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Abstract This study investigates a 1 km NO,-O; concentration field inferred by a deep learning (DL) graph neural network
(GNN) trained solely on publicly available reanalysis, emission inventories, and ground monitoring data over the Seoul
Metropolitan Area-Gangwon region. Temporal holdout validation over the full year 2023 confirmed high predictive
performance, with R? of 0.892 for NO, and 0.926 for O;. However, existing evaluations of high-resolution air quality fields have
largely relied on such statistical fit metrics, leaving the chemical consistency of off-station spatial patterns insufficiently
examined. To address this gap, we applied supplementary diagnostics based on Ox conservation and partitioning, NOx-Ox
regression, weekend ozone effect, urban-forest temporal structure, and satellite formaldehyde-to-NO, ratio (FNR). The data-
driven model incorporating physics-based prior information captured a broad west-east transition of the surface oxidant
partitioning ratio (r =NO,/Ox), from strong NO, titration in central Seoul toward an Os-dominant background in Gangwon
forests. The urban-forest contrast of O3 diurnal amplitude matched station observations, and the spatial pattern of the weekend
ozone effect was consistent with the expected chemical response. The 1 km partitioning map further showed consistent
negative correlations with both GEMS and TROPOMI FNR (Spearman p ~-0.5), providing supplementary evidence in
observation-sparse areas. Interannual inference for 2020~2023 showed spatial changes in line with regional NOx emission
trends. However, since the oxidant partitioning ratio r is not a direct measure of ozone sensitivity, these results should be viewed
as a chemically informed consistency check, not as a validation of off-station absolute accuracy or forecast skill. Overall, these
multi-source diagnostics support DL-inferred concentration fields as a chemically coherent basis for interpreting air quality in
observation-sparse regions.
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Fig. 1. Study area, monitoring stations by type, and MODIS IGBP 1 km land cover classification. Numbers in parentheses
denote domain + boundary auxiliary stations within 10 km outside the domain boundary.
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Table 1. Input data sources, variables, and spatial resolutions.

Category Source Variables (n) Native res. Model res.
Ground obs AirKorea (NIER) PM,5, PM,o, NO,, Os, CO, 50, NO(7) S22 stations Point
’ 25 P02 M3 M S (309 domain + 13 buffer)
. T,ms BLH, u/v wind, RH, precip.,
Meteorology ERAS-Land/ERAS (ECMWF) SSRD, SSHF, inv. strength, u/vgsq, 0.1°/0.25° 5km bilinear
(Hersbach et al., 2020) X
wind shear (12)
) GEOS-CF (NASA) PM,5, NO,, O3, CO, SO,, NO, o -
CTM (prior) (Keller et al,, 2021) HCHO (7) 0.25 5km bilinear
CAMS FC (ECMWF) o -
CTM (ensemble) (Inness et al., 2019) NO,, O3, CO, SO,, NO, HCHO (6) 0.4 5 km bilinear
Fire emission CAMS GFAS (ECMWF) CO fire flux (1) 0.1° 5km NN
. CAMS-GLOB-BIO v3.1 Isoprene, formaldehyde, o -
BVOC emission (Granier et al., 2019) monoterpenes, sesquiterpenes (4) 025 5km bilinear
. 6 sectors X 7 species
Anth. emission CAPSS (21: static 14 + temporal 7) 1km 1km
NASADEM (NASA) .
Topography (NASA JPL, 2020) Elevation, slope (2) ~30m 1km
MODIS IGBP MCD12Q1 .
Land cover (Fried! and Sulla-Menashe, 2022) 21 classes (embedding) 500 m 1km
Table 2. Validation hierarchy and interpretation scope for the 2023 target year.
Level Source /Method Diagnostic indicator Interpretation scope Res.
(a) Direct it Temporal holdout (2023)+  R?, RMSE: NO,, O3, NO Ie’:ti‘;‘l’ra;r?:rgﬁrziizs:"” + boint
5-fold spatial holdout (309 domain stn, 2023) P g .
at masked locations
(b) Chemical Ox conservation CV ratio Photostationary state Tkm
consistency (Ox/0O3 by land cover) reproduction
b) NOX-Ox regression Slope, intercept by QX|d§nt production/ Tkm
land cover titration structure
(b) Weekend ozone effect AO;, ANO. Natural-experiment support for 1km
¥ 2 high-NOx partitioning
b) Urban-forest Diurnal O, phase Tlme—struc.ture consistency 1km
temporal structure across environments
(c) Cross-source ' GEMS L2 FNR Spearman P Column-surface proxy alignment ~3.5x8km
external constraint directional consistency (not absolute match)
© TROPOMI L2 FNR spearmanp, Independent polar-orbit ~35%55km
directional consistency cross-validation
CAMS-GLOB-BIO) 5 ASIFE (0.1~0.4°) AAF k=7 (500 m) EA| 0] & 5 ISAE ZFRet SH4 5
£ 5km AZAZ BItEo] Fo] wiEAE AFst  1km ARl EgEo] 2] & A ® EAS
CAPSS 1km HlZ, NASADEM (~30m) A%, MODIS  BFggich & 29] HF AA= (a) AZF 51 9 5-fold
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Fig. 2. Architecture of the Adaptive Multi-Resolution Heterogeneous Graph Network (AMR-HGN): Phase 1 (feature extraction
and node encoding), Phase 2 (hierarchical message passing), and Phase 3 (refinement and readout).
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Tz AMFY 7|9 DohHE NO,-O; FEHC| stef Yt G7k -2 HE X2l X|& MaH| 2HE SHo= 351

of tiul7t 7Hg et AP R A A (Leeer  7IRF Zo|M 5-fold 7 WAt AF2 Y of5 2d
al., 2024b; Baek et al., 2023; Jeong et al., 2022; Yeoand 2 30970 =<l S4 F ZF foldoll Al 62704 (20%)

Kim, 2021)% Fste] Bo4st A7)0 224 A4 o B2 QS FE AP Auetn g 244 §)
sfe] asteict. 7o) A& BE YAEES fldB2 B F 5-fold

=2

r
i)\
ne

Ox BZ&, r 7]49F BHl] B30} FNR WA} AE2 2023  Bab2 AESH Aoltt sk T oA = 3097 44
Wy gstst 24971 (5~99) FH10~16 KST)S thde.  HARE AFEoIER 2 AF2 FE A9 #5 o&
2 SFGIrh A3 Ak RaEet 914 FNR 9 AlAl S Zpet B3t o4t A5 Wbl sideteh 1A 4
H WS 95 GEMS TZo| 7Faet £ A 2 2 2 Aol 7Hget BE IS A HE GNN g2
$Hgotith NOx-Ox 3|7] o FUast #412 Jstst 2 Z-8olqirh
A57F 2 JJA (6~8Y, o153) F7H(10~16 KST) AZF =5 A% A7 NO, (R* = 0.892)9F 03 (R =
of] Sgs5t3irh NOx-Ox 3]7+= DL 1km A2 574 0.926)% S0l ARSEA] -2 2023 A= =2 A
2 BES H|Wte] DL 549 NOx-Ox BHS 1% @S Bl NOE Ox A& 9 NOx-Ox 37 —Erﬁ

7h BEh Rgelen) st FRAS B4 (3228)9 BE SAR W) A 5-fold F3
F% -5 2 NOx HiE Afolo] 2 0, v= §FS WAk ATolAE NO, R? = 0.539, O; R* = 0.732, NO
Hlashs AY oA Al INOx A4 Yoo ] % R = 059002 et 0,9 B3 w4 A% A%

|

_l

0, A%0] UERFEAE B8] DL 5ol WiE-4 o] /b 2 21 Ffst A4t 714 o] 524
4 S UrsheA) AR AT EAAE 0, 9 R BEskele] 244 AR glolE oy
8 212 vlmi 20239 A4 1S e B4 o] golsr] oz Wk W N0t NOE
7o AR QR0 Y W] IS A% mEU- AR B ) WlEeel tiet olEwst
7 7k AZE 7% Aol 2 EA DL S A0 97§94 T N0 A th7] el e ot B4 s

u
N
<

2 AR AASAT TRge2 2020~ o] F7) W] B R} Ao 24014 B2 9
2023919] A¥ah) 2] o] this WSS HAst Aol 4rhHOR ofgith AT B vl B3 A R
ek o] 5}2He GNNY| £734 AR JEES HHgsio]

3. A% R Y

3.1 Haid BYo| SAM 45 T
5 3] 013 4% AT AASHA. AT 5 2

& obgoll AREEA] 952 2023 Ao ths = 3.21 OxSUZEZHEZEEY
Q1 Ul 3097 S44 fIAIA AS- 85 A= 3 & Ao EXu 5 AF A= CAPSS HiE AUl

Table 3. Deep learning model dual validation performance for NO,, O;, and NO.

Pollutant In-sample R?(2022) Temporal holdout R? (2023) 5-fold spatial holdout R? (2023) Spatial holdout RMSE
NO, 0910 0.892 0539 8.84ppb
0, 0.944 0.926 0732 10.55 ppb
NO 0.883 0.842 0.590 9.93 ppb

R?, RMSE from grid readout at station-collocated 1 km grid cells
Train: 2022, Eval: 2023
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Fig. 3. Spatial distribution of (a) Ox, (b) O3, (c) NO, (ppb; color scale) for May~Sep daytime (10~16 KST) 2023, and (d) coeffi-
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Tz AMFY 7|9 DohHE NO,-O; FEHC| stef Yt G7k -2 HE X2l X|& MaH| 2HE SHo= 353

(19 3d). ool EX|m 5 CV Hl& HiH|= Kdlo] EX|u]

B B0 AFSH EXEY cy H[SL 24 B ox BE
=212] NOx-Ox &9 (Jenkin, 2004; Clapp and Jenkin, Fol1 98-S XA
20009} &2l 1km 27} S0 27 B 122
B7tohs WA HAoln AT A et 5 3.2.2 NOx-Ox {3 EMun} tiE Z=2fo| 7
AANA Cv g0l 1 oo AEE AT B B Ho A Garcla-Yee ef al. (2018)9] H-g whet
7 dlo] ) 444 Ra B oz A M NOxOx MY 271] 18719 BHe R 713
Ox e} EX|n) Jofo] Bt o) A4S el why o A4l 1st Amel B Bays - e 4ol
ob7] o shgEch Eujel Ade] WA Bxel  Auhd 7]t EXmE §PER Ak 19 4

L RgelHE A2 UE 313 U i =R & EAN% 59 Nox-Ox A 37 @7 DL1
ool WE ] Ox FHVL MRS 1 HT EE DOl km AZH(HAY BU 99 B S4B (B2
o2 Boled 4 qlon] XY PAROR AP R 2 Hlug Aolchgja FTW, 10~16 KST). T, 4 &

shot o Wy ol G FFHOR Befsple] @ wimel B s Eolele] A 912 10km o]
£ A Sk AR B0 FA AA B S 99 el 9% 3 BIY] 534 44 A6

o9 B4 5 EXn2d ox BEY Bote WHEH  on] DL A&7 vlnE 244t vlg- slzstel 4
A= 55 I = J7oh H] wof| A7} QL
(a) Urban-DL (b) Cropland - DL (c) Forest/Suburban - DL
100%
. H
00| o 3 £
g £ v
= 2% o
o) <
50 £
s
o b a
Ox = 0.30-NOx + 57.7 Ox =0.77-NOx + 50.1 Ox = 0.55-NOx + 50.2
0 0
(d) Urban - Obs (e) Cropland - Obs (f) Forest/Suburban - Obs

100%

n =100,498 n=23,283
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Ox =0.28-NOx + 60.7 Ox =0.76-NOx + 55.9 Ox = 1.46-NOx + 37.9
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Fig. 4. NOx-Ox scatter plots by land cover type (JJA daytime 10~16 KST, 2023). Top row (red, DL 1 km grid cells): (a) Urban-DL,
(b) Cropland - DL, (c) Forest/Suburban - DL. Bottom row (blue, AirKorea station observations): (d) Urban - Obs, (e) Cropland -
Obs, (f) Forest/Suburban - Obs. Relative density colorbars (low/mid/high) shown on the right of each row. Regression equa-
tions annotated per panel. Land cover masks: Urban (IGBP 13; 166 obs stations), Cropland (IGBP 12, 14; 39 stations), Forest/
Suburban (DL: IGBP 1, 4, 5 forest grid; Obs: 4 Gangwon suburban stations within station buffer).
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Fig. 5. Weekend minus weekday difference for JJA daytime (10~16 KST) 2023: (a) AO3 and (b) ANO, (ppb; color scale). North
Korea and ocean grids are masked (sido administrative boundary NIGBP # 20), consistent with §3.2.1 and §3.2.2 analysis
domain. Annotated land mean values are computed over South Korea land grids only.
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Supplementary Materials

Table S1.Training hyperparameters of AMR-HGN.

Parameter

Value

Note

Learning rate
Batch size

Epochs

Hidden dimension
GNN layers
Station dropout
Emission dropout
Station decay o
Station buffer
Total stations
)‘grid

Aemis

Hardware

3x10™

2 (gradient accumulation 4)
30

128

2 (bottom-up) + 2 (top-down)
p=0.15

p=0.05

30.0km

10.0 km

322(309+ 13 buffer)

0.5

1.0

NVIDIA RTX 5090 (VRAM 32 GB),

system RAM 128 GB

Cosine annealing

Effective batch=8

Early stopping patience =10

All nodes shared

4 layers total

Observation masking (tested 0.1~0.2)
CAPSS input masking (tested 0.05~0.2)
Gaussian distance decay radius
Boundary stations outside domain
Domain + boundary buffer
Station-grid consistency

Emission auxiliary; w(e) =min(1, e/5) warmup over first 5 epochs
Single GPU; 2022-only training

Table S2. Deep learning model dual validation performance for all 7 pollutants.

Pollutant In-sample R?(2022) Temporal holdout R? (2023) 5-fold spatial holdout R? (2023) Spatial holdout RMSE
PM, 5 0.910 0.847 0.510 10.87 ug/m?
PM,, 0916 0.903 0.389 20.87 pg/m?
NO, 0910 0.892 0539 8.84ppb
0, 0.944 0926 0732 10.55 ppb
co 0.664 0.589 0.447 0.14ppm
50, 0415 0277 0.113 1.04 ppb
NO 0.883 0.842 0.590 9.93 ppb

R?, RMSE from grid readout at station-collocated 1km grid cells

Train: 2022, Eval: 2023
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