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Enhancing the Simulation Performance of PM, ;s Compositions in

the WRF-CMAQ Modeling System Using Machine Learning
Techniques
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Abstract PM, s compositions are important indicators for identifying emission sources and formation pathways of parti-
culate matters in the atmosphere. In Korea, the Ministry of Environment has operated Air Quality Research Centers to monitor
PM, 5 components continuously. However, relying solely on measurement data has limitations on obtaining temporal and
spatial information. A 3-D chemistry-transport model enables us to simulate PM, 5 component concentrations at high spatio-
temporal resolutions realistically when the simulated results are accurate. Therefore, this study aims to improve the
simulation performance of one of the 3-D chemistry-transport models, Weather Research and Forecasting (WRF) - Community
Multiscale Air Quality (CMAQ) model, for PM, 5 and its components using machine learning techniques. The WRF-CMAQ
simulation results, including PM, s components, meteorology, geography, and emissions, were used as input data in the
machine learning models. Measurement data of PM, 5 and its components from Air Quality Research Centers at 10 locations
were used as target variables to build the machine learning models. The study period was from January 1st to March 31st,
2022.The best machine learning model showed a correlation coefficient above 0.83 which is quite reasonable to use for PM, 5
and its component simulations. We analyzed the WRF-CMAQ simulation results for PM, 5 episodes occurred nationwide. The
machine learning-corrected WRF-CMAQ model results captured nationwide high PM, 5 levels better than the uncorrected
WRF-CMAQ model results. It is expected that PM, 5 characteristics in other regions where Air Quality Research Centers do not
exist can be accurately provided using the machine learning-corrected WRF-CMAQ model.
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Multiscale Air Quality (CMAQ) 2@-2 t]= 2FHH S
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& fohs 714 21T uE B4 58 Eotel 2 B3], =\ nAlEA] ek 7131 1~39E tite
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712 AEH A A0S olalfE 4= qlrh 717 AFAE oA g A= A= =
7IASEE 718 2] BEol PM,, vk 37t 2 CMAQ R AmE AlFsh= Zlo] 3t
ZE R o 2R mlAHR] g 9l B4 9 oS
A5 FAoll =22 Zth(Kim and Lee, 2023). Kim et
al. (2023)2 714 HEle] w2 t7| e FEA oS 2, A7 94
A TS Yol A =Y AV eEEd A5 B
g FEoIHoH, Y 8 299 AlolE v 2.1 o7 X9 U 7 |$#EA7A X2
gato] Ao m|AH2] A EAS BT 4 Qe woy i AL =e] 52 1eslr] 915 Fot
7]uke opedh vt ek vt A AFe A o Aok ¥ (27km AP R FH (9km A7), A
FEO 28 % pM,, A% & no] A Ademt o 7 550] G AAls] 2] 7 J 93
242 gths A7} Qlek v, PM, s AR 5 km A7) 5o&2 ASHTE AT i 717 miA|
£ I F840E Bela ¥ A 47 @A ot WA Alsk 7Ikbe XSk 20221 19 197 H 3
A 7| A 7S A-gste o Alofo] glgich gt E 31dolrh 2R Sl dE A
22 2L ATEY 1A AT A BE Aol 3 A A Al S Sl B tirE AT A
=EA PM,; AR S0 $Extartwas 22§ g 9ot Jon, & Aol AR ti71eHd
52 9tk ol5 VIS BYo| shyAlRE B4% P4 ARE 2024 7IE0R 29 FA IR, £
THH CMAQ REol|A & PM,; A& st ol EH(AR), A (), A WA, AT, I
gt PM, s AR B5 o] mo| Al AL J|tfa 4= 9] FB (4D, A7 HD), FHEA A4, AEA (L
k. Ah, AEAER) 5 F 107145 ZIRICHIH 1.
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Fig. 1. Simulation domains of CMAQ model (left). Locations of Air Quality Research Center (AQRC) in South Korea (right).

o7 IstE|x| M 41 E M3 S



7|AIEE 7|HS 225t WRF-CMAQ 29| PM, s FTAIME Do M5 JiA 433

A | FFDTLNA BT A2 F 14T
AR AT PMy; A S5, o[ 2HENO;,

SO, NH,*, Na*, K*, Ca*t, Mg?*, ") ¥, ©44
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ZH(NIER, 2022), PM, ; A% 5= et
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Table 1. Specific information on WRF-CMAQ simulation.

ek
Research and Forecasting model (WRF) version 4.3
AFgoHTh WRES 96417 1702 Bojshglon,
2E0] 27] QFAS} AI7HO 2 24 A]7H EA O A] <]
51900k, CMAQ 22 14212] 7] M5} o] 244]
2 s 2012 Sasliet, 9] TP 12K OMAQ
mElo] oS} A7k mgtste] 20219 129 17 00
UTCHH 20224 49 1¥ 00 UTC7HAth 714 Bd
9] 7] @ AA Z7-& National Center for Environ-
mental Prediction (NCEP){|A] A|-8-5}+= Final Analysis
(FNL) 1.0° X 1.0° k=25 A2} Land-use/land-
cover (LULC) ¥E8ARZ 27 km®} 9 km G o=
United States Geological Survey (USGS)2] A5 2=
£ AR8SFR e, 3km FHoll= 20204 -2t 2
75 (Korea Ministry of Environment, KME) | 4] A|-&-
g 24 EX s A5 E ARE-SHIth WRE Hdlo] A
AFSE 7142 2= the Meteorology-Chemistry Inter-
face Processor (MCIP) S 53] Z*]2]slo] CMAQ &
0] JHRRE AFGE T CMAQ ZHofA] AR
T HEE A EE 7 AHEAEEAE

A A= 27km -9 km - 3 km 99 HiE QEx=

ABAARRE FHE 714 D2l Weather

Model domain DO1 D02 D03

Horizontal resolution 27 km 9km 3km

i WRF 181X 143X 39 109X 148 X 39 208 X226 X 39
Grid numbers

CMAQ 174X 128 X 38 99X 138 %38 198 X216 X 38

WREF v4.3 option
Initial/boundary data FNL 1.0x1.0°
SST OISST/FNL
Land surface model Noah LSM (Chen and Duhia, 2001)
PBL scheme YSU scheme (Hong et al., 2006)
LULC USGS/MODIS/KME
CMAQ v5.3.2 option
Chemical option SAPRCO7 (Carter, 2010)
Aerosol option AERO6 (Appel et al., 2021)
Emission inventory CAPSS 2021/SJAQ v2
Advection scheme Yamo (Yamartino, 1993)
Horizontal diffusion Multiscale (Louis, 1979)
Vertical diffusion ACM2 (Pleim, 2007)
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434 AR|2, 2N, Foi|x|, ZEHS), 2ES, 0|2, ZEE,
t}. o] FollA] Q1914 &%= Sparse Matrix Operator

Kernel Emissions (SMOKE) t2l5] o] A}t (Benjey
et al, 2001). =1 1914} BiEF-2 20219 7174 2%]
YAIZF (CAPSS 2021) HlE S5 7|9Fstlon
(NAIR, 2023), =9] Q19]%] &% Satellite Integra-
ted Joint Monitoring of Air Quality (SIJAQ) version 2
& 552 Z-8olth AAH vilEd2 Model of
Emissions of Gases and Aerosols from Nature (MEGAN)
9] AT o] &5FATH Guenther et al., 2006).

H Al A= CMAQ version 5.3.25 &-83}o] T
71eded e Bolshith. CMAQ o] &

o] F92 WRF L5 wfet FopAlof, ot et
= Zoet A9 o2 A 9178 == 126°E, 38°NO[th
% A% A7) 247} 27 km, 9 km, 3 kmo]H, 97
S 3850w 7] AAS WtV edE=de] a9
% S GAIS] mofstes AAIsHT A%
FEYH2 Lambert conformal conic project FEAE
7|Rko g2 SHqint 7k 24 Sot H|AY S State-

wide Air Pollution Research Center (SAPRC) 072 A}
451319 (Carter, 2010), lo]2F X523 AERO6
(the aerosol module version 6)& AF&3}Tt 0] =2
Aol AAHE 3452 & 10 Fshrt.
2.3 HI0|E] Mx2| & = X2 2
2 AFolME PM, s HF &t N8 4R
Fhuith 24240 7)Aok HES F55Hler, of

PM, 5
component

Meteorology |variables {

Mo}
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o 107 215 9] 718 A+4A S AA=E BT o
ol AHgsteit A8t shsAtEE PM, s, O 4
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A =g A AR AAskd 71 Asks =Y
5 Al dEAt=ol ASgko] ZEH Sh5o] o]Fof
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Wl ti712d Aa7t 1RISE 23 o] AR} =}
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2 ot5 Al E8H HpES VMo R AjEER 5

At fE Y=ot HAH S AES 4k #
variables @ observation site

i e T

[e]e]e] [e]e]e] @[e[e]
lo/o]e| @o]o| eo]o]
olle/e] o/e]e] o|o]o]
[e]le]e] [e]e]e] [o[e]e]

Input variables

g
=<
0

Target variable
PMZ.S

component

Training dalta set (80%)
Testing data set (20%)

PM, 5 component machine learning model

Fig. 2. Data pre-processing workflow in the machine learning model.
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Table 2. Training data information used for machine learning model.

Category Variables Unit Information
PM, 5 ug/m?3 PM, s concentration
NO;™ pg/m3 Nitrate concentration
S0,% ug/m?3 Sulfate concentration
NH,* ug/m3 Ammonium concentration
Na* ug/m? Sodium concentration
PM, 5 com.ponent Kt ug/m3 Potassium concentration
(Observation data) _ 3 . .
@ pg/m Chloride concentration
Ca?t ug/m? Calcium concentration
oC ug/m3 Organic carbon concentration
EC pg/m? Elemental carbon concentration
Mg** pg/m? Magnesium concentration
PM25_TOT ug/m?3 PM, s concentration
PM25_NO3 pg/m3 Nitrate concentration
PM25_S0O4 ug/m3 Sulfate concentration
PM25_NH4 ug/m3 Ammonium concentration
PM25_NA pg/m? Sodium concentration
:)C,\Ah/zl'/iéor:c?doerl\zr;tta) PM25_K ug/m? Potassium concentration
PM25_Cl pg/m? Chloride concentration
PM25_CA pg/m? Calcium concentration
PM25_0C pg/m? Organic carbon concentration
PM25_EC pg/m? Elemental carbon concentration
PM25_Mg pg/m? Magnesium concentration
u10 m/s U component of wind at 10m
V10 m/s V component of wind at 10m
Meteorological data T2 K Air temperature at 2m
RH2 % Relative humidity at 2m
SLP hPa Sea level pressure
LU_INDEX 1~33 Land use category
HGT m Terrain elevation
Land use data Latitude ° Latitude
Longitude ° Longitude
SO, moles/s SO, emission
o NO, moles/s NO, emission
Emission data NH; moles/s NH; emission
Isoprene moles/s Isoprene emission
. . Day 1~366 Day of year
Time series data Hour 1~24 Hour of day

414 A CMAQ BEle] AR S ool $E, B SARrt gl AdeNE A 9 Y 282 9
A L AGAR 5 YRS AT ol 5 9 Sho] BAT HES AT 5 ek oS S0l CMAQ
AR RS 97 ARE A TS AL PMy; R 3k S Aol AE A | 57 4

1=}

T o i

48 EEE ket T A4 ool B BRE W FES J4eks AR Fue W 7 oAy
s17] 918t AR AL ECHDi et al, 2019). WE 2] sl ST ARl BAH ARSES
A 71AekE Bdlo] CMAQ 2o 2¥E d=shd © &7 "k o] & CMAQ 9| R ARfof B
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variables - T ori:oii:iii
Fig. 3. Data post-processing workflow in the machine learning model.
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2 AFelME ASAIER AAS (Correlation,  (Tree-based ensemble algorithm)-& ThFt OJAF A7

= - - e
1), Bt AlFZ 22} (Root Mean Square Error, RMSE), U (Decision Tree)S 23k dfHo|ch, Ea] 7|8t
Hat At 22} (Mean Absolute Error, MAE)E 285 A =l o= A

ek 9] ABEL BY ofE A% Bl T2 AME
S A Eolck ¢ 22 101 FHeSE 4k el A
TAZ A9, -1 FPAeSE AT o] AT
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&112]% = Random Forest (RF), Extra Trees (ET),
Extreme Gradient Boosting (XGboost), Light Gradient
Boosting Machine (LightGBM)9] Ad5-2 H| st
2|2 o] darelES AAsk] fls 2 dare]Eel o
3 kB WA} AZ(k-fold cross validation, k-fold)2
Yt k-fold= A HolHE ko] 72 #
St A A5 Ad2 wAksto] ki
o], 2 AofA= kS 58 A7
A% 774olA r, RMSE, MAE®F 22 A
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- O
SnLECERELT:

S

0

A

Ry

4




IABHE 7IHS HE5 WRF-CMAQ U] PM,; T84S 29| 45 A

PM2s NOs”

0.96/
0.88
0.80!

0.96
0.88
0.80

ET XGBoost LGBM

NH," ocC

RF ET XGBoost LGBM

S04~

5 096 ’1'2

0.8

0.96
0.88
0.80

0.88
0.80

RF ET XGBoost LGBM

Na* K*

0.96
0.88
0.80

T0~06 0.96
0.04

0.02
10.00

0.88
0.80

RF ET XGBoostLGBM

086 "

" 1.0 0.88

RF ET XGBoost LGBM

ET XGBoost LGBM

ca

2 088
I 080 04
0 RF ET XGBoost LGBM 0.0
EC
045
1.5 0.96 "\./‘—__‘
0.30

0.15
05 0580

0.0 0.00

RF ET XGBoostLGBM

Ca2+

RMSE, MAE(ug/m’)

006 096 -
0.04 0.88} 0.02
0.02 O'SOL 0L
0.00 RF  ET XGBoostLGBM

0.96

0.88
0.80

ET XGBoostLGBM

e e®

0.009 096 o~ __—" 1045
0.006 0.88 . ;
0.003 0.80 i ;
0.000 0.00

RF ET XGBoostLGBM

—— RMSE
—*— MAE

0.30
0.15

Machine Learning algorithm

Fig. 4. 5-fold cross-validation results of machine learning models (RF, ET, XGBoost, and LGBM) for PM, 5 components.

kTS ET7F A 8AISE 0,94, MAE 0.19 pg/m®, RMSE
041 pg/m’ 2 e 7H) 948 35S UEilch(L
H 4). ET 421852 7] RF YRiET OAEA b
T2 Al 7290l ot tlofE 9 wfiElS ohsst
+ dl fEsh] digel 43t ol & sS4 ot
(Geurts et al., 2006). THEHA E Lo A= ETE 2|4
dgFo g HAAste] 7| Aeks Bdll 5ol ARgS
At

3.2 7|71|c>l-A El:-ll _—rj.x [=1] 7-I7=

AARTET BelS o]-85to] CMAQ 2 A= 2} o
71 AT S ARE S5t BES 7551
o} 7|AIekE BY 42 At 7]E CMAQ 2d
Ao et WA= =2 B7reh] 9o ti71$
AAT4a S A=E TR Uiro] AA 713 5
80%+= o, 20%= Aol AMgStTh HE ARE

B35 7% CMAQ RHo] PM, s @ TAAE Ho] =
Lot 24 g Bt AFREE 1 50 YER
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Table 4. POD and simulation accuracy for PM, 5 in Seoul, Gwangju, and Baengnyeong from 1 January to 31 March, 2022.

POD (%) Serious (%) Bad (%) Moderate (%) Good (%)

(a) Seoul

CMAQ 30 12.70 18.90 33.10 94.80

ML 70 65.80 61.60 79.20 41.30

combine_ML 64 48.10 55.60 80.60 55.90
(b) Gwangju

CMAQ 20 0.00 18.30 26.80 97.40

ML 70 10.30 66.20 79.10 46.20

combine_ML 60 2.60 56.40 72.20 71.50
(c) Baengnyeong

CMAQ 21 8.89 29.85 37.45 95.86

ML 35 0.00 60.20 67.45 55.50

combine_ML 33 0.00 56.22 71.57 48.64
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