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Figure S1. Location of observation sites and five key regions in China, AQs: air quality sites.
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Figure S2. Annual average contributions (ug/m?) from different sources to PM2.5, PPM, and SIA in China.
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Figure S3. Seasonal average fractional contributions from different sources to secondary PM:s concentration (black circle on the

right-hand axis) in China and five regions.
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Figure S4. Contribution (%) of each PM2.s components to CMAQ simulation biases by region and season.
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Table

Table S1. Summary of the WRF model variables used in this study.

Variable Description Spatial Resolution g:slgﬁzgil
PRSFC surface pressure 36 km x 36 km daily
PBL Planetary boundary layer height
TEMP2 temperature at 2 m
RH relative humidity at 2 m
WSPD10 wind speed at 10 m
WDIR10 wind direction at 10 m
CFRAC total cloud fraction
SOIM volumetric soil moisture in top
GLW longwave radiation at ground
RSTOMI bulk stomatal resistance
PPM primary particulate matter 36 km x 36 km daily
SO4* sulfate aerosols
NO;5 nitrate aerosols
NH,* ammonium aerosols
POA primary organic aerosols
SOA secondary organic aerosols
EC elemental carbon
Other other components

Table S2. The CMAQ model performance in China and key regions in 2019 with a spatial resolution of 36 km (OBS is mean

observation; PRE is mean prediction; MNB is mean normalized bias; MNE is mean normalized error; MFB is mean fractional

bias; MFE is mean fractional error.

Region Index  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Criteria
OBS 6668 6493 5797 48.88 4193 4208 3946 28.74 3720 4528 47.76 54.37
PRE 4479 3893 38.06 24.57 2391 2956 2576 2601 35.02 3638 4247 50.97
China MNB -0.12 -0.18 -022 -041 -034 -0.16 -0.27 0.00 0.01 -0.09 0.00 0.19 <+0.6
MNE 041 0.44 0.40 0.47 0.47 0.56 0.43 0.48 0.36 0.35 0.35 0.48 <0.75
MFB -0.27 -034 -036 -0.61 -0.53 -041 -043 -0.18 -0.10 -0.20 -0.09 0.03
MFE 047 0.53 0.49 0.66 0.61 0.64 0.54 0.49 0.36 0.40 0.35 0.42
OBS 87.55 83.38 56.34 4820 3808 3892 36.17 2740 3570 4514 5212 65.04
PRE 57.85 4895 3929 26.51 25.16 30.13 27.07 30.18 37.74 38.12 47.53 60.93
BTH MNB -0.19 -025 -022 -037 -0.23 -0.09 -0.18 0.25 0.14 -0.04 0.01 0.14 <+0.6
MNE 042 0.43 0.37 0.44 0.44 0.53 0.41 0.62 0.42 0.38 0.38 0.49 <0.75
MFB -0.34 -041 -034 -0.55 -039 -0.31 -0.32 -0.01 0.01 -0.15 -0.10 -0.03
MFE  0.51 0.54 0.45 0.60 0.53 0.57 0.48 0.51 0.37 0.40 0.37 0.45
OBS 68.03 5449 50.08 38.69 3248 28.07 2463 23.69 27.80 3941 40.68 55.27
PRE 49.19 42.16 3692 3149 23.86 2831 2630 29.65 22.63 28.77 28.86 48.51
YRD MNB -0.17 -0.05 -0.18 -0.12 -0.22 0.14 0.14 0.25 -0.16 -0.22 -0.24 -0.05 <+0.6
MNE 045 0.45 0.38 0.43 0.39 0.56 0.50 0.56 0.37 0.37 0.37 0.38 <0.75
MFB -0.35 -0.22 -0.31 -0.27 -0.35 -0.09 -0.04 0.05 -0.28 -0.35 -0.36 -0.17
MFE 0.53 0.47 0.45 0.47 0.48 0.48 0.46 0.46 0.44 0.47 0.46 0.41
OBS 4508 24.55 2790 2252 19.67 1348 17.73 21.59 28.73 3547 40.74 41.85
PRE 3440 21.08 2431 24.65 17.06 1278 12.18 2020 2293 25.64 2527 31.88
PRD MNB -0.05 0.06 -0.06 024 -0.09 0.02 -0.31 0.01 -0.11  -0.21 -0.33 -0.08 <£0.6
MNE 0.52 0.48 0.35 0.45 0.34 0.34 0.35 0.42 0.41 0.39 0.38 0.45 <0.75
MFB -0.25 -0.11 -0.16 0.10 -0.18 -0.07 -041 -0.12 -0.23 -0.33 -0.46 -0.24
MFE  0.53 0.46 0.38 0.35 0.37 0.34 0.44 0.42 0.45 0.45 0.50 0.48
OBS 78.16 53.53 44.85 3325 3335 2335 1999 2443 28.15 25.02 38.87 63.99
SCB PRE 9844 6028 4383 31.03 2949 4063 3293 38.19 36.02 34.38 56.15 80.33
MNB  0.38 0.30 0.10 0.01 -0.01 1.07 0.82 0.75 0.50 0.59 0.59 0.41 <£0.6
MNE 0.56 0.49 0.47 0.35 0.44 1.24 0.95 0.93 0.72 0.77 0.73 0.61 <0.75



MFB 0.19 0.14 -0.06 -0.09 -0.16 040 038 032 020 0.28 0.32 0.19
MFE 042 038 044 036 045 063 056 056 049 0.50 0.49 0.44
OBS 8932 7470 50.50 36.88 4138 22.87 2454 2351 23.88 33.08 53.19 75.09
PRE 2728 3138 1998 13.81 11.65 11.99 12.01 13.05 16.17 1518 23.12 29.29
MNB -0.61 -048 -046 -0.51 -0.55 -037 -031 -0.26 -0.20 -0.39 -0.42 -0.46 <+0.6

NWCHN MNE 0.66  0.55 0.57 0.57 0.59  0.51 0.45 0.51 0.47 0.51 0.56 0.60 <0.75
MFB -1.00 -0.78 -0.75 -0.79 -0.87 -0.59 -049 -047 -0.39 -0.63 -0.70 -0.79
MFE  1.03 0.83 0.82 0.83 0.90  0.69 0.60  0.63 0.57 0.72 0.78 0.88
(P - 0)
i=1\"1 i
i=1 14
MNE—ZN”P“O"

(P 0;)
MFB‘NZ L(P.+0)/2

MFE = Z 1P — Ol
T NLi— (P +0)/2
* i represents the pairing of N observations O and predictions P by site and time.

Table S3. Meteorological Model performance in China 2019 (OBS is mean observation; PRE is mean prediction; MB is mean bias;

GE is gross error; and RMSE is root mean square error). The value that do not meet the benchmark are shown as bold.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec  Benchmark*

T2 (K) OBS 27200 27499 282.81 290.19 292.85 296.99 299.56 299.18 29479 288.01 280.94 274.67
PRE 27507 27725 28324 289.62 292.72 297.15 29922 299.08 295.14 288.77 282.69 277.48
MB 3.06 225 041  -059 -0.15 014 -036 -0.12 034 0.74 1.73 2.80 <£0.5

GE 5.36 5.67 5.04 4.78 4.89 4.86 4.70 4.53 4.47 4.36 4.54 5.05 <2.0
RMSE  6.89 7.31 7.05 6.65 6.82 674 679 641 6.15 5.93 594 649

WS (ms') OBS 309 3.30 3.34 3.54 3.54 3.42 3.4 3.26 3.18 3.29 3.26 2.92
PRE 447 451 4.55 4.55 4.57 4.17 421 425 422 4.55 4.63 4.50

MB 1.39 1.20 1.21 1.01 1.03 0.75 0.96 0.99 1.03 1.26 1.37 1.59 <£0.5
GE 220 213 214 208 215 201 197 200 204 219 227 233 <2.0
RMSE  2.91 2.81 276  2.65 276 257 258  2.63 267 285 295 3.4 <2.0

WD (9 OBS 16732 147.60 164.78 160.21 170.01 167.11 168.12 154.88 151.97 164.15 171.68 176.45
PRE  144.64 131.84 162.14 15796 163.20 16235 168.64 137.28 12728 142.09 147.78 157.83

MB -16.11 -10.59  -3.42 -2.56 -5.13 -3.81 1.81 -1041 -14.39 -17.22 -18.44 -12.78 <+10

GE 7445 6743 7359 72,09 73.60 7726 75.04 7495 71.70 73.80 72770 74.10 <£30
RMSE 9225 86.05 9023 8883 90.19 9333 91.69 91.10 88.07 9090 9022 91.84

RH (%) OBS 8222  82.04 7375 6741 62.01 6195 60.03 6034 6345 7050 7280  76.99
PRE 7723  81.01 76.17 6982 6149 6140 6189 6140 6127 67.06 6954 76.26

MB -5.00 -1.03 241 241 -0.53 -0.55 1.86 1.06 -2.18 -3.44 -3.26 -0.73

GE 11.85 12.17 1494  17.04 1940 16.85 14.99 1620 1834  17.37 17.28 13.32

RMSE  15.05 15.46 1932 2223 24091 22.23 19.83  21.11 23.15 2224  21.89 17.09

Note: * are benchmarks limits suggested by (Emery et al., 2001)

The formulas used in the table are as follows:

1 N
Ty (-0)
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1 N 1/2
RMSE = [Nz (P, — oi)z]

i=1

* i represents the pairing of N observations O and predictions P by site and time.

Table S4. CMAQ simulation bias under dry and wet days in China and key regions, unit: pg/m3. Li: dry days (RH < 60 %); Li: wet
days (RH > 80 %)

winter spring summer autumn
Ll Lz L1 Lz L1 Lz L1 Lz
China  -27.87 234 -1456 124 -709 393 -711 -0.79
BTH -22.86 1290 -1364 -6.57 -474 110 -166 5.08
YRD -6.46 -6.23 -694 -340 -283 539 -7.09 -3.23
PRD -2.77 954 -2155 -0.84 -634 -356 -1521 -5.18
SCB 417 3871 017 0.02 -2.07 2941 -12.76 20.22
NWCHN -44.64 -52.98 -27.29 -20.14 -14.06 -5.83 -22.72 -8.30

region

Table S5. Contribution (%) of each sectoral source to CMAQ simulation biases by region and season. PM2.5 res: residential, PM2.5 ene:

energy, PMas_tra: transportation, PMz.s_arg: agriculture, PMz.s ina: industry, Other: other PM:.s components.

region PM25 res PMasene PMostwa PMasag PMasing EC  Other
china 0.16 0.16 0.14 0.14 0.13 0.13 0.14
BTH 0.20 0.16 0.14 0.13 0.10 0.14 0.12
PRD 0.17 0.14 0.14 0.13 0.13 0.14 0.15
SCB 0.16 0.15 0.16 0.14 0.12 0.13 0.13
NWCHN 0.18 0.15 0.12 0.15 0.13 0.13 0.14
YRD 0.18 0.16 0.15 0.13 0.12 0.14 0.12

Table S6. Model comparison in winter with same features (PM2.s components), label data (PMz.s simulation biases) and
hyperparameters (for tree-based model). Training (70%) and test (30%) datasets were randomly split. The fitting time
(training time) was normalized based on linear regression. Hyperparameters for the tree-based model are
'n_estimators': 200, ‘max_features’: ‘sqrt’, ‘min_samples_split’: 100, and ‘min_samples_leaf’:100. MLR: multiple
linear regression; PolyR: polynomial regression (degree:2); RF: Random forest model; LGB: lightGBM; XGB:

XGBoost.

region metric LGB Linear Poly RF XGB
china test_R? 0.41 0.26 0.32 0.35 0.43
train_R? 0.48 0.26 0.32 0.38 0.65

test. RMSE 36.10 40.34 38.89 38.01 35.66
train_RMSE  33.99 40.33 38.83 37.14 27.69

fit_time 14.52 1.00 5.12 553.05 135.62
BTH test R? 0.40 0.16 0.20 0.19 0.39
train_R? 0.69 0.17 0.28 0.22 0.97

test. RMSE 39.97 47.34 46.17 46.61 40.30
train_RMSE 28.96 47.14 44.06 45.72 8.47

fit_time 7.20 1.00 2.33 30.08 34.90
YRD test_R? 0.52 0.33 0.39 0.39 0.53
train_R? 0.70 0.33 0.39 0.41 0.94




test RMSE 22.26 26.32 25.14 25.07 22.09
train_RMSE 17.56 26.32 24.99 24.60 7.70

fit_time 8.36 1.00 2.98 60.43 42.39
PRD test R? 0.74 0.62 0.67 0.53 0.75
train_R? 0.86 0.63 0.69 0.55 0.98

test RMSE 13.05 15.75 14.60 17.45 12.61
train_RMSE 9.43 15.66 14.16 17.10 3.97

fit_time 3.87 1.00 1.21 13.05 19.48
SCB test R? 0.79 0.72 0.77 0.70 0.80
train_R? 0.90 0.72 0.77 0.71 1.00

test. RMSE 21.16 24.56 22.36 25.36 20.74
train_RMSE 14.68 24.51 21.94 24.74 3.04

fit_time 4.71 1.00 1.26 17.16 17.40
NWCHN test R? 0.42 0.11 0.21 0.23 0.42
train_R? 0.69 0.12 0.23 0.27 0.95

test. RMSE 37.40 46.35 43.80 43.26 37.49
train_RMSE 27.49 46.24 43.20 42.24 11.10

fit_time 84.44 1.00 4.65 447.62 319.99
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