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This study reports the results of a statistical analysis of day and night aerosol optical properties measured from

the Cimel CE318-T sun-lunar-photometer operated at Gangneung-Wonju National University (37.771°N, 128.867°E) from
January 2015 to December 2022. Aerosol observations during the day and night are an important means of monitoring
aerosols during the diurnal cycle, and we aimed to use these observations to the study of regional aerosol properties. In
addition, since long-term observations can be used to predict current and future variations through machine learning-based
time series analysis technique, the optimal modeling technique was determined and future predictions were presented.
Statistical analysis of the day and night observations showed that daily and seasonal aerosol optical depth at 500 nm
wavelength (AODsy) and angstrom exponent at 440 nm and 675 nm wavelengths (AE44, ¢75) are characterized by similar
patterns, respectively. More specifically, the AODsq, and AE44q 675 datasets observed at night range approximately 5.7% and
1.9% higher than the observed during day. Additionally, for modeling time series analysis with long-term aerosol
observations, the computation of auto regressive moving average models among machine learning techniques was applied
and evaluated by analyzing the differences in the results. Pairwise comparisons, correlation coefficients, root mean square
errors, and mean bias also supported the reliability of the data. The results also showed that the Seasonal AutoRegressive
Integrated Moving Average with Exogenous Variables (SARIMAX) model was the most accurate, and future predictions were

compared.
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AL E0]E (Sun photometer)= EfF 2
7| ololze] o 5
o} 27] 23 NS ZASE U AT ot &

Aol HEEn|E = Y EL I Aerosol
Robotic Network (AERONET)+«= Z7]7to] A2 tjj”7]
T=2 Foto] Aoyt A 2] digh tir] e 3
7tet 71598} Aol 7]ofsh= Fa%t HolHE Al
32t} (Holben et al., 1998).
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N =] Tk (Leiterer et al., 1995). ©F7F
tiA|ste] Aol A S 7Fs qF FA (el 2,
)9l H& &-gsto] tf7] oflol=E&s
ARGEIT o] F EHle o] 83t HuEn|
E0]H (Lunarphotometer) 2} 514 &
o] mauel WA Wyol AT r1E
A A EokEE ZAstel Rtk ool
35}t %7 (Aerosol Optical Depth (AOD))E AA
T} (Barreto et al., 2016, 2013). ©F7t ool 2& TH=7k
7] B2k 71 ¢S}t g Fofl Bagh 3t
S/l Bt ARE Al 4 g, ]
o|=&0 A7 B4 W3} mef, njA| wx] 3
5ol gt 83 HHE A F Utk dE &
FORF Hdl= HiYF BAF T2A| A0} tf 7] Hste] '
slof] e ti7] A A4 S A8 o e
8§t seho] HEth(Huang et al., 2013; Pérez-Ramirez et
al., 2012). F7] Higks mtas v (o 2
S Y, T B 52 o S R ZetEA]
o tf7 ol 7|98 v Aol A wRke] A
1t} (Roman et al., 2020).
EnE I52 A5ZRI dojg2& Fdt
T UE FHOEA TS
| ollo]2&2] XA AHSE =451
Ko 712 <Qlst
QF, FoRgt
&2 Fsto] AL vl
7FssHA e gm Hi71E
240 glo] Fad AT
5 s Ao
Ama o, AAE 2= 9
712 742wl e g A 9
Zoltt. o]2|gt Al AE 2
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T (Auto Regression Moving
o] Tt (Box et al., 1994). o] 24
= WEE AALGY FL AE 25 7 4
AALE Aot AAG e =R E nE A5c=
A FEA S ARSI o] B2 F5 (Cade-
nas and Rivera, 2010), “3<=% (Kripalani and Kulkarni,
2001), 7] ¥ £~ (Tularam and Ilahee, 2010), T7] 2
¥ 7|&E4 9] 9= (Chaudhuri and Dutta, 2014; Chat-
topadhyay and Chattopadhyay, 2009; Kim et al., 1988)
of AHH . 21U Seld= &E REe A
gt ofolz& ek 549 nlH FAIE ASshs A+
7 A 9] a2 ok
webA] B QoA
EolE P20 g5
ot 542 Wl 2Asls

7] ofejz2d A=E 7o R

=
AR

2. 1tz ¥ 9Y

2.1 o024 A=SXIR

2 AFolA AMRH oejz2d IEARE FdE
7S 7S AT A2 ol $1*’F AERONET
= AH (B9 37.771° 57 128.867° S 60.0 m)
N4 2005FHE 202272 ¢] Cimel CE318-T sun-
sky-lunar multiband photometer Atz 0|t} W=
AL Falctol Al 5km, 2 THT TH7EA] oF
12km F= HolA Ueh(1E 1). 432 ti7] ofloj=
&2 A W2 550 wel EAS UEL gle
o, = FAY oA ololzE H Y LdH

O g HE S Hh= 7 o 7 7FEE 4= Qlth(Lee and

o2 U1
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(37.771°N, 128.867°E)

Fig. 1. Geographical location of the CIMEL-318T observation site at the Gangneung-Wonju National University in Gangneung,
Korea (Pointed as a yellow pin in the map, latitude: 37.771°N, longitude: 128.867°E, altitude: 60.0 m).

Lee, 2020). THebA] ThFRt 49 ofoj2&
ek HYE[Ro] o2 o]t

CE318-T sun-sky-lunar multiband photometer=
2k~ 9] Cimel Electronique®l| A 7H#5t5.0H, 7]&
O] CE318 RHO] S 0w A 731 9 ofgt £70]
7Hs5tct. CE318-T2 the 1.29°9] #&ztat g7f o]
41 7 (1020, 940, 870, 675, 500, 440, 380 & 340
nm)S 7= A E 3 tol & HE7| 92719 1t
21020 E 1640 nm)S ZASHE InGaAs AE7|S
ArgRITE o] F ARelA F 9] 340 nm?} 380 nm=
2 Ao gte] S E B offtoll= ST 4= {lrt

CE318-T 24> 53] oftte] guls Z4sh7] 9]
sto] 71E meof Hlsto] B &2 41D of 24| (60
dB °[%HE 7HA=S AFEGle B offte] ofojx

=30l &

&3t 5710 it A RS 5S4 QT (Barreto et
al.,, 2013). o] FH]=50% o/de] & 2L oA ottt &
e 7L o o & F719 50%s & 3Lof
71E0] F7 = HjH] ottt BE0] A4S A &
Zel 4= Qlt} (Barreto et al., 2016). CE318-TE ©]-&5}

o] AHQIA T2 T= 7]7] 9t vl A 57t
&<l AOD ¥Egke] gt B3 =7t <F 0.002~0.009

HOE g TS 71719 QAR fARE 2o
= UEhtow, ot Fete] ¥E A= °F 0.011~
0.018 ¢ el = Aoz BITE Tt (Barreto et
al.,, 2016). & £ HASHS Q9] Ao A= of
7+ AOD9] B2 B 7|0l et (Langley B
Z: ~0.014, moon-langley E7: 0.012~0.022, EfF-2
9] gain 3t BA: 0.1) Hff 0.1402 H I =T} (Bar-
reto et al., 2019). ©]& 559 oF{F AOD Alitoll AHE-
g 2 2do] Z8Ho] ol H iRl 5~10% ©]
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2E X0l okt olojz4 Bat =4m

424 ATt (Perrone et al., 2022).

2.2 Djtlald 7S 0l8E AAY 2y

274, AR 7|49 meRo R Qlste] iyl
ed Ul gl 7jure] 14 7]He ol 83 7o
270] 5= 9 REHSE Z5He A7 Aapt B
I EI QTh(Kim et al., 2023, 2022; Pyo and Lee,
2022; Pyo et al,, 2021). 7] dflo]2& 9] A|AE 4
= fIste] MAl2ld 71% T Box-Jenkins 7]'H-& A&
Sto] ofojzE S et AAE 245 +F5H
oh A A E A2 A7Fe] SFe] wE Hlo]E 9] wE
I FF= olslistaL d5she H AREE A 7
Hol, 2 ollAs AlAD HloleE Eastal
N5 B Qo) AHgSE ABAS F1HE ol8d
29l Z AutoRegressive Integrated Moving Average
(ARIMA), Seasonal AutoRegressive Integrated Moving
Average (SARIMA), Seasonal AutoRegressive Integra-
ted Moving Average with Exogenous Variables (SARI
MAX)E AH8-3F 31t

ARIMAE AA|E Hlo]EE 27| 2] 7] (Auto Regres-
sion (AR))S} ©]5 8+ (Moving Average (MA))2] &
742 712 @42 gk HHlolth(Box ef al., 1994).
ARZ o] A 9] Hlolg7F @A Al ] H|olE el
Fe AE Bdo|r, MAE °]3l9] o5 oAt &
A Aol dlolgo] 9= niAle Rdoltt. 171
ARIMAE= 7 Aol A 9] Elol87F 7R AL Q)= &
At eapt @Al e viAle Aoz 7Hst
o, A1AE dlo]8 9] HAH4 (Continuity)S HAs}7]
{15l M2 (Differencing) M85 &l HZA2 2 H
olelE A< e HiolH = Wit ARIMAS
AREARR 21718171 240l st aefsior & vkA
S219] 5= (p), YA TS| 9] 2o 81 (q), 1231 ©]
& Wt 713ke] A7) (d)=F A A ()3 2ol AelE
TH(Box et al., 1994).
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5o Th9] 4 (2)~(4)9 o] EAHL

Bfy, =y 1 )
®p(B) =1-0,(8) - Q)Z(Bz) -t (Z)p(Bp)
=1-3" 0:,(BY) 3)

0,(B) = 1+ 6,(B) + 6,(B*) + -+ 64(BY)
=1+37.,6;(B/) (4)

SARIMA= ARIMA 24 9] 8P H e 2 4] ARIMA
ofl Al thAL Q1A] g2 AEA] 821 (Seasonal param-
eter)= Z3R AIAE Hlo|HE RALIT} (Box et
al., 2015). A& 202 AAG TlolelelA 44 7]
7 ERF T o8 HHEEE wfglo]w, SARIMAC]
A= AR, MA, ZFEI}F AP AR AR, MA, 2HE-& 23
Sto] AIAE dHlolelE B OJRttt. SARIMA S A4t
2 ARIMAIA A= p, q, d 9o F7HH 22 A
Al 82ls A¥sh= (P, D, Qs7F AREE O] A (5)%F
Zo] Aojert.

8,(B) - ®,(B)(1 — B)* - (1 — B)PY,
=0,(B) - 0¢(B)e, (5)

9 AofA p= AEE AR BE O] A, DE AEE
A0l 4, Qe AEE MAS AE UL, s+=
A o] (F714)2 SJuldick, T2l 0, O
Z¥7Zy S AXA} (Backshift operator), A4 AR A

MA QRS ofn|shH th=9] 4 (6), (7)3 &

Azt
o] EHAHIL},
®,(B) =1—0,(B) — 0,(B*) — - — ¢,(BP)
=1-37,0:(8") (6)

6,(B) =1+ 6,(B) + 6,(B*) + -+ 6,(BY)
=1+37.,6;(B/) )

SARIMAXE= SARIMA Rdo] s o 2 Tl A]
AF glo]glof njx]= Q9lo] A-A] Q9 Qo= ¢
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(Exogenous Variables)2td!l B8+ F714
8 Bl BAYAT PP A
5ol 9= nA= te 85 UeiiH, o
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AAE dlole7} AREHTE SARIMAX 2E-2 4] (8
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= aYi,t0q(B) - 09 (B%)e, (8)

floA dgE AAL gole 9 A52 Sl 2d
T 7P At mdle 2] flsto] 7 mdE At
Aol tigt gt 2ol = oH, 4 3t
HAE 7= 2do] mjaf gho] oSl Aedstr=
AR TS ARt mebA, 2 mdlo] AJAE
o] WskE Argshe dl AR &elstr] ffsh & <
FAME A (9)~(13)1 Z©] Mean Absolute Error
(MAE), Mean Square Error (MSE), Root Mean Square
Error (RMSE), Mean Absolute Percentage Error
(MAPE), Symmetric Mean Absolute Percentage Error
(SMAPEYE AHgle] AAEe] b8 el =
Wol A5 BASIT g W AAE nge
MAE, MASE, RMSE, MAPE 4 SMAPE7} 7H -2
L2724 o] dEX=go] /1A 45 Aor o
o et

MAE = ~3oly: = il ©)
MSE = L Sio(yi =~ 70 (10)
RMSE = |30 (i = 7)? (11)
MAPE = 2231 |2 yf"| (12)
SMAPE = % {;0% (13)

91 AollA yi= TEEL, = ASEL n AREE A=

FATES

ol

3. 2% R %

3.1 FoRztolojz& g

CE318-T sun-sky-lunar multiband photometer= T}
et oA oflolzE et EAUE 58S -
Ao}, & AFolM= FH ofgt RSO B AL
8ol 7FsshH 5= 2] 7t 78 B2 AODsy
(T 500 nmo| A TS ofolzd Fet £
AE44 675 (TH 440 nm%} 675 nmof|A] AFEH Ang-
strom exponent)& AHE-SFTE 2015 195 F 2022
d 1297hA] 3} ofgto® FEH AODs 2t
AEy 6758 AMAG (AZPE TS5 A 9, o Bt
A AR Hekge 9 20 BARIAH. F34 of
Tt 2 F2%H AODs 0l AAIE ¥t 542 7] 5
ofolz&o] JiA Fk WSS olsish= ol T2
RS ABIT Ao 27H FAS A
W5 571 9 o) o) @S] wlet ool
3517} EolAl Aol Yk el ool A1z
srgol AR o 2 gt wEEHEol S7k
At H7] o) sl S50l 4 oz 4

ER AT ELEE

st Ey0| F7| HS B

=

)t} (Perrone et al.,

o Tkt of7ko] tgho] e
94 B AODsgy=0.26140.106, AEyy ¢75=
1.304+0.136°]%1.2.1, of7te] B AODsy,=0.264 %
0.105, AEy49 675=1.328 £0.163 22 TS| Q). A
TS 712t S T4} oo Wl 9 AR FA
LS YEHH Lo oftte] ofjojz&o] AT o
_é's -] % AODSOOQ} e O AE440 67SE 7]—1] ° E}q
ORZE F3toll tha A2 H719] ofloj2& At st
o] AODsy 7t S7Fote Z& & o= ok 18]ar #3F
I} of7he % TETE WA GES AODsy=0.262+
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Fig. 2. Time series of AODspg, AE44q 675 for day, night, and combined data. The blue dots and orange line represent the all and
monthly mean values.
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Table 1. Seasonal mean of AOD and Angstrom exponent for day, night, and combined observations. Note that Ryop and Rae
mean the ratios between observed values at daytime and night/combined, respectively.

Aerosol optical depth

Angstrom exponent

Mode Season (500 nm) (440~675 nm) Raop Rae
MAM 0.362 1.184 - -
Da JJIA 0.324 1.424 - -
y SON 0.191 1316 - -
DJF 0.187 1.248 - -
MAM 0.385 1.166 1.064 0.985
) JJA 0.331 1.466 1.022 1.029
Night
SON 0.192 1.340 1.005 1.018
DJF 0.213 1.303 1.139 1.044
MAM 0.371 1177 1.025 0.994
. JIA 0.327 1.442 1.009 1.013
Combined
SON 0.192 1.327 1.005 1.008
DJF 0.199 1.289 1.064 1.033

Sl 4 gl ofefa Aol ol AFT =
U5 2|9 ool 2be Fozk Fere] |y B4} =
2Al2} Bh7] ekl wale] w2 o] 4t 34 1
4 e 9T B slE A2 49 4

FoRhe] oolzd S4o
7] Slote] ARE Haghe E
= ool 2] Wah FAE
e nﬂz

%%:H %*}9} ZE*% 74EH?JXH 717 219 W) ofle]
2% A2t F7Fek= At BAZE dek 3 oy
OF{Fe] AODso WAL HIE (Ryop) 1.005 (7H2)~
1.139 (A&), AEyy 75 BS5AL Y& (Rpp) 0.985
()~1.044 (A=) =A b oiH] oA &2 319 H|
So UERdTE 2837 3¢ oijH] ot A% TS
7k Bl (Ryop)<= AODsgp: 1.005~1.064, AE .y 675
0.994~1.0332A4] Fol7F Atd W=tz o] oUW
3P oA =2 Y] HAE R E I 7] B4
of sl ozt BEAtR L] 7| &7t B2 A E
Uk

_D‘ O_L,

BEE oolzEo] ARt sfidof High QA ES
<= Aok 19 3tZ7JTJr°F HIEe 29
o '3 “5¢10] AODsgy, AEuy 675 HISHE
—““ (heat map)©|t}. HF w50 lUr At
d TR Bl Ego] EAISHA] b= A
2 TR T ool AODsy 7t A5k, 5
AODy,7} 5Ptz = Hol=dl, o]&%h
g2 2194 wiEwt b)7] =2 549 gl
A= Tt

S|Eqo] ATtof| A= AODs 7t 7HE 2 847 Al
T (SIER Y] F2Ao g BA)ZE AFERE =4
e, e dd=zt HEo] QleS Hlrh AA1H
Q1 AR WS}e] A2 5= ALl v A AE e
OFZt AODsqg, AEyy 75 1] 227} FHHET 2
Ae g Atk 549 AOD; = 4, 5, EQ Y 77t
Aol 0.4 o/Fe] 2 e Hold, thg adol=
s == o]:7]— /q 7]-1:H oﬂ /KH:H aKe) og = AODsoo 71-_ L]—E]—
Wt dad AYQl 10~11 UTC F 2] dighe F2
Z YA (AE4y, 675 < L. Dol ot 93k 11sd, F
= f’é’/\}‘)r Y E= wdol &9] Ash= 277t
191 Zojet. o} 5 -ol= AODs o] AP 2
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Fig. 3. AODsyo and AE,4q 675 heatmaps by day of week and hour of day for each season. Each block of the heatmap represents
SON: September~October~November, DJF: December~January~February).
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% % oR Aol B AODn 1 1}
Eftel, R el 92 Az Ao 2 g

3.3 AAIE 2ME st HAlEd HE

717t & TS5 AODsy, AEy ¢75= AAIE A
T2 ARAGY FAES 7L g2, Al
AL Az o] w7 74 23S 7REe s wAle
719 % AR 4 9 oo 7k Al
W ARgsiol el FAE dlEvkssich A4
WA ARSE o= 201519 19 195H 20221
124 319742 B9 2= G AODsg, AE 675°]
t}. ZF glo]g o] AAE 542 whefsty] flsto] @&
A4 T2 ¢lojel python (version 3.10. 9)9] A
AlE E2] &=l seasonal decompose ()& ©]-&5F
HE glolH Oﬂ/ﬂ ZA (trend), A2 A (seasonal), ZF2}
Skl

719 4= AODsgq, AByyg 67501 TS AIAIE 22] 2
IS UERH, ffellA] ofefl Wik = 242t A A,
FA, A, 7t Jstol] digt AAE 2efjzolot.
AOD;, 8] 54| H3h= 20199 1712 ZH4ste
o, o]% Hap F7letal Sl A Ad HIE Sl
AOD5y 0] AAIG A+ 18-S F7|5 A #3kE
7R Qle Ae G 4 Qloh 7hap wsh= Hato]
of 10]11 F4to] AR AODsy, AAIE A&7t
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Table 2. Accuracy results for the different time series forecast models. Mean Absolute Error (MAE), Mean Square Error (MSE),
Root Mean Square Error (RMSE), Mean Absolute Percentage Error (MAPE), Symmetric Mean Absolute Percentage Error

(SMAPE).

Model (data) MAE MSE RMSE MAPE SMAPE BIAS <Tolerance
ARIMA (day AODsq) 0.086 0.012 0.11 33.849 34.901 0.046 375
SARIMA (day AODs0) 0.077 0.01 0.101 30.238 31.499 0.045 45.833
SARIMAX (day AODsq) 4.25E-08 2.87E-15 5.35E-08 1.41E-05 1.41E-05 4.25E-08 100
ARIMA (day AE4q 675) 0.134 0.026 0.16 11.216 10.641 -0.016 125
SARIMA (day AE4q 675) 0.163 0.035 0.187 13.209 12.959 0.034 8333
SARIMAX (day AE 449 675) 4.98E-06 2.51E-11 5.01E-06 3.87E-04 3.87E-04 4.98E-06 100
ARIMA (com AODs4,) 0.077 0.01 0.1 32.206 30.721 0.025 37.5
SARIMA (com AODs) 0.07 0.009 0.093 29.107 27.739 0.024 50
SARIMAX (com AODs) 1.48E-08 3.80E-16 1.95E-08 5.14E-06 5.14E-06 1.21E-08 100
ARIMA (com AE 4 675) 0.135 0.026 0.16 11.118 10.622 -0.012 12,5
SARIMA (com AE 4 675) 0.153 0.034 0.185 12.58 12.051 0.006 16.667
SARIMAX (com AE44q 675) 4.91E-06 2.45E-11 4.95E-06 3.79E-04 3.79E-04 4.91E-06 100
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Fig. 7. Time series forecast results for (top) daytime and (bottom) combined AOD, by the SARIMAX model.
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Table 3. Summary of the SARIMAX forecasted AODsg, and
AE440 675 For 2023 =2025
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deviation slope
AODs, (day) 0.2072 0.0835 6.934E-04
AODjs (combined) 0.2156 0.0829 -8.369E-05
AE440_675 (day) 1.3203 0.1441 -1.929E-03
AE440_675 (combined) 1.3393 0.1473 -2.413E-03
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