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Developed regions in China have been suffering from severe 
haze pollution in recent decades1–3

. To tackle this great chal-
lenge, the Chinese government has implemented strict emis-

sion control measures in critical regions, such as the North China 
Plain (NCP) and the Yangtze River delta (YRD), since 20134–8.  
Although the annual average concentration of fine particular mat-
ter (PM2.5) has been substantially reduced5,7, heavy haze pollution  
with PM2.5 concentrations over 300 µg m–3 still frequently engulfs 
megacities in both regions2,9.

The causes of haze episodes in megacities have been intensively 
studied from different aspects. Transboundary long-range transport 
under specific weather conditions could trigger severe air pollu-
tion in some regions3,4,9–11. For example, a persistent weak southerly 
wind easily leads to severe air pollution in the NCP3,12–14 while a cold 
front associated with strong wind could dissipate the locally accu-
mulated pollutants in the NCP but conversely transport the pol-
lution through a long distance to the YRD11,15–17. Locally, aqueous 
and heterogeneous reactions are the key processes that facilitate the 
fast formation of secondary particles1,2,18–23, and aerosol–planetary 
boundary layer (PBL) interaction has recently been found to play 
crucial roles in the accumulation of locally emitted pollutants in 
megacities under stagnant weather and weakening monsoon2,9,24–31. 
However, because of complex transport scales and multiple species, 
understanding of the dominant process of haze formation in some 
regions is very difficult. For multiscale and multipollutant haze epi-
sodes between regions with a distance over 1,000 km (for example, 
the NCP and YRD), the main linkage between transboundary trans-
port with aerosol–PBL interaction and secondary chemical produc-
tion remains unclear.

By examining one of the typical cross-regional haze events in 
eastern China on the basis of comprehensive field measurements 
and model simulations, we demonstrate that transboundary trans-
port of primary and secondary haze pollutants between the NCP and 
YRD can be amplified by aerosol–PBL interaction. Light-absorbing 

aerosols transported from the YRD to the upper PBL over the NCP 
cause strong aerosol–PBL interaction there and hence enhance the 
local pollution accumulation by stronger PBL stability and chemi-
cal production of secondary aerosols with elevated relative humid-
ity. The enhanced haze pollution could be further transported back 
to the YRD by cold fronts. Our results show that a coordinated 
cross-regional reduction effort (for example, an emission reduc-
tion in the YRD two days before the predicted severe haze episode) 
could achieve more-efficient pollution mitigation in both regions 
than conventional emission control during haze events.

Typical haze events with transboundary transport
In winter, haze pollution events in the NCP and YRD often occur 
alternately and most of the events in YRD are related to transbound-
ary transport from the NCP by cold fronts4,11,17. The timeseries of 
PM2.5 concentrations for 18 co-existing typical severe haze epi-
sodes in NCP and YRD cities in winter from 2013 to 2018 shows 
that a broader plume with higher peak concentration in the NCP 
was followed by a sharp and short one in the YRD (Fig. 1a and 
Supplementary Figs. 1 and 2). The outbreak of YRD pollution usu-
ally peaks with a time lag of 1–1.5 d after that in the NCP. During 
NCP haze events, observations from air-quality monitoring net-
works showed a quite high daily average PM2.5 concentration (over 
200 µg m–3) and an overall northward circulation in coastal eastern 
China, under the influence of the weak anticyclone over the sea  
(Fig. 1b). Strong south-to-north gradients existed in the surface 
PM2.5 concentrations between the YRD and NCP (Fig. 1b). However, 
during the YRD haze events in the following days, high PM2.5 con-
centration plumes mainly concentrated over eastern China associ-
ated with strong outflow from the north (Fig. 1c), demonstrating a 
clear transboundary transport of regional-scale haze pollution.

A haze event around the end of 2017 provided a unique oppor-
tunity to conduct an intensive field campaign to identify the asso-
ciated physical and chemical mechanisms. During this event, the 
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NCP was subjected to a long-lasting severe haze pollution with 
maximum PM2.5 concentrations reaching 800 µg m–3 in megacities 
such as Shijiazhuang on 29 December (Extended Data Fig. 1a).  
Over the next couple of days, cities from north to south (for 
example, Zhengzhou, Jinan, Xuzhou, Nanjing, Shanghai and so 
on) successively experienced multiple days of haze pollution with 
increasingly sharp peaks. On 31 December, the daily average of 
PM2.5 concentration reached up to 273.5 µg m–3 in Nanjing, which 
is the highest since 2015. It also featured the largest synoptic-scale 
variation over the past 5 yr according to ensemble empirical mode 
decomposition analysis (Extended Data Fig. 1b). This 1 d event 
increased the annual average of PM2.5 concentration by over 1 µg m–3 
in Nanjing and Shanghai. Weather Research and Forecasting model 
coupled with Chemistry (WRF-Chem) simulations (Extended 
Data Fig. 1c,d) clearly showed that the transport pathways of this 
multiple-day event were similar to those averaged for the 18 typical 
episodes given in Fig. 1c,d. A recirculated transport pattern of air 
masses between cities in the YRD (for example, Nanjing) and NCP 
(Zhengzhou, Tianjin and Jinan) during 27–31 December 2017 was 
also identified by Lagrangian dispersion modelling (see Extended 
Data Fig. 2 and Methods).

impact of aerosol–PBL interaction on secondary haze
Previous studies have demonstrated that black carbon (BC), 
featuring strong radiative effect32–36, plays an important role in  

aerosol–PBL interaction and subsequently intensifies near-surface 
haze pollution2,9,28,37,38. Considering this recirculated transport  
pattern, we examined the biases of air temperature and relative 
humidity (RH) between Global Forecast System (GFS) predictions 
and the radiosonde measurements (see Methods) along the trans-
port pathway of the haze event. This comparison could help iden-
tify processes that have not been resolved in the weather forecast 
model, and aerosols have been proven to be one major contributor 
to such bias under polluted conditions2,9. As clearly demonstrated in  
Fig. 2a,b and Supplementary Fig. 3, the forecast bias increased sub-
stantially as pollution deteriorated along the transport pathways. 
The strong and increasing upper-PBL warming and lower-PBL dim-
ming over the NCP together with a substantial enhancement in RH 
(20–50%) indicate an important role of aerosol–PBL interaction2,9,24. 
Figure 2c shows that observed PM2.5 concentrations in Nanjing 
increased from 101 µg m–3 on 26–27 December to 271 µg m–3 on 
30–31 December, together with a substantial increase in the sum of 
sulfate, nitrate and ammonium (SNA) fractions (from 44% to 57%). 
The observations along transport pathways also confirm an overall 
increase in the SNA/elemental carbon (EC) ratio during the episode 
(Fig. 2d). The WRF-Chem simulated SNA/BC (Fig. 2e) shows that 
only the simulation with aerosol–radiation interaction (ARI-on) 
can capture the increases (approximately 10–50%) in both primary 
and secondary PM levels along the transport pathway, compared 
with that without ARI (ARI-off). Here, the increase in the observed 
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Fig. 1 | Transboundary haze transport between northern and eastern China. a, Average PM2.5 concentrations in 18 typical co-existing haze events in the 
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EC and SNA concentrations is indicative of the respective effects of 
local pollution accumulation due to a more-stable PBL and second-
ary production induced by aerosol–PBL interaction.

Source apportionment based on WRF-Chem simulations sug-
gests that the PM2.5 concentration in the NCP has been substantially 
influenced by regional contributions from the YRD, Shandong 
province (SD) and other areas on 28 December, the day with rapid 
deterioration in haze pollution (Fig. 3a,b). Local (or subregional) 
contributions of NCP emissions declined with altitude, with the 
largest contributions from the YRD at an altitude of 700–800 m. In 
terms of BC, the absorbing aerosol with a strong ‘dome effect’, which 
means the upper atmospheric heating and surface dimming sup-
press PBL development and consequently enhance the occurrences 
of extreme haze pollution2,9,26,28,37, the local contributions were 
much stronger in the lower PBL, while the regional contributions 
(especially those from the YRD) were quite substantial in the upper 
PBL. Comparatively, YRD contributions to secondary particles, 
such as sulfate and nitrate (SN), were more pronounced, reaching 
a contribution of nearly 50% at an altitude of approximately 700 m  
(Fig. 3a,b). Here, the distinct height dependence of regional contri-
butions was mainly attributed to different transport pathways. In 

the upper PBL, rapid advection was capable of transporting more 
warm and humid air masses as well as aged BC, coated by second-
ary aerosols, with the strongest radiative heating32–35 from the YRD 
region (Extended Data Figs. 3 and 4). Such a long-range transport 
from the YRD at an altitude of 700–800 m gave rise to a substan-
tial aerosol–PBL interaction over the NCP because of a much 
stronger ‘dome effect’ of BC in the upper PBL compared with the 
locally emitted one near the surface2,25 (Extended Data Fig. 5 and 
Supplementary Fig. 4).

The intense aerosol–PBL interaction in the NCP was not only 
characterized by a suppressed turbulent mixing associated with 
stable temperature stratification but also featured higher levels of 
humidity in the lower PBL (Fig. 2b). RH has been well acknowledged 
to be an important factor that influences the chemical formation 
of secondary aerosols through aqueous-phase and heterogeneous 
reactions18,20–23,39. The enhancement (positive bias) in RH was most 
pronounced in NCP cities (for example, Beijing and Shijiazhuang) 
on 29 December, exceeding 50% and accompanied by a negative 
bias of 5 K in air temperature (Fig. 2b). Vertical observations and 
simulations for Shijiazhuang show consistent results (Extended 
Data Fig. 4). The most obvious upper-air warming was observed on 
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28 December, corresponding to the strongest regional contributions 
from the YRD (Fig. 3a), while the following day (29 December) was 
characterized by the most remarkable dimming (–5 K) within an 
extremely shallow PBL (200–300 m). On that day, the largest gaps 
(over 300 µg m–3) were found between observations and the ARI-off 
simulation of the peak PM2.5 concentration, but the ARI-on simula-
tion reasonably reproduced the extreme pollution levels (Extended 
Data Fig. 4b). As a consequence of concentrated precursors together 
with higher RH, the NCP became a breeding ground for secondary 
aerosols such as sulfate (Fig. 3c), even though SO2 emissions were 
more intensive in Shandong and the YRD.

The regional source attribution of the YRD presents completely 
different characteristics from that of the NCP (Extended Data Fig. 6).  
Before 30 December, most PM2.5 originated locally from the YRD 
when air masses were transported from the southeast. From 
30 December 2017 to 1 January 2018, increases in PM2.5 on the 
ground surface mainly originated from NCP, Shandong and other 
regions rather than from the YRD itself. Notably, as discussed in 
the preceding, NCP haze pollution was substantially enhanced by 

aerosol–PBL interaction two days before under the influence of 
regional transport from the south. Secondary particle production 
from regional and local precursors in the NCP was substantially 
enhanced by aerosol–PBL feedback and then played a vital role in 
increasing the peak concentration of PM2.5 in the YRD associated 
with anticyclones and cold fronts.

Conceptual scheme and implications for pollution control
On the basis of the preceding analysis, we propose a conceptual 
framework to demonstrate how aerosol–PBL interaction amplifies 
the transboundary transport of primary and secondary particles 
between the two regions (Fig. 4 and Extended Data Fig. 7). The key 
processes could be identified as three stages. At the first stage, air 
pollutants from the YRD can efficiently influence the PBL dynamics 
when they are transported to the upper PBL over the NCP, resulting 
in a suppressed PBL height and weakened turbulence, thereby facili-
tating local pollutant accumulation. During this stage, NCP haze is 
not necessarily related to the preceding heavy pollution in the YRD 
(Figs. 1a and 5a). During the second stage, the notable reduction in 
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air temperature in the lower PBL leads to a substantial enhancement 
in RH, which favours aqueous-phase and heterogeneous chemical 
production of secondary aerosols. In the last stage, strong synop-
tic weather patterns, such as cold fronts, can then transport the 
enhanced primary and secondary PM back with precursors from 
both local and regional sources (Fig. 4 and Extended Data Fig. 7). 
The evolution of latitudinal distributions in WRF-Chem simulated 
PM2.5 concentration and feedback-induced air temperature and RH 
changes during the three stages clearly show the amplified trans-
boundary transport of haze pollution by aerosol–PBL interaction 
between the two regions (Fig. 5a-b).

WRF-Chem simulations for the other 17 events, identified 
in Supplementary Fig. 2, suggest that this conceptual scheme of 
enhanced haze events due to transboundary transport and aerosol–
PBL interaction holds true more generally, beyond the December 
2017 event. As shown in Extended Data Fig. 8 and Supplementary 
Fig. 5, all events feature a similar three-stage evolution as in  
Fig. 5a, and the aerosol–radiation interaction could cause substantial 
PM2.5 enhancement in both the NCP region and the plumes trans-
ported back to the YRD (Supplementary Fig. 5). Although the pat-
terns and magnitude may vary from case to case, the overall results 
display high similarity to the December 2017 event (Supplementary 
Fig. 6). The key roles of aerosol–PBL interaction on horizontal dis-
tribution and vertical structure are also clearly demonstrated by 
Extended Data Fig. 9.

Because the NCP and YRD are the two largest developed regions 
in China with great air quality concerns, the mechanism described 
here is expected to have very important implications for air pollu-
tion control policy making. Currently, besides overall improvement 

of technology-based emission reduction40, strict short-term emis-
sion control actions are usually carried out for the early warning of 
severe haze on the basis of the air quality forecast4,5,7,8. Usually, such 
daily-based emission reduction takes action only after the predicted 
PM2.5 concentration reaches a specific threshold. For the cross-year 
event in YRD, the early warning normally only started after 30 
December (that is, when the regional plumes arrived). However, 
our model simulations show that a short-term emission cut in ear-
lier days (for example, 26–27 December) when pollution was not 
that severe, could accomplish substantial pollution mitigation in the 
NCP and also benefit the YRD through a remarkable reduction of 
PM2.5 peak, mainly secondary SNA, as the plumes transported back 
(Fig. 5c,d). For the in-advance emission reduction in the YRD, BC 
control is the most efficient means to mitigate the cross-regional 
haze pollution because of its critical role in the aerosol–PBL inter-
action on a regional scale (Supplementary Fig. 5). Such impacts of 
in-advance emission reduction on cross-region pollution mitigation 
are also well demonstrated by WRF-Chem simulations for other 
typical events in each year during 2013–2017 (Extended Data Fig. 
10). Our results presented here clearly indicate the importance of 
understanding the complex feedback loop on a regional scale cov-
ering distances over 1,000 km and propose a unique solution for 
mitigating both local pollution and transboundary transport by a 
cross-regional coordinated effort based on more-accurate predic-
tion of the onset of haze events.
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Methods
Observational data. Ground-based observations of PM2.5 concentrations at more 
than 1,500 stations since 2013 are archived at the air monitoring data centre of 
the Ministry of Ecology and Environment of China (available at http://datacenter.
mep.gov.cn), which were collected to analyse spatiotemporal variations in eastern 
China. Since secondary aerosols, such as sulfate and nitrate, play a crucial role 
during haze pollution events in China, we also conducted in situ measurements of 
chemical compositions of ambient aerosols, such as sulfate, nitrate, ammonium, 
organic carbon and BC. In Nanjing, we routinely measured aerosols and their 
chemical compositions at the Stations for Observing Regional Processes of the 
Earth System. The instrumentation has been described in previous works17,24. 
During the winter season of 2017–2018, aerosol chemical compositions were 
also observed at the main cities in the NCP region, including Beijing, Tianjin, 
Shijiazhuang and Zhengzhou. The concentrations of sulfate, nitrate and 
ammonium were measured at these stations using the Monitor for Aerosols and 
Gases in Ambient Air. There was no direct observation on BC in Zhengzhou and 
Tianjin, and thus we used EC measurement by Sunset OC-EC instrumentation 
instead. At the Stations for Observing Regional Processes of the Earth System 
where both real-time BC and EC analysers were equipped, the variations of these 
two agreed quite well with each other but BC concentrations generally doubled 
those of EC (Supplementary Fig. 7). In addition to measurements on near-surface 
pollution, aerosol Lidar systems were operated in Shijiazhuang and Zhengzhou 
to provide vertical information on aerosol backscatters (relative concentrations of 
aerosols) and to better understand the patterns of pollution profile. To calculate 
synoptic variations, ensemble empirical mode decomposition was applied to 
decompose long-term observational data on PM2.5 concentrations41,42 into different 
intrinsic mode functions.

Analysis of aerosol–PBL interaction. In polluted regions such as eastern 
China, atmospheric aerosols can influence meteorological patterns by warming 
the upper air and blocking sunlight that would otherwise warm the Earth’s 
surface. The opposite temperature responses to aerosols (atmospheric heating 
and surface dimming) make the air increasingly stable and stagnant. These 
effects then greatly inhibit the diffusion and dilution of pollutants, further 
worsening air quality levels through a phenomenon recognized as the aerosol–
PBL feedback/interaction2,9,28. Comparisons of the air temperature stratification 
patterns observed from radiosonde observations and reanalysis data are usually 
used to manifest this effect9. In this work, GFS 24 h forecasts produced from a 
weather forecast model of the National Centers for Environmental Prediction 
(NCEP) are compared with radiosonde temperature and relative humidity 
observations to investigate the impacts of aerosol on atmospheric stratification 
and PBL meteorological patterns. The temperature and humidity profiles have 
been measured by radiosondes twice daily (0:00 and 12:00 utc) from stations 
around the globe. Multiple stations, such as those in Beijing, Jinan, Zhengzhou 
and Nanjing, routinely conduct radiosonde observations. The mandatory 
pressure levels for measurements are 1,000, 925, 850 and 700 hPa for the lower 
troposphere43. The Integrated Global Radiosonde Archive compiles all radiosonde 
measurements into a quality-assured dataset.

Identification of potential air mass source regions. The Lagrangian particle 
dispersion model was used to identify transport pathways and to track potential 
sources of air masses during the studied pollution event using the Hybrid 
Single Particle Lagrangian Integrated Trajectory44,45. This model determines 
the positioning of particles from mean wind patterns and a turbulent transport 
component after they are released from a source point for forward simulations 
or from a receptor for backward runs as detailed in previous works17,44,45. In 
brief, 3,000 particles released every hour from a specific height and from the 
location of concern were then tracked forward or backward for three days in 
this work. Particle residence times of below 100 m were used to identify the 
‘footprint’ retroplume, which can be interpreted as probability as potential source 
contribution for air masses released at the receptor17,46. The spatiotemporal 
distributions of these particles were used to identify potential source regions 
and their relative contributions to air masses at specific locations. During the 
haze episode, key cities located in the NCP and YRD regions or along the 
transport pathway included Tianjin, Zhengzhou and Nanjing. Therefore, the 
model calculations were performed for these cities when air pollution was locally 
accumulated or regionally transported.

Regional coupled dynamical and chemical simulations. To quantitatively 
understand the regional transport of pollution and corresponding roles of the 
aerosol–PBL interaction, coupled dynamic and chemical simulations were 
conducted on the basis of the WRF-Chem model (version 3.7.1). The WRF-Chem 
model is a state-of-the-art meteorology/chemistry model that considers a  
variety of coupled physical and chemical processes, such as the emission and 
deposition of pollutants, advection and diffusion, gaseous and aqueous chemical 
transformation, aerosol chemistry and dynamics, and so on46. The model has been 
widely used and evaluated against measurements and has been further improved 
by optimizing the parameterization of aqueous and heterogeneous chemistry  
in Asia47,48.

In this work, we adopted two nested model domains. The parent domain 
with a grid resolution of 60 km covers eastern China and the surrounding areas. 
The spatial resolution of the inner domain is 20 km. There were 35 vertical layers 
from the ground level to the top pressure level of 50 hPa, in which more than 10 
layers were settled under 1 km to better describe PBL processes. The simulation 
was conducted for the 18 typical cross-regional haze events during 2013–2018, 
including the 2017–2018 cross-year haze. In terms of the initial and boundary 
meteorological conditions, we used NCEP global final analysis data. NCEP 
Automated Data Processing surface and global upper air observational weather 
data for wind, temperature and moisture are assimilated to better characterize 
the regional transport patterns of air pollution. The Yonsei University PBL 
scheme was applied to parameterize PBL processes for this simulation. Other 
key parameterization tools include the Noah land surface scheme for describing 
land-atmosphere interactions, the Lin microphysics scheme with Grell cumulus 
parameterization for reproducing cloud and precipitation processes, and the 
RRTMG (Rapid Radiative Transfer Model for General Circulation Models) short- 
and long-wave radiation scheme. For the numerical representation of atmospheric 
chemistry, we use the Carbon-Bond Mechanism version Z photochemical 
mechanism combined with the Model for Simulating Aerosol Interactions and 
Chemistry aerosol module.

Both natural and anthropogenic emissions were considered for regional 
WRF-Chem modelling in the present work. Anthropogenic emissions generated 
via power plants, residential combustion, industrial processes, on-road mobile 
sources and agricultural activities were derived from the MIX Asian emission 
inventory database (Multi-resolution Emission Inventory for China)49. The 
Model of Emissions of Gases and Aerosols from Nature module embedded in the 
WRF-Chem model was used to calculate biogenic emissions online. This module 
estimates the net emission rates of isoprene, monoterpene and other biogenic 
volatile organic compounds from terrestrial ecosystems to the above-canopy 
atmosphere. Soil-derived dust emissions were characterized by Goddard 
Chemistry Aerosol Radiation and Transport emission schemes.

To determine the roles of aerosol–PBL interaction during the 18 typical 
cross-regional haze events during 2013–2018 (Supplementary Fig. 2), we 
conducted multiple parallel simulations using the WRF-Chem model. Our 
previous work has demonstrated that ARI has a strong influence on PBL 
meteorology under highly polluted conditions, especially when BC is present, 
given its strong capacity to efficiently absorb light24,35,50. Accordingly, two 
scenarios, one including and another excluding aerosols’ radiative effects, were 
examined. The domain settings and model configurations used for these two 
simulations were exactly the same as those mentioned in the preceding. The 
simulations were initialized when the pollution levels had not yet deteriorated. No 
observational data were assimilated in these simulations. The model evaluation 
based on ground-based measurements in NCP and YRD cities suggests that the 
model simulations with ARI showed good performance (Supplementary Fig. 8). 
To identify the relative contributions from different regions, we also conducted 
multiple parallel runs (scenarios without anthropogenic emissions for one specific 
region). For example, contribution from YRD emissions can be quantified by 
comparing the scenario with all emission sources and that without YRD emissions. 
For the aforementioned simulations, the rate of the chemical species concentration 
change due to chemical production/loss processes is recorded at each time step 
to shed light on the chemical transformation from gas precursors to secondary 
aerosols. Thus, we derived the relative importance of different processes, including 
aerosol–PBL interaction and secondary transformation, on the basis of disparities 
between different simulation scenarios.

For the purpose of comparing the effectiveness of various emission control 
options, we also performed simulations with YRD emission cut by 50% for two 
days since 26 and 30 December and one scenario that cut only BC emission in the 
YRD. Similarly, simulation with 2 d in-advance emission reduction in the YRD 
was also conducted for other cases from 2013 to 2017 (Extended Data Fig. 10). To 
understand the role of aerosol–PBL interaction in temperature stratification during 
transport, the one-dimensional WRF-Chem single-column model was applied along 
the trajectory. Two simulation scenarios, ARI-on and ARI-off, were conducted. 
The model was initiated from Nanjing on 26 December with meteorological input 
from direct radiosonde observations. The aerosol concentrations extracted from 
the regional modelling results based on the trajectory locations were assimilated in 
the single-column model. The simulations were conducted over three days during 
which the air masses reached Beijing in the NCP region.

Data availability
The observation and simulation data that support the main findings of 
this study are available at figshare data publisher (https://doi.org/10.6084/
m9.figshare.9963311.v6). The emission input used in this work is the mosaic 
Asian anthropogenic emission inventory (MIX), which is archived at http://www.
meicmodel.org/dataset-mix.html. The radiosonde measurements in Integrated 
Global Radiosonde Archive Version 2 are openly accessible at https://www1.ncdc.
noaa.gov/pub/data/igra. The original simulation data for multiple cross-regional 
pollution events used in this study are stored in a high-performance computing 
centre of Nanjing University due to large data storage and can be made available 
from the corresponding author upon request.
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Code availability
Data processing techniques are available on request from the corresponding author. 
The source code of the WRF-Chem model is archived on UCAR data repository 
(http://www2.mmm.ucar.edu/wrf/users/download). The LPDM model can be 
acquired from the NOAA Air Resources Laboratory (ARL) for the provision 
of the HYSPLIT transport and dispersion model (http://www.ready.noaa.gov). 
The ensemble empirical mode decomposition (EEMD) analysis code that is 
embedded in NCAR Command Language version 6.40 is available at https://www.
earthsystemgrid.org/dataset/ncl.640.html.
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Extended Data Fig. 1 | Time series and transport patterns of PM2.5 in eastern China during the cross-year haze event. a, PM2.5 concentrations measured 
from Shijiazhuang, Zhengzhou, Jinan, Xuzhou, Nanjing and Shanghai in late December 2017 and early January 2018. Shaded squares mark the main 
periods of haze pollution for each city. b, Time series for low-frequency and relative synoptic variations (2-7 days) of PM2.5 in Nanjing for 2013-2018. c-d, 
Average PM2.5 concentrations and wind flows simulated by WRF-Chem for 28-29 December 2017 and 30 December 2017 – 1 January 2018, respectively.
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Extended Data Fig. 2 | regional transport characteristics during the cross-year haze event. 72-hour retroplume (“footprint” residence time) showing 
transport pathways at Nanjing, Zhengzhou and Tianjin during this cross-region haze pollution. a, Nanjing (NJ) on 27 December; b, Zhengzhou (ZZ) on 28 
December; c, Tianjin (TJ) on 29 December; d, Nanjing (NJ) on 31 December, 2017.
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Extended Data Fig. 3 | evidence of intense aerosol-PBL feedback by regional transport between NCP and YrD. a, Temperature difference between 
the 24-hour forecast by Global Forecast System (GFS) and radiosonde observations at 20:00 LT on 28 December, 2017. Note that circles mark the 
temperature disparities near the surface and crosses display those at 850 hPa. b, Spatial patterns of simulated BC concentration and wind at the same 
time with a. c, Cross section of vertical distribution of BC along the blue line in b. Grey lines denote the relative contribution from the YRD region. d, Cross 
section of simulated temperature difference due to aerosols’ radiative effect (filled contour) and the relative contribution from YRD (isolines).
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Extended Data Fig. 4 | Vertical structure and evolution of aerosol-PBL feedback in North China. a, Temporal variation of Lidar measured normalized 
aerosol backscatter and modeled PM2.5 profiles at Shijiazhuang during 28-30 December 2017. Note that the dashed line marks the contribution from 
YRD emissions according to parallel simulations, and shadowed contour lines represent the temperature responses to ARI. b, Time series of difference 
between measured and simulated 2-meter air temperature without ARI, and time series of observed and simulated PM2.5 concentrations with/without 
considering aerosols’ radiative effect. c, Cross section of simulated difference in air temperature (filled contour) and relative humidity (isolines) due to ARI 
at 14:00 LT on 29 December, which was derived from the two simulation scenarios with and without ARI. d, Cross section of simulated difference in PM2.5 
concentration (filled contour) and secondary sulfate formation rate due to ARI.
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Extended Data Fig. 5 | 1-Dimensional modeling of cumulative impact of aerosol-PBL feedback along the transport pathway of pollution. a-c, Diurnal 
variation of vertical air temperature difference (contour) due to ARI at Nanjing on 26 December, Jinan on 27 December, and Beijing on 28 December, 
simulated by WRF-Chem SCM. Note that the solid and dashed lines mark the PBL height with/without considering ARI, respectively.
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Extended Data Fig. 6 | enhanced haze pollution in YrD due to cross-regional transport. a, Vertical distribution of the source appointment of PM2.5, 
BC and SN (sulfate and nitrate) for YRD at different altitudes on 31 December derived from WRF-Chem simulations. The sizes of the pies denote the 
concentrations of PM2.5, BC and SN, with numbers in a unit of µg m-3 under the pies for reference. Red, yellow, blue and grey areas display contributions 
from YRD, Shandong (SD), NCP and other regions. b, WRF-Chem simulated PM2.5 source appointment at the altitude of 700 m (upper panel) and at the 
ground surface (lower panel) of the YRD region.

NATure GeosCieNCe | www.nature.com/naturegeoscience

http://www.nature.com/naturegeoscience


ArticlesNature GeoscieNce

Extended Data Fig. 7 | A conceptual scheme for the amplified transboundary transport of fine particles through aerosol-PBL feedback between YrD 
and NCP in China. The upper panel shows how aerosol-PBL feedback was enhanced with depressed PBL, dimmed and humidified lower PBL when the 
warm and humid air transport from the YRD to NCP in the upper PBL. The lower panel shows how intensified aged secondary pollution in the NCP was 
transported to the YRD by cold fronts.
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Extended Data Fig. 8 | evolution of transboundary transport of PM2.5 for 18 pollution cases during 2013-2017. WRF-Chem simulation of zonal averaged 
wind vector and PM2.5 concentrations over 115-120 °E during 18 transboundary haze pollution cases. The time series of hourly PM2.5 concentrations in NCP 
and YRD region in each case are presented in Supplementary Fig. 2. Note that the beginning date of each event is labelled above each subplot.
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Extended Data Fig. 9 | Air temperature response due to aerosol-PBL interaction. a, averaged spatial distribution of 2-meter temperature responses to 
aerosol-PBL interaction and mean wind vectors during Stage II of 18 cross-regional pollution events identified in Supplementary Fig. 2. b, Statistics of 
vertical profile of air temperature difference (Tdiff) and RH difference (RHdiff) between radiosonde observations and GFS 24-hour forecast at Beijing when 
haze pollution peaked in NCP. Lines and shaded areas mark the average and standard deviations, respectively.
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Extended Data Fig. 10 | regional-scale PM2.5 mitigation due to in-advance and cross-regional coordinated emission control. Zonal averaged PM2.5 
reduction over 115-120 °E due to 2-day 50% emission cut in YRD before Stage I for 6 typical cross-regional cases during 2013-2017. Note that the 
beginning date of each event is labelled above each subplot.
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