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Abstract

The ozonevariation characteristics and the impact of synoptic and local meteorological factaghn N
Chinawere analged quantitively duringhewarm season from 2013 to 20tki@dsed on mukgcity in situ
ozone and meteorological data as well as meteorologicaalyesis. The dbmainaveragednaximum
daily 8-h running average {JMDAS8 Os) concentrationva s 1 2 2 N, With arcingreaerate of 7.88

e g 3 year!, andthe three most highly polluted monthswere closely related teynoptic circulation
patternsvariations, whichwereJune( 1 4 9 SeMay (nl 3 8 ¥eamd July( 1 3 2 S)eTgventpsix
weathertypes(merged into 5 weather categori@gre objectively identifiedisingthe Lamb-Jenkinson
method The Hghly -pollutedweathercategories inclugld S-W-N directiors (geostrophic wind direction
divertsfrom south to north)LP (ow-pressure relatedeathertype9 ard C (cyclonetype,controlled by
low pressure centgrandthe corresponding domaiaveraged MDA8 @concentratioa were 122, 126
and 128e g -3 mespectively. Based on tlfeequency and intensity changes ofnoptic circulation
patterns 39.2%of the interannual domairaveraged @increase from 2013 to 2017 was attributed to
synoptic changesand intesity of synoptic circulation patterngas the dominant factor. Using synoptic
classification and local meteorological factors, the segmented swmegtission approach was
established to evaluate and forecast daily oz@mebility on an urban scale. €hresults showed that
this method is practicable in most cities and that the dominant factors are the maximum temperature,
southerly winds, relative humiditgn the previousday and on the same dgyand total cloud cover.
Overall, 4163% of the dayto-day variability of MDA8 Q concentrations waslue to local
meteorologicalariatiors in most cities over North China, except for two cities: QHD (Qinhuangdao) at
34% and ZZ (Zhengzhou) at 20@ur quantitative exploration & the synoptic and local eteorological
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factors influencing both intesnnual and dayo-day ozonerariability will provide a scientific basis for
evaluating emission reduction measures since the national and local governments have implemented a
series of measures to mitigate adtlption in North China

1 Introduction

Tropospheric ozone @pis one of the air pollutants of greatest concern due tmitisiderabldarm
to human health and vegetati@itinney, 2008 Fleming et al., 201,8Mills et al., 2018. Osis formed
through nonlinear interactions between ;N&hd volatile organic compounds in combination with
sunlight(Monks et al., 2009Monks et al., 201p Thus, ozone levels are controlled by precursors and
meteorological coditions With industrialization advancement and rapid economic growth, North China
is one of the most populated and most polluted regions in the Wisdthational and local governments
have implemented a series of measures to reduce emissions sincan2idlthouglirM. s hasdecreased
significantly, Oz pollution is still serious in this regiofiu et al., 2018Li et al., 2019. Severalstudies
haveexploredthe variationin summerozonein China(He et al., 207; Liao et al., 2017Lu et al., 2018
Li et al., 2019, but systematic researetiming at quantifying the evolution characteristics of ozone and
meteorological impastand contributios are still lacking for thentirewarm season (AprDctober) in
the five years (20322017) during whichthe Action Plan for Air Pollution Prevention and Control
(www.gov.cn/zwgk/20189/12/content_2486773.htm) was implemenTédus lack of analysis prevents
a clearunderstanihg of the effect of emission reduction measures on ozone in North China.

Meteorological factors affect ozone levels through a series of complex combinatiprecesses
including emission, transport, chemical trimmations and remov4Chan and Yao, 20Q08acob and
Winner, 2009Lu et al., 2019 Meteorologcal conditions are the primary factor determining -deyday
variations in pollutant concentrations over ChiHe et al., 2016He et al., 201}, whereadong-term G
trends are influenced both lolimatological(weathertypes temperature, humidity, anddiation etc)
and environmentafactors (changes iranthropogenic andatural sources Therefore the impact of
reduced anthropogenic emissiaos Os; variation can beestimded more accurately if ware able to
quantifythe meteorologicalnfluence

Synoptic meteorological conditions have an important effect on regionaheoztistribution and
variation (Shen et al., 2005 A given synoptic circulation pattern represents a particular range of
meteorological conditiongherefore synoptic classification is a useful method for gaining insight into
the impact of meteorology on ozone levels on the regional seaéwious studies have proved a
significant connection between the weather type and surfacer@entration, but the relah between
these two quantities varies in different regiod#ferences in the topography, pollution source, local
circulation, etc(Moody et al., 1998Cooper et al., 20QIHegarty et al., 2007Demuzere et al., 2009
Monks et al, 2009 Wang et al., 2009&Zhang et al., 203,Zhang et al., 2013ope et al., 20%16.iao et
al., 2017. Forexample based on the Lambenkinson weather typing techniq®@muzere et al. (2009)
demonstrated higher surface €ncentrations in summar an easterly weather type at a rural site in
Cabauw, Netherlandsvhereaghe oppasite resultwas obtained by.iao et al. (2017)n the Yangtze
River Delta regiorin eastern ChinaTherefore, synopticlassificationand its relationship with £heed
to be explored separately in differeegiors. In addition based on synoptic classificatidBpmrie and
Yarnal (1992)andHegarty et al. (20073uggested reconstructed pollutant concentration (caused by
synoptic influence) algorithm, which caseparateclimatological and environmentalvariability in
environmental datdt was found tha46%and 50%of theinter-annual variabilityin the G concentration
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wasreproduced irthe northeastern United Stat@g$egarty et al., 20Q7and Hong KongZhang et al.,
2013, respectively, by taking into account thger-annualchangesn the frequency and intensitgf
synoptic patterns.

At an urban scale, the daily variationozone is affected blgoth synoptic and locaheteorolgical
factors.Quantifyingthe contribution of local meteorological factors to tlag-to-dayvariationin ozone
will aprovide scientific basis and guidance for reasonable ozone reduction measures, and clarifying and
quantifying the relationship betweemeteorological factors anazone is vital for daily ozone pollution
potential forecastsA weather typeelassificationprior to the regression analysis is superior to a simple
linear regression approafder et al., 199Barrero et al., 20Q@emuzere et al., 200Demuzere and
van Lipzig, 2010, and the synopticregressiorbased algorithm can reproducethe observed ©
distributionsand provide a better parameterizatioptomoteunderstanding dhedepemlenceof ozone
on meteorologeal factorsin a givenurban region.

Overall, in this study, we explore how timeaximum daily 8h running average £(MDA8 Os)
concentration varies and quantify the contribusiohsynoptic and local meteorological conditicios
ozonevariability in North China (58 cities coveringebei, Shanxi, Shandong, and Henan Proviaoes
Beijing and Tianjin municipalitigs from April-October 2012017. Our specific goals are 1) to
demongtate characteristics and variation treinl surface MDA8 @ concentration2) to classify the
predominantweathertypes and meteorological mechanisomderlying regional ozone levels and
variability; 3) to quantify the contribution athanges irsynoptic @rculation patterngfrequency and
intensity) to the inteannual variability of the @concentrationand4) to quantify the contributiosiof
local meteorological factors to the dayday variation in @ levels, thenidentify the prominent
meteorological/ariables and construct the @otential forecast modébr major cities.

2 Data and methods
2.1 Ozone and PM s data

Thehourly Oz and PM s dataduring April-October, 2012017were derived from the National Urban
Air Quality Reattime Publishing Platfom (http://106.37.208.233:20035According totechnical
regulation for ambient air quality assessmgtit 663 2013 http://www.mee.gov.ci/ theMDAS8 Os
concentration was calculated for each monitoring site based on the hourfyodati8:0024:00for

the days with no ¥4-h measurementt.less than 14 hours of valid detige availablethe results are
still valid if the MDA8 O; concentration exceedselmational concentration limit standakchch city

has at least two monitoring sites, and the city MDA8eVels are the corresponding averages over all

sites in that city. MDAS8 ®values were collected in only 14 cities for the time period 20017 andn

an additional 44 cities for the time period 2617, with detailed information shown in Fig. 1 and

Tabl e S1. The original u nd, and tbefconveltes coefficentfomo b ser vat i o
mi xi ng ratios Tisarconstantgg.,®.b &t jemdemture af 25@ and pressure of

1013.25 hPa). In this study, we will use the original unit. Unless otherwise noted, the analysis of O

refers to MDA8 Q during April-October in this paper.

2.2 Meteorological data

Griddedmean sedevel pressure data, 4f@iete U and V wind componest{Uo andV i, respectively),
boundary layer height (BLH) andrete temperature (J) with a 1°horizontal resolution and vertical
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122  velocity (¥) from 1006100 hPa (27 levels) and wind divergerider) from 1000850 hPa (7 levels) in
123  6-h intervals (Beijing time 02, 08, 14 and 20) for 2€A®L7 were obtained from the European @ent
124  for Medium Weather Forecast Raalysis Interim (ERAnNterim).

125 Four measuremeniserday fortemperaturéT), relative humidiy (RH), total cloudcover(TCC), rain,
126  wind speedws) and directionwd), andpressure (prein 58 cities during ApriOctoberin 20132017
127  wereobtained fromChina Meteorological Administration ithe Meteorological Information Combine
128  Analysis and Process System (MICAP®)en daily-mean meteorological factors were averaged from
129 four measuremest(scalar averaging for most factamadvector averaging for wind speed and wind
130 direction which involved using the u component (U) and v component (V) for averaging). The
131 meteorological statiowith aminimumdistancerom the city center was chosen.

132 2.3 Lamb-Jenkinsoncirculation typing

133  ThelLamb-Jenkinson weather type approdchmb, 1972Yarnal, 1993Conway and Jones, 19981igo
134  and Dacamara, 200®ickendry et al., 200@Demuzere et al., 20Q0Russo et al., 2014anturt(n et al.,
135 2015 Pope et al., 201&.iao et al., 201yhasbeenwidely employed talassifythe synoptic ciralation
136  On the basis of the Lambenkinsonmethod,the weather type circulation pattefor a given day is
137  described using the locations of the higimd lowpressure ceptsthatidentify the direction of the
138 geostrophic flowthe methodises oarsely gridded pressure data on gbét moveable gd (Demuzere
139 etal.,2009. In our study, the North China is set as the cefitiee. specific schematic diagram is shown
140 in Fig. 1a.The daily mean sea level pressure data are averaged amotignpoints to determine the
141  daily weather type. The detailetbssification procedure can be foundTingo and Dacamara (2000)
142  andin thesupplemerdry information(Text S1).

143 2.4 Reconstruction of G concentration based orweather types

144  To quantify theinterannual variability captured by the surface circulation pattern variaGamstie and

145  Yarnal (1992kuggested an algorithm to separate synoptic anewooptic variability in environnrgal

146  datg by multiplying the overall mean value of a particular pattern by the occurrence frequency of that
147  type of year, the climate signednbe obtained as follows:

148 | AEOA | & (1)

149  Here/ /O K thereconstructed mealDA8 Oz concentration influenced by frequency changes of
150 weather typeduring April-Octoberfor theyear m/ is the5-yearmean MDA8 (B concentratiorper
151  weather typé, ard Fxm is theoccurrence frequency ofeather typdk during AprikOctober for the year
152 m.

153 Hegarty et al. (20073uggestedhat variations in theirculation pattern@re attributed not onlyo
154  frequency changes but also to intensity variations, andctivaideringthesetwo changesan better
155  separatenvironmental and climateelated contributions theinter-annualozonevariation.As a result,
156  Equation(1) is modifiedinto the following form:

157 /I EOKEIT O I 3 & )

158 where/ AO AT B the reconstructed mean MDA§ Ebncentration influenced by the frequency
159 and intensity changes of circulation patterns during Apdtober for the year m3a/ is the
160 modified difference on the fitting line, obtained througHirear fitting of the annual MDA8 Q
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concentration anomalies/( ) to the circulation intensity index (CII) for circulation pattern k in the year

m. 3/ represents the part of annual observed ozone oscillation caused by the intensity in each
circulation patternHegartyet al. (2007usedthe domairaveraged sea level pressure (msdgepresent

theClII.

To better characterize intensity variatiomge added 5 circulatiomtensity indexesthe difference
between the highest pressure and lowest preggtadient), the center pressure of the highest pressure
system(max slp), the center pressure of the lowest pressygem(min slp), the distance frorthe
highest pressureentergo the study city (dis max), and the distance frtmlowest pressureertersto
thestudy city (dis min) The effectivecirculation intensity index (ECII) is one of the 6 CHsdhas the
strongest correlation coefficief) between Cll ands/ . Thus,ECII is used irEquation (2) to calculate
3/ . All CllIs for 14 cities werealculated based on 10%L0°grids covering North China (32K2N,
110E-120E). One example o3/ (weather typeC in ZJK) is shown in Fig. 7a. Min slp has the
highestr (-0.97) amonghe6 Cllis in type C in ZJKtherefore, min slpsithe ECII.

2.5 The segmented synopticegression approachand model validation

The utilizationof a segmented synopticegression approadatanaid in minimizing the errors when
using a linear regression to model a nonlinear relationship and effectively forecast ozone variation
(Robeson and Steyn, 1990u et al., 2007 Demuzere and van Lipzi@01Q Liu et al., 2012. Based on
local monibred meteorological dattheir 24h time lag valueandweather type classifications, stepwise
linear regression was used in every weather category to construct the ozone potential forecast model. The
detaik of themain methodsareshown inTextS2 Notably, in this research, after excluding the missing
data and disordering the time sequences, 80% of these days were used to build the potential forecast
equations and the remaining 20% were used to validate the accuracy of the equations

Statistical model performances were evaluatetbrding tahe following factors: R(variance in the
individual model 6 s c RBMSE(rootmeannstjusre errbgndC¥ {ceefficientn at i on)
of variation defined aBRMSEmean MDA8 Q). All statistics are based on MATLAB R2015bh.

3. Results and discussion
3.1 Characteristics and variation trend of ozone concentratios in North China

The MDAS8 O; concentration is one of six factansed tocalculae the daily airquality index in China.

Five ranks are separated, representing differentjuatity levels excellent, good, lightly polluted,
moderately polluted and heavily polluted dayghcuto f f concentrations of 100,
m3, respetively. The Grade |1 National Ambient Air Quality
The spatial distribution of the averaged MDA8 é@@ncentration (Fig. 1b) and exceedance ratitich
representshe proportion of days exceeding the standard (16e @) (Fig. 1c), as well asdetailed
informationon the 58 cities (Table S1), shaavsevere ozone pollution problem during the recent five

years in North China. The doma@tveraged MDA8 @concentration for 58 cities wd®22#1 g nrs,

with an increasing rate 6f . 8 8 - gyemr! and exceedance ratiof 22.28.2%. Notably, the most

polluted cities are concentratgdBeijing, the southeast of Hebei and the west and north of Shandong

where theaverageMDAS8 Os concentration was 139  angand eceedance ratio was 27#92%.

1
St
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The daily evolution of MDA8 ® concentrations during 2013017 in 14 cities (Fig. 2a) indicates
periodic, consistent and regional characterisifazone pollution. The most highpolluted periods are
from mid-May to mid-July. Especially in 2017, the frequency and level of ozone pollution increased
significantly, and regionbl persistent ozone pollution events increased. The rate of the MRQA8 O
concentration increase during 26230 17 was “Omo8ti# (Fig.gb), rand this growth was
accompanied by a decreasing trend of the Pddéncentration (Fig. S1Yher educti on sef t
extinction due to thedecreasedPM. s concentratiorcan lead taan increase imadiationreaching the
ground in addition,Li et al. (2019)suggested that decredseM, s slowed down the aerosol sink of
hydro-peroyl (HO,) radicals and thus stimuttozone productionThus,the rise in ozone is partly due
to the decline in Pk Overall,theannualdomainaveraged MDA8&D; concentratiasfor 58 citieswere
102, 1009, 116, %id 2093, 281,d201%, 2@L6 ang 201@spectively(Fig. 3a) The
exceedanceatios for all citieswere found to be 1298-19.4%during2013 to 2016, but reached 31.1%
in 2017.

The monthlymeanMDAS8 O3 concentrations (Fig.l8 from April-October were 112, 138, 149, 132,
124, 117 -jrespectivdy, andjthermorrespondegeedanceatioswere 9.4, 30.1, 41.1, 26.1,
20.3 201 and 3.%6. The highesdomairaveragedMDA8 Os concentration and exceedance ratio
occurred in June, followed by May, July, August, September, April and October. Meteorological

he

conditions led to high ozone concentrations in June, and monsoon circulation in July and August resulted

in cloudy, rainycondtions and less radiation in the study af®#ang et al., 2009cTang et al., 2012
The higher ozone concentrations in April compared thitise inOctober cou be associated with strong
winds, resulting irthe downward transpordf ozone die to the lower stratosphere folding mechanism
(Stohl and Trickl, 1999Cooper et al., 20Q2Delcloo, 2008 Verstraeten et al., 20L.5Notably, this
conclusion is different from that dfang et al. (2012)who reportedthatthe concentratiom July was
higher tharthat inMay in North China during 2002010.However,as our study shows that the domain
averaged MDAS8 @in May was even higher than in July, the concentrated pollution episode occurred
earlier, especially in 2017The second half of Maywasthe most polluted p&d and the exceedance
ratiowas46.1%, whichis higher tharthoseobservedn the first half of June395%), the second half of
June 45.4%) and the first half of July86.6%). The reasoffior thisdifferenceis probablytheabnormally
higher temperatussin May, especially the second half of Maguring 20132017 and particularly in
2017 (Fig. ). Many studieshave found astrong positive correlation between ozone levels and
temperaturéBloomer et al., 200Demuzere et al., 2008loomer et al., 201;,Pusede et al., 20).5

3.2Weather typesand associated surface &levels

3.2.1 The meteorological conditions and regional ozone concentrationsinder different
predominant weather types

Based on the Lambenkinson weather typing technique, 26 circulation patterns affecting North China
were identified, including two vorticity types (@eyclone, A and cyclone, C), eight directional types
(northeasterly, NE; easterly, E; southeasterly, SE; southerly, S; southwesterly, SW; westerly, W
northwesterly, NW; and northerly, N) and 16 hybrids of vorticity and directional types (CN, CNE, CE,
CSE, CS, CSW, CW, CNW, AN, ANE, AE, ASE, AS, ASW, AW, and ANW). The composite mean sea
level pressure maps, along with the occurrence, @agshown in Fig. 0bvious positional differences
betweerthe high and lowpressureentershavebeenshown in different weather typasdresulted in

par
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different meteorologicalariables The occurrence ratios obrticity types, pure directional types, and
the hybrid types were 35.6%, 38.8% and 25.6% in all 1070 days, respectively.

The mid latitude easter Eurasian continetig stronglyaffected by mnsoon circulationand there are
several key synoptic systems affecting the circulation and meteorological conditions in North China
During our study periodNorth cyclones Mlongolianand Yellow River cyclong, indicative of a low
pressuresystemlocated in the northwest of North China, dominate in spring and suriimegiberian
High influences northern China in spring and autufiime Western Pacific Subtropical High is also a
key system in summer. Therefoteese main synoptgystems result in frequency variationsaafather
types in different months over North China.

According to the different locations of the different central systems, together with the similar
meteorological factors and mean MDA8Walues in theseirculation patterns26 circulation types were
merged into 5 weather categoriesNEE-S direction(geostrophic wind direction diverts from north to
south)including N, NE, E, SE, AN, ANE, AE and ASE) 3W-N direction(geostrophic windlirection
divertedfrom south to northipcluding S, SW, W, NW, AS, ASW, AW and ANE; 3) LP (lguvessure
relatedweather typesincluding CN, CNE, CE, CSE, CS, CSW, CW and CNW;, 4) A (anticyclara)

5) C (cyclone) The occurrence ratios &f weather catgorieswere 25.4%, 26.5%, 12.5%, 17.5% and
18.1% in all 1070 days, respectively. The predominant local meteorological conditions associated with
a specific weather category play an important role in ozone pollution, influencing ozone photoreaction
or its regional transport. The statistical values of averaged MDA®Bcentration, frequency ofeather
types/categorieand meteorological variables are depicted in Table 1 and Firigily, the NE-S
direction and A categories were typically associated @othi and wet air, moderate rain and TCC, low
BLH, as well as relatidg clean air masses from the region of the iAMe@ngolia/eastern ocean (Fig.

S3), which is unfavorable for ozone formation, and the correspondingaaeeaged MDA8 ©
concentratioa wer e 9 8 N'Ba nedg 963, respectively. The -8V-N direction category with
moderate T and BLH, lower RH, weak wind, sporadic clouds and rain, and stronger subsidbace in
lower troposphere contributed tigherozone level§l 2 2 N 8 3).£The highest ozone concentrations
(126216 and 1% ®’eresrglatechtd P and C categories, respectively, which can probably be
attributed to favorable meteorological conditions (hot and humid air, a small amount of TCC and rainfall,
and high BLH) for ozone formation and transpéttwever, & and CSE are different from the other
weather typein the LP category, with loar Oz concentratioa due to lower temperatures and easterly
winds from the ocearDverall, the peak values of ozone always occurred in the front of the cold frontal
passage aryclone (most weather types in LP and C), whereas the valley values exhibited during or after
the cold frontal passage (most weather types in #ie3Ndirection, C with heavy rainfall and CE)
similar conclusionsverealsoreported previouslyCooper et al., 20Q1Cooper et al., 200Zhen et al.,

2008

3.2.2 Spatial distributions of the26 weather types/five categories

The spatial distribution of the averaged MDA8@@ncentratiorunder different weather types is shown
in Fig. 6, and Figs. S3S7 displaythe spatial distribution of the combined wind field with BLH,
maximum temperature (@aXY), RH, rainand TCC,respectively In most cities, the lowestIDA8 O3
concentratios occurredn the weather categori®sE-S directionand A TheS-W-N direction category,
having predominantly southerlyinds in the whole or south of North @iaj exhibiteda high-value
ozonealong withthe prevailing winddirection The LP and Cweather categoriefavingthe highest
regional averaged levelwere associated with highnTaxand strongsoutherly flow moderate RH and



284  amplesunshinethe meteorologicalconditions that aréavorable for ozone formation as well te
285 transport ofozone and its precursors from the polluted area.

286  3.2.3 Inter-annual/monthly ozonevariation elaborated from the perspective ofcirculation patterns
287 changes

288  The interannual or monthly ozone concentration changes are associated with variatieaghar types

289  Fig. 3 indicates that the ratios of higlzone weather categories-{(&N direction, LP and C $V-N

290 direction, LP and Cyvere mostfrequent in 2013 ané017, less frequent in 2015 and 2016, brabt

291 frequentin 2014.Thehigh-ozoneweathercategories accounted for 61.5% and 61.8% of the time in 2013
292 and 2017, respectivelyn similar weather conditions, lower ozone levels could bésassociated with

293 thehigher PMslevels in 2013 and 2015. Quantifying the contribution of frequeamdy and circulation

294  changes (frequency and intensity) to the waenual variabilityof ozone will be discussed in Section
295 3.3.

296 Affected by monsoon circulation systems, fhequencies of weather types vary dramatically on a
297  monthly scale (Fig. 3b)The frequencies of both-H-S direction and A decrease gradually in spring,
298 whereaghe frequencies of the\W-N direction, LP and C gradually increaBeautumn, the frequendie

299 of LP and C decrease, whereas those-@-8! direction, NE-S direction and A increase. The weather
300 categories C and LP dominate in sumnidre high-ozoneweathercategories (SV-N direction, LP and

301 C) accounted for 58.7, 66.5, 79.3, 80.6, 49.0, 38.02and% of the time irthe months fromApril to

302  October respectivelyThese frequencies were highest in July,eJamd May, which probably resulted
303 in the highest monthlyaveraged regional ozone concentrations. However, due to the influence of
304  monsoon circulation in July, large amounts of rainfall occurred during this month: 73 out of 194 days
305 during the 5 years were rainy in category C, which reduced ozone Nuo#hly,severe ozone pollution

306 in May and especially in the second half of May in 2017 is closely related to abnormally high frequency
307  under the control afnostpolluted synopticategories (LP and C), accoung for 35.5% in 31days and

308 50.0% in 16 days, respécatly (Table S2) With the development dhe SiberianHigh from August to

309 October, the weather categoridsE-S direction and A occurred frequentiyndthe monthly averaged

310 ozone concentratiorgeclined.

311 3.3 Effects of synopticchangeson inter-annual ozonevariability
312  3.3.1 Effect ofweather typesintensity on inter-annual ozonevariability

313  The pressure fields for 26 synoptic typgeer year during 2012017 (Figs. S8S9 show that every

314  synoptic weather typevares in both frequency and intensity. The intensity adfculation patterns

315 indicates the difference of the center pressure, the locatitinegfredominantsystem,the pressure

316 gradient, andhe domainaveraged sea level pressure. There were different dioredebetween ECII

317 and3/ (asintroduced in Section 2.4) in different circulation types for different cities. For instance, the
318  strong negative correlation between these two variables farahtheitype C in ZJK (Fig.7a) indicates

319 that lower values ahin slp were associated with higher MDA €ncentrations.

320 The number of cities and averaged r according to corresponding ECIl under each circulation type
321 among 14 cities are shown in Fih. Overall, the average absolute value of r was 0.74. For theation

322 type C,3/ correlated with min slp best in 9 of the cities, ahdaverage r was0.81, i.e, a strong

323  negative correlation. A strong negative correlation betwaden and pressuregradient is evident for

324  the circulation type N, whereas an opposite pattenursfor circulation types CSE and CS. The reasons
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for this difference are as follows. Northerly winds #ne prevailing for type N, and a higpressure
gradientindicatesstrorg northerly winds bringing clean air mass from the north, which results in a
decrease in the MDAS8 {oncentration. However, high temperatures and RH as well as prevailing
southerly or easterly winds (FHgS3-S5) occur in southern cities in typ€SEandCS In addition, the
abundance of precursors and ozone in the upwind region facilitate ozone formation and transport with
the increasing pressure gradient (wind speeds).

Even under the samecather typeontrols, the ECII and the value of r in differeittes are different.
This phenomenon is caused by the differenicggographic location, topographic discrepancy, and the
properties of the upwind air mass, etc. Therefore, under the contte simeweather typethe ECII
of adjacent cities is the 1see.

3.3.2 Quantifying the effects of the interannual synoptic changeson the inter-annual ozone
variability

Based orkEquations (1) and (2), we reconstructed the atamual ozone levels by tialg into account
either frequencynly or both frequencyand intensity variations of synopticirculations, which are

| AOAnd/ AEO AT, @espectively. Thelifference between maximum and minimum annual
reconstructed ozone is labeledas AOAnds/  AO A 1,@espectivelys/ _obsis different
between maximum and minimum for annual observedadcentration. Thus, the contributions of inter
annual variability in @ influenced by frequenegnly and by frequencynd intensity variation of
synoptic circulation ares/  AOIA/ _obsands/ AEOM 11 _obs respectively,which
indicates the inteannual ozone levels oscillation caused by synoptic variability.

The observed and reconstructed (influenced by frequenlyy and by frequencyand intensity
variations of synopticirculations) interanrual MDAS8 O; levels for 5 years in 14 cities and the whole
region are shown in Fig. 8. The contribution of ira@nual variability in @influenced by frequency
and intensity variation of synoptic circulatiorrangedfrom 44.1 to 69.8% over the 14 cities, and the
contribution by the frequenegnly variationrangedfrom 5.2 to 23.4%. Obviously, the intannual
fluctuation of the ozone concentration is caused mainly by weather type intensity changes in North China.
In addition, based on regional averaged scale,-Bmtieual variability in domakaveraged observed
MDAS8 Osin 14 cities varied from averaged maximum vallid§eg n13in 2017 to a minimuni04eg
m3in 2013. The contributions efriations incirculation paternsto inter-annual Qincrease wa39.2%,
and the remaining inteannual variability was possibly due to nonlinear relationships with recent
emission control measures over North China.

Our results (44.59.8%) are higher than that (50%)4ifang et al. (2013 most cities The difference
could be attributed to our ressilbeingbased on (1) more weather typ€%) weather types covering all
days (3) more Cliswhich can better chartarize intensity. Furthermora,highercontribution in single

city and increasing reconstructed ozone inditaésynoptic circulation patterrglay animportant role

in ozonevariability in North China.However,our regional result (39.2%) is lower than that (46%) of
Hegarty et al. (2007which reveals that the increasing trend for ozone from 2013 to 2017 in North China
is associated with the impact of its presans to a large extén
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3.4 Quantifying the impact of weather patterns on dayto-day ozone concentration and forecasting
daily ozone concentration

Based onthefive weather categories defined$action 3.2.1, a segmented synogtgression analysis
apprach (introduced irsection 2.5) was establisheddaantify the impact of weather patterns on-day
to-day ozone concentration andnstruct the ozone potential forecast model.

The contribution of local meteorologidalctors to thelay-to-dayvariation ofozonecan be evaluated
by the explained variance B calculated from the synoptiegressiorbased model@Hien et al., 2002
Wang et al., 2009b Overall,the predicted versus observed MDA é@ncentrations of the validation
dataareshown in Fig9; the predicted concentration&reobtained byinputting the validatiomata (the
part that did not build the model was 20% of the total data) into the corresponding model equations of
five weather categories for each cityrcal meteorological parameters could explair@@26 and 4452%
of the dayto-day MDA8 ; concentration variability for the northern cities (except for QHD, 34%) and
southern cities (except for ZZ, 20%), respectively.

In addition, the results of segmented synoeptigression analysis in 14 cities, the daily MDA8 Q
potential forecast e@iions for each category in each city, are showrainle S3Table 2 represents the
number of cities (in total 14) from which the meteorological factors were used in a stepwise regression
model under each weather categdmye results show that Tmax shoastrongly positively correlation
with ozone, being the primary influencing factor in all categories and all,@sbggh temperatures are
related to large ozone concentrations in North China. V slopasitive correlation with @in the
northern parbf this region &pproximately38.5N as thenorth-south boundary), whicimeans thathe
southerly flow causes an increase in ozone concentrdtimrefore, as discussed in Section 3.2.2, high
temperatures and southerly winds are the main factors cdinghio increased ozone concentrations in
North China from a regional perspective. Both RH_lag and RH show a negative correlation, aitd O
the former has more occurrences and weight in equatioegpfldnomenomay existoecause mRH of
approximately40-50% (Zhao et al., 2019generates more hydroxyl radicals (OH) facilitating ozone
formation and ozone is stored in the residual layer and is transported into the surface during the next day
by convection and diffusion. In additiohCC is a key factor.

Three statistial measure$R?, RMSE, and CV) for building and validation datasetstfoe5 weather
categories anthe composite modelwhich integrateshe 5 weather categoriga 14 cities (Table S4)
indicated that the potential forecast equations of MDASOnost cities are acceptab&catter plots of
predicted versus observed MDA& Goncentrations in composite validation datasets in eachaciy
shown in Fig. 9For validation data, the prediction of czone concentratiasobtained by inputting the
meteorological factor;it o t he corresponding weat laspecificaty; egor yodos
therefore, composite validation datasets indicdi@t the prediction ozone concentration of five
categories are integrated. The result of validation shows thata®& higher tha 0.50 exceptor QHD,

SJZ and ZZ (0.249.47), while CV was lower than 40% excépt TY and ZZ.

The results revedhatmost ofthevalidation data arevithin the acceptable error range within the 2:1
and 1:2 ratio linesand the scatters are distributeglenly aroundthe 1:1 line For example, the
comparison of the observed and predicted ozone in Beijing during our studyipshotn in FigS10.
This finding also indicates that the segmented synaptjcession approach is practicable to construct
the ozone potential forecasting model in most cities in North China.

In brief, the aforementioned results can provide references for daily MRABediction for each city
and facilitate understanding ardaluatingthe impact of local meteorology on daily ozone variation on
anurban scale
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4 Conclusiors

In this study, we demonstrated in@mnual/monthly variation in the surface MDA €ncentration in
North China during ApriOctober 20132017, investigated theslationship between weather types and
MDAS8 O3 levels, quantified the contribution of weather types and leaahtions inmeteorological
factors on both inteannual and dayo-day variability of ozone, and built the ozone potential forecast
equations. Ta main results are as follew

1. The annual domaiaveraged concentrations of MDA& @uring 20132017 were 102, 109, 116,
119, an dd réspestivedyganthe highest exceedance ratio (31.1%) was observed in 2017. The
monthly mean MDA8 @c oncentrations were 112, 18iBAprilio4 9 , 132,
October, respectively, with a-=2madntg‘mdrifigithefiveyjedry i ncr e a:
period. The most polluted cities are concentrateBeijing, the southeasif Hebei and the west and
north of Shandong.

2. Twenty-six weather types were objectively identified basedtmmLamb-Jenkinson methodnd
combined into five weather categories due to similar meteorological factors and MRA8 O
concentrations. The high oae levels in 2017, and during Mduyly, were partly due to the high
frequency of the highlypolluted weather categories -Y8N direction, LP and C) due tbigh
temperatures, moderate RH and southerly air flows

3. Intensity ofsynoptic circulation patterns is themdinant factothrough which variations iweather
types influence the variability ofozone levels. The contribution of irtennual variability in @
influenced by both frequen@ndintensityvariationsof synopticcirculationpatternsangedfrom 44 to
70% over the 14 cities considered in detail, whereas the contributisagatfons incirculation patterns
to theinter-annual Qincrease from 2013 to 2017 was only 39.2% basealregionaly averaged scale.

4. The resultof daily ozone potential forecast equations in the 14 cities shatkhigh temperatures,
moderate RH and sowgHy winds could result in severe ozone pollution in the northern part of North
China, whereas the southern part is affected mainhjidly temperatures and RHocal meteorological
parameters could explain 8% and 4319% of the dayto-day MDA8 O variability for the northern
cities (except for QHD, 32%) and southern cities (except for ZZ, 25%), respectively.
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613 Tables

614  Table 1.Weather types ozone concentrations and meteorological conditions for 5 weather categories

category type ozore fre Tmax RH rain TCC ws BLH div v-v characteristics
N 108 54 259 645 2.2 2.1 749 0.85 2.28 MDA8 O;(98t6¢ g ¥m
NE 94 6.4 255 7215.0 2.2 637-1.01-0.70 Cool, moderate rain,
E 98 47 254 705 3.4 2.1 618-1.34-1.85 moderate TCC, and low
N-E-<S SE 1056 2.3 228 715 4.9 2.4 612-1.25-3.85 BLH, predominantvind
direction AN 101 1.7 222 612 15 2.3 738 2.36 5.12 directiors arenorthandeast
ANE 83 24 23.1 67.9 2.3 2.2 681 0.79 1.53 clean air masses from inn¢
AE 94 13 232 658 2.2 2.3 618 -0.10 0.12 Mongolia ortheeastern
ASE 99 1.1 224 713 23 2.2 578 1.10 0.03 ocean
S 112 41 254 65.7 2.2 2.2 642 0.28 -1.23 MDAS8 O3 (122+8¢ gn?®).
SW 131 6.2 26.5 60.3 0.6 2.1 716 1.81 1.34 Moderatel andBLH, lower
W 133 54 26.6 58.3 1.0 2.2 763 2.33 2.43 RH,weak wind sporadic
SW-N NW 124 42 26.8 58.7 1.6 2.3 835 1.66 3.45 clouds and precipitatign
direction AS 120 1.4 24.8 63.3 0.7 2.0 641 1.76 0.54 divergencen low
AS 114 26 245 62.2 0.7 1.9 666 2.53 1.02 tropospherePrevailing
AW 126 1.0 23.8 585 0.2 1.8 685 3.14 4.16 southerly and westerly
AN 115 15 234 552 0.9 2.3 794 2.47 5.07 winds.
CN 135 2.0 29.8 68.0 2.2 1.9 732 0.09 0.92 )
The hybrid of cyclone anc

CNE 119 1.8 28.2 66.0 3.2 22 724-1.15-019 |
direction types, MDA8 ©
CE 109 08 254 736 6.4

2.1 559 -2.67 -3.65
(126116 ¢ gn?).
CSE 103 0.7 25.1 626 1.4 2.6 725-1.65-0.58

(o))

o 01 oo O N OO OO OO OO O 01 O O)IN N o O N o N

LP Widespreadhot, humid,a
CS 123 1.0 27.4 65.7 1.6 2.1 693 -0.40 -0.67
small amounbf cloudsand
CS 155 2.2 294 62.6 1.2 2.3 796 0.96 0.58 ) ) ]
rain, comparativéy high
CW 140 2.6 28.6 62.3 1.3 2.2 778 0.95 0.93 BLH
CN 124 15 29.2 624 45 2.5 853 0.12 1.26 '
C 128 18.1 29.5 67.1 3.8 2.2 715-1.20-1.22 Cyclone, similar to LP
Anticyclone, similar td\N-E-
A 96 175 223 64515 6 2.0 632 2.54 2.66

S direction.

615 Note: Ozone, MDA8 s c o nc e nt r a t); fre,nfreqency of mach type (%); Tmax, daily maximum

616 temperature ( ); RH, relative humi diTCEg, tatabe)oud cover;i n , tot al
617 WS, wind speed (m3); BLH, boundary layer height (m); div, divergence ofthe wind field (10 s*) from 1000

618 to 850 hPa (7 levels); andw, vertical velocity from 1000to 100 hPa (1€ Pa s).

619 Table 2 All parameters used in the stepwise regression and the numberafies (out of 14)for which each
620 variable was selected for eactveather category.



N-E-S SW-N

factors o ] ) LP C A
direction direction
RH (%) 2 4 3 4 6
Tmax (T ) 14 14 14 14 14
rain (mm) 0 2 2 0 2
U 2 3 3 3 1
Y, 9 6 6 7 2
wd () 2 0 0 1 1
ws (m s?) 4 1 1 0 2
pre (hPa) 0 0 0 0 0
RH_lag(%) 11 5 5 4 4
Tmax lag(C) 3 0 0 1 0
rain_lagmm) 1 0 0 0 0
U _lag 2 1 1 1 1
V_lag 4 0 0 0 4
wd_lag() 0 0 0 0 0
ws_lag(m s?) 1 3 3 1 4
0 0

=
=

pre_lag(hPa) 1

621 Note: RH, Tmax, rain, U, V, wd, ws and pre are relative humidity, maknum temperature, precipitation, u
622 component, v component, wind direction, wind speed and pressure, respectively. The suffgdmeans the
623  meteorological factorsfrom the previous day.
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Fig. 1. Location of North China (shaded area), all cities (bldcspots) and sea level pressure grids (a). The 16
red points show the locations of the 5%1l0°mean sea level pressure grids used for the Lambenkinson
weather type classification. The spatial distributions of thenaximum daily 8-h running average G (MDAS8
O3) concentration (b) and exceedance ratios (dpr 58 cities. Statistics for 2012017 are shown with blue
boxes the other boxes are thosefor 2015-2017. The base map is topographythe elevations of the Taihang

Mountains are more than 1200 meters, anthe Yan Mountains range from 600 to 1500 meters.
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Fig. 2. Time series of daily MDA8 @ concentrations in 14 cities (north to south) (a), together with monthly
averaged concentrations and standard deviations (b), during April to October from 2013 t2017. Five ranks
represent different air-quality levels, including excellent (green spots), good (yellow), lightly polluted (orange),
moderately polluted (red) and heavily polluted (purple) days with cuoff concentrations of 100, 160, 215, and
2 6 5 B mespectively. The fit line (red line) in (b) represents the increasing trend of monthly mean MDAS8
Os.
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641 Fig. 3. Interannual (a) and monthly (b) averaged concentrations of ozone and frequencies ofi2éathertypes
642  from April -October 20132017. The red dts represent the mean values, the vertical red lines indicate the
643  standard deviations, and stacked charts represent the percentages of variousather types(2013 and 2014
644  are averaged for 14 cities20152017 are averaged for 58 cities). The pink, oranglght blue, dark blue and
645  black areasrepresent the weather categories M-S direction, SW-N direction, LP, C and A, respectively.

1996 1000 1004 1008 1012 1016 1020 1024

646
647 Fig. 4. Mean surface pressure fieldunit: hPa) for the 26weather types during April -October of 20132017

648 and occurrence day s indicatésthecermtenof Morth Ohinat ot al ) . 6 * 06
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649

650 Fig. 5. Box chart of domairaveraged MDA8 & concentrations, occurrence frequency of weather types (fre),
651 and mean values of meteorological factors in 26 weathypes during April -October of 20132017. Inthe box
652  chart; the solid square indicates the mean, the horizontal lines across the box are the averages of the first,
653 median, and the third quartiles, respectively and the lower and upper whiskers representtte 5th and 95th
654 percentiles, respectively. The pink, orange, light blue, dark blue and blackreas represent the weather
655  categories NE-S direction, SW-N direction, LP (low-pressure related weather patterny C (cyclong and A
656  (anticyclone), respectively.

100 110 120 130 140 150 160

657
658 Fig. 6. Spatial distribution of average MDA8 Q for the 26 weather types. The first, second, and third rows
659 correspond tothe weather categoies N-E-S direction, S-W-N direction and LP, respectively and the fourth
660  row includes both categorie<C and A.
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663 Fig. 7. Scatter plot of O3 versusmin slp for weather typeC in ZJK (a). The red line represent the linear
664 fitting between min slp the ECII under weather typeC in ZJK) and Oz (the difference between the MDAS8
665  Osfor a given year and thecorresponding 5year average); r representsorrelation coefficient. The number
666  of cities (histogram) and averaged correlation coefficient r (points of different shapes) according to
667  corresponding ECII under eachweather typeamong 14 cities (b) The numbe of cities with positive/negative
668  values represents positive/negative correlations between ECIl andOz. For example, under CW controls,
669  there are 1 6 and 7 cities where ECII corresponds to mslp with the positive correlation, dis max with the
670  positive orrelation, and dis max with negative correlation, respectivelyand the average r is 0.74 and 0.70,
671  and-0.79, respectively.
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674 Fig. 8. The interannual MDA8 O3 concentration trends for observed and the reconstructed ©based on
675  variations in weather types in 14 citiesThe black linesrepresent theobserved interannual MDA8 Os trend,
676  whereas the red and blue lines are the trends of reconstructed MDA8sz@oncentations according to the
677 frequency-only and both frequency and intensity of weather types changes, respectively. The percentages in
678 each city indicate the Qinter-annual variabilities influenced by frequencyonly and by both frequency and

679 intensity of weaher types changes.



680
681

682
683
684
685

686

687

688

Fig. 9. Scatter plots of predicted versus observed MDAS8 £3concentrations for each city The predicted
concentrationswere obtained by inputting the validation data (20% of the total data) into the corresponding
model equations of fie weather categoriesThe Re? values indicate the percentage of explained variance in
the composite model that contains the building and validation datasets for each city. Tligree black lines
indicate 2:1, 1:1 and 1:2 ratio lines of predictions and obseations.



