (17%). While extremely lower contributions of HOA and relatively higher
SOA to POA ratios were observed on pollution days, indicating the possible influence of regional transport
rather than local sources. fm/z is defined as the fraction of the signal at the given m/z of the organic mass
spectra derived from ACSM observation results. The organic aerosols of these two pollution cases (July
30 and Aug 3) both had higher values of f44, thus were more oxidized and aged, which was caused by
extensive oxidation processes. These sulfate-dominated pollution episodes in the NEC are likely to be caused
by regional transport due to extremely aged secondary aerosols while relatively lower values of f44and SOR
together with notable fraction of HOA during clean situations indicate the importance of local sources.

Among these aircraft experiments, flight on July 30 was designed to investigate the role that mid-latitude
cyclone plays in transporting air pollution and the aerosol chemistry alongside. Here we present the detailed
analysis and in-depth understanding of this regional transport air pollution.

6
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Figure 2 Averaged (a) f44 of organic aerosols and sulfur oxidation ratios; (b) NR-PM2.5 mass concentrations
and contributions from different aerosol species of each aircraft experiment.

3.2 Air pollution in free troposphere

On July 30, the aircraft ascended from the airport in Baicheng and made a clockwise flight in the North of
the province at an altitude of around 2.5 km corresponding to the flight route in Fig. 1b and Fig. 3a. To
capture the vertical distributions of air pollutants, the aircraft descended to about 1 km over the two nearby
cities, Daan and Songyuan, as shown in Fig. 3a. The flight was carried out from 12:30 to 16:50 LT on 30
July and covered about 500 km in total distance with the horizontal speed of nearly 200 km per hour.

Fig. 3b shows the time series of SO2,O3, Bsp, and NR-PM2.5and the flight altitude during the aircraft
experiment on July 30. Bsp and NR-PM2.5 tracked each other well and both varied substantially between
different altitudes. Organic aerosols dominated NR-PM2.5 compositions within the PBL, the height of which
can be derived from the vertical profile of temperature, which shows an obvious inversion layer at 1 900 m
altitude (Fig. 4a). Once into the free troposphere, both ozone and NR-PM2.5 mass concentrations showed
sharp increases. Four pollution hot spots were observed during the flight, marked as A, B, C and D in Fig.
3a. Three of the plumes distributed around 1 ˜ 2 km (defined as the Lower Free Troposphere (LFT)) above
the cities of Baicheng, Daan and Songyuan, indicating the existence of pollution layer near the top of the
PBL. Elevated pollution layers above PBL were also reported in previous aircraft studies (Ding et al., 2009;
Liu et al., 2018; Sarangi et al., 2016), attributed to the regional transport. The fourth pollution hot spot
was captured in the Higher Free Troposphere (HFT), e.g., ˜ 3 km above Baicheng city, at 16:15 LT, marked
as “D” in Fig. 3. Air pollutant levels were relatively low above 3.3 km.

7
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Figure 3 (a) The flight track of July 30, 2018 over the NEC. The top panel is color-coded by the local
time and the bottom panel by the mass concentrations of NR-PM2.5. (b) Time series of NR-PM2.5 mass
concentrations, Bsp, flight altitude, the mass contribution of different species to total NR-PM2.5, SO2 and
O3mixing ratios during the flight on 30 July 2018. The corresponding PM2.5 mass peaks were marked with
A B C D in both (a) and (b) panels.

Fig. 4a presents the vertical profile of NR-PM2.5 from 16:10 LT to 16:50 LT. NR-PM2.5 was well-mixed
within the PBL with a relative low concentration of ˜8 μg m-3 and a composition dominated by organics
(65% of NR-PM2.5 mass; Fig. 4c). HOA accounted for 25% of the OA mass within the PBL, indicating the
importance of local sources in aerosol loadings in the PBL. A dramatic variation of aerosol mass concentration
and composition was observed in the free troposphere, where high NR-PM2.5 mass concentration of up to 74
μg m-3 was observed with sulfate being the dominant component (48% of NR-PM2.5 mass). An extremely
low fraction of HOA (2% of NR-PM2.5 mass) in both LFT and HFT suggested that the pollution plumes in
the free troposphere were not contributed by local sources, but by regional transport instead. The aerosols in
both LFT and HFT had substantially higher value of f44 and SOR, indicative of secondary aerosols undergone
extensive atmospheric processing and being aged before transported to the free troposphere. Note that the
vertical distribution of aerosol composition observed in this study was different from that acquired by an
aircraft study conducted in the NCP, a major pollution source region in China, where high levels of aerosols
were trapped inside the PBL and were dominated by organics (Liu et al., 2019).

SO2 can be oxidized into sulfate through multiple chemical pathways, i.e., gas-phase oxidations, aqueous
phase reactions, and heterogeneous reactions (Seinfeld and Pandis, 2006). The geographical distribution of
SO2 concentrations (Fig. 1a) reveals that the flight reported here was carried out in a regional plume in
the NEC due to relatively low emissions of SO2over the flight region. The distribution of the surface PM2.5

mass concentrations during the flight time also denoted the influence of regional transport (Fig. S6) since
the hot spots of PM2.5 were mainly located to the south of the flight path.
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Figure 4 (a) vertical profile of mass concentrations of NR-PM2.5 and temperature; (b) sulfate conversion
ratio (SOR) and f44 of organic aerosols; (c) averaged contributions of NR-PM2.5 species in the boundary
layer (altitude below 900 m), the lower free troposphere (altitude from 900 m to 2000 m), and the higher
free troposphere (altitude above 2000 m).

3.2 Regional transport associated with the synoptic processes

To identify the polluted plume sources and investigate their transport pathways, we conducted LPDM for
the case on July 30, 2018. The upper panel of Fig. 5 shows that the air masses arriving at the lower
free troposphere of all three cities including Baicheng, Daan, and Songyuan mainly originated from north
Beijing and Hebei province, corresponding to the areas with high PM2.5 loadings as shown in Fig. S6. As
a comparison, air masses on the ground surface (blow 100 m) were mainly from local and transported from
nearby northern clean region (Fig. 5d), resulting in the low aerosol loadings within the PBL.

Air stream pattern at 1 km altitude was analyzed using the ERA-5 reanalysis data to address the influence
that the synoptic system has on air pollution transport. As shown in Fig. 6a, there were no prominent
air flows from north Hebei Province directly to the aircraft flight area before the warm front. However,
continuous southwestern winds brought water vapor to the NE China from the NCP after the warm front
and led to the relatively high specific humidity over the study region (Fig. 6b). The high relative humidity
(close to 100%) observed at the top of PBL (Fig. S7) further confirmed the influence of the water vapor.
Warm and moist air masses was frequently observed at 900 hPa during the summer monsoon (Chen et al.,
2020a). They were responsible for bringing pollutants of north Hebei directly to the NE China and formed
a pollution layer in the lower troposphere, which was captured by our aircraft measurements. In addition,
this water channel characterized by high specific humidity may also favor the formation of sulfate through
aqueous phase processes (Xue et al., 2019).
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y. Figure 5 5-day retroplume (1 km footprint) for a receptor at an altitude of 1 km above (a) Baicheng; (b)
Daan and (c) Songyuan corresponding to “A”, “B”, “C” as marked in Fig. 3. (d) 5-day retroplume (i.e.,
100 m footprint) for a receptor at an altitude of 100 m above Baicheng sites; (e) 5-day retroplume (3 km
footprint) and (f) 5-day retroplume (100 m footprint) for a receptor at an altitude of 3 km above Baicheng
sites at 16: 00 LT on 30 July.

Figure 6 Map showing the spatial distributions of specific humidity and wind vector at 900 hPa for (a)
the time before the warm front; (b) the averaged time from 7.28 to 7.30. The purple arrow symbolizes the
air masses transported from the NCP to the NEC. The meteorology data were from the ERA5 reanalysis
website.

Unlike the transport path of the pollution in the LFT, the particles in the HFT show high residence time
of 3 km footprint over the west shallow belt of the receptor site (Fig. 5e), indicating the different source
regions and the transport path of pollutions in the separate layers. The surface footprint (under 100 m
altitude) showed a high residence time over the polluted NCP (Fig. 5f). By combining Fig. 5e and Fig.
5f, we inferred that pollutants in the NCP were transported by the northward air flow and elevated by the

10



P
os

te
d

on
23

N
ov

20
22

—
C

C
-B

Y
4.

0
—

h
tt

p
s:

//
d
oi

.o
rg

/1
0.

10
02

/e
ss

oa
r.

10
51

00
65

.1
—

T
h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

warm front. This transport pathway of the HFT pollution was close to the warm conveyor belt (WCB)
circulation, as shown in Fig. S1. In addition, the similar LPDM analysis conducted for pollution episode on
August 3 also shows that the air masses arriving at the free troposphere in the NEC mainly originated from
the NCP as shown in Fig. S11. Our results highlight the important role of regional transport from NCP in
these sulfate-dominate air pollution episodes in the NEC.

To further investigate the role of the WCB in transporting pollutants from the NCP to the NEC, we
simulated this frontal process using the WRF-Chem model. The simulated vertical distribution of sulfate
mass concentrations was compared with that from our aircraft observations in Fig.S5. The observed pollution
hot spot D in the HFT pollution was captured well by the model, while sulfate concentrations in the LFT
were underestimated, possibly due to the the influence of high humidity air plumes. The uncertainties of
uptake coefficient (γ) associated with relative humidity, aerosol liquid water content, particulate acidity and
other factors in the model usually cause the discrepancy of secondary inorganic aerosols (Liu et al., 2021).

As shown in Fig. 7a, a high level of sulfate originated from the NCP (Shandong Province and Beijing)
was transported northwardly towards the warm frontal region. The pollution plume was then lifted over
the convergence belt, leading to high sulfate mass loadings at 2.6 km altitude (Fig. 7b). After that, this
pollution plume was further transported horizontally to our aircraft site by strong westerly winds (Fig. S8).
A process diagnostic analysis technique, as elaborated in Text S4, was applied to disentangle each individual
contribution from different physical or chemical processes to sulfate variations over the study period. To get
more insight into the pollution structure of WCB, the cross-section profiles of the contributions of chemical
and advection processes to sulfate production are shown in Fig. 7c and d. The chemical formation of sulfate
mainly occurred within the PBL from the ground to nearly 1 km with large values occurring over Beijing.
However, high contribution of advection transport to sulfate concentrations occurred in the free troposphere
caused by strong vertical wind. When the warm air masses arrived at the frontal region, pollutants were
lifted by the strong updrafts (Fig. 7d). The sulfate chemically formed within the PBL in the NCP was
thus lifted and transported to the NEC. These vertical structures clearly depicted the PBL-FT air pollution
transport influenced by the WCB circulation. The diagnostic analysis also suggested that the increase of
sulfate mass concentrations on July 30 in the HFT was attributed to the horizontal advection transport (Fig.
S9).
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Figure 7 Map showing the spatial distributions of (a) sulfate mass concentrations at the surface, (b) sulfate
mass concentrations at 2.6 km altitude, and wind field at 16:00 local time on 28 July from WRF-Chem
results. The contribution of (c) chemical production process (d) advection transport process on the vertical
cross section of sulfate during the period with the warm front. The vertical speed of in-plane wind vectors
(arrows) was multiplied by a factor of 1800, and planetary boundary layer height was shown as the black
solid line. The black solid line in panel (a) denotes the location of the vertical cross section shown in panel
(c) and (d).

3.3 Evolution of aerosol chemistry during the regional transport

12



P
os

te
d

on
23

N
ov

20
22

—
C

C
-B

Y
4.

0
—

h
tt

p
s:

//
d
oi

.o
rg

/1
0.

10
02

/e
ss

oa
r.

10
51

00
65

.1
—

T
h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

Figure 8 (a) Map showing the spatial distributions of the chemical production of sulfate from July 27 to 28
from WRF-Chem results. The pie charts show the average contributions of different aerosol species during
the same time for different regions from multiple observation results. The city names of each measurement
site are marked with different numbers corresponding to the city numbers in the right panel. (b) average
contributions of different aerosol species, (c) average concentrations of different aerosol species, (d) sulfate-
to-nitrate ratio of different cities. All these results are based on ground online measurements except for
Baicheng. The aircraft measurement data on July 30 was used to calculate the average aerosol compositions
in Baicheng.

Figure 9 Map showing the surface spatial distributions of (a) chemical production of nitrate, (b) average
NH3 mixing ratio, (c) average O3 mixing ratio, (d) average temperature and Wind field from July 27 to 28.

Previous studies have shown that strong photochemical reactions and high temperature during summer
favored the production of secondary aerosols in the NCP, especially secondary inorganic aerosols (SNA)
(Jiang et al., 2019; Li et al., 2017; Hu et al., 2017). However, the chemical evolution of aerosols during
regional transport associated with synoptic systems has been rarely investigated. By combining multiple
ground observations and the WRF-Chem model, we are able to perform an in-depth analysis of aerosol
chemistry during the WCB transport. Note that the aerosol loadings here were indicated by the total mass
concentrations of sulfate, nitrate, ammonium and chloride.

As shown in Figure 8a, a distinct transition of aerosol composition across multiple ground sites was observed
during the regional transport. Both the mass concentrations and contributions of particulate nitrate de-
creased from south to north (Fig. 8c). Specifically, nitrate contributed a significant fraction of aerosol mass
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in Shandong (47%), while its contribution decreased to 32% in Megacity Beijing and eventually to 13% in the
free troposphere in the NEC. In contrast, the contribution of particulate sulfate increased from the Shandong
(26%) to Beijing (42%) and dominated NR-PM2.5 (60%) in the NEC. Accordingly, sulfate-to-nitrate ratio
depicted a significant increase during the WCB transport from Shandong to the NEC (Fig. 8d).

The transition of aerosol chemical compositions suggested the significant chemical processes occurring inside
the air mass plume during the transport. Sulfate was strongly formed over the NCP, especially around
Beijing (Fig. 8a), which was attributed to the high local primary emissions of SO2 (Fig. S10) and the
strong atmospheric oxidation capacity indicated by the high concentrations of O3 (Fig. 9c). Similarly,
particulate nitrate was largely formed over the Shandong due to high mixing ratios of NO2 and NH3 (Fig.
9b). Sulfate formation is irreversible and sulfate particles can be transported long-rangely without significant
losses, whereas ammonium nitrate is a semi-volatile specie and can evaporate easily under high temperature,
especially during summer (Feng and Penner, 2007). As a result, significantly negative nitrate chemical
productions were observed over the north areas along the transport pathway of the WCB (Fig. 9a). Overall,
the WCB circulations transported pollutants accumulated in PBL in the NCP to the FT in the NEC, during
which an increasing contribution of sulfate to PM2.5 was observed due to evaporation losses of ammonium
nitrate.

Despite limited number of flight experiments conducted in the NEC, we have captured 2 sulfate-dominated
pollution episodes. Our results indicate that the pollution accumulated in the NCP are easy to be transported
to the NEC with secondary aerosols being oxidized and aged. Although particulate nitrate has been identified
as the most important contributor to air pollution in China in recent years due to emission changes (Li et
al., 2018; Sun et al., 2018; Ding et al., 2019), it may undergo evaporation loss during long-range transport,
especially in summer, and thus sulfate becomes more important and serves as the driving factor of regional
or trans-boundary pollution.

4. Conclusion

A multi-platform based campaign was organized using an aircraft in Northeast China (NE) and multiple
ground observations in North China Plain (NCP), with the aim to investigate the role of mid-latitude
cyclones in driving air pollutants from the NCP to the NEC, especially to understand the evolution of aerosol
chemistry during the transport. Aircraft measurements showed relatively high aerosol loadings, dominated
by sulfate in the free troposphere of the NEC despite low loadings of aerosols dominated by organics within
the PBL. Lagrangian dispersion modeling and WRF-Chem simulation were conducted to understand the
sources and transport characteristics of particulate pollution. Air pollution in the lower free troposphere was
transported directly from north Hebei Province by warm and moist air masses at 900 hPa after the warm
front. In contrast, pollution in the higher free troposphere was influenced by the warm conveyor belt, which
transported particulate matters from the NCP and lifted them into the higher free troposphere. Both sulfate
and nitrate formed intensively in the NCP but behaved differently during the transport to the north, in that
sulfate concentrations stayed relatively constant while nitrate decreased readily due to evaporation losses. In
addition to the well-understood regional transport processes from the NCP to the YRD (Sun et al., 2020),
our results also identified the “chimney effect” imparted by the NCP, where aerosols are fast generated and
blown by Asian monsoon to the YRD in winter when nitrate formation is favorable (Wang et al., 2020), and
to the NEC in summer when nitrate formation is restricted.
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The emission data reported in Fig.1 are available at https://ladsweb.modaps.eosdis.nasa.gov/.
All the meteorology data could be downloaded from the ERA 5 reanalysis website
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels). All the
aircraft and multiple ground measurement data used in this study are available at
https://doi.org/10.5281/zenodo.5652522.
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Key Points:

• Aircraft measurements recorded high loadings of sulfate-dominated sec-
ondary aerosols in the free troposphere of the Northeast China.

• Strong changes of secondary aerosols occurred in the fronts-induced air
masses transported by a mid-latitude cyclone.

• Increased sulfate contribution in PM2.5 was mainly caused by evaporation-
induced nitrate losses during the transport.

•

Abstract

Regional transport has been identified as an important contributor to air pol-
lution. Yet, understanding evolution of aerosol components associated with
synoptic systems remains limited, particularly in China, where most of the mea-
surement studies were conducted at ground-surface. In this study, an intensive
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campaign was designed with an aircraft measurement in Northeast China (NEC)
together with ground-surface measurements in North China Plain (NCP), to in-
vestigate the role that the mid-latitude cyclone plays in transporting air pollu-
tion, specifically in changing aerosol components during the transport. During a
flight on 30 July 2018, high concentrations of aerosols dominated by sulfate were
observed in the free troposphere (FT), despite low aerosol loadings dominated
by organics in the planetary boundary layer. Model simulations indicated that
pollution in the lower free troposphere (LFT) was transported directly from
North Hebei by warm and moist air masses, while pollution in the higher free
troposphere (HFT) was influenced by the warm conveyor belt (WCB), which
transported aerosols from the NCP and lifted them into the HFT. Both par-
ticulate nitrate and sulfate were formed productively due to strong emissions
and high atmospheric oxidizing capacity in the NCP. During the transport, sul-
fate concentrations stayed relatively constant while nitrate decreased readily
due to evaporation losses, resulting in an increasing contribution of sulfate but
a decreasing contribution of nitrate to secondary aerosols along the transport
path.

Plain Language Summary

Atmospheric chemical processes may occur inside an air mass plume as it moves
continuously along the trajectory. This challenges the signal-site based inves-
tigation in understanding the change of aerosol composition. Here, we orga-
nized a campaign using an aircraft in the Northeast China (NEC) and multiple
ground observations in North China Plain (NCP) to investigate aerosol chem-
istry during the regional transport from the NCP to the NEC influenced by
a mid-latitude cyclone. High loadings of aged secondary aerosols observed in
the free troposphere in the NEC were attributed to the regional transport from
the NCP. Both sulfate and nitrate formed strongly in the NCP but behaved
differently during the transport to the north in that sulfate kept constant while
nitrate decreased readily due to evaporation losses.

1 Introduction

Atmospheric aerosols, especially fine particles (PM2.5, aerodynamic diameter �
2.5�m), have adverse effects on human health (Wang et al., 2012; Zhang et al.,
2015), reduce visibility (Charlson and Heintzenberg, 1995), and influence climate
and ecosystems (Ellison et al., 2020). Therefore, full characterization of the
sources, chemical compositions, and evolution processes of atmospheric aerosols
is crucial to elucidate the effects they cause. Extensive field studies around the
world have investigated the chemical properties of PM2.5, and usually found that
organics and secondary inorganic species, i.e., sulfate, nitrate and ammonium
(SNA), were the dominant aerosol components (Jimenez, et al., 2009; Zhang et
al., 2007; Huang et al., 2014; Li et al., 2017b; Zhou et al., 2020). The mass
concentrations and compositions of fine particles show dramatic temporal and
spatial variations due to influences from various emission sources, atmospheric
processes, and meteorological conditions (Li et al., 2017b; Kim et al., 2017).
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The particulate pollution of a specific area is contributed by both its local
sources and regional transport processes, which sometimes have been identi-
fied as a main reason for the occurrence of regional haze episodes (Sun et al.,
2014; Sun et al., 2020; Huang et al., 2020; Wang et al., 2020; Kim et al., 2018;
Dong et al., 2018). Du et al. (2020) conducted model simulations and illustrated
the importance of transported secondary aerosols and precursors on haze in the
North China Plain (NCP). Zhang et al. (2021) carried out field studies and
investigated compositions and aging of haze aerosols during the trans-regional
transport from NCP to Yangtze River Delta (YRD). Tan et al. (2021) even
found an increasing impacts of the relative contributions of regional transport
on surface air pollution in Beijing through observational evidence. A Com-
mon view has been reached that coordinated cross-regional emission reduction
strategy is required to further mitigate haze pollution. Though previous stud-
ies have emphasized the importance of regional transport on aerosol loadings
and frequent haze episodes, they were focused on the aerosols within planetary
boundary layer (PBL) based on the ground observations and corresponding sim-
ulations.

The PBL into free troposphere (FT) transport is of great importance for the
understanding of atmospheric chemistry and climate issues (Henne et al., 2005),
but scant research has covered this topic. Partially because both airborne and
ground observations are simultaneously required to fully capture the composi-
tion and evolution of aerosols, which challenges the observation technology. The
frontal systems, especially the so-called warm conveyor belts (WCBs), associ-
ated with cyclones are the dominant mechanism that could lift or ventilate PBL
air into the FT (Bethan et al., 1998). Air pollutants, including ozone, aerosols,
and their precursors, can substantially change the chemical environment and
radiation property of the troposphere. The longer lifetime of these pollutants in
the FT extends their impact from the regional to the continental or even global
scale because of long-range transport (Henne et al., 2005; Dickerson et al., 2007;
Ding et al., 2009).

North China Plain (NCP), which includes the Beijing and Tianjin city clusters
and many other cities in the flat region of central-eastern China, experiences
severe air pollution owing to high population density, intense industrial activi-
ties, and unfavorable meteorology conditions in the region (Wang et al., 2006;
Hu et al., 2017; Sun et al., 2013; Li et al., 2017; Sun et al., 2014; Zhang et
al., 2016; Wang et al., 2017). The NCP thus serves as an important pollution
source region, from where polluted air masses are easy to be transported to
other regions through different synoptic systems. For example, air pollutants
transported from NCP to YRD have been fully investigated (Ding et al., 2013;
Sun et al., 2020; Huang et al., 2020; Wang et al., 2020; Chen et al., 2020b; Bao
et al., 2017).

Northeast China (NEC) is easily influenced by the northward transport of pollu-
tants accumulated in the NCP through synoptic systems (Ma et al., 2018; Li et
al., 2019) and thus becomes an ideal region to study this PBL to FT transport.

3



Lots of studies have emphasized the important role that mid-latitude cyclones
play in exporting air pollution from the NCP to the NEC (Eckhardt et al., 2004;
Stohl, 2001; Li et al., 2012; Dickerson et al., 2007; Oshima et al., 2013; Ding et
al., 2009; Wu et al., 2018). However, the understanding of the detailed transport
mechanism and the aerosol chemistry during the transport remains poor. This
mid-latitude cyclone-influenced regional air transport can lift pollution plumes
into FT from PBL (Bethan et al., 1998; Fuelberg, 2006; Cooper et al., 2004;
Stohl et al., 2003). Thus both aircraft and multiple ground measurements are
required to investigate the evolution of aerosol chemistry along the transport
path.

In this study, we organized a campaign to conduct multiple-platform measure-
ments of chemically-resolved PM2.5. Specifically, we conducted aircraft measure-
ments in the NEC using a Time-of-Flight Aerosol Chemical Speciation Monitor
(ToF-ACSM) to capture the air plume over the downwind region, and we also
conducted multiple ground measurements using Monitor for Aerosols and Gases
in ambient air (Marga) in the NCP to measure aerosol chemical compositions
in the source regions and along the transport path. To provide a regional pic-
ture of the air pollution distribution, the monthly average SO2 concentrations
in July 2018 in eastern China are shown in Fig. 1a. A flight was specifically
designed in late July to investigate the role that a mid-latitude cyclone plays
in air pollution transport. By combining Lagrangian dispersion modeling and
WRF-Chem (the Weather Research and Forecasting model coupled with Chem-
istry) numerical simulations, we present a detailed analysis of the PBL to FT
long-range transport of air pollutants and the evolution of aerosol chemistry
alongside.

2 Materials and Methods
2.1 Aircraft and multiple ground measurements
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Figure 1 (a) Map showing the distribution of average surface SO2 mass con-
centrations in July in eastern China from OMI satellite reproduced dataset .
(b) Measurement overview. Map showing the surface measurement sites (black
circles with white numbers) and flight route (black dotted lines). The numbers
from 1 to 9 correspond to the measurement sites in Heze, Jining, Liaocheng,
Jinan, Zibo, Binzhou and 3 sites in Beijing. The spatial distributions of sea
level pressure and 10-m wind field at 16:00 LT on July 28, 2018 are also shown
corresponding to the areas in the black box marked in (a). The surface position
of the warm front is marked with the symbol of a red line with semicircles. The
meteorology data were downloaded from the ERA5 reanalysis website.

We conducted aircraft measurements of trace gases and aerosols from July to
August 2018 in Jilin province of NE China. A Y-12 aircraft of the Jilin Weather
Modification Office was used for the study. This twin-engine turboprop air-
craft was similar to a Twin Otter. The aircraft campaign was conducted out
of Baicheng city (122.84°E, 45.63°N), which is located 300 km from Changchun
(the capital of Jilin, with a population of 7 million). The airport is located
in the north (generally upwind direction) of the city. The sampling inlet was
mounted at the bottom of the airframe with a forward-facing inlet connected to
the measurement instruments. O3 and SO2 were measured with Thermo instru-
ments (TEI 49i and 43i), and the aerosol scattering coefficients were measured

5



with a commercial integrating nephelometer (TSI3563), which detects the light
scattering coefficient (Bsp) at 450 nm, 500 nm, and 700 nm. All trace gas in-
struments were calibrated at the ground base and different altitudes on several
selected flights. An Aerodyne time-of-flight Aerosol Chemical Speciation Moni-
tor (TOF-ACSM) (Fröhlich et al., 2013; Sun et al., 2020) was deployed and fixed
in the aircraft cabin for the chemical characterization of non-refractory PM2.5
(NR-PM2.5). The detailed descriptions and data analysis of the instrument are
in Text S1.

For multiple-surface measurements, the inorganic ions of PM2.5 were measured
with a Monitor for Aerosols and Gases in ambient Air (MARGA, designed and
manufactured by Applikon Analytical B.V., the Netherlands) (ten Brink et al.,
2007) at 9 ground supersites in the NCP with three in the megacity Beijing and
the other six in the Shandong Province, located from South to North in Heze,
Jining, Liaocheng, Jinan, Zibo, and Binzhou, separately (Fig. 1b).

2.2 Designed aircraft experiments under the influence of mid-latitude cyclone

Previous studies have indicated the important role of mid-latitude cyclone in
transporting pollutants from the NCP to NE China (Eckhardt et al., 2004;
Stohl, 2001; Li et al., 2012; Dickerson et al., 2007; Oshima et al., 2013; Ding
et al., 2009; Wu et al., 2018). In this study, we specially designed an aircraft
experiment on July 30, 2018 under the influence of a cyclone. As shown in
Fig. 1b, a deep mid-latitude cyclone was located over Mongolia (centered at
107°E, 45°N). The cyclone was characterized by a low-pressure system on the
ground with a warm front extending from the center to the western edge of
inner Mongolia. Wind vectors clearly show that warm and humid air from
the NCP moved northwardly until encountered cold air mass from the north
Mongolia and accordingly formed the convergence belt. Previous studies have
identified the warm conveyor belt (WCB) from the distribution of 500 hPa
specific humidity due to moisture advection associated with the lifting effect
(Kiley and Fuelberg, 2006; Ding et al., 2009). The 500 hPa specific humidity
field (Fig. S1) consistently shows a moist band over the front, revealing the
strong vertical venting in this region. The distribution of specific humidity and
wind filed indicate that a WCB-like circulation extended from the warm sector
of the frontal system to NE China, where we conducted our aircraft study.

In addition to this specially designed experiment, we have also conducted 4
aircraft experiments respectively on August 2, August 3, August 8 and August
9. All the experiments were carried out during the daytime.

2.3 Positive matrix factorization (PMF)

Positive matrix factorization (PMF) (Paatero and Tapper, 1994) with the
PMF2.exe algorithm was performed on the TOF-ACSM organics mass spectra
to investigate various organic aerosol (OA) sources and processes. PMF
analysis was performed with an Igor Pro-based PMF Evaluation Tool (Ulbrich
et al., 2009), and the results were evaluated following the procedures detailed
in Ulbrich et al. (2009) and Zhang et al. (2011). The total OA of all aircraft
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experiments was resolved into a hydrocarbon-like OA (HOA) factor and an
oxygenated OA (OOA) factor. The detailed PMF results are described in Text
S2.

2.4 The WRF-Chem model

The WRF-Chem model is an online-coupled chemical transport model that con-
siders multiple physical and chemical processes, including emission and deposi-
tion of pollutants, advection, diffusion, gaseous chemical transformation, and
aerosol chemistry (Grell et al., 2011). In this study, the WRF model (version
3.9.1) was employed to simulate weather conditions using the 1° x 1°NCEP (Na-
tional Centers for Environmental Prediction) FNL Operational Global Analysis
data (ds083.2). Meanwhile, the NCEP ADP Global Upper Air Observational
Weather Data (ds351.0) was assimilated to improve the model’s meteorological
reproduction.

The simulation is conducted from 1 July 2018 to 20 August 2018. The detailed
configurations of the model are listed in Table S1. In this study, the model do-
main was centered at 35° N and 110° E with a 20 km × 20 km spatial resolution
to cover the eastern China and its surrounding areas. On vertical distribution,
30 vertical layers are set from the surface to the top pressure of 50 hPa, and 10 of
which are set below 1 km to better resolve the processes within boundary layer.
Natural emissions such as biogenic, sea salt and dust are included online into the
model runs for this study. For biogenic emissions, online biogenic emissions are
calculated through MEGAN (Model of Emissions of Gases and Aerosols from
Nature) module. It estimates the net emission rates of isoprene, monoterpene
and other biogenic VOCs from terrestrial ecosystems into the above-canopy at-
mosphere. In addition to natural emissions, the anthropogenic emissions of CO,
NOx, SO2, NH3, BC, OC, PM2.5. PM10 and VOCs are set based on the MEIC
database (Multi-resolution Emission Inventory for China) (Huang et al., 2018).

To investigate the contributions of each individual physical and chemical process
to variations of atmospheric nitrate and sulfate concentrations, we performed a
diagnostic analysis in WRF-Chem modeling (Wang et al., 2020). The detailed
diagnostic analysis and model evaluation are described in Text S3.

2.5 Lagrangian dispersion modeling

Lagrangian particulate dispersion modeling (LPDM) was used to study the
transport pathways and trace the potential sources of air masses during the
campaign using HYSPLIT (Stein et al., 2015), following the method developed
by Ding et al. (2013). Briefly, for each hour during the study period, the model
was run several days backwardly with 3,000 particles released every hour at a
specific height over the site. The model calculated the particle position with
mean wind and turbulent transport after being released from the receptor point.
The residence time of particles at specific height columns was used to identify the
footprint retroplume. The spatiotemporal distributions of these particles were
used to identify the potential source regions and their relative contributions to
the air masses at the measurement sites.
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3. Results and discussions
3.1 Overall aircraft observation results

Fig. 2 shows the overall results of these 5 aircraft experiments conducted in the
NEC. The overall NR-PM2.5 was dominated by secondary species, including
sulfate, ammonium, nitrate and OOA since most of the flight time is outside
the boundary layer, where the influence of surface primary emission is supposed
to be small. Pollution episodes were captured by our flight on July 30 and
August 3 with relatively higher mass concentrations of NR-PM2.5.

Sulfate, a secondary inorganic specie usually formed over a regional scale (Sun et
al., 2011) contributed a significant fraction of NR-PM2.5 on July 30 (43%) and
August 3 (54%). The sulfur oxidation ratios (defined as SOR = nSO4

2-/ (nSO4
2-

+ nSO2), where n represents molar concentration) were substantially higher
on these two days, indicative of overall aged secondary aerosols. HOA, which
represents primary organic aerosols (POA) usually associated with freshly traffic
emissions (Zhang et al., 2011), contributed notably to NR-PM2.5 mass loadings
during clean situations and its contribution were comparable on August 2 (13%),
August 8 (15%) and August 9 (17%). While extremely lower contributions of
HOA and relatively higher SOA to POA ratios were observed on pollution days,
indicating the possible influence of regional transport rather than local sources.
fm/z is defined as the fraction of the signal at the given m/z of the organic mass
spectra derived from ACSM observation results. The organic aerosols of these
two pollution cases (July 30 and Aug 3) both had higher values of f44, thus were
more oxidized and aged, which was caused by extensive oxidation processes.
These sulfate-dominated pollution episodes in the NEC are likely to be caused
by regional transport due to extremely aged secondary aerosols while relatively
lower values of f44 and SOR together with notable fraction of HOA during clean
situations indicate the importance of local sources.

Among these aircraft experiments, flight on July 30 was designed to investigate
the role that mid-latitude cyclone plays in transporting air pollution and the
aerosol chemistry alongside. Here we present the detailed analysis and in-depth
understanding of this regional transport air pollution.
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Figure 2 Averaged (a) f44 of organic aerosols and sulfur oxidation ratios; (b)
NR-PM2.5 mass concentrations and contributions from different aerosol species
of each aircraft experiment.

3.2 Air pollution in free troposphere

On July 30, the aircraft ascended from the airport in Baicheng and made a
clockwise flight in the North of the province at an altitude of around 2.5 km
corresponding to the flight route in Fig. 1b and Fig. 3a. To capture the vertical
distributions of air pollutants, the aircraft descended to about 1 km over the
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two nearby cities, Daan and Songyuan, as shown in Fig. 3a. The flight was
carried out from 12:30 to 16:50 LT on 30 July and covered about 500 km in
total distance with the horizontal speed of nearly 200 km per hour.

Fig. 3b shows the time series of SO2, O3, Bsp, and NR-PM2.5 and the flight
altitude during the aircraft experiment on July 30. Bsp and NR-PM2.5 tracked
each other well and both varied substantially between different altitudes. Or-
ganic aerosols dominated NR-PM2.5 compositions within the PBL, the height
of which can be derived from the vertical profile of temperature, which shows
an obvious inversion layer at 1 900 m altitude (Fig. 4a). Once into the free
troposphere, both ozone and NR-PM2.5 mass concentrations showed sharp in-
creases. Four pollution hot spots were observed during the flight, marked as A,
B, C and D in Fig. 3a. Three of the plumes distributed around 1 ~ 2 km (de-
fined as the Lower Free Troposphere (LFT)) above the cities of Baicheng, Daan
and Songyuan, indicating the existence of pollution layer near the top of the
PBL. Elevated pollution layers above PBL were also reported in previous air-
craft studies (Ding et al., 2009; Liu et al., 2018; Sarangi et al., 2016), attributed
to the regional transport. The fourth pollution hot spot was captured in the
Higher Free Troposphere (HFT), e.g., ~ 3 km above Baicheng city, at 16:15 LT,
marked as “D” in Fig. 3. Air pollutant levels were relatively low above 3.3 km.

Figure 3 (a) The flight track of July 30, 2018 over the NEC. The top panel is
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color-coded by the local time and the bottom panel by the mass concentrations
of NR-PM2.5. (b) Time series of NR-PM2.5 mass concentrations, Bsp, flight
altitude, the mass contribution of different species to total NR-PM2.5, SO2 and
O3 mixing ratios during the flight on 30 July 2018. The corresponding PM2.5
mass peaks were marked with A B C D in both (a) and (b) panels.

Fig. 4a presents the vertical profile of NR-PM2.5 from 16:10 LT to 16:50 LT.
NR-PM2.5 was well-mixed within the PBL with a relative low concentration of
~8 µg m-3 and a composition dominated by organics (65% of NR-PM2.5 mass;
Fig. 4c). HOA accounted for 25% of the OA mass within the PBL, indicating
the importance of local sources in aerosol loadings in the PBL. A dramatic
variation of aerosol mass concentration and composition was observed in the
free troposphere, where high NR-PM2.5 mass concentration of up to 74 µg m-3

was observed with sulfate being the dominant component (48% of NR-PM2.5
mass). An extremely low fraction of HOA (2% of NR-PM2.5 mass) in both LFT
and HFT suggested that the pollution plumes in the free troposphere were not
contributed by local sources, but by regional transport instead. The aerosols in
both LFT and HFT had substantially higher value of f44 and SOR, indicative of
secondary aerosols undergone extensive atmospheric processing and being aged
before transported to the free troposphere. Note that the vertical distribution
of aerosol composition observed in this study was different from that acquired
by an aircraft study conducted in the NCP, a major pollution source region
in China, where high levels of aerosols were trapped inside the PBL and were
dominated by organics (Liu et al., 2019).

SO2 can be oxidized into sulfate through multiple chemical pathways, i.e., gas-
phase oxidations, aqueous phase reactions, and heterogeneous reactions (Sein-
feld and Pandis, 2006). The geographical distribution of SO2 concentrations
(Fig. 1a) reveals that the flight reported here was carried out in a regional
plume in the NEC due to relatively low emissions of SO2 over the flight region.
The distribution of the surface PM2.5 mass concentrations during the flight time
also denoted the influence of regional transport (Fig. S6) since the hot spots of
PM2.5 were mainly located to the south of the flight path.
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Figure 4 (a) vertical profile of mass concentrations of NR-PM2.5 and tempera-
ture; (b) sulfate conversion ratio (SOR) and f44 of organic aerosols; (c) averaged
contributions of NR-PM2.5 species in the boundary layer (altitude below 900 m),
the lower free troposphere (altitude from 900 m to 2000 m), and the higher free
troposphere (altitude above 2000 m).

3.2 Regional transport associated with the synoptic processes

To identify the polluted plume sources and investigate their transport pathways,
we conducted LPDM for the case on July 30, 2018. The upper panel of Fig. 5
shows that the air masses arriving at the lower free troposphere of all three cities
including Baicheng, Daan, and Songyuan mainly originated from north Beijing
and Hebei province, corresponding to the areas with high PM2.5 loadings as
shown in Fig. S6. As a comparison, air masses on the ground surface (blow 100
m) were mainly from local and transported from nearby northern clean region
(Fig. 5d), resulting in the low aerosol loadings within the PBL.
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Air stream pattern at 1 km altitude was analyzed using the ERA-5 reanalysis
data to address the influence that the synoptic system has on air pollution trans-
port. As shown in Fig. 6a, there were no prominent air flows from north Hebei
Province directly to the aircraft flight area before the warm front. However,
continuous southwestern winds brought water vapor to the NE China from the
NCP after the warm front and led to the relatively high specific humidity over
the study region (Fig. 6b). The high relative humidity (close to 100%) observed
at the top of PBL (Fig. S7) further confirmed the influence of the water vapor.
Warm and moist air masses was frequently observed at 900 hPa during the
summer monsoon (Chen et al., 2020a). They were responsible for bringing pol-
lutants of north Hebei directly to the NE China and formed a pollution layer in
the lower troposphere, which was captured by our aircraft measurements. In ad-
dition, this water channel characterized by high specific humidity may also favor
the formation of sulfate through aqueous phase processes (Xue et al., 2019).

Figure 5 5-day retroplume (1 km footprint) for a receptor at an altitude of
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1 km above (a) Baicheng; (b) Daan and (c) Songyuan corresponding to “A”,
“B”, “C” as marked in Fig. 3. (d) 5-day retroplume (i.e., 100 m footprint) for a
receptor at an altitude of 100 m above Baicheng sites; (e) 5-day retroplume (3
km footprint) and (f) 5-day retroplume (100 m footprint) for a receptor at an
altitude of 3 km above Baicheng sites at 16: 00 LT on 30 July.

Figure 6 Map showing the spatial distributions of specific humidity and wind
vector at 900 hPa for (a) the time before the warm front; (b) the averaged time
from 7.28 to 7.30. The purple arrow symbolizes the air masses transported from
the NCP to the NEC. The meteorology data were from the ERA5 reanalysis
website.

Unlike the transport path of the pollution in the LFT, the particles in the HFT
show high residence time of 3 km footprint over the west shallow belt of the
receptor site (Fig. 5e), indicating the different source regions and the transport
path of pollutions in the separate layers. The surface footprint (under 100 m
altitude) showed a high residence time over the polluted NCP (Fig. 5f). By
combining Fig. 5e and Fig. 5f, we inferred that pollutants in the NCP were
transported by the northward air flow and elevated by the warm front. This
transport pathway of the HFT pollution was close to the warm conveyor belt
(WCB) circulation, as shown in Fig. S1. In addition, the similar LPDM analysis
conducted for pollution episode on August 3 also shows that the air masses
arriving at the free troposphere in the NEC mainly originated from the NCP as
shown in Fig. S11. Our results highlight the important role of regional transport
from NCP in these sulfate-dominate air pollution episodes in the NEC.
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To further investigate the role of the WCB in transporting pollutants from
the NCP to the NEC, we simulated this frontal process using the WRF-Chem
model. The simulated vertical distribution of sulfate mass concentrations was
compared with that from our aircraft observations in Fig.S5. The observed
pollution hot spot D in the HFT pollution was captured well by the model,
while sulfate concentrations in the LFT were underestimated, possibly due to
the the influence of high humidity air plumes. The uncertainties of uptake
coefficient (�) associated with relative humidity, aerosol liquid water content,
particulate acidity and other factors in the model usually cause the discrepancy
of secondary inorganic aerosols (Liu et al., 2021).

As shown in Fig. 7a, a high level of sulfate originated from the NCP (Shandong
Province and Beijing) was transported northwardly towards the warm frontal
region. The pollution plume was then lifted over the convergence belt, leading
to high sulfate mass loadings at 2.6 km altitude (Fig. 7b). After that, this pol-
lution plume was further transported horizontally to our aircraft site by strong
westerly winds (Fig. S8). A process diagnostic analysis technique, as elaborated
in Text S4, was applied to disentangle each individual contribution from differ-
ent physical or chemical processes to sulfate variations over the study period. To
get more insight into the pollution structure of WCB, the cross-section profiles
of the contributions of chemical and advection processes to sulfate production
are shown in Fig. 7c and d. The chemical formation of sulfate mainly occurred
within the PBL from the ground to nearly 1 km with large values occurring over
Beijing. However, high contribution of advection transport to sulfate concen-
trations occurred in the free troposphere caused by strong vertical wind. When
the warm air masses arrived at the frontal region, pollutants were lifted by the
strong updrafts (Fig. 7d). The sulfate chemically formed within the PBL in
the NCP was thus lifted and transported to the NEC. These vertical structures
clearly depicted the PBL-FT air pollution transport influenced by the WCB
circulation. The diagnostic analysis also suggested that the increase of sulfate
mass concentrations on July 30 in the HFT was attributed to the horizontal
advection transport (Fig. S9).
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Figure 7 Map showing the spatial distributions of (a) sulfate mass concentra-
tions at the surface, (b) sulfate mass concentrations at 2.6 km altitude, and wind
field at 16:00 local time on 28 July from WRF-Chem results. The contribution
of (c) chemical production process (d) advection transport process on the verti-
cal cross section of sulfate during the period with the warm front. The vertical
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speed of in-plane wind vectors (arrows) was multiplied by a factor of 1800, and
planetary boundary layer height was shown as the black solid line. The black
solid line in panel (a) denotes the location of the vertical cross section shown in
panel (c) and (d).

3.3 Evolution of aerosol chemistry during the regional transport

Figure 8 (a) Map showing the spatial distributions of the chemical production
of sulfate from July 27 to 28 from WRF-Chem results. The pie charts show
the average contributions of different aerosol species during the same time for
different regions from multiple observation results. The city names of each
measurement site are marked with different numbers corresponding to the city
numbers in the right panel. (b) average contributions of different aerosol species,
(c) average concentrations of different aerosol species, (d) sulfate-to-nitrate ratio
of different cities. All these results are based on ground online measurements
except for Baicheng. The aircraft measurement data on July 30 was used to
calculate the average aerosol compositions in Baicheng.
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Figure 9 Map showing the surface spatial distributions of (a) chemical produc-
tion of nitrate, (b) average NH3 mixing ratio, (c) average O3 mixing ratio, (d)
average temperature and Wind field from July 27 to 28.

Previous studies have shown that strong photochemical reactions and high tem-
perature during summer favored the production of secondary aerosols in the
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NCP, especially secondary inorganic aerosols (SNA) (Jiang et al., 2019; Li et
al., 2017; Hu et al., 2017). However, the chemical evolution of aerosols during re-
gional transport associated with synoptic systems has been rarely investigated.
By combining multiple ground observations and the WRF-Chem model, we
are able to perform an in-depth analysis of aerosol chemistry during the WCB
transport. Note that the aerosol loadings here were indicated by the total mass
concentrations of sulfate, nitrate, ammonium and chloride.

As shown in Figure 8a, a distinct transition of aerosol composition across mul-
tiple ground sites was observed during the regional transport. Both the mass
concentrations and contributions of particulate nitrate decreased from south
to north (Fig. 8c). Specifically, nitrate contributed a significant fraction of
aerosol mass in Shandong (47%), while its contribution decreased to 32% in
Megacity Beijing and eventually to 13% in the free troposphere in the NEC. In
contrast, the contribution of particulate sulfate increased from the Shandong
(26%) to Beijing (42%) and dominated NR-PM2.5 (60%) in the NEC. Accord-
ingly, sulfate-to-nitrate ratio depicted a significant increase during the WCB
transport from Shandong to the NEC (Fig. 8d).

The transition of aerosol chemical compositions suggested the significant chem-
ical processes occurring inside the air mass plume during the transport. Sulfate
was strongly formed over the NCP, especially around Beijing (Fig. 8a), which
was attributed to the high local primary emissions of SO2 (Fig. S10) and the
strong atmospheric oxidation capacity indicated by the high concentrations of
O3 (Fig. 9c). Similarly, particulate nitrate was largely formed over the Shan-
dong due to high mixing ratios of NO2 and NH3 (Fig. 9b). Sulfate formation
is irreversible and sulfate particles can be transported long-rangely without sig-
nificant losses, whereas ammonium nitrate is a semi-volatile specie and can
evaporate easily under high temperature, especially during summer (Feng and
Penner, 2007). As a result, significantly negative nitrate chemical productions
were observed over the north areas along the transport pathway of the WCB
(Fig. 9a). Overall, the WCB circulations transported pollutants accumulated
in PBL in the NCP to the FT in the NEC, during which an increasing contribu-
tion of sulfate to PM2.5 was observed due to evaporation losses of ammonium
nitrate.

Despite limited number of flight experiments conducted in the NEC, we have
captured 2 sulfate-dominated pollution episodes. Our results indicate that the
pollution accumulated in the NCP are easy to be transported to the NEC with
secondary aerosols being oxidized and aged. Although particulate nitrate has
been identified as the most important contributor to air pollution in China in
recent years due to emission changes (Li et al., 2018; Sun et al., 2018; Ding et al.,
2019), it may undergo evaporation loss during long-range transport, especially
in summer, and thus sulfate becomes more important and serves as the driving
factor of regional or trans-boundary pollution.
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4. Conclusion
A multi-platform based campaign was organized using an aircraft in Northeast
China (NE) and multiple ground observations in North China Plain (NCP), with
the aim to investigate the role of mid-latitude cyclones in driving air pollutants
from the NCP to the NEC, especially to understand the evolution of aerosol
chemistry during the transport. Aircraft measurements showed relatively high
aerosol loadings, dominated by sulfate in the free troposphere of the NEC despite
low loadings of aerosols dominated by organics within the PBL. Lagrangian
dispersion modeling and WRF-Chem simulation were conducted to understand
the sources and transport characteristics of particulate pollution. Air pollution
in the lower free troposphere was transported directly from north Hebei Province
by warm and moist air masses at 900 hPa after the warm front. In contrast,
pollution in the higher free troposphere was influenced by the warm conveyor
belt, which transported particulate matters from the NCP and lifted them into
the higher free troposphere. Both sulfate and nitrate formed intensively in
the NCP but behaved differently during the transport to the north, in that
sulfate concentrations stayed relatively constant while nitrate decreased readily
due to evaporation losses. In addition to the well-understood regional transport
processes from the NCP to the YRD (Sun et al., 2020), our results also identified
the “chimney effect” imparted by the NCP, where aerosols are fast generated
and blown by Asian monsoon to the YRD in winter when nitrate formation is
favorable (Wang et al., 2020), and to the NEC in summer when nitrate formation
is restricted.
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