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Abstract Mobile measurements were conducted to understand the spatial distributions of the number concentrations of
particles (PNC) with diameters from 20 to 700 nm and PM, 5 mass concentrations along two routes, Route GM and SD, the two
characteristic roadways adjacent to Busan North Port with distinct traffic compositions. The measurements were conducted
11 times in the morning and 16 times in the afternoon of November 2021, October 2022, and January 2023, with about five
repetitions each time. Despite the proximity of Route GM and SD (only about 340 m apart), the PNC in Route SD (9.7 +4.4 X
10* particles/cm3) was 2.6 times higher than those in Route GM (3.7 +2.2 x 10 particles/cm3), whereas the differences in PM, 5
were not as significant as in PNC. These differences appear to be attributed to differences in traffic composition. While the
total traffic volumes for both routes were similar throughout the day, the proportion of heavy-duty vehicles (HDV) differed
significantly (SD route: 44%, GM route: 13%). Nonetheless, the PNC levels observed in both the roadways near Busan port
were significantly high compared to those in urban areas worldwide. In addition, the mean size of particles in a higher PNC
route was smaller than that in a lower PNC roadway, and the smaller size was linked to a larger deposition fraction in deeper
respiration tracts of the human body. These findings suggest that the roadways trafficked with a large volume of HDV near
the port could potentially risk public health, highlighting the need to monitor PNC and size distributions in those areas.

Key words: Ultrafine particles, Particle number concentration, PM, 5, Busan North port, Mobile measurement

1. A =2 2] (PM, 5 <2.5 um), W H|AHZ] (Ultrafine Parti-
cles (UFP); <100 nm)Z 728 4= 91tk (Seinfeld and

PAE =] ot 71 ed2 A AAHCE, 5 pandis, 2016). 2 Bt 22 2719] 9izpo] oigt ¥
5] TA] A G4 QIZke] A7k Alzbet §1o] Bl Ao 2717 AAt A7)0 FHo] HlEslE T gloLt,
T8 &7 ZAOIt} (Sicard et al., 2021; Cohen et al, o}z oA zu| UKt 2+ pM, 9 UFP
2017; Lelieveld et al., 2015; Pope and Dockery, 2006). 2} 72 Qlz}of tfjgh 4] & WA o] B L]o] 91Z]
g 2R d7] Foll ZAsks Azt F7198t gt} o]o] 2 AFelME Choi and Kim (2018)0l1A4]
2 Z]7of w2t ulHHEA] (PM,; <10 pum), Z0HH  AF23H -80S -850 UFPE Ulen|A|HZ]| 2 7]
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sk 53] M, o} UFPE 947} 27171 39 &
of 1 B2 o] AEste] 77l Azke A
& v]& 4= It} (Brook et al., 2010; Kapposa et al.,
2004). T3 Qixto] 2717 242 EHA 0] Yo
A7) wjZell UFP 47 2717} Zobds-5 pM o A
E=/J2E (cytotoxic effects)©] S7F5t] &87] 9
A A weh 274 5 v Al 9
S uE 4= 9l Ao 2 A H T (Avino et al., 2016).
ot PO = {15 WHO (World Health
Organization)+= 20194 715, A MAH SR °F 420
gt o] ofe] thr] Qo Agehe 2o R 45t
ATHWHO, 2019).

=4 W UFP= W71 21| A= il
A4 HjEo] F8 TFYo R wEefo] golx]
BT AR} B2 Q2N w2 7t YERd
(Morawska ef al., 2008). AF5-2}ol| A ¥jZ&% UFP=
7] & ol st A7 A2 uj Zo} viE A9
7V 23, WA AV T B AE ol oS
AlgtH oz v B At s 2EE Hln
(Choi and Paulson, 2016; Peters et al., 2014). =$F UFP
of A7 W) £25} BT SAolAE URpr}
AA A2t 520 80% oS AT g F 7

£ oh= ®’H, w22 2712 Qlske] dAre) A
F Fxolle 5% olste] mulet 7|9 E sk Aow
22 At (Choi et al., 2013; Kumar ef al., 2010;
Morawska et al., 2008). HF'H PM, .= 214 wji&9] 4
FHEUE H7] FolA < o2k Aol o Fash e
R71afole], ol Qlaf - 2R Wege] 2 G

1] 2]= 2% 9 nm~1 pm 2719] 47l ool F
7} AA "}t (Wilson et al., 1977). AAZ Choi et al.
(2012)2 n]=k 2AAAH A TEERE TIRZA 2=
0]52_;(42 Eaﬁ UFP _/,\_ l"—Eh HH%] —Lg—l:._ EHH] 1~
£2 5049 57} 4 wlA] Z71e u
P 2 S B o 2500 AR S0
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A UFPO] HIgf| 7] Fofl 453 & AIZF A
St (7] 5 49 2F 109 o4 Seinfeld and Pandis,
2016).

A wEE FARgg A= fEolA T A
2 Q77 T L AJolH (OF 3309F T, Statistics
Korea, 2023), slFuF1 HHSF2] SHAZ =
oA 71 2 7Bl F4kgo] SIxIst gk, $41
22021 7] AA 69] HEE 9F2,2719F TEUS] 2
Tako 7|25t Alsl oFo] A9 /l-]E]— o 7]e} 2k
S-S A ZRIH(WSC, 2021). 20201 PM, 5 715 T
713 A A YA AH] (Clean Air Policy Support System,
CAPSS) HiZ o] w2/ o] o]t uf&o] ©F 1,052
ton~year'1°]131 1% sk& A4te] 9F 911 ton - year '2
87%9] H|ZE-S ZA|5kal QUT(CAPSS, 2020). FARD
Al AdEF BilE2 PM, 5] 7S 2 HiEeolH,
T St Al RiA R 71Tt 2 T A] (s, 376
ton-year‘l)g} T2 AEAPE 2] (298 ton-year‘l)E}E
2 2Jo]S HQItH(CAPSS, 2020). EH g 29
Arlois el Ui B, Au 9 gt 3,
A1 B 58 melehe tiare wAge 21 T
71 gEdo] HiEH = e S o= dHA vt
(Pirjola et al., 2014). £3], ZH|o|H& 45t tA
¥ E2l2 UFPQ| 1H|E A2 2 DPF (diesel par-
ticulate filter) 2+ 2735} Hojl= dut V& 58
Zof Hsf 4] Bl B2 HiEES Hols Aok o4
Zth(Choi and Kim, 2018; Kittelson et al., 2004). T2}
A, et 2 E vlEYosRH HlEd UFPY
PM, 57} &t 1 2|9 9] 7| A} FFE A 2 F
&L v = Atk (Jo et al., 2017). DA FATT=
=7 o%% oA 2Fsh= O*”}Eﬂﬂ %X 5
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Fig. 1. Map of the measurement routes. The red dashed line represents Busan North port, the black thick-dashed line
denotes Route SD, and the pink thick-dashed line indicates Route GM. The red circle and star represent the Daeyeon air quali-
ty monitoring station (AQMS) and Nam-gu automatic weather station (AWS), respectively.

and Kim, 2018; Kumar et al., 2014).
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101 DiSCmini (Testo Ger-

many)Q]' PM, ;5 Z217] (DustTrak, TSI, USA) ¥ $]2]

HE =& 93t GPS (global positioning system;
Qstarz, Taiwan)E FASE 7Ho] o] 5574 E2hE-2 o]

BOMICHE 1. o 2 1557 WAL Choter

o:
ﬂJ

54 & W Afolof AFEdo] sz =
AT T FE WP 54 FEe v
o] o]k 50km-h™" o]s}efA = ulu]gt A
AeH (2™ 2). o]e]l we} o554 £EE 50km-h™!
aRto 2 {A|ste] olF £kt SAFE nAl=
FFe Hadetl LHEE T FF 2UR &
7%11”53 7V = A Skele. F7HA 0 &, o5 &
0] AA| vilE F&FS aiAsH] Slo Ak wiE7t
/\7} Aa F7= F94E 7Fs/de] e Aak 71zt
O A= Aol A AlQlstalrt. &, @ A= 2 Al
ol watz L] 7HE 2 kS 15| sl
ZSFS5FATH(Choi et al., 2018).
DiSCmini= %7 20~700 nm 7] Y4=}9] 4= 5=
e} ot 75 EAHSH= AT A7 ER 7] (fast diffu-
20| ARV 2AtRE Al

ru[

sion size classifier) = 1%

Sttt Choi et al. (2016)-2 DiSCmini7F 4% YA+
o A7 AERH O R AFREE ) I BT =%
ZFH] Q1 SMPS (scanning mobility particle sizer, TSI)7}
AR W71z ST B 2710k & AR
A|AI5HAAL (Choi et al. (2016)2] SI 2.4), YA} 4= 5
= CPC (condensation particle counter, TS)$t 2 & %]
& AAISESATH(Choi et al. (2016)2] SI 2.3). Dust-
Trak (Model 8530, TSI, USA)Z 57| A& FUof
x5t A= (impactor) 2 PM, s = PM, & A
sol WAl BAS B A4 W s s
L A7 gy 2 1209 =2 X7
£ 7RItk & S22 AxAfA EFE oflolzE Alm
B AR "i71280 28T o Aes AR HAGA
<= (ambient calibration mode)& AF&35}o] A5
(TSI 2019), 5% % HEPA LEE 2H6to] Dust-
Trak®] F3& A5t RAAS 48 & 59
Ao} of st Bt ZFA|SE =9 Park et al. (2019)
oA AAIE v 9t} Park et al. (2019) H7] F
PM, 57} 20 ug-m™ ©J5}9] Fof|A 2 £747]9] @
2 W9} £175 g m AED R0 s
o, 2 27 71k] 9% 557} 20 ugem of}7]
$Ae ASEE 7H Aoz opgEr) o5
Sozo] 24 A4 RE FSsl7] 9la) GPS (global
positioning system) travel recorder (BT-Q1000XT,
Qstarz, Taiwan)E 2Fg W5-of Ax]sto] 12 AIZHs|
R R L s g L

o,

O.v..

27572

2.3 A= =X
S5 4= 4 5E2F PM, 5 HIo|HE GPS Y13 %

Table 1. Monitoring instruments installed on the mobile platform.

Instrument

Measurement parameter

Time resolution (s)

DiSCmini
(Testo, Germany)

Particle (20~700 nm) number concentration (particles - m™3) and mean size (nm) 1

DustTrack Il
(TSI Model 8530, USA)

PM, s mass concentration (ug-m™)

GPS Travel Recorder

(BT-Q1000XT, Qstarz, Taiwan)  -2titude and Longitude
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A T20fA XREE

AAGEE ol T4 LAl A7 B3-S
Pol et o] & $alA Python ‘GeoPandas’ 2Fo]E
#E Fl ¥ Gps A5 7FE ke A9 ol
27 1A 919] Aol PN th, QChainage
QGIS Python Plugin (https://plugins.qgis.org/plugins/
qchainage/)& AFg5to] o] 5854 HAZE 30m H4
o BIES AEs 7o Bt ol
HAFE “snapping”©]2Fal $Ith(DeSouza et al., 2020;
Lim et al., 2019; Messier et al., 2018). ZZFNF T 30
mi HHEE 50km-h' 2 o554 Al g 1o 2
el 253 il 19 B, b
2 2t 79 2etd ole54gEe B4 A5k
& 0 T Wi 58 17

Azl 718617 9jslo] WA, GPs2RE =3
HAao A

o T

=

—_

arol ZASHA eske A9l

Az 78] 2% 1k
e 78] QEe Fel] TPE SIS S o

45to] B 7L (interpolation) 3 g2 85T PM, 5
7]4 /\]7}0H”1-T—_~ 20219 574 Al 10%, 202214

A0t 7|Af9| Hakof| M2 Lt0|MIHX| (Ultrafine Particles)2t 0 MHX| (PM,5)2] Z7F

N 22 M o 951

MATLAB (Mathworks, Inc.) W49l PCHIP
(Piecewise Cubic Hermite Interpolating Polynomial)
& AF2SF3I T} (Fritsch and Carlson, 1980). ©] tFaHA]
o QU 471 FlolElE AFgstol HAkst WO
2 H7kE g)\-Eo] 1413]—14 o] = _u_HE—] o 11- u’}ﬂ-7]_1—
AE H37] wize] A8 ol 554 Aol A Al
& S EES] T RRE P50k d AR B
SIT}(Choi et al.,, 2018; Ranasinghe et al., 2016).

Slo} e AR AeE ¢ (@ )Y §F AR
ol el ol AR A, T el 9 ARl B
£ Palo] shiel ZAgo] AtES st e
S, shute] Aol ol 15] o} EEHL 5 S
ek, WA RE A2 T She] SRS 1]
r 7H_4 =L By Z]EE 11-/&-15]._1—_7 o]_E_ pas :IL§_,]|BEﬂ

BHueto 2 13810 SAO gt 5 E2 A=
Airsttt. ol 5 Foll Fk w2l tiet 74

A2l Al 54 A7l 54 gl oJsi 2¥ot

TS ] G E SHGih a5 S, weF ofe ¢
2% e Aol Hetel skl olE = el
w, A2A50] ofm Ak E4Ye) 2] 4%
24 £ o) Aast 22T 4 Ao
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o
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Fig. 2. Time series of PNC (particle number concentrations), PM, 5 concentrations, and mobile platform speed measured on
the rarely trafficked road (inside the Pukyong National University campus). The spikes in PNC and PM, 5 time series were from

intermittently-encountered vehicles/motorcycles.
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E3h 2 552 wet ol ok Aot s 57t
T WAR oA Q] Axt & Z18Y (stop-and-go)
= Ao AR pEo] 2FEE 2Agho] 40 2}
o7} WAgsta, o] gt Aol vl#AT 4%k 4
o] Ex7} ATt @ FEAS] Fhts S FAIC]
7V 23 W) oaf FotA dFgFS ] o
Hof| A7te] w2 FrhH o7 vl Ac ZAgk 429
VX PoHol HNtAQl v ERE Y5
o] G mzIh w2hA, S 2 BHEE = o]
79| thEgkS 27ote] GRbARl e HExE E4S
olafistal BA5E] flsiMe et 22 o554 A

2 A2]7} @ H Tt (Choi et al., 2018; Ranasinghe et
al., 2016).
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Table 2. Summary of the mean meteorological factors for measurement periods.

Wind speed (m -sTh Wind direction (degree)

Relative Temperature®

Route Date Day humidity* (%) ) Nam-gu® Daeyeon® Nam-gu® Daeyeon®
AM. P.M. AM. PM. AM. PM. AM. PM. AM. PM. AM. P.M.
2021-11-12  Fri 43 44 9.7 10.2 5.1 2.7 1.6 1.0 288 242 220 234
2021-11-13  Sat 51 50 12,6 14.5 25 2.1 1.2 1.1 237 223 245 222
2021-11-19  Fri - 28 - 18.6 - 34 - 13 - 263 - 226
GM 2023-01-20  Fri 34 27 5.8 59 53 5.0 0.7 0.5 267 282 243 257
2023-01-25 Wed - 15 - -1.8 - 2.0 - 0.5 - 278 - 48
2023-01-27  Fri 24 23 0.3 1.1 5.0 58 0.61 0.5 288 287 69 41
2023-01-30  Mon 22 17 45 6.3 35 34 0.54 0.6 284 285 72 2
2021-11-09  Tue 51 52 125 1.9 3.0 4.2 1.6 1.2 235 255 232 239
2021-11-13  Sat 53 48 11.6 14.5 2.5 1.8 1.0 0.9 248 229 254 216
2021-11-16  Tue 39 38 15.2 15.9 2.8 3.0 0.8 1.0 294 281 238 265
2022-10-05  Wed - 69 - 20.0 - 3.8 - 1.9 - 50 - 33
2022-10-07  Fri - 57 - 19.7 - 4.2 - 1.8 - 316 - 30
D 2023-01-09  Mon 54 52 12.7 14.0 26 2.8 0.6 0.8 227 224 218 219
2023-01-10  Tue 47 56 1.3 10.1 2.1 29 1.0 0.7 62 77 48 58
2023-01-16  Mon 53 37 1.9 57 4.6 36 0.5 0.4 292 289 156 17
2023-01-17  Tue 29 26 2.8 55 3.0 3.6 0.5 0.5 299 284 295 41
2023-01-18  Wed - 46 - 43 - 3.6 - 0.5 - 287 - 255

2Data from Nam-gu AWS (Automatic Weather Station)
PData from Daeyeon AQMS (Air Quality Monitoring Station)
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= 7155kl

1! (Shimura et al., 2018), 2120

Aol 9
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AQMSOf| A el=
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Fig. 3. Wind roses during the measurement period with 10 min. avg. data ((a): Daeyeon AQMS and (b): Nam-gu AWS). (c)
shows wind roses typically observed for the seasons of measurement in the measurement area (1-day avg. data from Nam-gu
AWS; left plot is for Oct.~Nov. of 2020~2022 and right plot is for Jan. of 2021~2023). Upper panels of (a) and (b) represent
winds for route GM and lower panels for route SD. Left panel shows winds for the morning period and the right for Afternoon

measurements.
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AE A e vigro] £AIsFAL SD =0 0% 73
of toliA A7 E5F AFD o] vido] Uehstth(1d
3a). EFE 124 mO) T AWSOA = = FA2o 1
= 34 717 52t F50] 1.8~5.8m-s7' O] HIE 7]
o1 (F 2), &F 74 7|7+ B F52 GMIY
SD &4 AR/t 247t 354149} 34407 m s '2 &
Aot ot o Z4 713ell= Sh H 29| Ft T
o] GM Z &9 3} F 30% WATHAHE SD: 2.9~0.8
oF AR GM: 43+12m-s™). 'FF AWSO|A 2] Z3F
< BE AR tiel A3 AFD 9] vigo] Alskith
(T2 3b). AREA ] £ Ao vigt EAS AHE
7] f1sil 74 Ade Esto] 10~11¢Y (2020~2022
W)}k 14 (2021~20239) 2] 7 7]71o]| tjgh viEzm|
£ E7 AWS BEAEE ARSSto] 17 3cofl A5}
Ark. AR o= £ 2 9Qoll= 1083} 119o= A
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Higho] LAt £44-2 Halch

3= GMT} Z 2 SDO| APE F w5 Aol=
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2F(8.5% Z1h et Aeloly 9 Edeet 22 i
E52h o] WwEse 2 2tolE YEWSITH(1E 4a).
20219 7 0% =4 7|7te] gk HE GM 2]
HDV A7t w5#2 A= spoj vlal] 242t 25%2}
23%°] S35t 20220l 242} 28%2} 27%0]]
ST (TLH 4a). T3 U ol =
Skl &2 SpeflA o] AA| 2ol izt HDV Hl-&-2
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Fig. 4. Diurnal variations of traffic flow rates and HDV frac-
tions in routes GM and SD for 2021 and 2022 (BMC, 2021;
BMC, 2022). The red shaded rectangles indicate the mea-
surement periods ((a): Traffic volume rates and (b): Heavy
Duty Vehicles (HDV) ratios).
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Fig. 5. Mean particle number concentrations in cities world-
wide, Korea, and near Busan Port. Data for other countries
except Korea were taken from Kumar et al. (2014). Data for
near-roadway and urban environments in Korea were taken
from Choi and Kim (2018). Route GM and SD represent the
routes for mobile measurements in this study.
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Table 3. Summary of UFP size range for near-roadway and urban environments in Korea were taken from Choi and Kim (2018).

Country Environment Lower limit of size (nm) Source
Urban 13~20(mean 18) Bae et al. (2003); Maskey et al. (2012); Park et al. (2008)

Korea Roadside 5.6~20 (mean 12) Bae et al. (2007); Kim et al. (2015); Song et al. (2012); Woo et al. (2008)
South America 10~25 (mean 13)
UK 4~19.2 (mean 9)
Europe 3~25(mean9)
North America Urban 3~20(mean 12.nm) Kumar et al. (2014) Table S1.
China 6 ~10 (mean 8)
India 5~10(mean 7.5)
Australia 15
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Table 4. Mean concentrations (and standard deviations) of particle number concentrations (PNC) in the units of
particles-cm™ and PM, 5 (units: pug - cm™) based on driving conditions (Accel.: acceleration and Decel.: deceleration).

Route GM Route SD
AM PM AM PM
PNC PM; 5 PNC PM; 5 PNC PM, 5 PNC PM; 5
(particles-cm™)  (ug-cm™) (particles-cm™) (ug-cm™) (particles-cm™3) (ug-cm™) (particles-cm™)  (ug-cm™)
Accel.  35,500276,300 8.6+3.9 32,10090,100 59+6.5 131,000333,400 10.9+79 82,200158,300 14+84
Decel. 28,30062,700 83+3.2 34,00080,200 5.6+3.1 110,600241,900 104+54 75,000121,100 13.8+8.3
Stop 22,20060,700 94+3.6 25,10049,800 6.1+2.5 99,500259,000 10.8+22.2 69,000 159,100 14+10.5

Eto]oje} 2 of mpzho]] o3t WAo] ek
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Z0| whg Lk Hept Mgk o wjnjstgi.
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Table 5. Summary of statistics of PNC and PM, s concentration distributions observed in each Route (1% QU.: 1%t quartile; 3
QU.: 3" quartile).

Route GM Route SD
PNC (particles-cm™) PM,s (ug-m™) PNC (particles-cm™) PM,5 (ug-m™)

AM. PM. Total AM. P.M. Total AM. P.M. Total A.M. PM. Total
Min. 14,800 20,000 17,700 6.2 49 5.5 317,00 24,700 29,400 83 9.8 9.1
15t QU. 19,600 25,500 25,600 6.7 5.3 59 56,900 60,300 69,400 9 10.7 10.1
Median 26,100 29,700 29,400 6.8 54 6.1 100,600 84,300 97,800 9.9 11.3 10.7
3 Qu. 45,900 36,200 43,300 7.1 56 6.2 161,100 97,300 123,600 109 123 11.8
Max. 406,300 99,800 188,700 8.8 9.8 8.5 335,000 158,700 231,100 19.5 154 16.6
Mean 43,700 32,700 37,400 6.9 5.5 6.1 121,900 79,500 96,900 10.3 11.6 11
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Fig. 9. Pollution maps of route GM. Left panel is for PNC, middle panel for PM, s, and right panel for the scatter plots of PNC/PNC
vs. PM, s /PM, s ratios. The size of the circle is the size of the UFP particle. The black-shaded part of the right panel is indicated by
a black dotted line on the contamination map, and the blue shaded is indicated by a blue dotted line. (a) morning, (b) afternoon,
(c) entire periods, and (d) Photos of surrounding environments around hotspots).
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Table 6. Deposition fractions of inhaled particles in human respiratory tracts calculated with the ICRP model based on observed
mean particle size (PG: pharyngeal, TB: tracheobronchial and P: pulmonary).

AM. PM. Total
Route
Total PG TB P Total TB P Total PG B P
GM 0.501 0.047 0.088 0.366 0.535 0.052 0.096 0.387 0.522 0.050 0.093 0.379
SD 0.606 0.064 0.116 0.426 0.581 0.059 0.109 0413 0.591 0.061 0.112 0.418
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