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ABSTRACT
Future projection of diffusion conditions associated with extreme haze events over eastern China is
of great importance to government emission regulations and public human health. Here, the
diffusion conditions and their changes under future warming scenarios are examined. The relative
strength of haze events in the Northern China Plain region increase from 150% during 2006–15 to
190% during 2090–99 under RCP8.5 scenarios, induced by a stronger and longer-lasting antic-
yclone anomaly in eastern China. The strengthened anticyclone anomaly is mainly induced by
increased northern wave train convergence emanating from the Barents–Kara Sea, and the longer
duration of the anticyclone anomaly is mainly induced by stronger local feedback that can extract
more energy from the basic state to maintain the anticyclone anomaly in eastern China. Aerosol
reduction is found to play a dominant role in strengthening the upstream wave train near the
Barents–Kara Sea and the downstream anticyclone in eastern China, while the effects from
increased greenhouse gases are small. The results of this study indicate that future aerosol
emissions reduction can induce deteriorating diffusion conditions, suggesting more stringent
regulations on aerosol emissions in China are needed to meet air quality standards.

中国东部有利于强霾污染形成的大气扩散条件的季节内变化及其未来预估

摘要

有利于强霾污染形成的大气扩散条件的未来预估对政府制定污染减排政策和公共健康具有重要
意义。本文利用气候模式集合试验研究了有利于强霾污染形成的大气扩散条件在RCP8.5排放情
景下的变化及其与气溶胶减排和温室气体增加的关系。研究结果发现华北平原污染事件的相对
强度在未来情境下会增强, 这主要是由更强并且持续时间更长的中国东部反气旋距平所引起
的。北方波列辐合的增强引起了反气旋距平强度的增加, 加强的局地斜压正反馈使得反气旋从
背景流中获得更多的能量从而使其持续时间增加。气溶胶减少引起的气候效应对巴伦支卡拉海
附近的波列和中国东部的反气旋变化起主导作用, 而温室气体增加对其影响较小。研究结果表
明, 未来减排会导致扩散条件恶化, 这表明中国需要采取更严格的污染减排措施, 以达到相应的
空气质量标准。
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1. Introduction

China has experienced deteriorating air quality since the
1990s due to rapid industrial and economic develop-
ment (An et al. 2019). Although China has implemented
stringent emission reduction measures in recent years,
which have indeed reduced the annual average level of
fine particle pollution (Zheng et al. 2017), extreme and
persistent haze events still occur frequently (Pei et al.
2018), especially under stagnant weather conditions.

Stagnant weather conditions can be influenced by nat-
ural climate variability and climate change (Sherman et al.

2019). While the effects of climate variability on haze events
have been widely investigated (Wang, Chen, and Liu 2015;
Yin and Wang 2018), studies about the effects of climate
change on haze pollution in China are still limited and
results from different studies sometimes do not agree with
each other, especially with respect to the mechanisms that
cause extreme haze events. Cai et al. (2017) established
a haze weather index relating the daily variability of Beijing
PM2.5 concentrations with the daily variation in weather
conditions, including the 850-hPa meridional wind (V850),
the longitudinal gradient of 500-hPa zonal wind (U500), and
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the vertical temperature gradient (ΔT). They found the index
shifted to larger values under RCP8.5 scenarios, mainly
induced by changes in U500 and ΔT . Shen et al. (2018)
found the combined first principal component of V850
and relative humidity can explain 85% of PM2.5 monthly
change, while its future changes based on the CMIP5
ensemble of climate models are statistically insignificant.

While all the above studies have mentioned the
importance of V850 and the associated anticyclone
anomaly, future projection of the anticyclone anomaly
is uncertain and the dynamic processes associated with
the anticyclone and its future projection have not been
well investigated. An anticyclone anomaly conducive to
haze event formation can be induced by an upstream
teleconnection wave train (Yin and Wang 2017). The
strength and phase structure of the wave train can
change with different backgrounds mean flow and sur-
face conditions (e.g. Arctic sea ice and Eurasian snow)
under different external forcing (Wang et al. 2019).

For future climate change, warming is not only induced
by increases in greenhouse gases (GHGs), but also by
aerosol reduction due to emissions control. Previous stu-
dies have mentioned the effects of increased aerosol on
the northern mode of the East Asian winter monsoon
(EAWM) and Hadley circulation in boreal winter (e.g. Jiang
et al. 2017; Liu et al. 2019), but the effects of aerosol
reduction on the upstream wave train related with the
EAWM southern mode have not been investigated in the
context of future climate change. In addition, the duration
of extreme haze events can be a period of weeks, which
means the intraseasonal signal has a greater impact on
their formation. The intraseasonal wave train has not yet
been investigated with respect to the formation of haze
events.

The present study aims to analyze the change in diffu-
sion conditions conducive to haze events and the asso-
ciated anticyclone anomaly under the RCP8.5 scenario.
The effects from two main external forcings—increased
GHGs and aerosol reduction—are examined separately.
The intraseasonal dynamic processes relating to the
upstream teleconnection (Eurasian wave train), the antic-
yclone, and haze events are analyzed. In the following
sections, the data and methods used in this study are
described in Section 2, the change in the anticyclone
anomaly and its attribution are analyzed in Section 3,
and discussion and conclusions are presented in Section 4.

2. Data and methods

2.1. Model experiments

This study uses the daily model data from the Community
Earth System Model Large Ensemble (CESM-LENS) project

(Kay et al. 2015). All the ensemble members are carried out
with the fully coupled CESM1.2 utilizing the Community
Atmosphere Model version 5 (CAM5) and the Community
Land Surface Model version 4 (CLM4), both of which are
run at approximately 1° resolutions with small differences
in the initial atmospheric conditions. All the ensemble
members share the same emission scenarios (historical
before 2005 and emission scenarios from 2006 to 2100).
The RCP8.5 warming scenario is one of the worst emission
outcomes, under which warming is induced by increased
GHGs, decreased aerosol emissions, and other external
drivers, with an increased radiative forcing of about
8.5 W m−2 in 2100 relative to pre-industrial conditions
(Lamarque et al. 2011). Two additional scenarios
(RCP8.5_FixAerosol2005 and RCP8.5_FixGHG2005) are
used here to compare with RCP8.5. In the
RCP8.5_FixAerosol2005 scenario, all emissions of aerosol
and atmospheric oxidants are fixed at the present-day
level (2005), but GHGs and other factors follow RCP8.5
(Xu, Lamarque, and Sanderson 2018). In the
RCP8.5_FixGHG2005 scenario, GHG emissions are fixed at
the present-day level (2005), but aerosol and other factors
follow RCP8.5. So, the differences between the 2006–15
ensemblemean and the 2090–99 ensemblemean to repre-
sent the climate effects from increased GHGs in
RCP8.5_FixAerosol2005 and from decreased aerosol in
RCP8.5_FixGHG2005. The seven ensemble members from
the RCP8.5 experiments and 14 ensemble members each
from the other two scenarios with daily aerosol output are
used for our analysis.

The CESM-LENS project has been widely used in ana-
lyzing future changes of cold-air outbreaks, extreme pre-
cipitation, and drought (Herring et al. 2018; Landgren,
Seierstad, and Iversen 2019). However, studies about
extreme haze events using this dataset are still limited
(Chen et al. 2019). Here, we use the daily outputs from the
CESM-LENS project to analyze how extreme haze events
change under different external drivers. The model out-
put of the project is freely available and easily accessed
from the following website: http://www.cesm.ucar.edu/
projects/community-projects/LENS/data-sets.html.

2.2. Definition of extreme haze events

We employ a composite analysis to obtain the common
features of haze events during the winters of 2005/06 to
2014/15 and compare it with the winters of 2090/91 to
2099/2100. Since aerosol emissions are reduced by
approximately 50% in eastern China in the RCP8.5 sce-
nario, a fixed threshold used in observations defining
haze events is not practical in climate models. An objec-
tive definition method is used here by considering three
aspects of haze events together (strength, regional
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impact, and duration) based on the concentration of
surface sulfate aerosol, similar to the approach used for
defining extreme precipitation events (e.g. Zhao, Deng,
and Black 2017). First, for each grid point over eastern
China (10°–40°N, 110°–130°E), the 90 daily surface aero-
sol concentrations for a certain winter are sorted and the
top 50% of days are classified as anomalous high-
concentration days for this grid point. Second, we
require that for any single day the number of grid points
with anomalously high sulfate concentrations must
exceed 50% of the total number of grid points in eastern
China, and only the days fulfilling the above two criteria
are defined as haze days. Third, the duration of a haze
event is defined as the number of consecutive haze days,
and events whose duration is more than 2 days are
defined as extreme haze events in CESM. The combina-
tion of these three criteria yields 5–6 extreme haze
events and around 30 haze days per winter, which is
similar to those from observation during 1993 to 2012
with an average of about 30 haze days per winter (Yin,
Wang, and Chen 2017). The day 0 of haze events is
chosen as the day that has the most extensive areal
coverage of haze grid points. The frequency of haze
events in the three scenarios is shown in Table S1. The
daily anomaly of wind and geopotential height is
extracted by removing the annual cycle from the raw
data. Based on the haze events defined above, compo-
site anomalies associated with haze events are obtained
by averaging daily meteorological anomalies from all
identified haze events at individual lead days (from −6
to 6 days), similar to the composite analysis adopted in
Zhong, Yin, and Wang (2019).

2.3. Diagnostic tools

A 3D wave-activity flux (WAF, represented by W in the
equation below), which can represent the wave energy
propagation in accordance with the background flow, is
used here to analyze the propagation of Rossby wave
trains conducive to haze events:

W ¼ Pcosϕ
2 VHj j

Uj j
a2cos2ϕ

@ 0
@λ

� �2
�  0 @2 0

@λ2

� �
þ Vj j

a2cosϕ
@ 0
@λ

@ 0
@ϕ �  0 @2 0

@λ@ϕ

h i

Uj j
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@ 0
@λ

@ 0
@ϕ �  0 @2 0

@λ@ϕ
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@ 0
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h i
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@ 0
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h i

8>>>>><
>>>>>:

(1)

where P is pressure coefficient (pressure/1,000 hPa), a is
Earth’s radius, and (ϕ, λ, z) are latitude, longitude, and
height, respectively. VH = (U, V)T are the ten-year clima-
tological winter-mean horizontal wind velocity averaged
over 2006–15 (before the warming) and 2090–99 (after
the warming) for WAF comparison; and  0 represents

small-amplitude geostrophic perturbations on a steady
zonally inhomogeneous basic flow (Takaya and
Nakamura 2002).

The potential energy conversion rate from mean flow
(P_bar) to low-frequency eddy (P_transient) is defined
below to analyze the baroclinic process in the formation
of an anticyclone conducive to haze events (Cai et al.
2007):

CðP bar ! P transientÞ ¼ � C2 u0T 0
@�T
@x

þ v0T 0
@�T
@y

� �
:

(2)

Here, �T is the winter climatological mean temperature
field at 500 hPa and (u0i; v0j; T 0) are the low-frequency
eddy part of the 500-hPa geostrophic winds and tem-
perature. i and j are unit vectors along x- and y-axis,
respectively. The constant C2 is defined as:

C2 ¼ 2R=Cp

� dθ
dp

� � 2
CV=CpR
g

: (3)

Here R is the gas constant, CP and CV are the specific heat
capacity at the constant pressure and volume and -dθ/dp is
the mean atmospheric static stability in extratropics which
has been set to be 3.5 K/100 hPa.

3. Results

Since aerosol emissions decline during the twenty-first
century under the RCP scenarios, we assess the effects of
climate change on haze events by comparing the percen-
tage strength of haze events between 2006–15 and 2090–
99 in three sensitivity experiments. The percentage
strength is defined as the ratio of the regional mean (30°–
40°N, 110°–120°E) surface sulfate concentration on extreme
haze days to the climatological sulfate concentration over
the 10-year periods examined to exclude effects of back-
ground emission changes. Sulfate is chosen to represent
haze event strength as it accounts for most of the PM2.5

surface concentration in the model (Chen et al. 2019). The
frequencies of haze events in the RCP8.5 experiment and
the other two experiments are shown in Table S1. The
frequency increases from 380 events during 2006–15 to
421 events during 2090–99 for seven simulations under
RCP8.5. The average relative strength of extreme haze
events under RCP8.5 increases from 150% during 2006–
15 to 190% during 2090–99, which is statistically significant
at the 95% confidence level based on the Student’s t-test.
A systematic shift towards higher values in the relative
strength is evident in Figure 1(a). This shift mainly comes
from aerosol reduction (Figure 1(c)) and not from increased
GHGs, as a similar shift from 150% to 190% is found in
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RCP8.5_fixedGHG and the change is insignificant in
RCP8.5_fixedaerosol (Figure 1(b)).

The composite patterns of the circulation anomaly and
sulfate concentration of haze events from a lead of −6 to
+6 days are shown in Figure 2. The results indicate that the
emergence or dissipation of severe haze is associated with
the advance or retreat of the anticyclone anomaly, and
here the anomaly fields are calculated by removing the
annual cycle from the raw data as described in Section 2.2.
When severe haze events occur, the EAWM begins to

weaken, as indicated by the change from the cyclone to
anticyclone anomaly in the East Asian trough from a lead of
−6 to 0 days (Figure 2(a–d)). Accompanying the anticyclone
anomaly at 500 hPa, the zonal pressure gradients over the
southern part of East Asia increase, the southerly wind
anomaly at 850 hPa strengthens, the meridional circulation
is weakened, and it is harder for cold air to reach the
midlatitudes of East Asia. Here, the diffusion conditions
are deteriorated by the anticyclone anomaly and the sul-
fate aerosol center is moving from the Sichuan Basin to the
North China Plain (30°–40°N, 110°–120°E) (Figure 2(d,e)).
The circulation pattern is also compared with observation,
and a similarly strong anticyclone anomaly is found for
haze events, defined using similar criteria as mentioned
above, over eastern China, based on observation (PM2.5

concentration is used in the observation) (data not
shown). A similarly strong anticyclone anomaly also exists
for haze events over the Beijing–Tianjin–Hebei region
(Zhong, Yin, and Wang 2019) and North China Plain (Yin,
Wang, and Chen 2017).

The change in the strength and duration of the antic-
yclone anomaly under RCP8.5 (Figure 3) is consistent with
changes in haze events (Figure 1). By analyzing the intra-
seasonal 9–29-day anticyclone anomaly change in Figure 3
(d–f), we find the original change is largely contributed by
9–29-day low-frequency eddy change (Jiao, Wu, and Song
2019). The strength of the anticyclone anomaly on the
severest haze day is 13 gpm for haze events in 2006–15
but 18 gpm in 2090–99, which is an increase of 40% (Figure
3(d)). The duration of anticyclone anomalies larger than 6
gpm is around 5 days for both 2006–15 and 2090–99, while
for those larger than 12 gpm the duration is 3 days for
2006–15 but 4 days for 2090–99 (Figure 3(d)). So, not only
does the intensity of the anticyclone anomaly increase, but
also the residence time for extreme conditions. All the
above changes can only be detected in RCP8.5_fixedGHG,
and not in RCP8.5_fixedaerosol, which shows the change is
mainly induced by aerosol reduction (Figure 3(c,f)).

The anticyclone anomaly is often linked to upstream
atmospheric wave activities (Yin and Wang 2017). The
intraseasonal low-frequency (9–29 days) WAF shows that
two intraseasonal wave trains propagate energy east-
wards and converge to the anticyclone, which is condu-
cive to haze events (Figure 4(a–c)). Results from the
original fields are almost the same as those based on
the filtered low-frequency fields (not shown), which
means the 9–29-day timescale accounts for most of the
variation of haze events, consistent with the discussion
in the previous paragraph. The northern wave train
emanates from the North Atlantic, propagates south-
eastward, and finally converges into eastern China
along the polar jet, which serves as a waveguide. The
southern wave train first converges to the North Indian

Figure 1. Future changes of surface sulfate aerosol concentration
for extreme haze events (30°–40°N, 110°–120°E) relative to the
present day (blue bars, 2005–16) and future (red bars, 2090–99)
climatological concentration, aggregated from (a) 7 simulations
under RCP8.5, (b) 14 simulations under RCP8.5_fixedaerosol, and
(c) 14 simulations under RCP8.5_fixedGHG. The dashed line is the
normal distribution fit according to the mean and standard
deviation.
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Ocean and then it gradually acts as a new Rossby wave
source to diverge energy to eastern China along the
subtropical Asian jet. After a lead of −4 days for compo-
site haze events, the northern wave train is stronger than
the southern wave train and the relative intensity of the
northern and southern wave train is related to the rela-
tive intensity between the subtropical jet and polar jet.

The positive vertical WAF in eastern China indicates
baroclinic energy conversion from the basic state to the
anticyclone anomaly, which can maintain its persistence
there (Figure 4(d–f)). The temporal features of the

available potential energy conversion rate over (30°–50°
N, 120°–150°E) indicates that anticyclone anomalies at 500
hPa in East Asia develop ahead of the energy conversion
peak. This implies the anticyclone is first induced by an
upstream Rossby wave convergence and then the antic-
yclone anomaly–induced perturbation heat fluxes extract
potential energy from the basic state, which makes the
anticyclone intensify further and remain in place. The
zonal-mean meridional temperature contrast contributes
half of the potential energy conversion, followed by the
stationary wave–induced meridional contrast, and the

Figure 2. Composite anomalies of the 500-hPa geopotential height (contours), 850-hPa wind fields (vectors), and surface sulfate
aerosol concentration (shading; units: µg kg−1) at a lead of (a) −6, (b) −4, (c) −2, (d) 0, (e) +2, (f) +4, and (g) +6 days of composite haze
events during 2006–15 under RCP8.5. Contour intervals are 8 gpm and negative contour values are dashed. The red rectangle in (a)
(30°–50°N, 120°–150°E) is the region averaged for the anticyclone anomaly.
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zonal contrast contributes little to the conversion term. In
addition, as depicted by the composite jet stream in
Figure 4(h) and Eady growth rate in Figure 4(i), the back-
ground baroclinicity south of 40°N has been weakened
while north of it has been intensified, which manifests as
decreased vertical wind shear and more stable atmo-
spheric stratification south of 40°N.

For the future projections, the anticyclone anomaly
(30°–40°N, 120°–150°E) in eastern China is intensified by
a stronger northern wave train convergence at a lead of
−2 days and after (Figure S1(a–c)). The intensified north-
ern Rossby wave train originated from the increased antic-
yclone anomaly near the Barents–Kara Sea converges
more wave energy to eastern China, thus contributing to

Figure 3. The lead and lag change of the 500-hPa anticyclone anomaly (30°–50°N, 120°–150°E) of haze events in 2006–15 (blue),
2090–99 (red), and their difference (black): (a, d) RCP8.5; (b, e) RCP8.5_fixedaerosol; (c, f) RCP8.5_fixedGHG; (a–c) original anticyclone
anomaly; (d–f) 9–29-day filtered anticyclone anomaly.
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the stronger anticyclone and worse diffusion conditions
responsible for the larger percentage strength change for
the future haze events (Figure 1(a)). The local feedback
process is also strengthened by the stronger upstream
wave train (Figure S1(d–f)). The upstream stronger north-
ern wave train induces stronger perturbation in heat
fluxes and available potential energy conversion in east-
ern China, which is depicted by the increased upward
WAF in that region. The increase of baroclinic energy
conversion in Figure S3(a) is induced by the stronger

upstreamwave train but not by the climatological change
of the background horizontal temperature gradient, since
the energy conversion rate change calculated from first
10 years or last 10 years of climatological horizontal tem-
perature gradient remain almost the same (Figure not
shown). Besides, the intensified jet stream and Eady
growth rate anomaly around 40°N (Figure S3(b,c)) also
indicates a stronger feedback process there.

The percentage strength changes of haze events and
anticyclone anomaly change both indicate the change is

Figure 4. Composite anomaly of the 9–29-day filtered 500-hPa geopotential height (shading) with 200-hPa wave activity flux (vector)
at a lead of (a) −4, (b) −2, and (c) 0 days of haze events during 2006–15 under RCP8.5. Dotted areas are statistically significant at the
0.05 level based on 1000-times bootstrap tests. (d–f) As in (a–c) but for 850-hPa wave activity flux (shading). (g) Lead and lag change
of the 500-hPa potential energy conversion term in the East China Sea (30°–45°N, 120°–150°E). (h) Composite anomalies of 200-hPa
zonal wind (shading) at a lead of −1 day and the climatological jet stream (contours). (i) Composite maximum Eady rate (shading) at
a lead of −1 day and its climatology (contours).
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mainly attributable to the climate effects of aerosol reduc-
tion (Figures 1 and 3). So, here, we analyze the 3D WAF
changes in the other two scenarios (Figures 5 and S2). For
the decreased aerosol emissions scenario, the 9–29-day
fields show that the 500-hPa geopotential height
increases near the Barents–Kara Sea, and the horizontal
wave activity shows an intensified southward wave train
propagation for leads of −4, −2, and 0 days of haze events
(Figure 5(a–c)). The 850-hPa vertical WAF increases both
near the Barents–Kara Sea and eastern China. The antic-
yclone located in eastern China increases in this scenario,
especially at a lead of 0 days. The same change can also be
detected in the original fields (not shown). Our results
show that the wave train conducive to haze events can
be intensified by aerosol reduction, while the effect of
increased GHGs is small.

4. Discussion and conclusions

In this study, the formation process and the future
change of the anticyclone anomaly conducive to
extreme haze events are investigated. The average rela-
tive strength of extreme haze events (30°–40°N, 110°–
120°E) changes from 150% during 2006–15 to 190%
during 2090–99. Consistent with changes in haze events,

the strength and duration of the anticyclone anomaly in
eastern China also increases and is mainly induced by
the climate effects of aerosol reduction. The formation
and future change of the anticyclone anomaly, contrib-
uted mainly by intraseasonal 9–29-day low-frequency
waves, can be understood by examining the upstream
wave train and local feedback process. For the future
projection of extreme haze events, intensified northern
wave train convergence originated from the increased
anticyclone anomaly near the Barents–Kara Sea induces
enhanced local feedback in eastern China. Combined
with the other two scenarios, we find the intensified
upward WAF is mainly induced by the climate effects
of reduced aerosol emissions, possibly associated with
the increased background baroclinicity induced by an
aerosol reduction in eastern Europe.

In previous studies, the North Atlantic Ocean appears
to be a source region in the formation of the 9–29-day
Eurasian-like low-frequency wave train. It is shown to be
related to the combination of anomalous divergence
and convergence in different regions and is generated
by internal atmospheric dynamics (Jiao, Wu, and Song
2019; Wang et al. 2019). In addition, the feedback of the
transient eddies onto the mean flow is often of equal
importance to the direct divergence forcing of the

Figure 5. Changes of 200-hPa horizontal WAF overlaid on the 500-hPa geopotential height anomaly at a lead of (a) −4, (b) –2, and (c)
0 days of haze events between 2006–15 and 2090–99 under RCP8.5_fixedGHG. (d–f) As in (a–c) but for 850-hPa vertical WAF. Dotted
areas denote where the change is statistically significant at the 0.05 level.
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Rossby wave, and it would be interesting to further
explore and quantify the role transient eddies play in
the anticyclonic formation conducive to haze events
(McIntosh and Hendon 2018).

Here, we find that the climate effects of decreased
aerosol can intensify the upcoming intraseasonal
Rossby wave and increase the strength and duration
of the anticyclone anomaly in eastern China. This
induces deteriorating diffusion conditions that are
more favorable for extreme haze formation in the
future, and therefore more stringent regulations on
aerosol emissions in China are needed to meet air
quality standards. It is still unclear as to which type of
aerosol reduction, such as absorption or scattering
aerosol, intensifies the background baroclinicity in
eastern Europe and the upstream wave train near
the Barents–Kara Sea, and so this too merits further
investigation.
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