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Evaluation of Domestic Emission Reduction Effects

on Decreases in Concentrations of PM, s and Its Compositions
Using a CMAQ-ML Model
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Abstract Although PM, s concentrations in South Korea have decreased over time, they still exceed the World Health
Organization guideline, indicating the need for fast and reliable tools to evaluate emission reduction policies. In this study, a
CMAQ-ML framework was developed that includes an observation-based concentration prediction model and a Relative
Response Factor (RRF) model, enabling rapid assessment of emission reduction effects. The model was constructed using the
XGBoost algorithm with hyperparameter optimization. The model was trained using one-year data (year of 2022) and tested to
another one-year data (year of 2023). Performance evaluation showed that the concentration prediction model reproduced the
observed PM, 5 and its component concentrations more accurately than the CMAQ model alone, while the RRF prediction model
successfully reproduced the CMAQ-based RRF response characteristics. In terms of computational efficiency, the CMAQ model
required approximately 190 hours for the one-year simulation, whereas the CMAQ-ML model produced similar results within
seconds. Application of the emission reduction scenario based on the 2"¥ comprehensive plan for fine dust management
showed that the annual mean PM, s concentration decreased by approximately 0.6 ug/m? which was mainly driven by
decreases in NO;™ and NH,*. In addition, the emission reduction scenario reduced the frequency of high PM, s concentration
days. The CMAQ-ML framework enables rapid and accurate evaluation of domestic emission reduction policies and can serve as
an effective decision-support tool for air quality management.
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Ao FFE 72 5 2Uth(Bae et al., 2023; Kim
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20239 7|2 A4 A7 2 AT A (NIER,
2024)°fl AAE S o] =, vAHA] Fee
7] F<] YAE 978 10 ume} 2.5 um ©]5IE 25t
o] 16.7 L/min®] 522 D of Fsto] Hletd &
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Fig. 1. Simulation domains of CMAQ model with (a) 27 km and (b) 9 km horizontal grid resolutions. Circles represent the loca-
tions of Air Quality Research Center in each region.
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CMAQ-ML 2HS E85t =2Lf
55 e ST AL e 52 it
NIOSH &4 PA STN BAHS 7|Hto g2 g3
5F2] B4 (thermal/optical transmittance method) ¥} H]
B Q1 B4 W (non-dispersive infrared method)
= °]-gst] SAsHAH.

2.2 WRF-CMAQ 2 M3

2 Aol AE A2ap mAEA] e Ag Al
ol B nEA S5 A7 2T 9ok 9l
7|/$ 229l WRF (Weather Research and Forecasting,
v4.3) BElli} o 7174 22l CMAQ (Community Mul-
tiscale Air Quality, v5.3.2) 22-& 0|85t 71443
2 2021 129 304FH 20239 129 319714 =
7] QFA3} A7 (spin-up time)$Q! 24A|17HS EFST
o} 96 A7ttt mOfstGit. 7] 9 FAxACR
National Centers for Environmental Prediction (NCEP)
oA AlFst= 1°x 1° S =2 Final Analysis (FNL)
g2 E A5t} Land-use/land-cover (LULC) 98
b= United States Geological Survey (USGS) A=
£ AR, AT =8 5442 & 19 AASkA

WRF 28 Z7}= Meteorological-Chemistry Interface

T

T}

L

Table 1. WRF-CMAQ Configurations used in this study.
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Processor (MCIP) v5.1- 2 ©]-85l9] CMAQ Rd 9] 7]
AR R st HiEE d=iAta R 7] %o
UA 5 =7 AH R HATE oA AlE]t 27 km
2 9 km =S| Model-ready HIEAIRE A5
t}. Model-ready BlEAt= 5 U914 vi&H2

Matrix Operator Kernel Emissions (SMOKE) 2.2
o] A& AE ARESHITH (Benjey et al., 2001). =i
& M E Y= 202148 7|3 7| AR QA AH
(CAPSS 2021) 0.2, =9] HjZ oHIE =
tegrated Joint Monitoring of Air Quality (SIJAQ) version
212 L= AAH viE%-2 Model of Emis-
sions of Gases and Aerosols from Nature (MEGAN) &2
9 9] A= AINE ARESIATH(Guenther et al., 2006).
CMAQ 2H< o] 83t 2] e 20214 129 15¢
FH 2023\ 129 3197H4] 271 ¢H83} At (spin-
up time)Q 15U S E3sto] AL ol wiA] o2 45
stk A9 TH|Ql(D01)9] 27] @ AAZ AL 7]
E20 2 Al-FEE default profile RS Z-8519.C
o, 5}9] =9l (D02)9] 27] B FAEA2 B =
ol ®of s deetes Aottt nAHA|
L oS 95t of|o] 2& WE-2 AEROG (the aerosol mo-

Sparse

Satellite In-

Model domain DO1 D02
Horizontal resolution 27 km 9 km
Grid numbers WRF 181x143%x39 109 X 148 X 39
CMAQ 174 %128 X 38 99X 138 %38
WREF (v4.3) option
Initial/boundary condition FNL 1.0°x 1.0°
SST OISST/FNL
Land surface model Noah LSM (Chen and Duhia, 2001)
PBL scheme YSU scheme (Hong et al., 2006)

Land-use/land-cover

USGS

CMAQ (v5.3.2) option

Chemical option

Aerosol option

Advection scheme
Horizontal diffusion scheme
Vertical diffusion scheme
Emission inventory

SAPRCO7 (Carter, 2010)
AERO6 (Appel et al., 2021)
Yamo (Yamartino, 1993)
Multiscale (Louis, 1979)
ACM2 (Pleim, 2007)
CAPSS 2021, SIJAQ v2.1
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dule version 6)°]H, 0]2]9] CMAQ R E o] AF A<l
=4 AR 3 19 ARSI

2.3 HiIE MZ ALtz2| HF

A2zt vAHA] e FEA A= 7ed el
20214 ] 2029714 PM, 5 18%, SOx 16%, NOy
31%, VOCs 12%, NH; 16% 2] Hj& A4S ZE2 A
Aletal glom, & Ao e g AE HEE W
sto viE A7 Alue] & A5kl cMAQ 2 E
o] SAPRCO7 3tet WAUZoA A5 Z3of 25
e 32 PM, ;5 3%, SOk 18, NOy 2%, VOCs
32, NH; 1505 745, o] sjgst= &4

of Alutg] e AFES WIS (F 2). o] FolA
PM, ;9] HiE&E-2 12} vA] R4 ool 2F (Pri-
mary Organic Aerosol, POA), 1} B]A] YAEtA o]
2Z (Primary Elemental Carbon, PEC), U] T]A]
ofo]2ZE<] PMFINEC.Z 4Tt Base AlLt2]. 2.0
A BE A= MiEES W3] il
= A Ay eoM= A
PM, = 7|5 tHH] 82%, SOx= 84%, NOx+= 69%,
VOCs= 88%, NH,= 84% 50 &2 HjEae 27
Skt Eot = wiE A Ao avnks ot
Stz f1sl 2of o W FRb(FA old A 9)ofl sf
Tk Azl ghote] YEZARI HiE AE 285
Ak
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Table 2. Emission species in model input data according to
reduction targets.

Category Emission species

PM, 5 POA, PEC, PMFINE

SOy SO,

NOy NO, NO,
ACET, ACYE, ALK1, ALK2, ALK3, ALK4, ALK5, ARO1,
ARO2, BACL, BALD, BENZ, CCHO, CCO_OH, CRES,

VOCs ETHENE, GLY, HCHO, HCOOH, IPROD, ISOPRENE,
MACR, MEK, MEOH, MGLY, MVK, OLE1, OLE2,
PROD2, RCHO, RCO_OH, TRP1

NH; NH;

2.4 HIE XMZ A2 sE AP

U.S. EPA Z[¥]ol|l A= ti7]d 2o] Axte] B4
= Hebshr] 915l 714 2 O] Base AL @ H.9
Avel v E A7 Alvte| e Bo] AT} 7ke] AtiA
T W89l RRFE #5 5kot 3 E8al s A|
Qi US. EPA (2007)ll A AlAISH ¥H-2 RRES}
L5 Foto] viE A AU FEE F45t
o™, thaat Zo] Fd
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MODEL.,.,.;
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OBSsenanis = OBSX RRF )

714 MODELgcepyrio= H718 RE O] HiE 2|3 A
Ul 29 L2 MODELg, = U712 Rd9]
Base AU Q. R9O] =L 5 RRF= Base AUE] 2 &
O] FI tiH] #iE A7 AU @ KO FEO| Hl&Z
olojgtet (A 1). 2 A7l A= 1A17F Fat CMAQ &
o] AWM= ggoto] AZHE RRFE A5, o1&
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T3t OBSE ¥5 555 1|5t OBSscenario= RRF
o} OBSZ AP viE A7 AU e s=E oJu|gh
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of &sto] HiE A AU FrE 45k A
ojth. &, ti7|d ndle HiE ‘ﬂ?}Oﬂ fﬂr 94—‘%2
ATely, = Erl AR = 28
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Table 3. Target data for CMAQ-ML model training and evalu-
ation.

Category Variables Units

PM, 5 ug/m?

S0,27/PM, 5
NO;/PM, 5

NH,*/PM, 5 %
OC/PM, 5

EC/PM,

Observation data Air quality

RRF_PM, 5
RRF_SO,%"
RRF_NO;5~
Air quality RRF_NH3* -
! 4
RRF_OC

RRF_EC

Model data

Model) 2 ZF2F A ETH R 3). o] CMAQ-ML 249

ZA= OBS®} RRF= ZYZ} OBSy; T RREy & A
OJst3itt. CMAQ-ML 24l shsolli= 2022189 tj7]
S AFAS] PM, 5 B TAHE 55 A=, WRF &
9] 71/ A, vWiET A=, CMAQ RE 9] w7
AR PMys R 73/ o RRFO] AAE A=
£ 28510, 20239 7|@E AT ARE olF
Sto] d5= H7IokI TS 85 HlolE o] v
Aoz QIgh mpARkE WISty flal W= 7 A
A4 (r)7F 0.8 nlto] 11, BATSAA| 4= (Variance Infla-

2 Mﬁw%—i 2. VIFE £% 559
=0l o) dgE= A
E}Ta—’ﬂ*é' Hote| &8

T}H(Chan et al., 2022).

VIE = 1 —lfef) 3)
o714 Ri= iR SPRSe OhE BE Sy¥s
7+ ARA G0, VIFE i SHH42] VIFolth
(21 3). ?t, 718 A4 Ap=oll= PM, 5 B 14
i TE] A7 AEA7E EAfot, o] & Hetkst
7] 915l Random Forest (RF) 7]4Fe] B dl-g 2-8-5}9]

UE0| 23 PMys H THEE S g4 Fat ot 327

Table 4. Input data for CMAQ-ML model training and evalu-
ation.

Category Variables Units
Ob: ti PMas
servation . . 2- 3
data Air quality SOy pg/m
o]@
PM; 5
50,2
. . EC 3
Air quality 50, pg/m
NOy
NH;
T2 K
M | RH2 %
Model data eteorology u10 m/s
V10 m/s
PM, 5 g/s
OBSy. :
Model NOy moles/s
NH; moles/s
Emission
APM, 5 g/s
RRFwL ’
Model ANOy moles/s
ANH; moles/s
Time series ) Day of year  day
data Time Hour ofday  hour
RE 22 PM,; B 73492 5 574 B2} 5
U 51 ARE BEAAT, 2 B2 AN 57
Ho2 3% 9l ol 50| FYHEE THGCHE 4)
Sheolls 2022 A2 S THolAT, SheH BES
o]-85t 2023 PM, s B 4R =] ASAE
wekslert. thel, ASA] B o] ol EASHE U
K A7 CMAQ-ML ¥ S550)| 4] A <]5t .

£
4
(RN
O;L'
r&

o4& Random Forest, MLP, Light-
GBM -5 thaet uwau da12]F dfH] XGBoost”t
A 2} oS Fell SRt vlAddE EAE 2t
oz shgoto] H2 Aol A BATH(Wei
et al., 2025; Park, 2021; Zhang et al., 2020; Joharestani et
al, 2019). o]2{3t A7) A7 AIE HigoR & AT
oAl XGBoostE & HER A4 CMAQ-
ML 2 E2] 79k e REl XGBoostE &

|3te] %3194, Optuna 2| ALY E &85t
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Data Pre-processing Data Post-processing
(2022) Model Run (2023)
Input data Target data Input data Predicted data
()
— 2 i) S S
§ E = z o E XGBoost ENES z ZE'E L
5 b > / N\ > b gl s
2\ (<] g ?;’ m ;’z <] Hyperparameter [} 8 :"? ool i E
g HREIREIRE = s ) AREINEIRE NE N &
A EIRE % @ =8 B 1 n_estimators 200~1200 =S % = a4 e g
=] S z| |= = =2 g Learning rate 0.01~0.3 ] | |=® 2 5 B
Q @ =) < s 3 [ ] =1 = 3 2 2
NS NE N ES max_depth 3~10 21 3] I= g 2
ol [E] |z EA N min_child_ weight  1~10 of [2] |Z EAN
w & =) =8 jos) o = =
o 5 N S| |3 o % & = E
I ) N 7 b B L1 | L= A ZiN=
Hyperparameter optimization
using Optuna
M / o M /
.6 4 =
o) =<
= Q z = Optimized g ) >
2 é g lén - hyperparameter settings _5 E S’ —> =
= =2 <,
S g B g Y B g
[ al [Z] |2 al | & g
o ENEIRE A 1Z] B
o= S|z
2l = q &
HiE 21 /
L] = [ | i L]
1 80% L 20%
Training data set Test data set

Fig. 2. Overall workflow of CMAQ-ML model.
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Fig. S1. Spatial distributions of mean RRF of (a) PM, s and its compositions ((b): NO*~, (c): 50,2, (d): NH,™, (e): OC, and (f): EC)
in the 9 km model domain during spring (March~May) of 2023.
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