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Abstract

The characteristics obzone variatios and the impactof synoptic and local meteorological factors in
North Chinawerequantitively analyzeduringthe warm season from 2013 to 20b@sed omulticity

in situ ozone and meteorological data as well as metagicall reanalysisThe dmainaveraged
maximum daily 8-h running average {§MDA8 Os) concentratiow a s 1 2 2 N,Iwvith ar increse
rat e of 3ypar‘gaBdthetlyeemostpollutedmonthswereclosely related tehe variations in the
synoptic circulation patterpsvhichoccurred indJune( 1 4 9 g May(ml 3 8 SeagdJuty( 1 32 € g
m3). Twenty-six weathertypes(merged into 5 weather categori@gre objectively identifiedisingthe
Lamb-Jenkinson method The Hghly-polluted weather categories inclued S'W-N directiors
(geostrophic wind directiodivertsfrom south to north)low-pressure relatedieathertypes(LP) ard
cyclone type, which the study areantrolled bylow-pressure centéC), andthecorresponding domain
averaged MDAS @concentratioswere 122, 126 and 1289 3 mespectively. Based on tfrequency
and intensity changes dfie synoptic circulation pattern89.2% of the interannualincrease in the
domainaveraged @from 2013 to 2017 was attributed to synoptic changeslthe intensity of the
synoptic circulation patternsvas the dominant factor. Using synoptic classification and local
meteorological factors, the segmented syneqggression approach was establisite evaluate and
forecased daily ozonevariability on an urban scale. The results showed that this methwddsca in
most citiesand the dominant factors are the maximum temperature, southerly winds, relative humidity
on the previousday and on the same dayand total cloud coverOverall, 4163% of the dayto-day
variability in theMDA8 Os concentrations wadue to local reteorolaical variatiors in most cities over
North China, except for two cities: QHD (Qinhuangdao) at 34% and ZZ (Zhengzhou) atCR0%.
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gquanttative exploration of the influence of both synoptic and local meteorological factors on interannual
and dayto-day ozonevariability will provide a scientific basis for evaluating emission reduction
measures that have been implemented by the national @ldytmvernments to mitigate air pollution in
North China.

1 Introduction

Tropospheric ozone @is one of the air pollutants of greatest concern due tmiisiderabldarm
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., 2016 Thus, ozone levels are controlled by precursors and
meteorological condition§Vith industrialization advancement and rapid economic growth, North China
has becomene of the most populated and polluted regions in the waithé. national and local
governments have implemented a series of measures to reduce emissions siremed28liiBughiPM; s
hasdecreased significantlyOs pollution is still severein this region(Lu et al., 2018Li et al., 2019.
Severaktudieshaveexploredthe variationin summetozonein China(He et al., 2017Liao et al., 2017
Lu et al., 2018Li et al., 2019. However, systematic researaimedat quantifying the evolution of
ozone and meteorological impacts and contributions throughout the warm seasoi©¢irdr) was
limited during the five years (2018017) wherthe Action Plan for Air Pollution Prevention and Control
(www.gov.cn/zwgk/20139/12/content_2486773.htm) was implement@tis lack of analysishas
preventeda clear understanding of tleéfect of emission reduction measures on ozone in North China
from being obtained.

Meteorological factors affect ozone levels through a series of complex combinatiprecesses
including emissiors, transport, chemical transformations and rem@€alan and Yao, 20Q08acob and
Winner, 2009Lu et al., 2019 Meteorologcal conditions are the primary facttrat determine thday-
to-day variations in pollutant concentrations over Clfida et al., 2016He et al., 201y, whereadong-
term QG trends are influenced both blfmatological(weatheitypes temperature, humidity, anddiation
etc) and environmentdhctors (changes ianthropogenic and natural sourc@herefore theimpactof
reduced anthropogenic emissiamsOs variatiors can beestimded more accurately if ware able to
guantifythe meteorologicainfluence

Synoptic meteorological conditions have an important effect on regional ozone distribution and
variation (Shen et al., 2005 A given synoptic circulation pattern represents a partictdage of
meteorological conditiongherefore synoptic classification is a useful method for gaining insight into
the impact of meteorology on ozone levalsregional scalePrevious studies havgemonstrate@
significant connection between the weather type and surfaam@entrationhowever,the relation
between these two quantities varies in differentions due to differencés the topography, pollution
source, local circulation, ef¢loody et al., 1998Cooper et al., 200 Hegarty et al., 200 Demuzere et
al., 2009 Monks et al., 2009Wang et al., 2009&hang et al., 20%12Zhang et al., 203,3Pope et al.,
2016 Liao et al., 201Y. Forexamplebased on the Lambenkinson weather typing technggemuzere
et al. (2009demonstratethcreasessurface @ concentrations in summar aneasterly weather type at
a rural site in Cabauw, Netherlandgereasheoppositeresultwas obtained byiao et al.(2017)in the
Yangtze River Delta regioim eastern Chinal' herefore, synopticlassificationand its relationship with
Os need to be explored separately in differeggiors. In addition based on synoptic classification,
Comrie and Yarnal (1992ndHegarty et al. (20073uggested reconstructed pollutant concentration



82  (caused by synoptic influence) algorithm, which caparatethe climatologial and environmental
83  variability in environmental datdt was found tha#6%and 50%of theinterannuavariability in the Q
84  concentrationwas reproduced ithe northeastern United Statg¢egarty et al., 207) and Hong Kong
85 (Zhang et al., 20Q)3respectively, by taking into account tieerannuaichangesn the frequency and
86 intensityof synoptic pattms.
87 At theurban scale, the daily variatiamthe ozoneconcentratioris affected byooth synoptic and local
88  meteorological factorsQuantifying the contribution of local meteorological factors day-to-day
89 variatiors in ozoneconcentrationsill provide a scientific basis and guidance for reasonable ozone
90 reduction measures, and clarifying and quantifying the relationship bemeterological dctors and
91 ozoneconcentrations vital for dailyforecasts obzone pollution potentialWeather typelassification
92  prior to regression analysis is superior to a simple linear regression ap(Edactet al., 199/Barrero
93 et al.,, 2006 Demuzere et al., 200Demuzere and van Lipzig, 201@&nd synopticregressiorbased
94  algorithmcanreproducehe observed gdistributionsand provide a better parameterizatioptomote
95 theunderstanding ahedependencef ozoneon meteorologeal fadorsin a givenurban region.
96 Overall, in this study, we explore how tiheaximum daily 8h running average O(MDAS8 Os)
97  concentration varies and quantify the contribugioh synoptic and local meteorological conditicios
98 theozonevariability in North China (58 cities coveringebei, Shanxi, Shandong, and Henan Provinces
99  andBeijing and Tianjin municipalitiesduring April-Octoberin 20132017.0ur specific goals ar® 1)
100 demonstratéhe characteristics and variation trenid the surface MDA8 Q concentration2) classify
101 the predominanteathertypesand meteorological mechanisemderlyingtheregional ozone levels and
102  variability; 3) quantify thecontributiors of changes insynoptic circulation pattern@requency and
103 intensity) to thenterannuavariability in the G concentrationand4) quantify the contributiosof local
104  meteorological factors to dap-day variatiors in Os levels,andidentify the prominent meteorological
105 variables and construct:otential forecast modé&br major cities.

106 2 Data and methods
107 2.1 0Ozone and PM.sdata

108 Thehourly Os; and PM s dataduring April-October, 2012017were derived from the National Urban
109  Air Quality Realtime Publishing Platfion (http://106.37.208.233:20035According totechnical

110 regulation for ambient air quality assessmgti 663 2013 http://www.mee.gov.cn/theMDA8 Oz
111 concentration was calculated for each monitoring site based on the hourgodatae time period
112  08:0024:00 for the daywiith at least 14 hours of measurement ddifess than 14 hours of valid data
113  are availablethe results are still valid if tHdDA8 O3 concentration exceeds the national

114  concentration limit standaré&ach city has at least two monitoring sites, and the MDAR@Isfor a
115 city are the corresponding averages over all sites in thafl¢igMDA8 O3 values were collected in
116  only 14 cities for the time periddom 20132017 and in an additional 44 cities for the time period
117 from 20152017,and thedetailed informations shown in kg. 1 and Table S1. The original usior
118 the ozone observatiomgse g -3, @nd theconversiorcoefficient fromthe mixing ratios (unit: ppbv)

119 t o &wgasaronstant (e.g., 0.5 atemperature of 25 € and pressure of 1013.25 hPa). In this study,
120 we wsdl the original unis. Unless otherwise noted, the analysis efr€¥ers to MDA8 Q during Aprik
121  October in this paper.
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122 2.2 Meteorological data

123  Griddedmean sea level pressure datamé€e U and V wind componesai{Uio andV 1o, respectively),
124  boundary layer height (BLH) andete temperature (3) with a 1°horizontal resolution and vertical
125  velocity (¥) from 1006100 hPa (27 levels) and wind divergeridr) from 1003850 hPa (7 levels) in
126  6-h intervals (Beijing time 02, 08, 1and 20)for 20132017 were obtained from the Europeaenter
127  for Medium Weather ForecaReaalysis Interim (ERAInterim).

128 Four measurementserday for temperature (T), relative humidity (RH), total cl@eder(TCC), rain,
129  wind speed (ws)wind direction (wd), and pressure (pre) in 58 cities during AQrdtober 20132017
130 were obtained fromthe China Meteorological Administration in the Meteorological Information
131 Combine Analysis and Process System (MICAPS). Thigily mean meteorological factors were
132  averaged from four measurements (scalar averaging for most factors and vector averaging for wind speed
133 and wind direction, which involved using the (U) and v (V) componentsfor averaging). The
134  meteorological statiowith aminimum distancefrom the city center was chosen.

135 2.3 Lamb-Jenkinsoncirculation typing

136 TheLamb-Jenkinson weather type approdchmb, 1972Yarnal, 1993Conway and Jones, 19981igo
137 and Dacamara, 200®ickendry et al., 200@Demuzere et al., 200Russo et al., 2014Hanturttn et al.,
138 2015 Pope et al., 201@&.iao et al., 201yhas beemvidely employed taclassifysynoptic cirailation On
139 the basis of the Lambenkinsormethodthe weather type circulation pattdar a given day is described
140 using the locations of the higland lowpressure ceets thatidentify the direction of the geostrophic
141  flow; the methodusescoarselygridded pressure data on a -p®int moveable gd (Demuzere et al.,
142  2009. In our study, North Chinavasset as the centefhe specific schematic diagram is showirig.
143  1la.The daily mean sea level pressure detee averagedverfour time points to determine the daily
144  weather type. The detailed classification procedure can be fouhigmand Dacamara (200@hdin
145  thesupplemerdry information(Text S1).

146 2.4 Reconstruction of G concentration basedon weather types

147  To quantify theinterannual variability captured by theriations in thesurface circulation pattern,
148 Comrie and Yarnal (1992Zuggested an algorithm to separate synoptic anesyiooptic variability in

149  environmetal data by multiplying the overall mean value of a particular pattern by the occurrence
150 frequency of that type of year, the climate sigteibe obtained as follows:

151 | AEOA | & (1)

152  where/ /O K& thereconstructed mean MDA®s concentration influenced bine frequencyof
153 changesin the weather typefrom April-October for the year M is the 5-year mean MDAS8 Q
154  concentratiorfor weather type k, anBkm is the occurrence frequency wkather typek during Aprik

155  October for year m

156 Hegarty et al. (20073uggestedhat variations in theirculation pattern@re attributedo not only
157 frequency changes but also intensity variatiomsreover, they noted that the environmental and climate
158 related contributions to the interannual variations in ozone could be better separated by cotisabering
159 two changesAs a result, Equatiofil) wasmodified intothe following form:

160 I EOKEIT O /I 3 & )
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161 where/ A0 T B the reconstructed mean MDA& Ebncentration influenced by the frequency
162 and intensity ofthe changes ircirculation patternsrom April-October foryear m;3/ is the
163  modified difference on the fitting lineyhich isobtained through knearfitting of the annual MDA8 @
164  concentrabn anomalies®/ ) to the circulation intensity index (CII) for circulation pattern k in year m.
165 3/ represents the part d¢ifie annual observed ozone oscillation caused by the intensity in each
166 circulation patternHegartyet al. (2007usedthe domairaveraged sea level pressure (msdgepresent
167 theCll.

168 To better characterize intensity variatipns usedaddtion 5 CllIs: the difference between the highest
169  pressure and lowest pressure (gradient), the center pre$shechighest pressusystem(max slp), the
170  center pressure of the lowest presaygtem(min slp), the distance frothe highest pressureenterso
171  thestudy city (dis max), and the distance fréime lowest pressureentersto the study city (dismin).
172  Amongtheaboveb6 Clis, that havinghe strongest correlation coefficient Wwjth 3/  was selected as
173  an effectivecirculation intensity index (ECIIJThus,ECII wasused inEquation (2) to calculate/

174  All Clis for the 14 cities werecalculatedbased on 10%L0°grids covering North China (32A42N,

175 110E-120E). An example ofa/ (weather typeC in ZIKwhich is a city located in Hebei provirjce
176  is shown in Fig. 7adere,min slp has théiighestr (-0.97) amonghe6 Clis in type C in ZJKsomin slp
177  isselected athe ECII.

178 25 The segmented synoptigegression approachand model validation

179 The utilizationof a segmented synopticegression approadtanaid in minimizing the errors when
180 using linear regression to model a nonlinear relatiopsand effectively forecast ozone variason
181 (Robeson and Steyn, 1990u et al., 2007 Demuzere and van Lipzig, 2010u et al., 2012. Based on

182 locally monitored meteorological dat#heir 24h time lag valuesand weather type classifications,
183  stepwise linear regression was used iergweather category to construct the ozone potential forecast
184 model. The details of the main methods are showlrekt S2 Notably, in this research, after excluding
185 the missing data and disordering the time sequences, 80% of these days were usethto fimtiatial

186 forecast equations, and the remaining 20% were used to validate the accuracy of the equations.

187 Statistical model performances were evaluated according to the following factgvarig&nce in the

188 i ndividual model 6s coefficients of determination),
189  of variation defined as RMSE/mean MDA&)QAII statistics are based on MATLAB R2015b.

190 3. Results and discussion
191 3.1 Characteristics andvariation trend of ozone concentratios in North China

192 The MDA8 G; concentration is one of six factors used to calculate the daityuality index in China.

193  Five rankswere separated, representing different-girality levels: excellent, good, lightlyofluted,

194  moderately polluted and heavily polluted days, witheft f concentrations of 100, 1
195 m?3 respectively. Théaily limit for theGr ade | | Nati onal Ambient3 Air Quali
196  The spatial distribution of the averab®DA8 O; concentration (Fig. 1b) and exceedance ratioich

197 represents the proportion of 3 (Figylg), as well asedeétailedy t he st
198 information on the 58 cities (Table Skhoweda severe ozone pollution problem during thet five

199 years in North China. The domaaiveraged MDA8 ®concentration for 58 cities wd2+11 €g nr3,

200 with an increasing rate af . 8 8 - ygegr! anmdan exceedance ratio of 2242.2%. Notably,the most
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polluted citiesvereconcentrateih Beijing, the southeast of Hebei and the west and north of Shandong
where theaverageMDAS8 Os concentration was 139 ¢ §andtheexceedance ratio was 2#92%.

The daily evolution of MDA8 @ concentrations in 14 citiesom 20132017 (Fig. 2a)indicated
periodic, consistent and regional characteristics of ozone pollution. The most highly polluted periods
were from mid-May to midJuly. In particular,the frequency and level of ozone pollution increased
significantlyin 2017,andthe number ofegionally persistent ozone pollution events increased. The rate
of theincrease in thdDA8 Oz concentratiorfrom 20132 01 7 wa's = énon®(Fige 2b), and
this growth was accompanied bydecrease ithe PM s concentration (Fig. S1A reductionin particle
extinction due t@decreased Pl concentration can lead to an increase in radiation reaching the ground;
in addition, Li et al. (2019)suggested that decreased F2Moncentrations slowed the sinking of
hydroperoxyl (HQ) radicals and thus stimulated ozone productidius, the rise in ozoneaspartly
due to the decline in PM. Overall, the annual domaaveraged MDA8 @concentrations for 58 cities
were 102,1091 16, 119 ama013, 2064, 201h, 2616 and 2017, respectively (Fig. 3a). The
exceedanceatios for all cities were found to be 12.988.4%from 2013 to 2016 but reached 31.1% in
2017

The monthlymeanMDAS8 O; concentrations (Fig. 3b) from Aptib October were 112, 138, 149, 132,
124, 117 -jrespectivdy, andjthermorrespondageedanceatioswere 9.4, 30.1, 41.1, 26.1,

20.3 201 and 3.%6. The highesdomainraveragedMDA8 Os concentration and exceedance ratio
occurred in June, followed hiiose inMay, July, August, September, April and October. Meteorological
conditions led to high ozone concentrations in June, and monsoon circulation in July and August resulted
in cloudy, miny conditions and less radiation in the study &W®ang et al., 2009cTang et al., 2012

The higher ozone concentrations in Apnihkncompared witlthose inOctober could be associated with
strong winds, resulting ira downward transporbf ozone die to the lower stratosphere folding
mechanisn{Stohl and Trickl, 1999Cooper et al., 20QDelcloo, 2008Verstraeten et al., 2). Notably,

this conclusion is different from that dfang et al. (2012who reportedthatthe ozoneconcentratiornn
Julywashigher tharthat inMay in North China during 2002010.However,as our studyndicatedthat

the domainaveraged MDA8 ®@in May was even higher thahatin July, the concentrated pollution
episode occurred earlier, especially in 20lfte second half dflay was the most polluted perioghen

the exceedance ratio was 46.1%, which is higherttimmatioobserved in the first half of June (39.5%),

the second half of June (45.4%) and the first half of July (35.6%). The reason for this difference is
probaby the abnormallijhigh temperatures in May, especially the second half of Ntayy 20132017

and particularly in 2017 (Fig. S2). Many studies have found a strong positive correlation between ozone
levels and temperatufBloomer et al., 200Demuzere et al., 2008loomer et al., 201,Pusede et al.,

20195.

3.2Weather typesand associated surface &levels

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

Based on the LambBenkinson weather typing technique, 26 circulation patterns affecting North China
were identified, including two vorticity types (anticyclone, aad cyclone, C), eight directional types
(northeasterly, NE; easterly, E; southeasterly, S&ijtherly, 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
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level pressure mapalong with the occurrence daywe shown in Fig. 4There are distinctly different
locations of the higipressure and loypressure centers under the different circulation conditibhe.
occurrence ratios ofarticity types, pure directional typeand hyrid types were 35.6%, 38.8% and
25.6%, respectively, during all 1070 days.

The mid latitude eastern Eurasian continergtronglyaffected by mnsoon circulationand there are
several key synoptic systems affecting the circulation and meteorologiaiitions in North China
During our study period\orth cycloneslongolianandYellow River cyclons), which areindicative
of a lowpressure system located in northwest North Chitteminatedin spring and summer. The
Siberian Highinfluencednorthern China in spring and autumn. The Western Pacific Subtropical High
wasalso a key system in summer. Therefore, these main symystemsesultedin variationsin the
frequencie®f the variousveathertypes 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 categories: N)E-S direction(geostrophic wind direction diverts from north to
south)including N, NE, E, SE, AN, ANE, AE and ASE) &W-N direction(geostrophic wind direction
diverts from south to northipcluding S, SW, W, NW, ASASW, AW and ANE; 3) LP (lowpressure
relatedweather typesincluding CN, CNE, CE, CSE, CS, CSW, CW and CNW;, 4) A (anticyclara)

5) C (cyclone)The occurrence ratios tfe5 weather categoriegere 25.4%, 26.5%, 12.5%, 17.5% and
18.1% in all 1070 dagt 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 values dffie averaged MDA8 © concentration, frequency ofveather
types/categorieand meteorological variables are depicted in Table 1 and Firigily, the NE-S
direction and A categories were typically associated @othl and wet air, moderate rain and TCC, low
BLH, andrelatively clean air masses from thener Mongolia/eastern ocearegion (Fig. S3) these
conditions areunfavorable for ozone formatiorihus, the corresponding areeveraged MDA8 ©
concentrati ons®awmar e 69 Befpéctivelyg Then8V-N directon categoryhad
moderate T and BLHpw RH, weak wind, sporadic clouds and rain, ahdngsubsidence in the lower
troposphergwhich contributed tohigh ozone level§1l 2 2 N 8 3).£The highest ozone concentrations
(126 N16 an®wererdater gthehP and C categoriesvhich can probably be attributedttoe
meteorological conditions (hot and humid air, a small amount of TCC and rainfall, and highitH)
were favorabldor ozone formation and transpadrowever, CE and CStere different from the other
weather typen the LP categorywith low Oz concentrations due to low temperatures and easterly winds
from the oceanOverall, the peak values of ozone always occurred in the frahegassage of a cold
front or cyclone (mosweather types in LP and C), whereas ltheestvaluesoccurredduring or after

the passag®f a cold front(most weather types in the-&S direction, C with heavy rainfall and CE);
similar conclusions were also previousported(Cooper 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@@ncentration under different weather types is shown
in Fig. 6, and Figs. S$7 display the spatial distributions of the combined wind field with BLH,
maximum temperature (Tmax), RH, rain and TCC, respectively. In most cities, the lowest MDA8 O
concentrédons occurred in thB-E-S directionand Aweather categorie¥heS-W-N direction category,
having predominantly southerly windsroughout the regioor south of North Chinagxhibitedhigh



286  ozonevaluesalong with the prevailing wind directiohe LP ad C weather categories, having the

287  highest regional averaged levels, were associated with high Tmax and strong southerly flow, moderate
288 RH and ample sunshinehich arethe meteorological conditions that are favorable for ozone formation
289 as well as the ansport of ozone and its precursors from pollutedsarea

290 3.2.3Interannual/monthly ozonevariation elaborated from the perspective ofcirculation pattern
291 changes

292  Theinterannual or monthly ozone concentration changes are associated with variatiaaghier types
293  Fig. 3 indicates that the ratios of higaone weather categories-{(&N direction, LP and C $V-N

294  direction, LP and Cyvere mostfrequent in 2013 and 2017, lesequent in 2015 and 2016, alehst
295 frequentin 2014.Thehigh-ozoneweathercategories accounted for 61.5% and 61.8% of the time in 2013
296 and 2017, respectivelidndersimilar weather condition&w ozone levels could also be associated with
297  high PMgs levels in 2013 and 2015[he contributionsof frequencyonly and circulation changes
298 (frequency and intensity) to theterannuabzonevariability will be discussed in Section 3.3.

299 Due to the impactdy monsoon circulation systems, the frequencies ofthweeatypesvaried
300 dramatically on a monthly scale (Fig. 3he frequencies of botime N-E-S direction and Ayradually
301 decreaseih spring,whereaghe frequencies of the-®-N direction, LP and C graduallyicreasedin

302 autumn, the frequencies of LP a@dlecreasedwhereas those dfie S'W-N direction, NE-S direction
303 and Aincreased The weather categories C and tPminatedin summer.The high-ozoneweather
304  categories (SV-N direction, LP and C) accounted for 58.7, 66.5, 79.3, 80.6, 49.0, 38.0 &8d @fithe
305 time in the months from April to OctoherespectivelyThese frequencies were highest in July, June,
306 and May, which probably resulted in the highest monthly averaged regional ozone concentrations.
307  However, due to the influence of monsoon cirtiolg large amounts of rainfall occurred durihgy:

308 73 out of 194 days during the 5 years were rainy in category C, which reideczdne levelsNotably,

309 severe ozone pollution in Magspecially in the second half of May in Z0lwasclosely related to
310 abnormally highfrequenciesunder the control ofhe mog polluted synopticcategories (LP and C),
311  accounting for 35.5% in 31 days and 50.0% in 16 dagble S2)With the development of the Siberian
312  High from August to October, thd-E-S direction and Aveather categoriesccurred frequentlyand
313 themonthly averaged ozone concentratideslined

314 3.3 Effects of synopticchangeson interannual ozonevariability
315  3.3.1 Effect ofweathertype intensity oninterannual ozonevariability

316  The pressure fields fdne 26 synoptic typeperyearfrom 20132017 (Figs.S8S9) indicatedthat every
317  synopticweather typeraried in both frequency and intensity. The intensitytlod circulation patterns
318 indicatedthe differences inthe center pressure, the location of gredominantsystem, the pressure
319 gradient, and the domabwveraged sea level pressuiiée correlations between ECIl angd (as
320 introduced in Section 2.4jiffered in thedifferent circulation types the variousities. For instance,
321 the strong negative correlation between these two variablestiheitypeC in ZJK (Fig. 7a)ndicated
322  that the lowalues of min slp were associated wiilgh MDA8 O3 concentrations.

323 The number of cities and averageraluesaccording tdhecorresponding ECIl under each circulation
324  type amonghe 14 cities are shown in Fig. 7b. Overall, the average absolute value of r was 0.74. For
325 circulationtype C,3/ was stronglycorrelated with min slp in 9 of the cities, attet average r was
326 0.81, i.e., a strong negative correlation. A strong negative correlation bet#eemand the pressure



327 gradientwasevident for circulation type N, whereas an opposite patiecmrredfor circulation types
328 CSE and CS. The reasons for this difference are as follows. Northerly wiedsledfor circulation
329 type N, and higipressuregyradients indicatedtrong northerly windghat broughtlean airmassefrom
330 the north, whichresultedin a decrease in the MDA8;©@oncentration. However, high temperatures and
331 RH as well as prevailing southerly or easterly winds (FigsSS®ccurredn southern cities ithe CSE
332 and CScirculation typesin addition, the abundance of precursors and ozortee upwind region
333 facilitatedozone formation and transport with the increasing pressure gradient (wind speeds).
334 Even under the sameeather typeontrols, the ECII and thealuesof r differedin thedifferent cities
335 This phenomenomwascaused bylifferences in geographic location, topographizrepanciesand the
336  properties of the upwind air mascherefore, under the control of the sameather typethe ECllwas
337 the same imdjacent cities

338  3.3.2 Quantifying the effects of theinterannual synoptic changeson the interannual ozone
339  variability

340 Based on Equations (1) and (2), we reconstructedntkeannualozone levels by takg into account
341 either frequencyonly or both frequencyand intensity variationsin synoptic circulations, which are
342 | AEOAnd/ A0 1 Gespectively. Thalifferences betweenthe maximum and minimum
343  annual reconstructed ozoree labeled ass3/ AOAnda/  AEO A T ,Qespectively.s/ _obs
344  differed betweenthe maximum and minimum fothe annual observed £concentration. Thus, the
345  contributions ofinterannualariability in O; influenced by frequenepnly and frequencgndintensity
346  variations in synoptic circulation were 3/  EOIA/ _obs and 3/ AOETI _obs
347  respectivelywhichindicatetheinterannual oscillations iozone levels caused by synoptic variability.
348 The observed and reconstructed (influenced by frequeniyyand frequencgndintensityvariations
349 in synopticcirculations)interannuaMDA8 Os levels for 5 years in 14 cities and the whole region are
350 shown in Fig. 8. Theontributionsof interannuabariability in O; influenced by frequencgndintensity
351  variationsin synoptic circulatiomangedfrom 44.1 to 69.8% over the 14 cities, and ¢batributions by
352 frequencyonly variationsrangedrom 5.2 to 23.4%. Obviously, theterannual fluctuations ithe ozone
353  concentratiorwerecaused mainly by weather type intensity changes in North China. In addition, based
354 ontheregional averaged scalée interannuavariability in the domainraveraged observed MDA83;0
355 in 14 cities varied from averaged maximum valag$35gg n®in 2017 to a minimunof 104gg n2in
356  2013. The contributions of variationsdmculation patternso interannualDs increags were89.2%, and
357 the remainingnterannualvariability was possibly due to nonlinear relationshipsulting fromrecent
358 emission control measures over North China.

359 In most cities, the contributions of synoptic circulation changes on ozone variabtttiynexd here
360 (44.1-69.8%) are higher than that (50%$timated byZhang et al. (2013)The differencecould be
361  attributed to our resudtbeingbased on (1) more weather typ€d weather types covering all daysid
362  (3) more Cllswhich can better characterifiee intensityof slp. Furthermorea highe contribution in
363 single city and increasing reconstructed ozone inditiadg synoptic circulation patternplay an
364  important role inthe ozonevariability in North China.However,our regionalcontribution(39.2%) is
365 lower than that (46%gstimated byHegarty et al. (2007which reveals that the increasing treridzone
366  concentrationfrom 2013 to 2017 in North Chinalisrgelyassociated with the impact ib§ precursors.
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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
approach (itroduced inSection 2.5) was established qoantify the impact of weather patternstbe
day-to-day ozone concentration atwconstruct the ozone potential forecast model.

The contributionsof local meteorological factors to th#ayto-day variations inozonecan be
evaluated bythe explained variance £R calculated from the synoptiegressiorbased modeléHien
et al.,, 2002Wang et al., 2009b Overall, the predicted versus observed MDA &@ncentrationgor
the validation data are shown in Fig. 9; the predicted concentrations were obtained by inputting the
validation data (the part thatasnotused tabuild the modelwhichwas 20% of the total data) into the
corresponding model equatiofisr the five weather categories for each cityuocal neteorological
parameterexplaineds57-63% and 4452% of the dayto-day variability in theMDA8 Oz concentration
for the northern cities (except for QHD, 34%) and southern cities (except for ZZ, 20%), respectively.

In addition, the results of segmented synoptgressioranalysis in 14 citied.e.,the daily MDA8 Q
potential forecast equations for each category in each city, are shdahlenS3Table 2 represents the
number of cities 14 tota) from which themeteorological factors were used in a stepwise regression
model under each weather categdrye results show that Tmaexhibited a strong positiveorrelation
with ozone thus, this factor ighe primary influencing factor in all categories and all cjtes high
temperatures are relatediigh ozone concentrations in North Chinae¥hibiteda positive correlation
with Oz in the northern part of this regioatthe northsouth boundary approximately 38.5N), which
means thasoutherly flowcausedan increase inthe @one concentratiorTherefore, as discussed in
Section 3.2.2, high temperatures and southerly wirelsthe main factorghat contributedo increased
ozone concentrations in North China from a regional perspective. Both RH_lag astidrEd a
negative correlation with £ and the formehadmore occurrences amgleater weights in thequations
than the latter. Thiphenomenon may exist because RH of approximately080 (Zhao et &, 2019
generates more hydroxyl radicals (OH), facilitating ozone formation, and ozone is stored in the residual
layer andransportedo the surfacehe next dayia convection and diffusion. In additipmCC is a key
factor.

Threestatisti@l measureR?, RMSE, and CV) forthe building and validation datasets ftre 5
weather categories artide composite modelvhich integrateghe 5 weather categoriga the 14 cities
(Table S4) indicatethat the potential forecast equatidnsMDA8 Oz were acceptable in most citigs
most cities Scatterplots of predicted versus observed MDA@8 cOncentrations inthe composite
validation datasets in each cié&ye shown in Fig. 9-or the validation dat the prediction of ozone
concentration was obtained by inputting the meteorological factors into the simulated formula for the
corresponding weather category in each city; therefore, the composite validation datasets indicated the
integrated predicted ome concentrations for the five categoriglse resuls of validationshowthat R
was higher than 0.5@xceptfor QHD, SJZ and ZZ (0.20.47), while CV was lower than 4Q%xcept
for TY and ZZ.

The results reveahat most ofthe validation data are within the acceptable error rangethey are
concentrateavithin the 2:1 and 1:2 ratio lineand the scatters are distributed evenly arabed:1 line
For example, the comparison of the observed and predicted ozone in Beijimy @lur study period is
shown in Fig. S10. This finding also indicates that the segmented synegiassion approach is
practical for constructingzone potential forecastimgodelsin most cities in North China.
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In brief, the aforementioned results ganovide references for daily MDA8rediction for each city
and facilitatethe understanding andvaluations ofthe impact of local meteorology on daily ozone
variationson an urban scale

4 Conclusiors

In this study, we demonstratétk interannu#éionthlyvariationsin the surface MDA8 @concentration

in North China during ApriOctober 2012017, investigated the relationship between weather types
and MDAB8 Q levels, quantified theontributionsof weather types and local variations in meteorological
factorsto both the interannuaand dayto-day variabilityin ozone, and built ozone potential forecast
equations. The main results are as follows:

1. The annual domaiaveraged concentrations of MDA& @uring 20132017 were 102, 109, 116,
119, an dd réspestivedygandithe highest exceedance ratio (31.1%) was observed in 2017. The
monthly mean MDA8@c oncentrati ons were 112, 13 8aBn,Aprilitet 9 , 132,
October, respectivey , with a significant®monthlidmiogrtrediveeyearg r at e
period. The most polluted citiegereconcentratediroundBeijing, the southeast of Hebei and the west
and north of Shandong.

2. Twenty-six weather types were objectively identified baseditmmLamb-Jenkinson method and
combined into five weather categoriescordingto similar meteorological factors and MDA83; O
concentrations. The high ozone levels in 2017 and duringMbywere partly duto the high frequency
of the highly polluted weather categoriesWsN direction, LP and C)esulting fromhigh temperatures,
moderate RH and southerly air flows.

3. The intensityof synoptic circulation patternsasthe cominant factor through which vations in
weather typesfluencedthe variabilityin theozone levels. Theontributionsof interannuabariability
in Oz influenced by both frequen@ndintensityvariationsin synoptic circulation pattermaingedrom
44 to 70% over the 14 citiesatwere evaluateth detail, whereas the contributionstbé variations in
circulation patterns to thiecrease in the interannu@k from 2013 to 2017 was only 39.2% based on a
regionally averaged scale.

4. The resultsof the daily ozone potential forecast equations in the 14 cileswedthat high
temperatures, moderate RH and southerly winds could result in severe ozone pollution in the northern
part of North China, whereas the southern parimainly affectedby high tempeatures and RH.ocal
meteorological parameteexplained55-64% and 4319% of the dayto-day MDAS8 G; variability for
the northern cities (except for QHD, 32%) and southern cities (except for ZZ, 25%), respectively.
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Tables

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 64522 6 21 749 0.85 2.28 MDA8O;(98t6¢ g ¥m
NE 94 6.4 255 72150 7 22 637-1.01-0.70 Cool, moderate rain,
E 98 47 254 70534 6 21 618-1.34-1.85 moderate TCC, and low
N-E-S SE 105 23 228 71549 7 24 612-1.25-3.85 BLH, predominantvind
direction AN 101 1.7 222 61.2 15 5 2.3 738 2.36 5.12 directiorsarenorthandeast
ANE 83 24 231 679 23 6 2.2 681 0.79 1.53 clean air masses from innt
AE 94 13 232 658 22 7 23 618-0.10 0.12 Mongolia ortheeastern
ASE 99 11 224 71323 7 22 578 1.10 0.03 ocean
S 112 4.1 254 657 22 6 2.2 642 0.28 -1.23 MDA8 O3 (122+8¢ gn?).
SW 131 6.2 265 60.3 06 5 2.1 716 1.81 1.34 Moderatel andBLH, lower
W 133 54 26.6 583 1.0 5 22 763 2.33 243 RH,weak wind sporadic
SW-N NwW 124 42 268 587 16 6 2.3 835 1.66 3.45 clouds and precipitatign
direction AS 120 14 248 63.3 0.7 6 2.0 641 1.76 0.54 divergencen low
AS 114 2.6 245 622 0.7 6 1.9 666 2.53 1.02 tropospherePrevailing
AW 126 1.0 23.8 585 0.2 5 1.8 685 3.14 4.16  southerly and westerly
AN 115 15 234 55209 6 23 794 247 5.07 winds.
CN 135 2.0 298 68.022 6 1.9 732 0.09 0.92 _
The hybrid of cyclone anc
CNE 119 1.8 282 66.0 3.2 6 2.2 724-1.15-0.19 |
direction types, MDA8 ©
CE 109 08 254 736 6.4 7 21 559-2.67-3.65
(126116 ¢ gn?).
CSE 103 0.7 25.1 626 14 6 2.6 725-1.65-0.58 ) .
LP Widespreadhot, humid,a
CS 123 1.0 274 657 16 5 21 693-0.40-0.67
small amounbf cloudsand
CS 155 22 294 626 12 5 23 796 0.96 0.58 ) ) .
rain, comparativey high
Cw 140 26 286 62313 5 22 778 095 0.93 BLH
CN 124 15 29.2 624 45 6 25 853 0.12 1.26 '
C 128 18.1 295 67.1 3.8 6 2.2 715-1.20-1.22 Cyclone, similar to LP
Anticyclone, similar taN-E-
A 96 175 223 64515 6 2.0 632 254 2.66

S direction.

Note: Ozone, MDA8 Osc onc e

temperature

(

)

nt r a f); fre,nfreqency of mach type (%); Tmax, daily maximum

RH,
WS, wind speed (m 3); BLH, boundary layer height (m); div, divergence ofthe wind field (10 s1) from 1000
to 850 hPa (7 levels); andw, vertical velocity from 1000to 100 hPa (1€ Pa sb).

rel ative

humi di TC¢, tatabejoud cover;i n ,

tot al



624  Table 2 All parameters used in the stepwise regression and the number afies (out of 14)for which each

625  variable was selected for eactveather category.

N-E-S S-W-N

factors ) ) ] . LP C A

direction direction
RH (%) 2 4 3 4 6
Tmax (€ ) 14 14 14 14 14
rain (mm) 0 2 2 0 2
U 2 3 3 3 1
Vv 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(€ ) 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
pre_lag(hPa) 1 0 0 1 1

626 Note: RH, Tmax, rain, U, V, wd, ws and pre are relative humidity, maimum temperature, precipitation, u
627 component, v component, wind direction, wind speed and pressure, respectively. The suffgdmeans the
628  meteorological factorsfrom the previous day.
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red points show the locations of the 5%10°mean sea level pressure grids used for the Lambenkinson

weather type classification. The spatial ttributions of the maximum daily 8-h running average G (MDAS8

Oz3) concentration (b) and exceedance ratios (8r 58 cities. Statistics for 2012017 are showrin blue boxes

the otherboxesare thosefor 2015-2017. The base map is topographyhe elevatbns of the Taihang Mountains

are more than 1200 meters, and the 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 to 2017. Five ranks
represent different air-quality levels, including excellent (green spots)apd (yellow), lightly polluted (orange),
moderately polluted (red) and heavily polluted (purple) days with cuoff concentrations of 100, 160, 215, and

2 6 5 B espeactively.The fit line (red line) in (b) represents the increasing trend of monthly meaiMDAS8
Os.
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Fig. 3. Interannual (a) and monthly (b) averaged concentrations of ozone and frequencies ofi@&thertypes
from April -October 20132017. The red dots represent the mean values, the vertical red lines indicate the
standard deviations, and staked charts represent the percentages of variouseather types(2013 and 2014
are averaged for 14 cities20152017 are averaged for 58 cities). The pink, orange, light blue, dark blue and

black areasrepresent the weather categories NE-S direction, SW-N direction, LP, C and A, respectively.
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651
652  Fig. 4. Mean surface pressure fieldunit: hPa) for the 26weather types during April -October of 20132017

653 and occurrence day s indichtesthécemtenof North Qhinat ot al ) . &6 * 6
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654

655 Fig. 5.Box chart of domain-averaged MDA8 & concentrations, occurrence frequency of weather types (fre),
656 and mean values of meteorological factors in 26 weather types during Api@ctober 20132017. In the box
657  chart, the solid square indicates the mean, the horizontal linesceoss the box are the averages of the first,
658 median, and third quartiles, respectively, and the lower and upper whiskers represent the 5th and 95th
659 percentiles, respectively. The pink, orange, light blue, dark blue and blackreas represent the weather
660  categories NE-S direction, SW-N direction, LP (low-pressure related weather patterny C (cyclong and A
661  (anticyclone), respectively.
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662
663 Fig. 6. Spatial distribution of average MDA8 Q for the 26 weather types. The first, second, and third rows
664 correspond tothe weather categoies N-E-S direction, S-W-N direction and LP, respectively and the fourth
665  row includes both categorie<C and A.
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Fig. 7. Scatterplot of Os versusmin slp for weather type C in ZJK (a). The red line represens the linear
fitting between min slp the ECIl under weather typeC in ZJK) and Os (the difference between the MDAS8
Os for a given year and the corresponding &ear average); r representsthe correlation coefficient. The
number of cities (histogram) and averaged correlation coefficient r (points of different shapes) according to
corresponding ECII under eachweather typeamong 14 cities (b)The number of cities with positive/negative
values represents positive/negative correlations between ECII and Os. For example, under CW controls,
there are 1, 6 and 7 cities where ECII corresponds to mslp with positive correlation, dis max witha positive
correlation, and dis max witha negative correlaion, respectively, and the average r is 0.74 and 0.70 ar@l79,

respectively.

Fig. 8. Theinterannual MDA8 O3 concentration trends for observed and reconstructed &based on variations
in weather types in 14 citiesThe black linesrepresent theobservedinterannual MDA8 O3 trend, whereas the
red and blue lines are the trends of reconstructed MDA8 ©concentrations according to the frequencyonly

and both frequency and intensity of weather types changes, respectively. The percentage=ach city indicate
the Oz interannual variabilities influenced by frequency-only and by both frequency and intensity of weather

type changes.



