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Abstract: Air pollution is a major issue in China and one of the largest threats to public
health. We investigated future changes in atmospheric circulation patterns associated
with haze events in the Beijing region, and the severity of haze events during these
circulation conditions, from 2016 to 2049 under two different aerosol scenarios: a
maximum technically feasible aerosol reduction (MTFR) and a current legislation
aerosol scenario (CLE). In both cases greenhouse gas emissions follow the
Representative Concentration Pathway (RCP) 4.5. Under RCP4.5 with CLE aerosol the
frequency of circulation patterns associated with haze events increases due to a
weakening of the East Asian winter monsoon via increased sea level pressure over the
North Pacific. The rapid reduction in anthropogenic aerosol and precursor emissions in
MTEFR further increases the frequency of circulation patterns associated with haze
events, due to further increases of the sea level pressure over the North Pacific and a
reduction in the intensity of the Siberian high. Even with the aggressive aerosol
reductions in MTFR periods of poor visibility, represented by above normal aerosol
optical depth (AOD), still occur in conjunction with

. However, the intensity of poor visibility decreases in MTFR, so that haze
events are less dangerous in this scenario by 2050 compared to CLE, and relative to the
current baseline. This study reveals the competing effects of aerosol emission
reductions on future haze events through their direct contribution to haze and their
influence on the atmospheric circulation patterns. A compound consideration of these

two impacts should be taken in future policy making.
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1. Introduction

The increases in aerosol and precursor emissions in China due to the rapid economic
development and urbanization in recent decades have caused more frequent and severe
haze events, Beijing and the surrounding area is the most polluted region in China (Niu
et al., 2010; Ding and Liu, 2014; An et al., 2019; Chen and Wang, 2015). Air pollution
has become one of the major issues in China, and the greatest threat to public health.
Since the implementation of the “Atmospheric Pollution Prevention and Control Action
Plan” in 2013 , aerosol emissions have dramatically
decreased, with sulfur dioxide (SO,) reduced by 59% in 2017 compared to 2013 (Zheng
et al., 2018). However, haze events have still occurred regularly in recent years, as, in
addition to being influenced by aerosol emissions, meteorological conditions, including
limited scavenging, dispersion and ventilation, have been found to play important roles
in the variation of air-quality in northern China (An et al., 2019; Pei et al., 2018; Cai et
al., 2017). Such events are typically associated with the occurrence of large-scale
atmospheric circulation patterns favoring the accumulation of pollutants (

). Locally, a strong temperature inversion in the lower
troposphere, weak surface winds, and subsiding air in the planetary boundary layer are
favorable for the development and persistence of haze events (Wu et al., 2017; Feng et
al., 2018). As anthropogenic aerosol has the potential to induce changes in the
atmospheric circulation, in addition to making a direct contribution to the chemical

composition of haze, it is crucial to understand how changes in aerosol emissions might
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contribute to the frequency and intensity of haze events in future.

On interannual time scales, the East Asian winter monsoon (EAWM) is significantly
negatively correlated with aerosol concentrations in Beijing, due to the associated high
frequency of extreme anomalous southerly episodes in North China, a weakened East
Asian trough in the mid-troposphere and a northward shift of the East Asian jet stream
in the upper troposphere (Jeong and Part, 2017; Li et al., 2016; Pei et al., 2018). The
cold air process over Beijing is favorable for pollutant dispersion and transport outside
because of the accompanied large near-surface wind speed and deep mixing layer. A
low occurrence of cold air processes in the recent winters of 2013, 2014 and 2017 has
resulted in severe pollution (He et al., 2018). In past decades, the weakening of the
EAWM was found to contribute to the increased frequency of haze events over North
China (Chen and Wang, 2015; An et al., 2015). Arctic sea ice extent also has been
linked to increased stability over eastern China and has been shown to explain 45%~67%
of the interannual to interdecadal variability of winter haze days over eastern China
(Wang et al., 2015). Overall, around half of the variability in the frequency of haze
events in Beijing is controlled by meteorological conditions, while both meteorological

conditions and aerosol emissions contribute to the intensity (Pei et al., 2020),

Anthropogenic forcing, estimated by using large ensemble runs with and without

anthropogenic forcings, has increased the probability of the atmospheric patterns
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conducive to severe haze in Beijing by weakening the EAWM (Li et al., 2018).
Projections based on Coupled Model Intercomparison Project Phase 5 (CMIP5) models
showed that weather conditions conducive to haze events in Beijing will increase with
global warming due to an increased occurrence of stagnation days in response to both
accelerated Arctic ice melting (Cai et al., 2017; Liu et al., 20192) and a continued
weakening of EAWM (Hori et al., 2006; Pei et al., 2018; Liu et al., 20192). If there is
no change in aerosol emission in future, increased stagnation days and decreased light
precipitation days associated with global warming would also cause an increase in air
pollution days in eastern China (Chen et al., 2019). Regional climate model simulations
under the RCP4.5 scenario showed that the air environment carrying capacity, a
combined metric measuring the capacity of the atmosphere to transport and dilute
pollutants, tends to decrease in the 21* century across China (Han et al., 2017).
However, there is large uncertainty in future aerosol emission pathways, with
uncertainty around the sign of the change in global emission rate,
(Scannell et al., 2019

). Furthermore, changes in aerosol emission may influence

haze events through their influence on the large-scale atmospheric circulation, in

addition to their role in haze composition.

The interplay between the role of aerosol as a constituent of haze, and as a potential
driver of changes in the circulation patterns conducive to haze, have yet to be explored.

If the rapid reductions in aerosol and precursor emissions currently underway in China

Deleted: as well as the magnitude of the change
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continue in future, understanding the balance between the different influences of
anthropogenic aerosol on haze events is a key question. Typically, anthropogenic
aerosol (AA) and greenhouse gases (GHGs) both vary in future simulations (e.g. those
following the RCPs or Shared Socioeconomic Pathways), which can make their relative
contributions difficult to determine. In this work, we examine future scenarios with the
same GHGs emission pathway but different aerosol pathways in order to separate these
two contributions to changes in Beijing haze events. We address

questions:

The remainder of the paper is organized as follows: we briefly introduce the experiment
design and methods in Section 2, and show the atmospheric circulation patterns
conducive to Beijing haze events in Section 3. Projected Beijing haze events under two
different aerosol emissions and the underlying mechanism of projected circulation
changes will be given in Section 4. We will finally provide the summary and discussion

in Section 5.

2. Experiments and methods

2.1 xperiment design
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(GSOD) database (Fig.S1a). Haze days are defined as days with daily visibility less

than 10km, relative humidity less than 90% and surface wind speed less than 7m s-1

(Chen and Wang, 2015). The observed haze occurrence is the number of haze days, and

n

observed haze intensity is defined as the minimum 3-day consecutive visibility

(VN3day). Spatial distributions of winter mean haze occurrence and VN3day are shown

in Fig.S1b-c. Data from the Japanese 55-year Reanalysis (JRAS55; Kobayashi et al.,

2015) dataset for the period 1958-2013 are used in this study to evaluate the model

representations of the present-day climate. The variations of haze index derived from

JRA-55 are highly consistent with those from NCEP-NCAR reanalysis (not shown).

We only use JRA-55 in this study, _,

A

Simulations with the Met Office Unified Model (Global Coupled configuration 2)

HadGEM3-GC2 (Williams et al., 2015) and the NOAA Geophysical Fluid Dynamics
Laboratory (GFDL) Climate Model version 3 (GFDL-CM3, Donner et al. 2011;

Griffies et al. 2011), are used to investigate the impact of different aerosol forcing

scenarios. HadGEM3-GC2 is run with a horizontal resolution of N216 (~60 km) in the .

atmosphere, and %° in the ocean. GFDL-CM3 has a horizontal resolution of ~200 km

in the atmosphere and 1° in the ocean. Both models include a representation of aerosol-

cloud interactions (Ming et al., 2006; Bellouin et al., 2011). |

=

.{

Three sets of experiments were carried out with each model (Table S1): a historical

experiment from 1965 to 2014 and two experiments for the future (2016-2050). In the

historical experiment, greenhouse gases and anthropogenic aerosol and precursor

N
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187  emissions are taken from CMIPS5 (Lamarque et al., 2010, Taylor et al., 2012). The future
188  experiments have common GHG emissions following the RCP4.5 scenario, but
189  different aerosol emission pathways. The aerosol pathways are the current legislation
190 emissions (CLE) and the maximum technically feasible reduction (MTFR) taken from
191 the ECLIPSE V5a global emission dataset (Amann et al, 2015,

192  https://iiasa.ac.at/web/home/research/researchPrograms/air/ECLIPSEv5a.html). In

193  CLE, anthropogenic aerosol emissions are assumed to evolve following the current

194  legislation, resulting in a moderate global increase by 2050. In contrast, MTFR assumes
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We focus on haze events during the winter (December-February) around Beijing where
Chinese haze events are most frequent and severe (Niu et al., 2010; Chen and Wang,
2015). , we use the haze weather index (HWI) proposed by Cai et al. (2017)
as it has also been shown to have a strong relationship with PM2.5 concentrations in

Beijing.

The HWI comprises three constituent terms representing the vertical temperature
gradient in the troposphere (AT), the 850-hPa meridional wind (V850), and the north—
south shear in the 500-hPa zonal wind (U500) (see boxes and lines in Fig.1). AT is
calculated as the difference between the 850 hPa temperature averaged over (32.5°—
45°N, 112.5°-132.5°E) and the 250-hPa temperature averaged over (37.5°-45°N,
122.5°-137.5°E). V850 is the 850hPa meridional wind averaged over the broader
Beijing region (30°—47.5°N, 115°-130°E), and U500 is a latitudinal difference between
the 500-hPa zonal wind averaged over a region to the north of Beijing (42.5°-52.5° N,
110°-137.5°E) and a region to the south (27.5°-37.5°N, 110°-137.5°E). Each of the
three terms is normalized by their standard deviation over the reference period (here
1980-2004). The three variables are added together to create the HWI, which is then
normalized again by its standard deviation over the reference period. A positive HWI
represents conditions that are unfavorable to air-pollutant dispersion, and days with
HWI>0 are regarded as “haze events”. The HWI defined by Cai et al. (2017) made use

of daily data. Due to unavailability of model data at daily resolution, we instead used
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monthly data. The reliability of using HWI calculated from monthly mean variables

will be discussed in Section 3

The strength of the EAWM index is quantified using the index defined by Wang and
Chen (2014). This index takes into account both the east-west and the north-south

pressure gradients and is defined as:

EAWM=(2*SLP;-SLP,-SLP3)/2

where SLP;, SLP, and SLP; represent normalized sea level pressure (SLP) averaged
over Siberia (40-60°N, 70-120°E), the North Pacific (30-50°N, 140°E-170°W) and the
Maritime Continent (20°S-10°N, 110-160°E), respectively (see the boxes in Fig.53).
The three components are converted to anomalies and normalized by their standard
deviation over the reference period (here 1980-2004). As the EAWM is directly linked
to the occurrence of favorable conditions for haze in Beijing (Pei et al. 2018; Liu et al.
2019; Hori et al. 2006), we therefore use this index as an additional metric (using
different variables to the HWI) to assess the potential for changes in future haze events
under the CLE and MTFR scenarios, and confirm the robustness of the changes

indicated by HWI.
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P71 randomly select 75-month (135-month), i.e. 25-yr (45-yr) winters, from His

P72  (projections), and calculate the mean HWI change of the 75-month relative to His or

P73  frequency of month with HWI>1 of the 75-month. The 75-month and 135-month are

P74  selected to mimic any 25-yr in the period 1980-2004 and 45-yr in 2016-2050,

P75  respectively; We repeat the first step 2000 times, and the 2000 bootstrapped samples

P76  can be viewed as internal variability of His or future projections. We then compare the

P77  results of model ensemble mean with the 2000 bootstrapped samples. If it falls outside

P78  the top 5% of the distribution, we then claim that the projected changes in mean HWI

P79  or frequency of month with HWI>1 are statistically significant at the 5% level and

P80  beyond the variability of internal variability. We also employed a two-sample

P81  Kolmogorov-Smirnov test to determine if the probability density function (PDF)

P82  distributions are significantly different (Chakravarti et al., 1967).

283 3. Climatic conditions associated with Beijing haze events
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(Fig.le). This reduction favors warmer conditions at lower levels and increased
moisture over Beijing, thus increasing the likelihood of haze formation and

maintenance.

The HWI was defined based on daily data. Due to limitations in data availability, we
instead used monthly data to calculate HWI. To determine the reliability of this
approach, we first examined the relationship between the magnitude of HWI calculated
from monthly data (HWI-month) and the number of days with daily HWI (HWI-daily) >
0 in the JRA-55 reanalysis during the period 1958-2013 (Fig. 2a-b). Changes in HWI-
month are highly consistent with those in days (r=0.97).
When HWI-month is greater than 0, about 50% days in that month are recognized

, and up to 62% days with HWI-daily >0 when HWI-month > 1.0. In this
study, we define haze events as a month where HWI-

month > 1,

The circulation anomalies averaged over
HWI-month > 1 (Fig. 1b, d, f) and HWI-daily > 0 (Fig. 1a, c, e) are also consistent with

each other, except that the anomalies for HWI-month>1 are weaker, as would be

12

Formatted: Font color: R,G,B (4,50, 255)

Formatted: Font color: R,G,B (4,50, 255)

Deleted: haze events

Deleted: The scatter plots between HWI-monthly and the
monthly mean of HWI-daily also demonstrates their high
correlation (0.98).

Deleted: as haze days

Formatted: Font color: R,G,B (4,50, 255)

Deleted: a

Deleted: ¢

Deleted: ’
Formatted: Font color: R,G,B (4, 50, 255)
Deleted: , as around 62% of days within this month are

likely to be haze days



325

326

327

328

29

330

B31

332

B33

B34

B35

B36

B37

B38

B39

B40

B41

B42

343

344

expected. The spatial and temporal consistency of HWI anomalies calculated from
monthly and daily data confirms the suitability of our use of monthly data to explore
changes in the frequency of Beijing haze events associated circulation. In the following

sections, we will use HWI in short for HWI-month.

4. Changes in Beijing haze events under two AA emission scenarios

4.1 Changes in the frequency of circulation patterns conducive to haze events

Both HadGEM3-GC2 and GFDL-CM3 well simulate the key spatial features of the

large-scale atmospheric circulation in winter, when compared to JRA-55 for 1980-2004
(Fig.S4). Key features include the westerly jet along 30°N, the East Asian trough, and
northerly winds along the East Asian coast, which are caused by the zonal thermal
contrast and subsequent pressure gradient between the North Pacific and the Eurasian
continent. The models can also reliably capture the vertical temperature difference, the

weaker East Asian trough and the anomalous 850-hPa southerly winds associated with

haze events (Fig.S5 and Fig.1). The good performance of HaddGEM3-GC2 and GFDL-

CM3 in simulating the winter monsoon and haze-favorable circulation justifies the use

of these two models to estimate HWI changes.

There is a large interannual variability in HW1, and thus no significant trend in HWI

either in His, CLE or MTFR (Figures not shown). However, the two models both show

an increase in the mean HWI with no consistent change in the standard deviation, (Fig.3a, -
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An examination of the future changes in each component of the HWI is shown in Fig,
The shift of HWI towards more positive values from His to CLE, with a larger shift in
MTEFR relative to His, is found in all three components

he distributions of all the component terms of the His are statistically different

CLE and MTEFR at the 5% level

. The changes of the three components of HWI demonstrate the
atmospheric conditions favoring haze events all become more likely with global

warming, and that future AA reductions may further increase their likelihood.

4.2 Possible mechanism for atmospheric circulation changes

Section 4.1 showed that the projected change of mean state of the large-scale
atmospheric circulation in the future will increase the frequency of circulation patterns
currently associated with Beijing haze events. Rapid reductions in AA emissions could
cause a further increase. To investigate the mechanism underlying these circulation
changes, we present the spatial patterns of the changes in the vertical temperature
profile, and 850-hPa and 500-hPa winds in Figs.5-7. The lower- and mid-troposphere
displays an incremental warming from His to MTFR compared to the upper levels in
both models. The peak warming is at 700 hPa and over 120°-130°E. Conversely, both
models simulate an upper-tropospheric cooling at 250 hPa in CLE compared to His,
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albeit of smaller magnitude than the warming below (Fig.S7). However, the 250 hPa
temperature changes differ in the two models (Fig.5b, d and
Fig.S/g-h). Thus, the increase in tropospheric stability in MTFR relative to CLE is

mainly driven by low-level warming.

Following the CLE aerosol pathway, both HaddGEM3-GC2 and GFDL-CM3 project an
anomalous 850-hPa cyclonic circulation over the northwestern Pacific (0-20°N, 120-
180°E) relative to His, and an anticyclonic anomaly to its north (20-50°N, 120-180°E)
(Fig.6a-b). This pattern bears some resemblance to the anomalous circulation
associated with a positive phase of the Arctic Oscillation, which may be due to melting
Arctic sea ice (Shindell et al. 1999; Fyfe et al. 1999; Chen et al. 2017; Wang et al. 2017).
The southerly wind anomalies over eastern China, on the western flank of the
anomalous anticyclone, act to weaken the East Asian winter monsoon and reduce its
low-level winds, making conditions favorable for air-pollutant transport from south to
north and air-pollutant accumulation more likely. With the addition of rapid AA
reductions following MTFR, the 850-hPa circulation anomalies are reinforced further
(Fig6.c-d), especially in HadGEM3-GC2, which simulates much stronger southerly
wind anomalies along the East Asian coast. GFDL-CM3 shows similar anomalies over
the North Pacific in CLE vs. His and MTFR vs. , but distinct responses over China
(Fig.6d), which likely explains why GFDL-CM3 doesn’t simulate the further shift in
HWTI seen in HadGEM3-GC2 between CLE and MTFR (Fig.S6c, f). A northeasterly

anomaly is seen over southeast China in GFDL-CM3 in both CLE relative to His and
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MTFR relative to CLE. However, the onshore flow over Beijing seen in CLE relative
to His, which is likely to be a key contributor to an increase in haze weather events, is

not enhanced further by the rapid aerosol reductions in MTFR (Fig. 6d).

At 500 hPa, a northward shift of the westerly jet stream is projected in CLE relative to
the current baseline, with significant positive zonal wind anomalies along 50°N and
negative anomalies along 30°N in both models (Fig.7a-b). This shift is consistent with
the increase in the meridional temperature gradient over the North Pacific (Fig.57).
Thus, the East Asian winter trough is weakened, bringing less cold and dry air to the
Beijing area, and favoring the formation and maintenance of haze events. The
reductions in AA emissions in MTFR relative to CLE significantly strengthen the
above-mentioned circulation anomalies at 500 hPa in both models (Fig 7c,d), and
further increase the frequency of positive U500 differences in the regions used to
calculate the HWI, as seen in Fig.7c-d, The changes in 500-hPa zonal winds are

consistent between the two models, demonstrating the robustness of the results.

The changes in the three components of HWI in CLE relative to His indicate a
weakened EAWM with increased GHGs, with reductions in AA emissions further
amplifying this effect and increasing the frequency of large-scale circulation conditions
conducive to Beijing haze events. To explore how the EAWM circulation responds to
reductions in AA emissions, we show surface temperature and sea level pressure
changes in MTFR relative to CLE (Fig. 8). Reduced AA emissions generally amplify

the impact of greenhouse gases, with more warming over the Arctic, the Eurasian
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continent and Northwestern Pacific. Thus, the Aleutian low is further weakened in
MTEFR. In addition, more warming over the Eurasian continent and Northwestern
Pacific leads to a SLP decrease over Siberia and the northwestern Pacific, respectively.
The main difference between the two models is found from the SLP changes over the
Eurasian continent in the mid-latitudes, where large negative SLP anomalies are
presented in HadGEM3-GC2 while there are no changes in GFDL-CM3. This may lead
to the less westward shift of the North Pacific anomalous anticyclonic circulation in

GFDL-CM3 in Fig.6d.

of EAWM, using the Wang and Chen (2014) index, in His, CLE
and MTFR are shown in Fig.8c-f, The EAWM weakens in CLE compared to His (|
Fig.8¢-1), mainly due to increased SLP over the North Pacific (SLP»,
Fig, ), with no systematic changes in SLP over Siberia (SLP;) and the Maritime
continent (SLPs3) (Fig.58a.d, ). The rapid AA reductions in MTFR cause
the SLP over Siberia, to decrease consistently in both models alongside a in
SLP,.

This further
weakens the east-west contrast, leading to a weaker EAWM in MTEFR relative to CLE,
consistent with the differences between CLE and His and between MTFR and CLE
seen in the HWI. The response of SLP over the Maritime Continent (SLP3) to AA

reductions differs between the two models, indicating large uncertainty in the SLP;

changes. Thus, the AA forcing reduction predominantly weakens the EAWM through
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reducing the zonal thermal contrast.

4.3 Changes in haze intensity associated with favoring circulation

Occurrence of a haze event requires stagnant atmospheric conditions, and a
pollution source. Although future aerosol reductions may cause further increases in the
frequency of atmospheric circulation patterns currently linked with haze events, such
events may be less severe in the absence of large aerosol emissions. In this section, we
will examine the projected changes in the intensity of Beijing haze events using the
aerosol optical depth (AOD) at 550nm as a metric for aerosol-induced poor visibility.

The simulated baseline winter mean AOD Beijing area is 0.1 (Fig.9a, c).

HadGEM3-GC2 and GFDL-CM3 both simulate elevated AOD

around Beijing when circulation conditions are favorable (HWI>1) (Fig.9 b, d): 1.4 and

1.3 times of the baseline climate mean in HadGEM3-GC2 and GFDL-CM3 respectively.

Aerosol and precursor emission increases under CLE (Fig. S1) result in a significant
increase in climate winter mean AOD around Beijing (reaching 1.2 times in HadGEM3-
GC2 and 1.05 times in GFDL-CM3), while climate mean AOD in MTFR decreases to
0.93 of the baseline climate mean around Beijing in the two models due to aerosol

emissions reduction (Fig,59).

To check whether poor air quality events still occur even with reduced future aerosol
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emissions, we show the projected AOD ratio with HWI>1 jn Fig.10. In CLE, when

the baseline winter mean in HadGEM3-GC2 and 1.1 times that in GFDL-CM3 (Fig.10a,
¢). It is consistent with the increase in aerosol loadings and climate mean AOD in CLE

(Fig.52a and Fig.59%a-b). However, in MTFR, when HWI>1 AOD is also higher than

the baseline climatology, albeit with a decrease in climate mean AOD in MTFR (Fig. 10

b.d). So, even with the aggressive aerosol reductions in MTFR, periods of poor

visibility still occur in conjunction with atmospheric circulation patterns associated

with haze in the current climate.

We calculated the PDF distributions of AOD ratio surrounding the Beijing region (box

region in Fig.2) in the months with HWI>1 in His, CLE and MTFR (Fig.11). In His,

the area-averaged AOD ratio around the Beijing region when HWI>1 is elevated to

1.34 (1.26) times of the baseline climate mean in HadGEM-GC2 (GFDL-CM3)

(Figll.a-b). The change in AOD ratio with HWI>1 under CLE relative to His is

different between the two models. It increases to 1.51 in HadGEM3-GC2 but decreases

to 1.13 in GFDL-GC3. As expected, the AOD_ratio with HWI>1 in MTFR reduces in

both models due to the dramatic reduction in anthropogenic aerosols. Thus, the mean

air-pollution intensity with the favorable circulation conditions for haze under MTFR

will be greatly relieved.

_This reduction in GFDL-CM3 in CLE relative to His may be a reflection of the model’s

bias. In JRA-55 when HWI>1 there are southerly anomalies over southern China.
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However, in the baseline in GFDL-CM3 there is an anomalous cyclonic circulation,

which may act to reduce pollutant accumulation in Beijing (Fig.S5). As shown in Fig.

6b. d, this anomaly is strengthened in both CLE and MTFR. |

To check whether extreme air pollution events would still occur, the probability of

AOD ratio when HWI>1 in the three scenarios are examined (Fig.11b, d). In this study,

the mean AOD ratio across all months when HWI>1 in His is regarded as the winter

mean intensity of baseline haze events, i.e., the grey vertical lines in Fig.11a, c¢. The

probability of haze event intensity exceeding this threshold is about 42% and 34% in

HadGEM3-GC2 and GFDL-CM3, respectively (Fig.11b, d). Under CLE, it increases

to 52% in HadGEM3-GC2 while decreases to 28% in GFDL-CM3, consistent with

Fig.10a, c. In MTFR, lower probability is projected in both models, 24% in HadGEM-

GC2, and 21% in GFDL-CM3. This demonstrates that severe events (i.e., higher

AOD ratio) would still happen in MTFR albeit with dramatic reduction in

anthropogenic aerosol, even though the mean intensity of haze events themselves will

become less dangerous if aerosol emissions are reduced., .

5 Summary and discussion

During recent decades, with rapid increases in aerosol and precursor emissions in China,
air pollution has become one of the greatest threats to public health. Anthropogenic
aerosol contributes not only to the chemical composition of haze, but also has the
potential to modulate atmospheric circulation changes. Thus, this paper aims to
quantify the incidences of haze events in a future climate and the influence of aerosol
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mitigation efforts. In this study, we examined the changes in the frequency of
atmospheric conditions conducive to Beijing haze events, and the changes in aerosol
optical depth (AOD) during these circulation conditions through the mid-21* century
under two different anthropogenic aerosol scenarios. We also investigated the

mechanism for the changes in the large-scale atmospheric circulation.

We found that future greenhouse gases (GHG) increases and anthropogenic aerosol
(AA) increases following a current legislation aerosol scenario (CLE) will increase the

frequency of

By comparing the scenario with a
maximum technically feasible aerosol reduction (MTFR), which has the same GHG
increases but rapid aerosol reductions, we show that future aerosol reductions may
further amplify the increase in the frequency of such circulation patterns. Rapid
reductions in AA emissions in MTFR contribute to an extra ~6% increase in HWI>1 in

two models,

The increase in haze frequency in CLE is mainly due to a weakening of the East Asian
winter monsoon, warming of the lower troposphere, and weakening of the East Asian
trough, which is likely to be predominantly driven by the GHG increases. Reduced AA
forcing in MTFR could further enhance the above circulation anomalies, amplifying

the impact of greenhouse gases. Because the AA emission reductions in MTFR relative
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to CLE mainly occur over continental Asia, the Asian landmass receives more
shortwave radiation, leading to a warmer surface temperature there. This leads to a
weaker Siberian high, and further contributes to the weakening of the East Asian winter

monsoon jn MTFR.

The analysis of haze intensity based on AOD at 550 nm shows that visibility with

HWI>1.0 is always lower than the His winter mean under both CLE and MTFR. _ With

more reduction in aerosol emissions following the MTFR, the mean intensity of haze

events in the haze-favorable atmospheric circulation will become less dangerous

compared to that in His and CLE in both models. Meanwhile, the probability of haze

event with intensity exceeding the baseline mean also decrease in MTFR,

demonstrating that severe haze events would also occur in MTFR. .

This paper reveals the competing impacts of AA emission reductions on haze event
frequency and intensity. AA reductions cause an increased frequency of atmospheric

circulation patterns conducive to haze events, but a reduction in the haze intensity when

these circulation patterns do occur. We found that the capability of the models in

representing haze-favorable large-scale circulations may impact the simulation of AOD,

which introduces further uncertainties in future projection of AOD. Model evaluation

on haze-favorable circulation and associated AOD is necessary for future projection.

Our results are consistent with previous studies that global warming, and more

reduction in aerosol forcing caused extra warming, will make haze-favorable conditions

around Beijing area more frequent (Callahan and Markin, 2020). But internal variability
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The JRA-
55 reanalysis data can be freely downloaded from the rda.ucaredu website

(https://rda.ucar.edu/datasets/ds628.0/). Requests for outputs of the His, CLE and

MTEFR experiments, or any questions regarding the data, can be directed to the

corresponding author, L Zhang (lixiazhang@mail.iap.ac.cn).
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Fig.4 (a) Probability density function (PDF) via a non-parametric density estimation,

Kernel density estimation, and (b) cumulative distribution function (CDF)

distributions of HWI in winters of His (1980-2004, grey), CLE (2016-2050, blue)

and MTFR (2016-2050, pink) simulated by HaddGEM3-GC2. (¢)-(d) are results for

GFDL-CM3. The numbers in (a) and (¢) are the climate mean of HWI, and in (b)

and (d) are the frequency of month with HWI>1, respectively,

Fig.4 Histogram plots for the 2000 bootstrapped samples of (a) changes in winter

mean HWI, and (b) frequency with HWI>1 in HadGEM3-GC2, and (c)-(d)

similarly for GFDL-CM3. The grey, blue and pink shadings are the results

estimated from His, CLE and MTFR respectively. Solid (dashed) grey, blue and

pink lines are the results of multi-member mean (95% confidence level) in His,

CLE and MTEFR, respectively,

Fig.S The difference in winter mean temperature (K) along 40°N (left) between CLE

(2016-2050) and His (1980-2004), and (right) between MTFR (2016-2050) and

CLE (2016-2050). The dotted areas are statistically significant at the 10% level

using a Student’s t-test. The green lines indicate the level and longitude used in

the calculation of AT,

Fig.6 Spatial distribution for the difference in 850 hPa winds (vector, m s™) and 850hPa

meridional component (shading, m s™) between (left) CLE (2016-2050) minus -

historical (1980-2004), and between (right) MTFR (2016-2049) minus CLE

(2016-2050). The dotted areas denote the 850hPa meridional winds statistically
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Fig.7 Same as Fig.6, but for the difference in 500hPa winds (vector, m s™') and 500hPa

zonal component (shading, m s™). The black boxes indicate the regions used in the ‘

calculation of U500.
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(a) MTFR-CLE HadGEM3-GC2 (b) MTFR-CLE GFDL-CM3
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Fig.8 The difference of the climate mean surface temperature (left, K) and sea level

pressure (right, hPa) between MTFR and CLE simulated by (a)-(b) HadGEM3-GC2
and (c)-(d) GFDL-CM3. The dotted areas in (a)-(d) are statistically significant at the

10% level using a Student’s t-test. PDF via Kernel density estimation of EAWM in His
(1980-2004, grey), CLE (2016-2050, blue) and MTFR (2016-2050, pink) simulated by
(e) HadGEM3-GC2, and (f) GFDL-CM3. The numbers in (e)-(f) are the climate mean
of EAWM,
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(a) Climate AOD in His HadGEM3-GC2 (b) AOD_ratio(HWI>=1) in His HadGEM3-GC2
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winter months with HWI=1_(hereafier AOD ratio(HWI= 1)) in His. Blue and red §

shadings in (b) and (d) are decreased and elevated AOD yelative to the climate winter

mean of His, respectively.
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Fig.11 (a) PDF and (b) CDF distributions of AOD ratio(HWI>1) over North China

(33-45°N, 105-122°E, box in Fig.2) in HadGEM3-GC2. (c¢)-(d) are the results from

GFDL-CM3. The grey, blue and pink vertical lines and numbers in (a) and (c) are the

winter mean AOD ratio(HWI>1) of His, CLE and MTFR, respectively. The numbers

in (b) and (d) are the cumulative probability of AOD ratio(HWI>1) higher than the

winter mean AOD_ratio(HWI>1) of His.
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