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Pixel Classification and Aerosol Optical Depth Retrieval from
MODIS Observations

=1)2),%
ojd= FHA 2026 78 16

5 I 5 239l 20261 78 24
vZ-ejst Yr e siske), D7 adstn BAk 9 A7 BB
= [ = =
s Received 16 July 2026
Kwon-Ho Lee"?* Revised 24 July 2026

UDepartment of Atmospheric & Environmental Sciences, Kangwon National University, Accepted 29 July 2026

Gangneung, Republic of Korea *Corresponding author
DResearch Institute for Radiation-Satellite, Kangwon National University, Gangneung, Tel: +82-(0)33-640-2319
Republic of Korea E-mail : kwonholee@gmail.com

Abstract Accurate retrieval of aerosol optical depth (AOD) from satellite observations is essential for monitoring regional air
quality and aerosol distributions, yet conventional retrieval algorithms remain challenged by complex surface conditions and
cloud contamination. This study proposes a two-stage machine learning pipeline for pixel classification and aerosol optical depth
(AOD) retrieval from MODIS satellite observations over East Asia (20°~55°N, 110°~145°E). In the first stage, an eXtreme Gradient
Boosting (XGBoost) classifier trained with MODIS Level-1B multi-spectral reflectance and geometric features classifies each pixel
into six categories: cloud, probable cloud, bright land, bright ocean, clear land, and clear ocean. In the second stage, separate
XGBoost regression models for land and ocean retrieve AOD at 550 nm for pixels identified as clear land or clear ocean, using the
MODIS Level-2 combined aerosol product as the training reference. The models were trained using 2024 observations and
independently validated with 2025 data to evaluate their temporal generalizability. The pixel classification model achieved an
overall accuracy of 91.69% with a Cohen’s k coefficient of 0.76. The AOD retrieval models showed excellent performance on the
2024 test dataset, yielding R? values of 0.983 (RMSE = 0.051, %EE = 95.6%) over land and 0.987 (RMSE = 0.019, %EE = 99.6%) over
ocean. Independent validation using 2025 observations further demonstrated robust model generalization, with an R? of 0.951,
RMSE of 0.039, and %EE of 96.1% over land. Spatial comparisons indicate that the proposed framework successfully reproduces
the major AOD distribution patterns across East Asia, including high-aerosol regions over the Asian continent and low-AOD
conditions over adjacent oceans. Case studies further demonstrate reliable AOD retrieval under clean atmospheric conditions
(%EE = 95.3%), whereas underestimation of extremely high AOD values associated with severe dust events (AOD > 1.5) remains a
challenge. Overall, the proposed framework provides an accurate and computationally efficient approach for satellite-based AOD
retrieval and demonstrates strong potential for next-generation Al-assisted aerosol remote sensing applications.
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o)A olol2 B0l $7 B4 AAY 2RGE o
-0.9W/m? A== deA 9o, 02} He7t -1.9~
0.1 W/m’2 & HE H1EAcH(Boucher et al.,
2013). 12] 3L oo 2 &3 5] FT Aol o7t &
AR ZBAE S-S 715 S0l A 7 2 Al
g+ 2RI0ITH(IPCC, 2021). whehA] oo zEo] Aokt
AlEZE R et 7] & el Yot A1} 7]
AR A o] glof s g4olt.

AojzZe] =2F F olol=E FoH77 (Aerosol
Optical Depth, AOD)= th7] 7] W3Fo] ofjo]2Zo
OJ5t A4t (extinction)= ZESE Fxjle] A Egto 2
A, ofloj2ZE0] Tt 31t s nefete d gy
Z-8HTE AOD S T RA AFollA B B
AE olgstol FUsHA BEd 4 o, w549
A2 2 91x]9F A (clear sky) 27 8] wte} Hlo]
H Fajo] Zot= SHAI7E Tk (Holben et al., 1998). ©]
2 #5 AE =55 sl AEA 71
7 A7 AOD A& A77F 4] ol 24 g =0tk
(Lee and Bae, 2023; Lee et al., 2022; Lee, 2012; Kaufman
et al., 2002). HEAQ] X+ = AT YA Terra2}t
Aqua 91739l ©AHE Moderate Resolution Imaging
Spectroradiometer (MODIS) AlA= 367 28 AH'ES
Sl oF 2,330 km9] T= FHo g A S PSR
g ooz A7 A4 EREFo R AREUT
(King et al., 2003; Salomonson et al., 1989).

MODIS Level-2 (L2) o] 2Z Ho]E (7= MOD
04/MYDO04)°ll AH8-%l AOD 4HE dare|E2 547t
2§ 2| o] whet A A| AlE 2 Tk Dark Tar-
get (DT) L2522 71 Aol A RIA=Z| W2
A8 9 H-& A BHE PAFOR2 23 TIAHES} ofof
2E B4 &8 FAcke WS A8t (Levy et
al., 2013; Kaufman et al., 1997). $F8 T} 7}A)33 g
A dHHL R £ oflojzd WHES ol8sh=
Deep Blue (DB) ¥118]&2 DT7}F A-85A] ol
Afatolut IeA|9F h2 2|3 AT} 52 A 714
A= A2 SESHYITH(Hsu et al., 2013, 2004). 18]
A AAD vF B 7I5kE E-85ke] A& T}

491

AODE §A| 7= Multi-Angle Implementation
of Atmospheric Correction (MAIAC) &11&]&2 T4
T} Zro] HkAl £/ o] B4R A Aol A 53] ¥ 4
o= UePE A2 2 7t (Lyapustin et al., 2012,
2011). Z2&ut o2fet =2 7]Hke] AOD 4F& &l
T TeALE BARAY WAL ofojz=E ot
welol] 27 oj&str] wizoll, AA t7] 214 €]
oejE A7) FEY =4EC| 7HE 2% o
Hefo] WSt A4t WG ERT Aot

7 gmelEEE AE R 8

= [e] =
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2 A1 715 9143 ©lolH siA &
E7h F7Fstol whef, ket AOD A& HHEo] A|A]
=1 Qict ol & &9, 9 EY|AE (Random Forest)
= °o]-85te] MODIS thF A'd WA= 278 AODE
A= A (Chen et al., 2021; Hu et al., 2020)2} 4
41747 (Deep Neural Network, DNN)= 285}
71E 2 daES tin] A S 2R AR (L
et al., 2023; Wei et al., 2019)7} EE|Sic} o=
=2 A5 s At £&& Al AlFote Gra-
dient Boosting 7|8t ¥112]& (XGBoost, Light GBM
5)°l $1d AAFAL Zofoll A gidhs] 2-8H L Qlet
J8u olE AFE 3FAeE F 7] §AE W
ok AA, Sha @ele] 5 2 A E /9 27
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5 UtAA 9 ofloj2E 4FHE HlolE o] HHE S 7

ing (XGBoost) (Chen and Guestrin, 2016) &7 2@
= o83t ZF SkaF 5 (cdloud), 75 24 (prob-
able cloud), 8- 4] (bright land), B Sl (bright
ocean), A7 2] (clear land), 7 3l (clear ocean)
9] 67 2 Ar BFSHH, 28 Al A= HH S
481l 212} 3% Z7}oll S5hEl XGBoost 31
B Hgs}o] AODE AFHT. S 25 otE
7telli= MODIS L2 %3 4= to]&] (Z =% MOD
35) (Ackerman et al., 1998) 7|8t 2 z|LAISH 622l
2 FolEE, AOD 1HE A5 B7ollis MODo4 AH=
=& 71O R &8oto] Al 7IRE AISgHe] A2
T2 AdHor Brkelltt & A9 A2 v
gk 2o A= E8 HolE ot A FH= 7=
otal, AIjFsl= 20| Al gae]Eo] AAlet st 2
AT A=hS AI8] 71eshH, 34ollAl= Al 715 5}
&2 3 AOD 4HE AREE JFH o Brlshal,
MODIS 12 oloj2F 4FE HlolEete] F3t v 9
AH At AIE AARIC 48olM= 78 EATE

QoFehI B A RS ol

2. 47 Yoy 3y

2.1 97 dlolH

2 AT A 92 $= 20°~55°N, I 110°~
145°E9] FofAlol 2| o2 HAsHrt (19 1). ©
P92 T2 U5, e, g2 dx U FH o
z9tsH, ofol2F WYY 2|8 /39| ok
Uetdl= 2o}, ] 9 eRZ2muit Apte] A
At FAR= BAFS Tt FXIoHEA St}
Bo|AL =2 AODE Sk (Lee, 2013), 5=

AR Aol A BAYE Q1914 ofe|RE2 AEF

=
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Fig. 1. Study domain (20°~55°N, 110°~145°E) covering East
Asia, including the Korean Peninsula, China, Japan, and the
surrounding ocean.

sgto] wlet YIHOB SEEBR (Yu et al, 2015),
AOD®| AlE HEZo| thg 2o H|af F351HA
EPATH (Lee and Bae, 2023). 12|11 Afafolit AxgH
52, AR B AR, AEE/AAGE A48 §igh
Jea B o et FERTh olol2E Kot

= 7 ohget Fobrlop A2 AL 7]yt

Exjo] L
7 deEe] Ase ASote o At F
=

o

Al 29| o w3 = HAE BEARF A= dlo]g
21 MODIS L1b Ho[E (=" MOD02)E A5t
ot MODO02 HloJe= AllA HAo] 28 FAR]:
(radiance) & WFAFE (reflectance) H|O|E] 2 A, 1 km &
ZH gl 3670 g Al Aol AA HE Sha
H BEEEE AlBR 2 Aol 287t BF AHE
2 A& GHALeL oflo]2E o] Tzt BRAFEFEAL vl
T (Reflective Solar Bands, RSB) % ST 0.47 um,
0.55 pum, 0.66 um, 0.87 um, 1.24 um, 1.64 um, 2.13 um®]|
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A HEARE ghat spER|E ARERIT 1R A4 9
HFZH A} 8 = (Thermal Emissive Bands, TEB) & 15
of W7Het & W B31(11.03 um) 3} B32 (12.02 um) S
AFESEATE o] Ad2 eF2 E-2(thin cirrus) B Aol
e, 45 78 ST AU U 2T A
< 3} (Pavolonis and Heidinger, 2004; Inoue, 1985).
MODO2 Hl°|El= 1km A7} 27| & A= A9, o
glo]5<1 MOD04 H|°]E]= 10 km S| A2t
]—i—EE 0}‘:} E}a‘r/\i L1B Hl°]El= 10x 10719
w2 AHESHo] M2 ARgSlel
Tﬁ at AFEo A Al Qlstth B 7
912 9148 A7 e, A
Sun Glint Zt2)9} YA 9 8-2]/3[9%F npA3
MODO2 HloJejo] et Hx HazRE 355}
Fow, golE Aol TofstA] ¢ =A< HA
B4 25 2 AOD AFE RH o] 912 glo|e 2 ARgSt
At
Al ®dlo] 3] - MOD352F MODO04 H]©]
Bl FESH3AT glolE Al AFE L2 Wi
StA¥ = ubA 3 (Aerosol_Cldmask Land_Ocean),
DT} DB 4H& 237} 53 AOD (AOD_550_Dark _
Target_Deep_Blue_Combined), 1] 1 -&X|/3l% ot
2 (Land_sea_Flag, 10km)©|™, o] A H4=0] 23to
2 622 34 vhA T (pix_mask)S A 23} o]

42
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& A4 oA L1B A W= xR gen
&, A} glo]& 7+o] HlolE & (data leakage)>
YA o & viA|Hh o] A9 m A} Hlo]E0] EXE
o] FERto A, o] A tir]et 2w o] &
% JozrE g4 FET AODE Tl &
Ao APE fLZ2E FASIRIH.
2 Ao A= Al 718 AOD A ¢re]&o) 715
AL A=3517] 95t A AR MOD04 AODES Z%

o] €] (reference dataset) = AR5} AOD AHE &L
49| A% #rl= MOD042] 53 AOD AFEE-S 7]
TEO R AMEolH, S5l Folola] ok 5 AIE
AE)A Al & AODS}] 0‘115— dgH oz B
7¥oh=

HpA0 2 skl o]t AL Yo] MODO4

i)

SE 025 WA B2 U of0|2F LSS AE 493
7} AHESH= AODO] AlF 3t el duput ets] Ay
AT 4 JEAE 121708 AZSHE dA ol
MODO04 ZHA|7} Bot B2HA A Jl 24 T=3f di]
AU A AZF S B Ao HS oy, g
T SES AleZ wiA dlo]HE 2HEGE §4& Ao
A EEg 9 ool

2.2 2t HAlEd ¢aglE

B AL A Aokt daglEL kA BN
AOD A& FAH 25 FxolH, HA] A &

& 19 20] AA5HHEE MODO2 Ho]E| oA B33 b
olf MAE FE35I 10km B2 HgFoz HAT
T, 715k 2 912 T Hx Ha=ot Agtote] nhA 0]

AbESHE tlolE] HAE] 9AI7E AgHrt. o]g
Al 9% 1A HE= 5 A 2] XGBoost (Chen and
Guestrin, 2016) L& =214 0 72 Tt 1A
A= XGBoost THs 2|4 BR/ tdlo] ZF 548 6
7H FHAR BFotal, A ZF S0 et A
g2 SYTh 29 A e 1914 FH 87

47 efko R EFE shadl ghote] 8287t
g o7 Z+7t k5% XGBoost 3] 2do] AOD
o} o] Aol A 5, 5 <] 4],
2 BRE Slal AOD A tiATA A

2 A2eict. T gAlo] Bl gy o
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Input data
MODO021KM (L1B) MODO04_L2 MOD35
Visible Reflectance,
IR brightness temperature, AOD, Geometry data Cloud mask

Geometry data

Preprocess

m Feature: ref_b1~b10 - feat_ndvi - feat_b4_b3, feat_airmass - feat_cpi - glint_angle - SZA - VZA - lat -
lon - Isf
m Label: 6 class pix_mask (MOD35) + AOD (MOD04)

Al based pixel classification

*  Model: XGBoost classifier Output: Cloud - ProbCloud - BrightLand
* Obijective function: multi:softmax BrightOcean - ClearLand -
*  Sample weight: wc=1/VNc ClearOcean

= Early stopping: 30

Al based AOD retrieval

*  Model: XGBoost regressor

* Objective function: : reg:squarederror Output: AOD (Land, Ocean)
* Negative correction: pred = max(pred, 0)

» Early stopping: 30

Prediction and Validation

* Al AOD vs. MOD04 Comparison
+ Density scatter plot

R, RMSE, and %EE
* Case studies

* Model: Trained models
* Input data: MODIS L1 data for user defined period
* Output data: Daily AOD

Fig. 2. Flowchart of the proposed two-stage machine learning algorithm. Stage 1 performs six-class pixel classification using
an XGBoost classifier, and Stage 2 retrieves AOD for clear land and clear ocean pixels using separate land and ocean XGBoost
regression models.
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Table 1. Hyperparameter settings for the XGBoost classifi-
cation and AOD retrieval models.

Classification AOD retrieval

Parameter model model
n_estimators (max) 2,000 2,000
max_depth 8 8
learning_rate 0.05 0.05
subsample 0.8 0.8
colsample_bytree 0.8 0.8
min_child_weight 10 10
reg_alpha(L1) 0.1 0.05
reg_lambda (L2) 1.0 1.0
Objective function multi:softmax  reg:squarederror
Evaluation metric mlogloss rmse
early_stopping_rounds 30 30

a8 malo] )Y WAS o ENAOR 4T
% gltk AOD 4H& BHlo] g3 gt 25 Bdle)

399 SUIE, 18] BeHOR AODE P40l
DE B9 dxgl] £42 HEHE 49 002 3

Al H7g sttt

62 A
(Overall Accuracy, OA), Cohen®] 7}i} A4 (x) (Cohen,
1960), 12831 ZEAE HUE (Precision), A E-&
(Recall), F1-A4=2 gright) 7lu} A4 A (1)1 2
o] < A 7HeAdE EAT B YATE YEY
™, 0.61~0.80 1ol sigoh= ks 7HAH AE4 o
Z] (substantial agreement), 0.81 ©]/Fo|H #2] 2kd3%t
2] (almost perfect agreement)2 SflAH T} (Landis
and Koch, 1977).

Bg ndo 45 A e

K = Do—Pe 1)
1-pe

H Ao A py2t p= 22 AA| ezl 9 U4 g

B ofugitt. AA A< s gkl Sl vlx

& 7F5 Bt F1-34 (weighted F1)E " 3sto] A
ALt

N¢ _ 2XPXR
Weighted F1 = Y'C_ ~¢ x 2X7cXTe )

o714 7152 F(NIN)2 Z+ S|~ 2] AA| st 4
H|-go|t}, AOD 4H&E o] A5 Al BY o=

932 0I8F TM 22 U (f0i2E FSTH ME 495

AOD (7,4))2F MODO04 AOD (7g,7) At0]9] LA E=
7o HrtehH, AA4A4(R%), B+t Ao ii}
(MAE), B Alg 24HRMSE), H2] (Bias)E
A2 ARt

R = 2(artsar)*
2 (Tsar—Tsar)?

3)

1 2
RMSE = \/Ez’i"z 1 (Tari — Tsar) (4)

, 1
Bias = NZi\Ll (TAI,i - TSAT.L') >

2], MOD047} Dark Target 411 2]&2] @4} 5|8
71&0 2 AAIE 7|t 22} (Expected Error, EE) H¥]
£ Al 9Z3 MOD04 Ato]9] %] 7|20 2 F85t
th(Levy et al., 2013).

EE = +(0.05+0.15 X 7g7) (6)
O] & 7|¥te 2 Al & HX}7} EE o|Wof] E= 3kAa9)
H-& (%EE)2 ©] 7|&& TEot= HLE UEhfH,
Zro] =842 A1 Bdlo] MOD04 A&t =2 4=
F0 =2 AATE ougict.

3. A% L 1%

3.1 3tA EY 28 2 Ms Ht

2024 AA| 7]17F F9te] A1 Bo] sl5-8 HlolH
Z 3& EA ERE AR EE glolE HolE e v
I 2ok F10,873,309709] B4 F HF St
8,868,7917M (81.6%) &= Z|th 2|5 UEIH oW, 11 o}
Soz HH 87 683,91871(6.3%), A HF 669,252
M (6.2%), B2 S 290,82370 (2.7%), & <4
269,97671 (2.5%) =0l Atk B2 Si¥2 90,5497
(0.8%)= ZAolA] 7H W2 vl&-S HYth ojet &
2 AT A Bl e AA Ao g
e A 2 *(;“aé Z4o] Wrkehr] oyt o
A oARte 2=t S| A HES HHedsh 4 Q)
oBg 2 AfoA= F7F= Cohen®| 7Hi} Al (k)
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A T (56.2%) 7 9 (43.8%) FHFOR 0 F
F7F HAgote FES B, HE A5 2719 24F
Ql B moAo] BR oMl oz olofx]a gl
< 1T 4= Ut T2 A St 9 S
Al AR AT 0 BRI WSt o A A1 2
F A2 Fosktt

O% 4= 7 S T, AL, FI-F5E 1]
waolr] QIgk uttf TJefolet. 7k S0 e F
g3t 2pol & Yepy om, ol & A5 ol w1
sto] 1&skGiTh 94, 5 Sl A= F1=096320 2
6/ 2 T F HAR EoH, 52 Adn

(a) Confusion Matrix — Count

Cloud PMERER] 23,187 15,333 8,837 45,644 2,163 1e6

ProbCloud - 16,380 | 13,951 8,829 4,451 9,948 436

Brightland - 9,997 | 5,052 | 32,723 0 10,392 0 10

True Class
o
©

BrightOcean - 647 527 0 16,624 0 312

ClearLand - 6,634 3,361 8,301 0 118,488 0

ClearOcean - 124 47 0 183 0 133,496 -0.0

Predicted Class

(b) Confusion Matrix — Row-normalized (%)

09% | 0.5% = 26% @ 01% 100%

ProbCloud - 16.4% 8.2% 80%

BrightLand - 17.2%

60%

BrightOcean - 3.6%

Row-normalized (%)

ClearLand - 4.8% -20%

-0%

ClearOcean - 0.1%

o

Predicted Class

Fig. 3. Confusion matrix of the XGBoost six-class pixel clas-
sifier on the test dataset. (a) Classified total counts and (b)
row-normalized percentages are shown in each cell.
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B Precision
= Recall
B Fl-score

0.980
0.963

1.0

Score

ProbCloud BrightLand BrightOcean ClearLand ClearOcean
Class

Fig. 4. Per-class precision, recall, and F1-score of the XGBoost pixel classification model on the 2024 test dataset.
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Fig. 7. Top feature importance (gain-based) of the (a) land and (b) ocean AOD retrieval model.
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Fig. 11. Spatial distribution of (a) MODO04 AOD, (b) Al predicted AOD, and (c) the difference (AI-MODO04) for the high-AOD event
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(a) MOD0O4 AOD (b) Al AOD (c) Difference (AI-MOD04)

0.30 . — 0.100
0.075
0.050
0.025

0.000

°
&
AOD 550nm
°
&
AOD 550nm

-0.025

~0.050

~0.075

0.00 0.00 ~0.100

110°E 120°E 130°E 140°E

Fig. 12. Same as Fig. 11, but for the low-AOD clean case on 2025 September 27.

Table 2. Summary of validation metrics for the two selected case studies (Al predicted AOD vs. MOD04 AOD).

Al - MOD04 AOD

Case Event type R? (combined) RMSE Bias %EE N (pixels)
2025/03/08 High AOD event 0.945 0.090 -0.019 95.8% 2,400
2025/09/27 Low AOD clear event 0.758 0.025 +0.009 95.3% 10,122
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