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Abstract In this study, we propose a new method to determine aerosol radiation forcing (ARF) by building the Deep
Learning based ARF (DL_ARF) model. For the best optimization of the deep learning structures used in the DL_ARF,
performances with the different layers used in the deep neural network were evaluated. The DL_ARF uses only two input data
of aerosol optical depth (AOD) and solar zenith angle (SZA) and it has a very fast calculation speed compared to the typical
radiative transfer model’s running time. In addition, accuracy of the DL_ARF was verified by comparing the ARF determined
by DL_ARF and by the typical radiative transfer model based ARF (RTM_ARF) results. These comparisons showed very good
correlation between DL_ARF and RTM_ARF (slope = 1.04~1.06, r=0.95~0.97) and high accuracy (bias =0.68~2.03 W/m?,
RMSE =6.51~8.41 W/m?) was obtained. The ARF calculation time of DL_ARF was significantly shortened compared to the ARF
calculation time of the radiative transfer model. The aerosol radiation forcing efficiency (ARFE) of Seoul and Gangneung was
calculated and compared by applying the DL_ARF model developed in this study. As a result, ARFE in Gangneung and Seoul
are -1.22 W/m?%1, -1.03 W/m?1, respectively. Interestingly, ARFE in Gangneung is 18.4% lower than Seoul because aerosols in
Gangneung have less single scattering albedo (SSA) values than Seoul indicating the more absorbing aerosols. DL_ARF can
be effectively used to provide real-time data needed to study complex surface atmospheric motion and climate change.
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Fig. 1. Geographical locations of ground-based sun-skyradiometer measurement sites in Gangneung and Seoul used in this
study. Distance and elevation profile between Gangneung (37.77°N, 128.86°E, 60 m) and Seoul (37.56°N, 126.93°E, 97 m) also

shown.
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Table 1. List of radiative transfer model input parameters used to generate training data for DL_ARF model.

Parameters Input value Description
Wavelength () 0.25um~4um AA=0.01um
Solar zenith angle (6) 0°~80° AO=1°
uUs 76 Number atmospheric layers, Layer altitude, Pressure in millibars,

Atmospheric profile (Standard Atmosphere)

Temperature, Water vapor, Ozone

Rural, Urban,

Aerosol type Tropospheric, Oceanic

Scattering phase function, Single scattering albedo,
Dissipation coefficient, Distribution of altitude

Aerosol optical depth (1) 0.00~5.00

ATt=0.01

Surface albedo (p) Vegetation

Ap=0.005pum

Table 2. List of ground observation data used for comparative verification of DL_ARF output data.

Instrument Parameters Resolution Period Source

Aerosol Optical Depth (AOD),
Solar Zenith Angle (SZA),

CE-318 Sunsky radiometer Single Scattering Albedo (SSA), 5 minutes 2012~2021 https://aeronet.gsfc.nasa.gov
Asymmetry Factor (ASY),
Effective Radius (Reff)

Automatic . -~ . .

Weather System (AWS) Relative Humidity (RH) 1 minutes 2012~2021 https://data.kma.go.kr
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Fig. 2. Schematic diagram of data process for the deep neural network model to calculate ARF used in DL_ARF model.
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Table 3. The accuracy of the DL_ARF model in Gangneung for different neuron structures. The computing times by DL_ARF
and the radiative transfer model (RTM) for 2,138 dataset are also listed.

Aerosol Training Validation Compute time
types Layers Nodes SSE R RMSE Bias DL_ARF RTM
R 5-3 0.16 0.95 7.41 119 246
4-2 0.63 0.94 7.63 213 2485
4-4-4 0.16 095 6.53 0.99 216 20 mi
Rural 3 5-5-5 0.09 0.95 6.54 0.76 245 min
(7 hours)
6-5-4 0.11 0.95 6.53 075 2145
. 5-4-3-2 0.102 0.97 6.51 0.68 225
3-5-3-2 0.11 0.95 6.53 0.62 2315
5 53 0.26 0.94 827 31.42 211
4-2 0.82 0.94 8.62 3361 261
4-4-4 0.038 0.94 7.22 3092 215 ‘
Urban 3 5-5-5 0.071 0.94 7.2 31.39 2125 ?72%22)
6-5-4 0.062 0.94 7.15 31.12 2425
. 5-4-3-2 0.046 095 7.08 31.42 23s
3-5-3-2 0.033 0.93 7.31 31.13 227s
5 5-3 0.112 0.95 7.00 242 257
4-2 078 0.95 7.14 1.63 262
4-4-4 0234 095 6.55 239 2365 420 mi
Tropospheric 3 5-5-5 0.082 0.95 6.51 250 224 min
(7 hours)
6-5-4 0.113 0.95 6.48 263 225
. 5-4-3-2 0.136 095 6.51 239 2525
3-5-3-2 0.255 095 6.52 2.10 285
5 5-3 0.11 0.95 7.56 411 256
4-2 0.79 0.95 7.47 354 2535
4-4-4 0.173 0.94 651 435 245 do0mi
Oceanic 3 5-5-5 0.098 0.94 651 419 295 i gcTJIr:)
6-5-4 0.116 095 6.62 426 2435
. 5-4-3-2 0.154 0.95 651 410 225
3-5-3-2 0.175 0.95 6.52 432 23s
Z AEst=FE YeR e tiEA Q] 2| Eolth 4] (1) Fp=A1A%o] o &3t gk
2 XA A 9] SSEE Aitehe Ao, A7 F, =34
&3t ARF (Fp)ollAl ShstlolEloll4e] ARF (F,) <]
AHE AlEoto] B gtoA Hit. H AFoA= HA HlolH F 70%= ShstolH
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1 2
SSE =2 ) (Fp, — Fa)

i=1
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s¢ss)
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Table 4.The accuracy of the DL_ARF model in Seoul for different neuron structures. The computing times by DL_ARF and the

radiative transfer model (RTM) for 3,948 datasets are also listed.

Aerosol Training Validation Compute time
types Layers Nodes SSE R RMSE Bias DNN RTM
X 5-3 0.16 097 10.36 263 2465
42 063 0.95 1042 279 2485
4-4-4 0.16 0.96 1037 245 2165 s i
Rural 3 5-5-5 0.09 0.96 10.29 241 245 13 k:‘;'l:‘rs)
6-5-4 0.11 097 1035 248 2145
. 5-4-3-2 0.102 097 10.32 247 225
3-5-3-2 0.11 097 10.32 247 231s
5 5-3 0.26 0.96 5242 4139 2.11
4-2 0.82 0.96 5254 4175 261
4-4-4 0.038 0.96 5231 41.19 215 ‘
775 min
Urban 3 5-5-5 0.071 0.96 52.82 4175 2125 (13 hours)
6-5-4 0.062 0.96 52.69 4149 2425
. 5-4-3-2 0.046 0.96 5221 4146 23s
3-5-3-2 0.033 0.96 52.90 4195 2275
X 5-3 0.112 097 8.48 242 2575
42 078 0.96 935 1.63 2625
4-4-4 0.234 097 8.49 239 2365 7 i
Tropospheric 3 5-5-5 0.082 097 853 250 224 A k:‘;'l:‘rs)
6-5-4 0.113 097 8.42 2.03 225
. 5-4-3-2 0.136 0.96 8.92 239 2525
3-5-3-2 0.255 0.96 8.48 2.10 28s
5 5-3 0.11 097 8.59 3.82 2565
4-2 079 0.96 8.68 357 253s
4-4-4 0.173 097 8.67 3.89 245 ,
. 775 min
Oceanic 3 5-5-5 0.098 097 8.66 3.88 295 (13 hours)
6-5-4 0.116 0.97 8.65 3.89 243s
. 5-4-3-2 0.154 097 8.65 3.86 225
3-5-3-2 0.175 097 8.66 3.86 23s
Ae Eo B0 A5e WAL 4 9low SsEAkh maheA meo) s ohe} ASHEE Selshs
7 A vehH BE O] o] E=ria mio] 7y S FUtE APsiqith BRES o] 85k A5ake]
SFA|TH (Kim et al., 2019; Ghosh et al., 2007), SSE= 5t  AS T 21012 ZAZ 9l A 35| B oA AL 5=
ZelolElol el et el A eky A ARHE  ATAS R), B AT LA RMSE), B (Bias) S

dlole] =, 2 A7elq ALgH Qleitae] tels
Weko}7] stk teb ssEE Hitste] 27k A)
29 Yolel £o o5 Aute AR Holel% v

o292 A (2)~(4)t 2ol Alitstatt.
Sh1(Fp,i~Fp)(Fai—Fan)
(n—1)SpSa
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Fig. 3. Heatmap depicting correlation between DL_ARF ARF and AERONET ARF in (a) Gangneung and (b) Seoul. Rows repre-
sent the nodes and number of layers for neuron structures. Columns represent individual aerosol type. Color represents the

Pearson'’s correlation coefficient (r).




1)
i)
oC
>
I
o
2
0l

2t oflof2iE SAIRHE M=

(a) RMSE (b) RMSE
(Gangneung) (Seoul)
90 2
4-2 7.63 7.14 747 4-2
Layer 2 Layer 2
18
53 741 7.00 756 2o 53 .
" - - | I b - n i§
3 3
S 555 6.51 75 © 555 -14
3 Layer 3 2 Layer 3
o “ - H i = . ™
Layer 4 Layer 4
5-4-3-2 6.51 6.51 60 54-3-2 y
_ _ 8
Rural Tropospheric Urban oceanic Rural Tropospheric Urban oceanic
Type Type

Fig. 4. Same as Fig. 3 but for root mean square error (RMSE).

(a) Bias (b) Bias
(Gangneung) (Seoul)

10
4-2 213 163 354 4-2 41.75
Layer 2 Layer 2 !
- - - - 4 i 4140 -
-8
4-4-4 239 435 — 4-4-4 4119 =
3 -7
3 3
5
3 555 25 R Layer 3 g 955 2o Layer3 ¢
Z =z
-2
-5
6-5-4 263 6-5-4
-4
1
3-5-3-2 210 432 3-5.3-2
3
Layer 4 Layer 4
5-4-3-2 239 410 o 5.4-3-2
— 2
Rural  Tropospheric Urban oceanic Rural  Tropospheric Urban oceanic
Type Type

Fig. 5. Same as Fig. 3 but for Bias.

J. Korean Soc. Atmos. Environ., Vol. 38, No. 5, October 2022, pp. 669-686



678 HYE, 0[ES

& 7% DNN 292 AR ol R=0.97, RMSE=
6.51, Bias=0.68 % 7} A3t w7} =7 Yehth A&
9] 7% Tropospheric olo12<& Bt} (6-5-4) L E2
/3% DNN 2e-& AH8-SF3l-S o, R=0.97, RMSE=
8.42, Bias =2.030.2 7P AL} =9k}, ulatA
A&t 7359 oflofelE Bt T "Bl M7
A4 TEHE DL_ARFY] 948 AR 5t 747}
Tropospheric °lo18&3} (6-5-4) 1 &, Rural of]o1]
&3} (5-4-3-2) L EE 74 H DNN 228 AHgohH
7V =2 JS o] ARF ghE 5T 5 Qe AR

Tt

3.2 ARF AH&E Znt

% 6 2 7353 A&l A DL_ARFE ©|-§3l] 4t=
=l ARF 279} AERONETO|A A -Z5H= ARFE H]
w3t 3RS Jjzoltt. FEe] ¢ AR A
slopi= 1.06°]11 A4 R 0.972 AERONET
ARF2}E] Zhdo] o9 =3ttt E3F Bias®t RMSE
7} Z¥7} 0.68, 6.51 % Fo & 2 AIHE AT A
29] 7% A9 Slop 1.040]1 FTASG RS
0.972 AERONET ARF&}2] AHtAo] w9 =9ict.

(a) Gangneung
0 70
N =2138
y = 1.06 x + 1.59
R = 0.97 60
_s0 Bias = -0.68 L]
RMSE = 6.51

& [

£ -100

= L] a0
= =

L, -

< L]

< .1 ': 30
ol -150 .

=200

25950 -200 -150 -100 -50 0

AERONET_ARF (W/m?)

T3 Bias?t RMSEZF ZY2} 2.03, 8422 AT E =2
e AE AUk ol ZA|, FE T AE F Aol A
DL_ARFE ©|-§%F ARFE= BAPIE R 2 AlXte gt
I} AE A= 2.38% (), 9.67% (A-2) U294
S5 7HA)E A& Balck

1%l 7 DL_ARFE ©]-85to] 4FERt A& (a)2}
2 ()9 W7 ARFE (@2 BA%H agolnt. 7
231 L T 29 BE 2015~2020E 7)7F ot

el
2,
2
)
i
J
£
ol
=
1%
o
R
b
12
lo
f
n\l
™
_O,l‘,
e e

-27.34 W/m?2 2 o] 57k (2015~2019) 2] 4
o ARF (A8: -48.84 W/m?, 7} -35.46 W/m?)]|
H|3l] 3A] FAtATH(A1E: 18.8%, 745 29.7%). ©]
+ W71edE4 wiE A At A2 192 QI%t
2 Al 5 ohgRt Yllo] Bt o g 2hgsto] 1t
Rt Avlg Jolnt,

119 82 A (5)F °l-8sto] T A oA e oflof
& gt TG oflojg& o] BAPZAIE I oflojH&

EAPSA &8 (Aerosol Radiative Forcing Efficiency;

(b) Seoul
0 70
N = 3948
y = 1.04 x + 3.92
R = 0.97 60
_s0 Bias = -2.03
RMSE = 8.42
p-Value < 0.00001 50
£ -100 o
N
2
w
=4
< 30
' -150
[a)
i
20
]
-200 . m u
[ ]
I 10
~250; 0

50 -200 -150 -100 -50 0

AERONET_ARF (W/m?2)

Fig. 6. Scatter plots of ARF determined by the optimal DL_ARF and AERONET ARF in (a) Gangneung and (b) Seoul, respec-

tively.




(a)

204

-7.56232.

897716

-204
-40
-60-
-80+
-100+
-120-
-140+
-160+
-180+
-200+
-220+
-240+
-260

-105.5596:

A17.12284

134.6694;
142.32459

ARF(W/m?)

Seoul

TAGISE__ 1 e T 726524 BAST8__ gerzer | HOB02__ g gpne; 5.8
87. nnﬂ -86.65857
o808 ]

n
i
oC
>
IE
jo
2
0fo

of oflof2tE

SAZHE M=

B 25%~75%

T Range within 1.51QR
— Median Line

5 Mean

264217

-103.28291

2376898 107 346

2011

(b)
20,

-4.6356

82524 -8.2887 81531

-204
40

5079

.60
-80

-89.6785

-100+

ARF(W/m?)

105.4844
-120 118.9318
-140
-160+

-180+

2012 2013 2014 2015 2016 2017

Gangneung

63635

2018 2019 2020 2021
Year

[ 25%~75%

T Range within 151QR
— Median Line

5 Mean

5.2754 ?., 2200
60,8202

940842

Sane -8.9685

4631?

-80.2935

997221

2012 2013 2014 2015

2016

2017 2020 2021

Year

2018 2019

Fig. 7. Box plot showing the annual average ARF and Interquartile range (IQR) of (a) Gangneung and (b) Seoul predicted

using DL_ARF.

ARFE)= Altoto] v gk Aatolct,
__ AARF
ARFE = - (5)

AARF: ARF©] H3l2F(W/m?)
AAOD: AOD2] His}=F (1)

ARF= oflofe|&ol o3t & BARAI=S 9n|siA]
B ARFE= oflo]&f&9] fofgo] whg ZARIA
Ou|StEE F 2|2 9] ofof2|& o] B4 mE AN
AR o] 2folE H|wE 4= 9lrt. 752 ARFE=-1.22
W/m?/70]1l, A-&2] ARFE=-1.03 W/m%/1 2A], A
S5O 5ol el ARFEZF 5] o= 18.4% T

27 Agaet 5 SERED
Fore AgHTHs A, ] QAR Hior Bt
o] a4to] o Fiste] o|2 Qg BARYZEEo] o
% 27 vehg Fatele).

3.3 X|9E ojolzE Y

e e ofloflE BARIAl EES v uet 2
7} 7359 ofoleid BAZAEE] § 27 ekt
o, o]2|gt Aol thgt AlS ZEAI5H] s A1
Aoleiel ot 594 vlastetch o} 9l
o] 2012-7E 202197129 33 Aeo] sd
cHideh AT (Single Scattering Albedo; SSA), T8

=

N

J. Korean Soc. Atmos. Environ., Vol. 38, No. 5, October 2022, pp. 669-686



(@) Gangneung (b) Seoul
0 70 0 70
ARFE = —1.22 W/m?/t 60 ARFE = —1.03W/m?/ 60
=50 =50
50 50
NE -100 i NE -100 i
o -~
z =
{7 w
o 30 0 30
<€ -150 < -150
= 2
[a)
20 20
=200 =200
10 10
2505 05 10 15 20 2.5 0 ~25%%0 05 10 15 20 25 °
AOD 550nm AOD 550nm
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line depicts aerosol radiative forcing efficiency (ARFE).

Table 5. Spectral asymmetry factor (ASY) and single scattering albedo (SSA) from the AERONET database and standard aero-
sol types.

Single scattering albedo Asymmetry factor
Types/City
440 nm 675nm 870 nm 1,020nm 440 nm 675nm 870nm 1,020nm
Rural 0.930 0.947 0.945 0.942 0.658 0.636 0.624 0.618
RTM Urban 0.567 0.702 0.760 0.790 0.682 0.644 0.627 0.617
Oceanic 0.978 0.986 0.985 0.985 0.683 0.677 0.681 0.684
Tropospheric 0.949 0.965 0.970 0.972 0.648 0.617 0.590 0.574
AERONET Gangneung 0.933 0.927 0.908 0.896 0.697 0.653 0.639 0.637
Seoul 0.935 0.938 0.928 0.921 0.701 0.645 0.626 0.624
H v H4= (Asymmetry Factor; ASY), HTHE: s = sca )
_ Q
(Relative humidity; RH), olo]3]& & ¥H74 (Effec- ext
tive Radius; Reff)& AF&8l0] T 2|2 o] BAAE Qu s AT T
&9] Zpo|7p A sH= Udle ZAFSHIH. Qexe: AT BE
9 99} B 5= A5 el TS Wt ssA o
o} ASY ZHS EE T)7] ool melst et Ao| ASYzifo cos @ P(6) sin 6 db (7)
k. SSA= 03} 1 AFe] 9] e 7HAIE dARe] A=A ]l 0 AV} Atk Afol o] ZHe
F FFEE Y, AsYE At BAfeu 2] €] P(6): 9JAF8H (AFakago] Zhe Bax)
e REg AYshs b AHE AsyE 724
o -1 (T Aol A +1 (R ARH WSl ke 7 TR ssAk RE mhge] ol ALt 4
= Qe Al (6) T A (7)2 SSASEASYE AFESH= Al 2] SSA ghol oF 1.58% T 212 ko] YEh e, o]=
oJct. lste] 459 ti7l SolA= 991 AoDY H B2
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