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Abstract

We examine past and future changes in both winter haze and clear weather conditions over the
North China Plain (NCP) using a Perturbed Parameter Ensemble (PPE) and elucidate the
influence of model physical parameterizations on these future projectidhs fost time. We
use dargescalemeteorologybased Haze Weather Index (HWIith values 4 as a proxy for
haz conduciveweatherand HWI <1 for clearweatherconditionsover the NCPThe PPE
generated using the UK Met Office HadGEBMC3 model shows that under a higiission
(RCP8.5) scenario, the frequency of haze conducive we@t#Wgr>1) is likely to increase

whereas the frequency of clear weath®VI<-1) s likely to decrease in fure_with a growing

influence of climate change over the?'Zentury HoweveilNeverthelessa change of opposite Formatte

sign with lower magnitude in the frequencies, though less likely, is also possible. In future, the

frequency of haze conducive weatli@ra given winter can be as much as ~3.5 times higher

than thérequency otlear weatheover the NCPThe-futurefrequencidbore frequendf haze

conducive weather (HWI>1) during winterer the NCP is found to #reassociated with

ver the

NCPan enhanced warming of the troposphere and weaker -m@herlies inthe mid-

troposphere over the NCWe also examined the changes in the interannual variability of the

haze condcive and clearweathey and find no marked changes in the variabibfyfuture
periods.We finda clearinfluence of model physical parametrizatiarsclimatologicalmean
frequenciedor both haze conducivand cleaweather For mid to late 2t century (2033
2086), parametric effect can explaimp to ~80% variancein climatological mean frequencies

of PPE membersFherefore,This shows that thdifferent modelphysicalparameterizations

|l ead to a different e v, partaularly mwardethe emdofithee P16 s | Formatte

century Therefore adest Aty jectiond ive-weathitris

desirable to considéne PPE in addion to the initialized and multimodel ensembles for a more




78 comprehensive range of plausible future projectisraddition-tetheinternal-variabiliby-\We
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84 1. Introduction

85 Over the last decade, a numbersefere haze episodes (several days or longer) were

86 reported over the North China Plain (NCP) during boreal winter (Decedalpeary-ebruary,

87 DJF). In January 2013, unprecedentec:RPMvels exceeding 450 g were observed over

88 the NCP(Wang et al., @14a; Wang et al., 2014b; Zhang et al., 2018; Zhang et al.,.2013)

89  Similar events were also observed in Noverribecember 2015 when the Bbtoncentrations

90 reached as high as 1060g imBeijing and caused the firstv er 6red al ert o6 f
91 pollution(Liu et al., 2017; Zhang et al., 201 December 2016, around 25% of the land area

92 of China was covered with severe haze for around one (éekand Wang, 2017)These

93 severe haze events adversely impacted public health including mortalityilityjsidnd

94 ultimately the economy of the count(Bai et al., 2007; Chen and Wang, 2015; Kan et al.,

95 2012; Kan et al., 2007; Wang et al., 2006; Xu et al., 2013; Hong et al.,.2019)

96 Previous research has shown that the persistence of severe haze for days during winters
97 over the NCP occurred due to the combined effect of local and regional high pollutant
98 emissions and stagnant meteorological condititngt al., 2018; He et al., 2016ia et al.,

99 2015; Pei et al., 201&hang et al., 2021 The normal winter meteorological conditions over

100 the NCP are characterized by northwesterly flow near the surface through to the mid

101 troposphere associated with the East Asian winter monsiomuiation (Fig. 1a and 1b; also
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seeAn et al., 2019Chen and Wang, 2015bi et al., 2016Renhe et al., 201&u et al., 2006)
The northwesterly winds support timtrusion of relatively clean air from the high latitsde
the NCPand therefore ventilate this regi@Xu et al., 2006)However, during the severe haze

episodesthe rearsurfacdower tropospheric{850 hPa northwesteilesappearo be weaker

than normaland the mid-tropospheric trough was reported to be shallower and shifted
northwardsi collectively leading to a weaker than normal northwesterly flow and reduced
horizontal transport of air pollutants from the NQ@Hg. 2a-b). In addition to changes in
horizontal winds, the vertical temperature gradient between the lower and upper troposphere
over theNCP can influencehe vertical dispersion of the pollutant&. warmer than normal

temperaturerear-the-surfade the lower tropodpere (-850 hPayaccompanied with colder

temperature in the upper troposphér€00 hPa)would enhance the thermal stability and
reduce the atmospheric mixing leading to the bupdof the atmospheric pollutants over this
region(Fig. 2; also se¢Hou and Wu, 2016; Sun et al., 2014; Wang et al., 2014a; Zhang et al.,
2018; Cai et al., 2018)he planetary boundary layer height is also found to be suppressed
during extreme haze events leading to accumulation of pollutants, notahicBMentrations

(Liu et al., 2018; Petédja et al., 2016ue to an increase in moisture, reduced vertical mixing
and dispersion which aids aerosol growth during high haze events over theAN@Pal.,

2019; Tie et al., 2017)

On a daily scalepaststudieshave examined the changeshaze conducive weather
conditionsover Chinaunder climate changscenariosusing largescalemeteorologybased
indexes. For exampl&ai et al. (2017have used four key variables, ireeridional wind at
850 hPa (\¥s0), zonal wind at 500 hPa k), temperatures at 850 hPa{g) and 250 hPa GEo)
pressure level® calculatea meteorologybased daily Haze Weather Index (HWIhey have
projecteda ~50% increase in the frequency of vanthaze conducive weather conditions,

similar to the January 2013 event, over Beijing in the future (208®) as compared to the
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historical (19561999) period undethe RCP8.5 scenario using 15 CMIP5 modélsing the

HWI, Liu et al. (2019)projected a ©% increase in the winter haze frequency under 1.5° and
2° global warming, respectively based on 20 CMIP5 moddisreasQiu et al. (2020)
projected aelatively highincrease of 21% and 18% in severe winter haze episodes under 1.5°
and 2° dpbal warming, respectively using an ensemble of climate simulations from the
Community Earth System Model 1 (CESMK)ay et al., 2015)Callahan and Mankin (2020)

also used specific humidity, 3éo, Tsso and temperatures at 1000 htaexamine the haze
favourable meteorology for Beijingnd founda 10-15% increase in winter hazzonducive
weatherin CMIP5 multimodel and CESM large ensemble undew&rming These authors
have also emphasized a large influence of internal varialmligddition to anthropogenic

forcing on future haze conducive weather over Beijing.

In addition to thelargescale meteorology based indexssveral other stagnation
indicesbased orregional or local meteorological variableavealsobeen used to determine
the influence ofinthropogenic climate change haze conducive weather China as well as
global regions.Using minimum monthly mean wind speeds averaged over northwestern
Eurgpe, Vautard et al. (2018) suggesiegotential increase in the frequency of stagnant
conditions conduciveo air pollution over northwest Europe; however, their results were
sensitive to models used for the analyldisrton et al. (201¢have used threshus for the daily
mean neasurface (16m) wind speeds, mittoposphec (500 hPg temperatures and
accumulated precipitation to calculate the Air Stagnation I((A&%) under RCP8.5 scenario
using 15 CMIP5 model§.heyfoundanincrease irair stagnation occurren@ventdeading to
poorair qualityby up to~40 days per year ovammajority of the tropics and stbopics.Han
et al. (2017)examined indicators of haze pollution potential (e.g. horizontal transport, wet
deposition, ventilation conditions) using three regional climate simulations and projected a

higher probability of haze pollution risk ovéne Beijing-Tianjin-Hebei region uder the



152 RCP4.5 scenarioGarridoPerez et al. (2021)obk a different approachs compared to
153 analysingprobabilistic projectios and usedthe ASI to generatestagnation storylines, i.e.
154 plausible and physically consistent scenarios of stagnation chaagged dn the response of

155 remote drivers under climate change forciiog,Europe andhe United Sates(US).

156 While most studies indica@n increase in the haze conducive weather over China, a
157 few studies also find little impact of climate change on future projections of(§hee et al.,

158 2018; Pendergrass et al., 20hich could partly arise due to the undeampling of internal

159 variability associated uncertainty in their projectig@allahan and Mankin, 2020as well as

160 modetto-model differences. Hence, there is a large uncertainty as to how haze conducive
161 weather conditions may change in the future and these depend on hazsaneiniderlying

162 processes considered foture projections.

163 In order to account for the uncertainty in the future projections (e.g. of-dasde

164 circulation) particularly at the regional scgtéawkins and Sutton, 2012; Deser et al., 2012;

165 Deser et al., 2014j)t is desirable to use an ensemblelohate change simulations. Whilst a

166 multimodel ensemble, e.g. CMIP5 or CMIP6, is commonly used for climate change studies,
167 several other studies have also emphasised the use of an initialised ensemble or Perturbed
168 Parameter Ensemble (PPE) from a single ehdd assess the uncertainties and obtain a
169 comprehensive range of possible future climate realisations for the same emission scenario for
170 a given mode(Knutti et al., 2010) All three methodologies have different advantages. For

171 instance, using multipleodels allows us to sample structural uncertainty in future projections,
172 which cannot be sampled using a single model. On the other hand, using an initialised ensemble
173 from a single model allows us to sample a broader range of internal variability, wioitari

174 undersampled in a multimodel ensemble. The advantage of using the PPE over the initialised
175 or multimodel ensemble is that it not only accounts for internal variability but also model
176 uncertainty arising due to the different settings of the phlypim@ameterisations in a single
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model. Both multimodel ensemble and initialised ensemble from a single model have been
used to assess the future winter haze conducive conditions over Beijing. In this paper, we use
a PPE generated us Hau@GEMGE3mModdlKobasseshiertthe fgt fimec e
the impact of both model physical parameterisations and anthropogenic climate change on

future daily haze conducive weather conditions.

In this paper, our focus is on the dallgze conducivand cleaweathe conditions
over the NCRunder a fixed higlemission scenario (RCP8.5jor this purposewe use the
HWI proposed by Cai et al. (2018p pastesearchstudies have showarobust correlation
between the HWI, which is a largeale meteorology based index, &iade conducive weather
for Beijing in China.Whilst Cai et al. (2018) originally proposdide HWI for Beijing, the
index is based on changes in lasgale meteorologgverthe NCPand thus offers a good
potential as the indicator of haze conducive weather over the Qi@&potential advantage of
usingthe HWIfor future projectionsas opposed taregionalor localair stagnation indexs
that he general circulatiomodelsgenerallysimulate largescalemeteorolog reasonably well
as compared ttocal or regionameteorology. Thereforaye expect thdéuture projectionsof
clear or haze conducive weathovided using the HWI to be less uncertain thesjectiors

providedusingregional stagnation indexes.

The HWI uses four meteorological variables as stated abav€ai et al. (2018) have
also examined the impact of the inclusion of more weather variables, such as geopotential
height, boundary layer thickness and local stratification instabiithe HWIanddid not find
any significant differences in the perforncanof theHWI. Therefore, we use the same
variables and methodology as Cai et al @0tb calculatethe HWI and provide future
projections ohaze conducivand cleaweatheusingtheHWI. However, air analysis is based

onanunderlying assumption that ttergescalemeteorologicatonditions, which are used as



201 a basis for the HWill have a similar influencen the air quality of the NCk the future

202 climateasfor presertday climate

203 In this paper, wéirst examine the application of the HWI as a proxy for haze conducive
204 and clear weather over NCP for the current climate using a suite of observations (Section 3).
205 We then provide the projections of the haze conducive (HWI >1fksad weather (HWI <

206 1) frequency over NCP for the historical and future perwe assess thenpact ofmodel

207 physical parametrisations and anthropogenic climate change on the fieg(&ection4).

208 We also analyse the changes in the interannual variahthe frequency diaze conducive

209 and clearweather conditionfor the future periods as compared to the histopeabd(Section

210 5). Finally, we assess the impact of parametric effect and anthropogenic climate change on
211 trendsin haze conducive and cleaeather occurrence over the’2entury(Section 6)Details

212 of data and methods used in this paper are provided in the next section.

2009-2017

(=2}

o

Latitude (°N)
-y

w

50 100 150 200 50 100 150 200
213 Longitude (°E) Longitude (°E)

214  Figure 1 Average windspeedat (a) 850 hPa and (b) 500 hPa pressure l&ved. ied dot
215 represents the location of Beijing and black rectaspl@wvs the location of the NCP. This
216 figure has been repeated &onger average period, i.e. 192019(not shown)xnd the result
217 is similar.

218 2. Data & Methods
219 2.1 Observations, Reanalysis Oputs and PPE Model Simulations

220 Hourly PMe s concentrations are used from the US embassy site for Beijing for DJF
221 from 20092017. Daily mean Pk concentrations areoastructed using hourly data to

8
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evaluate the performance of the H&# a representative baze conducive and clear weather
conditionsfor Beijing (see Section 3). We also used newly released gridded daidy PM
concentrations for DJF from Chinese Air Quality Reanalysis Datasets (CAQRA) provided by
China National Environment Monitoring Cenfar 20132017 (Kong et al., 2021)o test the
performance of the HWI across entire China. The CAQRA data has been produced by
assimilating surface air quality observations from over 1000 monitoring sites in China and is
available at a high spatial resoturtiof around 15x%15 km and hourly temporal resolution over
China. More details on the validation of the CAQRA dataset against the independent station
data is provided iKong et al. 2021) The visibility data for Beijing (homogenized data for 20
stations in Beijing) is provided by the National Meteorological Information Center of China,

China Meteorological Alministration (CMA),for DJF 19992018.

We used daily ERA reanalysis data of fw variables: meridional wind at 850 hPa
pressure level (30), zonal wind at 500 hPa pressure levedof)) temperatures at 850 hPa
level (Tsso) and 250 hPa (ko) to calculate the HWI for DJF 1978)19. The ERAb data used
here is available at 0.25° x.25° horizontal resolution and hourly temporal resolution

(Hersbach et al., 2020)

We used a PPE of climate simulations produced using the recent configuration of the
UK Met Of f i c-6@395 ddwplddntotBexton et al., 2021; Yamazaki et al.,
2021). The base model used for PPE, HadGE®33.05, has a horizontal resolution of ~60
km with 85 vertical levels. A total of 47 model parameters from seven parameterization
schemes were simultaneously perturbed to obtain the PPE (the full list of pertuwdradtpas
is provided in Table 1 afSexton et al., 2021 Here, we used daily outputs oés¢, Usoo, Tsso
and Tso for DJF for the historical (1962005) and future (2008089) under the RCP8.5

scenario. In addition, we also assessed internal variabdifg200year control simulations



246 for each PPE member where 1900 boundary conditions were prescribed. Overall, 16 PPE

247 members are available for all the control, historical and RCP8.5 simulations
248 2.2 Calculation of the HWI

249 The winter HWI is calculated using the methodology giverClhy et al. (2017)We

250 analyse the composite differences in thgoWsso, Tssoand Tsofor hazy (PM.sconcentrations

251 > 15 03far Beijimg) and clear (PMsc onc e nt r at i*fnmBsijing) dagsf@crasgyy m
252  Chinafor DJF 2002017 (Fig2) (seesection3.1for anexplanation on the Ppconcentration

253 cutoffs values usedherg. We also provide the composite values floese meteorological

254 variables for hagand clear days separately g 2.

- -3, s -3,
PM2_5 concentrations (>150 zgm m™) PMz.s concentrations (<35 pgm m™) Difference (;:.gm m-s)
-1 -1 -1
. (@ Uy, (ms™) (b) Uy (ms™) (€) Uy (ms™)
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& g | M - 2 O .
== =
T 408 n 3 o 40§° o 40f° 0
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g2 o | W »PX o 2P 8
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50 100 150 200 50 100 150 200 50 100 150 200
-1 -1 -1
e (d) Vaso' (ms™) 7(8) Vaso (ms™) (f) Vggo (Ms™)
z v T 10 > -+ v 10 > v v 10
o}, 60 o : sot x 5 60 - — = 5
S 40 o 4%~ ; o 40%° 0
£20 5 agf 5 20 :5
5 -10 10 -10
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3 240  E . BT
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= 210 210 E e -3
£ 20 20 20 >“\ 5
8 200 200 = TN 7
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Longitude (°E) Longitude (°E) Longitude (°E)

255

256  Figure 2 Winter composites of-wind at 500 hPa level @doy) over China for all available days
257 forwhich data is available froldS embassy station for Beijifigr DJF 2009201 7for (a) high
258 PMys( >150 3 @rowm\Vbs( <35 £)gamcemrations an@) difference between
259 the composites ifa) and (b)(d-f) same as (&) but forv-wind at 850 hPa level @), (g-i)
260 same as (@) but fortemperature at 850 hPa levelg{d, and (j-I) same as (&) but for
261 temperature at 250 hipaessurdevel (T2s0). Black rectangls (B1-B5) inthelast column show
262 the regions for which spatial meansre used for the calculation of the HWhe blue dotn
263 these columnshows the location of Beijing.
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During the hazy dayghe midtropospheric westerly flow becomes weaker over the
NCP as compared to the clear days (FigcRarhe midtropospheric trough also moves
northwards as suggested by the dipole pattern in Fig 2c, which shows the differences in the

Usgo for hazy and clear days. The northerly flewarthe-surfade the lower tropospheris

weaker during hazy days as compared to clear days (Fif). Ztie lower troposphere is
relatively warmer during hazy days as compared to clear days (Fipw2gerea the upper
troposphere is cooler over the NCP (Figl)2[rhe changes in these variables are also consistent
with the previous studies (e.g. Cai et al., 2017) that showed similar changes for this time period.
Therefore, we use these four variables ferdhlculation of the HWI, which is used as a proxy

for haze conducive and clear weather conditiomder afuture climate.

For thecalculation ofobservational HWI, we use ERBreanalysis data for the period
19792019. We first create a daily DJF timeises of each variable for each reanalyses grid
point over China. The daily DJF time series is concatenated for the perio@@8F9A daily
standardised anomaly time series is created for each meteorological variable by first removing
the daily mean climalogy from each day of the time series and then normalising by the
standard deviation. Spatial averages are then obtained over the relevant boxes (B1 to B5) for
each meteorological variable followir@ai et al. (2017)Fig. 1). The HWI timeseries is

calaulated by using the following equation:

HWI (t) = Usoo (t) + Vsso (t) + dT(t)

where Woo= Uspo,1(t) - Usoo,s2(t), Veso= Vaso,83(t), and dT = Bso,84(t) T T2s50,85(t). The HWI

(t) time series is then itself normalized by its own standard deviation.

For the PPE historical and RCP8.5 simulations, the daily HWI time series is calculated
for each ensemble member for DJF for 12089 using the same methodology asduies

ERA-5, with the difference being that the normalisation of the PPEdarnies (1962089) is

11
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performed using the historical standard deviation (12&%6), followingCai et al. (2017)
Similarly, the HWI time series is calculated for the PPEipdestrial control simulations for

170 model years out of 200 model yeatee first 30 years are discarded as model ggn
period). The normalisation of the piredustrial control time series is performed using the
standard deviation for 170 years. The-m@ustrial control simulations used here are initialised
with past forcings corresponding to the year 1900 and therefore are an approximate
representatin of the internal variability of the current climate as this does not take into account
any temporal canges in the internal variability from 1900 to the historical and future periods

used here.

3. Haze Weather Indexas an indicator for clear and haze conducivaveather conditions

over the NCP

As the HWI was originally proposed for Beijing by Cai ef{2018), wefirst determine
if theHWI can be used as a representativeadfe conducivand cleaweather conditionfor
the present climatéor Beijing using (a)PMz.sconcentrations frorthe US embassy station in
Beijing and (b)PM.s concentrationsaveraged ovetarger Beijing domain from CAQRA
reanalysis and (c) visibility data from the CMA stations in Beijing. We then determine the
spatial extent of the region for which HWI can be used as an indicator of haze corashative
clearweather conditions usingM. sconcentratios for Chinausing CAQRA reanalysis data.
We use the 25and 7% percentile values of daily mean B¥concentrations to identify the
clear and hazy days, respectively for each dataset. For visibility, we use the opposite criterion,
i.e. 28" percentile asithreshold for hazy days and"7percentile as a threshold of clear days,
as lower visibility is associated with hazy days and higher visibility with clear days. The days
with daily PMbs concentration or visibility lying between the'28nd 7% percentile values

are identified as modately polluted days.

12
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3.1 PMus concentrations for Beijing versus HWI

We examine the relationship between the daily HWI and fdncentrations for the
US embassy station for Beijingigure3 (a) shows thathe daily HWI increases linearly with
increasing PMsc oncentrati ons & PMsrp 16073 thegbNMrstaty m
to leveloff (note the log scaling in thegxis). The timeseries correlation between the HWI
and PM s concentration is ~0.58, which is significant at the 1% leRallahan et al. (2019)
have also obtained a correlation coefficient of 0.58 for daily fncentrations from the U.S.

embassy in Beijing and the HWI calculated using NCAR R1 reanalysis.

The 25" and 74" percentile values of daily mean RMconcentrations for the US
embassy Beijing station for DJF 26090 1 7 ar e ~ 35 “Zaespéctiveld V@ &g n
determine the percentage of hazy days (with daily meamsPM ncent r at i“pands >150
clear days (with daily mean PMc onc e nt r at iZpfor different BVBI ranggs (Fiy.
36). Out of all days with HWI >1, 64% have dailymeanRMoncent r at i vands > 15
98% withPMsc oncent r at i dhissuggesStSthaefar HWH >almost all days are
hazy or moderately polluted. Similarly, almost all days with HWL1 |re clear or moderately
polluted. Using HWI thresholds of £1 demarcates between the clear and hazy days, i.e. almost

no clear days occur for HWI >1 and almost noyhadays occur for HWI <.

We have also examined the relationship between the individual variables in the HWI
(section 2.2) and P concentrations observed at the US embassy in Beijing/CAQRA and
find that theindividual components have correlation valeat are similar to or less than that
of those used in the combined HVAIso, physically multiple favourable weather conditions,
as represented by each of these variables, collectively provide a conducive setting for haze.

Hence, we focus on tHéWI as a combined index rathian its individual components.

13



335 To examine if he PMz 5 concentrations from theS embassytationare sensitive to
336 the abrupt changen thelocal meteorology e.g. wind speedasr direction we also examine
337 the relationship between th8VI andPM. sconcentrationgveraged over theomain centred
338 aroundBeijing (116.15/ 116.65 °E, 39.65 40.15 °N)from the CAQRAreanalysiglata(Fig.
339 3b and 3f) The PM.s concentrations foregion spatially averaged arourBkijing from
340 CAQRAdataarée n t he r AiMtgel & apdfgm timeBeijing US embassgtation
341 are 6e g 2imb69¢c g 3smggesting the valugeom both data sources are comparablee
342 correlation coefficient is ~0.58, which i#he same as the correlation obtained using the US
343 embassy datdhetotal number of hazy, clear and moderately polluted daydifferent HWI
344 rangesalso show similar resultsfor both dataets(Fig. 3e3f). This implies thathe HWI
345 relationship with PMsconcentrations is robust across different data soamethat PMa.sis

346 aregional pollutant

(a) Beijing (US embassy station) (b) Beijing (CAQRA reanalysis) (c) Beijing (CMA stations) {d) NCP (CAQRA reanalysis)
3 2009-2017 3 2013-2017 1999-2018 5 2013-2019
10° - 10 50 10
00,80 &
RARTIR
o
3

Haze Weather Index Haze Weather Index Haze Weather Index Haze Weather Index

I Clear [IModerately-Polluted [l Hazy
(e) () (9) (h)

100 100 100
% % 920 % 90 % 90
a 8 80 8 80 s 80
s 5 70 5 70 5 70
@ o 60 o 60 o 60
g & 50 g s0 & s0
§ § 40 § 40 § 40
5 L 30 5 30 5 30
o o 20 o 20 o 20
10 10 10
0 0 0

<-1 -1-0 0-1 >1 <1 1-0 0-1 >1 <-1 1-0 0-1 >1 <-1 -1-0 0-1 >1

3 47 Haze Weather Index Haze Weather Index Haze Weather Index Haze Weather Index

348 Figure 3HWI versus daily meata) PM.sconcentrations for the US embassy Beijing station for DJF
349 20092017 (b) PMzsconcentrations spatially averaged otleregion around Beijing (116.1516.65
350 °E, 39.65- 40.15 °N) from CAQRA reanalysis for DJF 202817 (c) visibility averaged over 20
351 statons from the CMA for DJF 1999018 andd) PM:sconcentrations spatially averaged over the
352 NCP(36-43.5 °N, 107122 °E)from CAQRA reanalysis. Blue lines show the"2d 7%' percentile
353 thresholds used to define clear and hazy days for each dataseht®ge of clear, moderately polluted
354 and hazy days for different HWI ranges for {egUS embassy Beijing station for DJF 192Q18(f)
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larger Beijing domain(116.15116.65 °E, 39.65 40.15 °N) from CAQRA reanalysis for DJF 2013
2017(g) Beijing for DJF 19992018(h) NCP from the CAQRA reanalysis for DJF 262317.

3.2 Visibility for Beijing versus HWI

As visibility is an optical representative of ha®&ang et al., 2006andthe data for
visibility is available for a relatively long ped (19992018) as compared to the PM
concentrations, we also correlate the HWI with the visibility over Beiftngure 3 (c) shows
that the HWI is inversely related to the visibility for the Beijing station. The {s@ees
correlation between the HWI and visibility 48.63, which is significant at the 1% level. The
days with visibility < 8.5 km are identified as hazy days, days withbNityi > 23.8 km are
identified as clear days. For days with HWI > 1, no clear days occur and similarly for days with
HWI< -1, only 6% of days are hazy (Rg). This further confirms that the correlation between
the HWI and haze is significant for a lomgperiod (19992018) using visibility as a metric for

haze (alternative to the RMconcentrations used above).

3.3 PMesconcentrations over North China Plain versus HWI

We now determine the spatial extent for which HWI can be used as an indidadas of
clear or haze conducive conditionsingPM:.s concentrationgrom CAQRA reanalysis. We
correlate the daily timseries of PMs concentration at each grid point with the HWI for DJF
20132017 (Fig.4). Over the entire NCP (383.5 °N, 107122 °E), the orrelation coefficient
between the daily HWI and gridded RMconcentration is ~0.7, significant at the 1% level.
The correlation is considerably lower but still significant over other eastern China regions, e.g.

north easternmost China and the SichuasiB@ 732 °N, 102107 °E).
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Figure 4 Spatial distribution of correlation between winter BMoncentrations and HWI time series
at each grid point. Blue dot shows the Beijing station (39.3 °N, 116.4 °E) and the black rectangle shows
the North China Plain (383.5 °N, 107122 °E).

Considering daily mean PM concentrations averaged over the NCP, we also find a
linear relationship with the daily HWI (r = 0.66; significant at the 1% level; H)g\®&/e also
calculate the percentage of clear and hazy days for different HWI ranges for the larger domain
of the NCPusing the 28 and 74 percentile values, respectively. The percentage of hazy and
clear days for HWI > 1 and HWI < for NCP in CAQRA reanalyses are very similar to the

values obtained for the US embassy Beijing station 3Rjg

Overall, our resultsanfirm that the daily HWI has a robust relationship with daily
PMz 5 concentrations not only for the Beijing station but across the NCP for the given time
periods. Therefore, we use HWI > 1 gsraxy for haz conducive weathemd HWI <-1 as a
proxy for clearweatheracross the NCP region. This threshold is also consistent with several
other studiege.g., Cai et al., 2017; Callahan and Mankin, 2020; Callahan et al.,, 2040)
have used HWI >las a cubff for haze conducive weathfar Beijing. Wenow calculate the
frequency ohaze conducive weath@dWI >1) andclear weathe(HW!I <-1) for the past and

future using ERAS reanalysis and PPE members.
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4. Historical and future changes in hae conduciveand clear weather occurrence

Thefrequency of haze conducive weatfigWI >1) andclear weathe(HW!I <-1) from
the ERAS reanalyses and the PPE are shown in %igzor ERAS, the frequency ofaze
conducive weathehas increased, whereas the frequencyleér weathe(HWI<-1) has
reduced for the period 1972D18. The mean frequency lohze conducive weathasing 16
PPE members shows a relatively larger increase than-TRA the same 1972018 time
period (Fig.5a). In contrast, the mean frequencyclefar weathefrom the PPE for this period

shows a similar reduction to that obtained using the BRé&analyses (Fidb).

We examine the changes in the frequenchade conducive weather (HWI>1) and
clear weather (HWI<) for the historical (1972005)and three future periods, i.e. near (2006
2032), mid (20322059) and far (206Q086) future. The mean frequenicy haze conducive
weathers 14.7 days per winter obtained from the ERAeanalysis and 15.0 days per winter
from the PPE mean for the histwal period. The corresponding values ¢tear weatheare
15.0 days and 15.2 days per winter for ERANd PPE, respectively. This shows a good
agreement between the mean frequenciémpé conducive and clefar the ERAS data and

the PPE mean for the historical period.
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411  Figure 5 Frequency ohaze conducive weath@dWI>1, pink line) andclear weathe(HWI<-1, blue

412  line) per winter from ERAS reanalysis (1979 to 2018). Year 1979 represents period fromelribec

413 1979 to 28 February 1980 and so on. For each winter (DJF), we calculate the totalofudaipswith

414  HWI >1 as proxy for haze conducive weathaed HWI <-1 as proxy for clear weather conditioi@rey

415 lines show frequencies from 16 individual PPEwmbers and black line shows the mean of frequency
416 using all 16 PPE members for 198087 under the RCP8.5 scenario. Linear trend is calculated using
417 theline of best fit.

418 The mean frequencyf haze conducive weath&r near, mid and far future 7.9,

419 18.6 and 19.9, respectively. Theanfrequency for the sanfature periods forclear weather

420 is 13.2, 12.2 and 10.8, respectively (Fig. 6Bhe mean change in the frequencyhaize

421 conducive weatheaveragdacross all PPE members268%, 24% and 3% for the near, mid

422 and far future respectively as compared to the historical period, suggesting that the frequency

423 of haz conducive weathevill likely increase for all future periods (Figa). However, there
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exists a very large range in the projeatadnge for all three future periods suggesting internal
variability or parametric effect could influence the future projections of haze conducive
weather. Fothenear and mid future, dayath HWI>1 are projected to change K6 to41%
and-12% to 65% awss the 16 PPE members, respectively, as compared to the frequency for
the historical period. Fothe far future, the range of projected change is even larger, and an
increase of ~87% in the frequencyhaze conducive weathiralso possibldt is notedthat

for all three periods, only one of the sixteen ensemble members (E16 shown in Fig. 10) shows
a reduction in thédaze conducive weath&equency whereas other ensemble members show
an increase in frequency for all perioBisr the historicalperiod E16ensemble membéras a

mean frequency of 16.3, which reduces to 16.2, 14.4 and 15rieéo, mid and far future.
While E16ensemblanember shows a consistent reduction in mean frequency in future, the
reduction is specific to onlthis ensemblemember and is not a general feature across PPE

members.

Figure 6 (a) Mean frequencyf haze conducive weath@dWI>1, pink) andclear weathe(HWI<-1,

blue) for the historical period(19792005), near (2002032), mid (20332059) and far (2062Q086)
futureunder the RCP8.5 scenarfoircles represent PPE members and triangles PPE iBezy box

and whiskers show the distribution of 10,000 values of mean frequencisarapbed from theontrol
simulation,(b) same as (a) but shows variance across 16 PPE members for each period. For box and
whiskers, we first randomly sampled 10,000 time series of length 27 years using 2704 years of pre
industrial control simulation and calculated 10,8afues of mean frequency. We then randomly sub
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