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Abstract:

Air pollution is typically at i1ts | owe
concentr aitgi oPnd amfd RMYt0IBMeTOOBINhedur i ng summ
( Jimegusver centr 8b400af mE2n2Oqkfm BD4d4ppb,
respecthettwgen 208a4manhdnBgO0dadal ysis reveal e
of organiOLC)c akcMwomed ceed 30% in urban and i nl
during July in 2017 and 20€t8er iForeaqtuiecn @@a
the western plains of Taiwan when an easte
compl ex topographic structure of the isl ar
deterioration that was assbtiatuled 201 &, augi
We at her Research For ewRGhemdevlii t h TICd e mies
i ndicated that the-pacermstsiumrweals yfsdremet ioan toyfp h
bet ween Taiwan and Luzon i sl arsd eird yt hmenbR keinl
flow, which | asted for an extended period
bet ween the east®@rCgnthd @aw MownitTaimwaRange (
stabl e weatarewe acko nwdiintdn osameeseeder n Tai wan duri
peri od. Numer i cal maoad esl ei@negr tael xs oe aisnidiyc aftoerdmse
t he wi ndc odulrdhcdtrageerd from sout hwesterly to n

Tai wan because of the interaction between
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northwesterly wind coupled with a sea br ect
pollutants, from the coastal upstiTéaem i ndu
dynamic pgrhecevs sndf @i recti oneexhmlingreat hge v emh ya
obseiSwellecame the maj or. douornitnrgi btuhSewr e g ios oRIM
contributiont @rRaYoTrthiecocmoals%w)al , urban, and
OgPM30. 5%), 3(1229..19 %W g,/ m*( 29117 .99 , Odlempewver yely
the variation of the boundary | ayer height
of botandMzone. The combi na-seanbhasewalel | ee
as the boundary,wleagert he@e vkeelyo pmeah ani s ms i
accumul atrandAmoumdthoons frequently occur ar
summer and fall, ands tahieri rqueaflfietcyt noenr itthse f

attention.
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1. Il ntroducti on:

Tropi cal cyclones (also «aoowmnr easce yipmoba:
during summer and fall. Typhoons significan
but al so.Téiart quwalbietcyause air pollution 1is
conditions, and typhoon circulation typical
di ffusion in specifesebmehedlsend .t Fotr ezame

Hongn&oand southeastern China are strongly

they appr lacer ,2th eilanrge,Z200 AHuang0anaapo6

Yang et al ., 2012; ZhanWeietgtalgd,n 2G16;l .ZMRar

Luo et ;alDen2@dllB9ang et yrThe <Qt0&dgnant met eo

conditions associated with strong subsi den

|l ayer results in pollutant accumal at(2h0bHef
reported that approximately 30% of total o:
production in tiheoulnadvweeary dtamespheand appr o:

contri butreadh gley tlramgport from southéeah. Chi |

According to the dynamic process per-spectiy

Ozdays when typhoons were | ocated between
the influence of the typhoon posi taiiorn and
qgua.lity
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Tai wan al so experiences air qualgtegt daltt er i

200Chang etClaé¢ng @OHdy . an@0CH.e nlgg we\elLr9, not

typhoons dr wi abguavattegi nn Tai wan. The effe

guality is highly related t o t&hei nltoecraacitoinor

with d&aiOCeannt r al Mountain Range (CMR; Fi g. 1

formation of pofofreraibretgweaen tTyaimeayn daind Ho n¢

deterioration frequently occurs over the w

bet ween Taiwan and Luzon island in the Phil
Tai wan is typical dmetseerverfadt hmayrederki be ¢
kil ometers. Under such conditions, the wes
strong solar intensity, Ganwlesweearkn wdlnadi nssp ebee
the interact ikonesaesdfe ctuhyea ttiyopnhsoom t h t he CMR.
typhoons are wusually -psecsscsiuatedywieim auPaao
t hus, the air temperature may be high. F C

typfoosnecondary circudiade mme maryd emérsawnicte isru

clear skies, and weak wind(eseed ®ueral Tai2vdd

Huang 2080J aang etShad .et 2@dnd,; 20l Pabnd 2@Gus

adversely affectlnaiTaidwaal,ipthye noasnewehl!| i s p.

attributed to the blocking effect eof the C
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thirds ®fl §adwmass (300 kmiSSW OOFikgm) labn)d, |wie
average terrain hei ghlti nofa madp@Zhoexii,imatetl yal2.0,
and some peaksTlhé¢ aGEBrhygs 4&0M@ajmor effect on
frequenntelryf ereasstwdrtlhy tcdhhpr evat heaghweabygs ong

range transport dust stomam. ard®O0dia,)bpoObl ut2i

during wintWhemoa stoyomhoon i s | ocated bet weeé
| owevel easterly airflow easily splits nort
the island, f or mdinge ao fv otr(tbBnxmaatmdt atennide e |, ]

Smol ar ki ewi cz8flnidn,Rovt. LLinm aledt9138n .t IR Ol7eesi de

the CMR, wind speeds/) aared wela&k {Lmospehernic,

mor e stabl e t han on t he wi ndwaersee dJiaddeor abl

conditions, air pollutants readily accumul

concentrations .6t e nthavigieactes brtweEraambiennflow

and topography resulted in stable weather conditions and air pollutanta@ation in

the |l ow boundary are common all over the wi

scale, it could occur in Plateau (Ning et al. 2019), mountain (Lai and Lin et al. 2020)

and even buildings environment (Theurer W., 1999) as the airflevaicted with them.

For example, Wallace et al. (2010) investigated the spatial and topographic effects of

temperature inversions on air quality in the industrial city of Hamilton, located at the
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western tip of Lake Ontario, CanadBopographically constraned wi nd pows a
frequent temperature inversions occurred at Los Angeles, California (Lu and Turco,

1995), the Highveld Plateau industrial region in South Africa (Jury and Tosen, 2004),

and Perth, Australia (Pitts and Lyons, 1988jlverde et al. (2016tudied air pollution

in Europe and found that the dispersion and transfer of air pollutants are affected by
topographic features and weather patterns. Ning et al.(2019) presented synergistic

effects of synoptic weather patterns low trough, low vortex tapdgraphic on air

quality over the Sichuan Basin of China.

Summer and falftypheomegandadi wan and th
East Asia. Statistically, more than 20 typh
and apprd3«tiyymhhe | gi rectly stri ke @abai vCahren( L
2019 Records&GfCemtTal waMeat her Bureau ( CWB)
typhoons (Type 5; https:// www. cwb. gov. tw/ V¢
between 1911 antda2ditaldi bumopamaleed bet ween
wind circulations of this type of typhoon \
| ocation of the typhoons. Thus, it is not
to pass near f(The wsslaamd qafafl e d¢ty. The 1 mpac
bet ween t&ecitrypthlomtni on and the GNMR eomft heé e

mountain IS more serious than in other ar e

7
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To dat e, air pollution episades witli a&h
i nteractions bet ween typhoon <circulation
documented in Taiwan. Il n this study, we |
occurred on 17 Jul yscdk&,ntwiatth oam mdyilBum pq

maxi mum aerosol caenPeMsn trreatircg i 7 dyd P M n

inland rur al areas of central Tai wan. We L
Chemistry -@bdml ¢(®WREi on 3.9; Grell et al .,

me hani sms of formation of the air polluti
organized as follows: Sect. 2 describes the
the study period; Sect. 3 presentsd4the mo
presents the air quality characteristics ar
of Taiwan; Sect. 5 describes and discusses

with the typhoe&mheawv,emtndudiimpl|lWRFK o8etuusi ®np

2. Data sources and measur ement

We coll ected meas ugr efng natnsd ooft hheg;u rd&l | FUM a n

coO, apd aSO we | | as meteorological par ameter
rainfall) from Taiwan Environment al Protec
monitoring stations. To elucidate the spati.i

the elbsstwati ons ovefico @dsutiithomanignd @ nm tE@anchi nt o

of these categories represents the mean c
8
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stations of the same type. The coast <catec

Xianxig(XXg)Fi The urban category included 1

(XT), Zhongming (ZM), Changhua (CH), and
category included three stations: Nantou (
were | ocatedimearshuy roorunidredbady high mount ai
on small islands were also considered in tI
is |l ocated close to Xiamen city in southea

station | ocattediitn (tFheg . Taliayan S

To explore the air pollution episodes du
Taiwan in July 2017 and 2018. For t he sul
sampling sites (the squares in Fiagne 1c) ,
|l ocation as the TEPA station), Zhushan (ZS,

the TEPA station), and Chung Shan Medi cal
Fig. lc) . ZS is a suburban site (®@@ated in
500 m) and high mountains (CMR; el evati on
respectively. The remaining two sampling si
suburban and ur ban alrheea s(aFmpgl.i nlgc )p, e rrieosdp eocft
washlaydt i me samples wer d90@T |Lewherdeds omi @IBt
sampling was C OndSuc tt @dO 08TrWem d2e0t: eOrOmi In e d ma
concentrations odgrtahvei medemro<olnse assuiregne nt C
col |l ecptorddyten rafl uoroethyl ene mémer &ane afli.l t
2 0 ) Bhe filter samples were analyzed for wagetuble ion{ ¢& Mg *Na N,H

K*, 48,0 NeOn d)vi@ion chromatography (Diond€S 1000, Thermo Scientific).

Organic Carbon (OC) and Elemental Carbon (EC) were measured by a thermal/optical

carbon analyzer (DRI, 2001A, Atmoslytic Inc.), following the IMPROVE thermo
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optical reflectance (TOR) protocol (Chow et al., 200hje instrumats of the hourly
measurement of PM and PMs from TEPA are
METONE_BAM1020(https://airtw.epa.gov.tw/CHT/EnvMonitoring/Central/Tools.as
px). Two reactive gases, ozoneJ@nd sulfur dioxide (Sg), were measured in parallel
with the aerosol measurements.nandispersive ultraviolet photometer (ML9810,

Ecotech, Australia) and an ultraviolet fluorescence spectrometer (ML9850, Ecotech,

Australia) are used to measureddd SQconcentrations, respective.oundi ng dat a
were obtained fronPetnlgphuQWB/krainlde Mst eer olhogi

Organi zation (WMO) st aaisoc|l osmbé¢ino ¢ bhee MGs T

(Fig. 1a)

During sumnseera bhirheece zleanedasi | 'y o6c @ miliowes
sl ope wind duri ng hdea ysteiameb/rreiegzhet tdiemes.l oApss ,
transported from coastal areas and pass

coupled with mountain slope flow to the

urban environmnendtencanpgr,i siinndgusrteri al, and
al ., 2009) . I n particular, Tai cfhiumgd Poavred
t he Taichung Harbor I ndustri al ( THI , Fi

are responsntbhilael femi sssubosntsa i n centr al

sources contribute to and affect t he ai

favorabl e weather conditions. Met eorol ogi ¢

wind directiaonnd, rteelnapteirvaet vhruemi di ty wer e acqu

station Iin the same | ocation where dat a

3Model caotnifang ur

I n this study, we used the WegaNRFer Rese:

10
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coupl ed wiGhhewehei WRF3t ®dy t he air poll utan:
the eMWeswombd ai ned the meteorological I ni ti
WRFChem from the Nati onal Center for Envi
Oper aGil otralr espstDeM5A Hatla 25Mt sntaer Wal s. W
sel ecYerds ¢ ih eUYi & Md rasniettyar(y boundary | ayer (PI
studlye coarse and fine domains had 259 I

resolutions of 9 Kmeaweér&8hkwealrséapve cdthi venley .|
l evel appld omianad\wvd yt he surface. To ensure t
were wel |l simul ated] mavasieonphloyddt a has $iomi |
according -Gro8 a.th®ea NCE®FPrt pr ocesns eébsy iwi anlduisd e d
convection by c¢clouds, and diffusion by turt
gravitational settling, surface depositio
convective updrafts asdalai poetci ptritawasboyut
prepr dXePsPgoer f ace was used in both the che
At mospheric Chemistry MecThasne csom d(aStyo cokrwgeal nl i
aerosmht font hModwlle Aer os ol Dynamics Model f
(Ackermann /evtol ati ] i 19 9@Aamemasd oSve te wWaveBIS.), 201
empl oyed #Chhetmh enbOWBRF ant hropogeniT@aiewsens si ons
obtained 4fprodrhut haet amonitoTERA |dat acbnaisses i @fn
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i n

i n

vent ory ds ylati eva,n Eanlilssi on Data System (TE

this study is V9.0 (2013) and contains d

co, NG, MN®O PM PM amd SO

4 Results and discussion

4.1

Og
pe
co

Th

Charact eaiirs tqiuadciedryT maavwear n

Figsi2rke i ndicate the monthlyg mRMnandoncen
yt(iOn8¢l G OLBBD) o0zone2Obendvez2dl 9. Clear season
re noted for aerosol and ozigneé Mowaemd cent
ytime ozone concentrationiAwgueXiOsadr ved
B 16i230g A m 8®4ddDpb, respectively. The concent
aked in Octobred , pdladreeas nPMar ch. I n gene
ncemnsawere obser-Mad)i andpf ddgv € Blaepr) . mbe
e dayti me ®&ppbedmpda kiend Gctt bber and April |,
Y. Ffomd PRMMt he peak c o/de ®mgtfanadtd g mwer e

er the western pl)ai nRsegiamr dMawrgc t h(eFicch.ar Zaa t

i stributi on, the concentration at t he mou

ban areas andoahtdepPbMoboaAast moEBEat aPMdsi te al s

gher concentrationshtbkhas,dedcepée dubangal

,b). The monsoon dominates the prevailin
ut hwesterly wind prevails, whereas a nor
d spring. The characteristics of the sea

ving a cleaner background and higher b o

asons. As mentioned earlier, the major e

12
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are | ocated in coast al and wurban areas. T
typically occurs over rur al mount asiemm ar eas
breeze might play a critical role in the ai
Duringrsgdhmey only in this study) in 2017
campaigns in central Taiwan. Table 1 presei
in PAM sampling stations SL, CSM, and ZS du
concent rMatfsioan safatP ons SL, CSM, and ZS were
The inland rural mountain sizteqncZeSnt rcalteiaornl.
Organic carbdhadOCheahidghk®©st concexntration:
and ibmd¢heased from the coa(sTtabtlceBtelld@auise| & e
maj or emi ssions were from coast al i ndustry
a rol e cgiomckeMtrati on in the western plain.
PMwere Of, NSONH and el emental carbon (EC;
station SL, the c®9@weneéer abmpa®ag/ahnedO&t. 54 d 3
OgPmaccounting for 2,7.r5&s paencdt i2v8e.l6y% OAft R M e
and trhde rimrlaal mountain station ZS, 20 had ¢
andOgFf@GB 0. 9% )o,f rPeMpectively. The results i1
of OC 2ieq0uPMl exceed 30% at the wurban and
concentration of OC i Dgfenaz22d5%)soimo PMee co
mountain Og&EM 0. (B)sGf aPM t he urban site
propor tOiglm 5. B¥%soifp. &MMng t hese s$@&tions (1
al so exhibited an increased concentration f
but the chang@edssBywBme Nwitnaocbrl y, S Gien pPdporti o
decreased fthm tmohent @aa st ar@ea because the m

(Fi g. lc) , are | ocated on t3helN|ld oaansdt . ECl,h eato
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SL, CSM, and ZS had comparalflliclOcidad@ vt r at i
andinl.3g/ m3, repspalkiihe vihlyand rural station :
foothill valley of the CMR and surrounded |
at ZS might be due to sea breeze transport

I n generalkwe®@ amaeé ®@j or species over we
in inland areas. These results suggest tha
and even agricultural emissions, might pla
Furt her moirael, dtihset rsipbautt. mods dafythimghegonkMcon
were not al ways in urban areas; i nstead, (
areas (Fi g. 2 and Tabl-eeal) br elTehzee ,r ol cewsn dtah

devel opment ,onanodf itnytpehroaocnt i ci rcul ati on wi t

structures play in air quality require cl &
processes and | ocal circulation variations
numer i cal model 24P mul ati on in Sect

42Ai r quality dérebl dudtyi @ 18as e

42. 1 Weat her obseéerwviaonoand

To explore air quality deterioration pr
empl oyed a severe air poll utiWeatehpers omap sb e
obtained from the NCEP Gl obal Forecast Sy

depression formed to the east of the Phil.i

2018 (Fig. 3@anes Amrodg heystltew f ol | owed, | oca

tropical depressil)n @om 1§ Jwly, (Fhgs 3ro

14
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294

strengthened and formed a weak typhoon nam

and Luzon island ich; t hke Pbprlaspspurhes $oysFti egm

strengthened into a tropical depression on

pressure systems or typhoons to thd east ¢

Tai waoan an easterly diere otdi dretfwere nar bexatnan dé&:

c). The easterly ambient &l CGMRwasesabtl|l pghbl

vortex formation associated with stable at

i n western Tai wan. T h ename wma ngns anelnoed g Ihilesee v o

mounhasnbeen described through a | aborator)

and numeri cal modeling (e8§%.iph8m€&hank{ & %D 8,

empl oyed a wind fl ow wi tfhU/INoHy PRwhoeurdee Unh uinsb et

c

pstream fl ow syYaiedal &N firseqhhendy,und measur e
H is the height of-l anelobaitrafcll @y, easidl t hepll
coast and moved aroundebhhestigtdpnidsoénTakwawmy
Fr case (<0.5; assumed lavBiwamsawantirepgeedc
= 48§ and average mountain height, H = 2.5
be weak and atmosphericncamei diecnd ttdebd&Mi
compared with the windward side of eastern
Sounding data (Fig. 4) record@or bt the

15
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Met eorol ogi cal Organi z&AGa 74 4c | s et it @ MGu me rF
i ndicated a relatively weak wind speed (<5
during the study per(iPidg.)y4fbm vies5 71000 1h7P aJ u(l 3yC
a strong easterly wind (>10 m/s) preevailed
clear subsidence and multiple inversion | a
16 and 17 July (Fig. 4b,c). On 17 July, the
(Fi g. tdhcayt i s, only a few hundredt meters o
The sounding data revealed stable atmosphe
weak wind speed on the | eeside of the mouni

Figure 5 displays the variationgndn wind
ozone) at the TEPA stations on two small [
Fig. l1la) and results over the western plai:]
and wind speed were quite differenn betwee
pl ains (Fig. 5a). The wind speed was rel at
and 17 July because the typhoon <circul atio
China and the Taiwan Strait. The wind dire
becoming northe&Bten|lyd4 a¥uley 2Z2@®RLI BD.0 Duri ng pc¢
speed at KM, the: eokcé®&Ornerabttdomd dfi uPMal va
steady | ew, 16i*®Omd PMMay<t i4@e pP b &TF toenr 1142 :JOuO yL
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The wind speed at MG was weaker than that a
was | i kely affected by the mountain bl ockin
speed did not changendic@iceant alalty ont ievEM
fl mdteu obvi ously at MG during the study per

By contrast, the wind fiiekd bDrmezeewnesa
over western Taiwan. At the inland mount ai
compared with the (¢coagst &dla)amdl haez diieddn tsii mes ss
for the <coastal, ur ban, moudt aiThes iRM s a
concentrations at the urban antemweenailB s
and 17 July 2018. Noiabhgenthattomi dgfokrpe
coastal, ur ban, and snMmoutnh@ai coasstals. aPealr |
observed around nodn, hvehemd anndpemmlunRMIi n si
LSTon 17 July 2018 (Fi ghhe 5thi)mi nlgh eof dsitfhfee r pen
concentrations between the coastal and urb
be attributed to the transport of 2. tshe sea
concentration was observedsbé¢eewebrtweenundl
July. That is, even at night and in the ear
as 40 (6gbhm 5b) because atmospheric conditdi
accumul ati on. The peak omodenooncant rtditei ocn

17
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urban sites, whereas the peak @It (tFheg.mdbdwnt. ¢

We estimated that ztanrd cozmocreen tamtti hoen se poifs dPdve

(Fig. 5b,c) were threeetnitmead iloing Maimr itnlga rs utm

in central Tai wan. As mentioned earlier, tr
i ndustry and the Taichung city metropol it a
occurred at the inl anRI) mboand@asea cft ate @ nb r( ee

from upstream to downstream sites

Spati al di stributi)eomnoenwiratdi éne( Bi @nd6]
stations in Taiwan revealed a strong easter
weak wind speed and clear sea breeze devel
PM.goncentrations Og#&maametdh 8 eorwn ,( <elébst er n, a
tips of Tai wanFiognO6éar J wk g t,2 0ah 8Teaai wvbarne ez e d e
after 10am@ laSTtrong onshore fl owibgl.ebw ai r
d. A hpgbnPdntratfomenxdes0 fOdOgp/mMmthe coast to
at noolwr ) ,Fiwhi &h was subsequently transport
t he afand nmioghit ¢f) TmMeel higgho nRRM nt rati on accumt
Miaol i (tocamtogdThaioccfcuag) mi dwi gipfhé oconvergenc
of southerly andct aabil {srpead z ea | ( Pdagyuil aft figd.rs oo f
be observed on the&ig)lewvwbushdapnf(ibébldukyd,; a

18
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30 Bghmthe ear!|l wlmormi cendm al7 Thi wan.

The |l ocatiemomldfutibe bzghe was al so strol
| a-s da bdruereizneg t he O@ytA mei JHFigonclentrati on
observed at aheontbme EFagi odc) ; the ozone
i nland mountain station, resulting in peak
16: 00 ansd (@Bkf)G.0 BHy SEZ2: 0OBelLozone concentrati
more rapidly time trheurrctiaiyn tehraena ilmecause of t
gh). The detailed pollution process and mec
the model simul2ati on in Sect. 4.

42. 3 mul Rteisainl t s

The hourly comparison between observed (
PM.and ozone between 12 and 18 July 2018 a
our simulation reasonablawdcapgbobneednt wWesvt a&r i
andalsim i sl and sites, MG,sahtheKMobTalmean2)pqu
(RMSE) at all sités awads tlhees sc otrhraen alt.i 0o nO go/em
simulated values was 0.72 and O0.81 at t he
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Tabl e 1:

Conceantdr aittiso nnsa joofr

PRM mMponent s

SL

and
(co

component ¢

t he S|
and 1

as meteorological parameters at the
sampling sites in July 2017 and 2018.
201707 201807
Coast (SL) Urban (CSM)  Mountain (ZS)
Value (%) Value (%) Value (%)
PM2s (pug/m>) 15.7 16.9 21.4
S04% (ug/m?) 45 (28.6%) 4.6 (27.5%) 4.8 (22.2%)
OC (pg/m°) 43 (27.5%) 5.6 (33.1%) 6.6 (30.9%)
NO3 (ug/m’) 1.4 (9.1%) 1.0 (6.0%) 1.1  (5.3%)
NH4" (ug/m?>) 1.7 (105%) 1.7 (9.9%) 2.0 (9.3%)
EC (pg/m?) 1.1 (6.7%) 1.1 (63%) 1.4 (6.4%)
Os (ppb, 08-17LST) 35.3 39.4 39.7
T(°C) 28.9 28.8 26.5
ws (m/s) 0.7 0.9 0.5
wd (°) 207.7 238.4 247.5
Table 2: CohcPM2raAatawmdsi ts major
wel | as meteorological parameters at
(mountain) sampling sites between 15
2018/07/15-2018/07/17
Coast (SL) Urban (CSM) Mountain (ZS)
Value (%) Value (%) Value (%)
PM> s (ug/m>) 30.9 40.5 39.2
504% (pg/m°) 9.4 (30.5%) 12.1 (29.9%) 11.6  (29.7%)
oC (pg/m3) 6.9 (22.2%) 9.7 (23.8%) 8.1 (20.7%)
NO3 (pg/m°) 29 (9.5%) 2.9 (7.0%) 4.4 (11.1%)
NH4" (ug/m?) 4.0 (12.9%) 4.7 (11.7%) 5.9 (15.0%)
EC (ug/m?) 1.8 (6.0%) 1.5 (3.6%) 20  (5.2%)
O (ppb, 08-17LST) 65.5 74.1 64.7
T(°C) 29.9 30.0 29.4
ws (m/s) 0.6 0.9 0.8
wd (°) 290.6 250.7 279.9
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