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Abstract Holding the longest observation data from April 1904, Busan is one of the essential
points to understand the climate variability of the Korean Peninsula without missing data since
implementing the modern weather observation of the South Korea. Busan is featured by coastal
areas and affected by various climate factors and fluctuations. This study aims to investigate cli-
mate variability and changes in climatic variables, extremes, and several weather indexes. The
statistically significant change points in daily mean rainfall intensity and temperature were found
in 1964 and 1965. Based on the change point detection, 117 years were divided into two peri-
ods for daily mean rainfall intensity and temperature, respectively. In the long-term temperature
analysis of Busan, the increasing trend of the daily maximum temperature during the period of
1965~2021 was larger than the daily mean temperature and the daily minimum temperature.
Applying Ensemble Empirical Mode Decomposition, daily maximum temperature is largely
affected by the decadal variability compared to the daily mean and minimum temperature. In
addition, the trend of daily precipitation intensity from 1964~2021 shows a value of about 0.50
mm day ', suggesting that the rainfall intensity has increased compared to the preceding period.
The results in extremes analysis demonstrate that return values of both extreme temperatures
and precipitation show higher values in the latter than in the former period, indicating that the
intensity of the current extreme phenomenon increases. For Wet-Bulb Globe Temperature (effec-
tive humidity), increasing (decreasing) trend is significant in Busan with the second (third)-larg-
est change among four stations.
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Fal st J1Fstel BAs PRI FIA
(Intergovernmental Penal on Climate Change, IPCC)®l|
w2 A FEe] 2ATES MEES AE AT
o, 20400 Well A72] 27 AksE o iy
1.5°C 453 Aeld, Q17+ &5l oal 7]§Ristrt
At 3 2 1384 B9 ARE AEIATHIPCC, 2021).
70K7H(1951~2020) A A FH o2 §R) 9] A 7|22

Aol Audez AA YERHTHKMA, 2021). %
F 7145 71 mEW 20219 A= HdE)2
133°CE < 10:82012~2021'3) HHFHET} 0.4°C
k7, Bl (1991~20208) BT} 0.8°C &4 vrebsgto)
Zolrol YoM & shite = thE A 93} v wailS
u] 713 Wsle] Zo] & Hldl, ol& dtx=r} Fo}
Alop EER| o] &l oy A Qe 7|5 JFd
of EoI9)7] wlFoltHAn et al., 2011).
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= fEvEre] A29] =AI FAatelA el A7)
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2 ARH] 715 W] zolE Qs 71
g 7dre] S A3 TEo] Q17| A H
A= YIS Yotry| el e #EE Al A
EEE, A2 E S Wl € 2EHE AF
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2.1 AI88 Xt=

2 AT 7P SR AT A FAka,
TAZHe) HE fls] AR E Mg, d, 52 AR
9] F3#71FZ(Automated Synoptic Observation
System, ASOS)®] o H+71&, HA7|L, Hirle
d A, d Auss AS5E AT ke
19049 495 2021971K9] O RS ALREAL,
Mg, BT, 5Exe IR % A5 A4S
w ol 195458 2021d7k4] 9] 68\ 7] AR E AL
L3ttt 2k A A HH= Table 19 A=I3KAH.

2.2 2o
2.2.1 3 W18z (Return value) Al4F
2 A e 7123 A S5kl Hsh
171 18l Setgre] Td whghs 24 &8
Hkgkgtol&k Ald 7]7H(Return period) T ol
= 7123 AhrRre] dAHEE i dE
=20°] wkgkghel 739, 20:del] ¢ ™ v
7|3} Zrras vl st (Zwiers and Kharin,
000; Yun et al., 2008; In et al., 2014).
o2 gt dA vl B o]
3H717F ojg . S8 Ao Hixst A
7] $1BM = SEF Hol Easta, o
I A Fo e FEEXFL SR B
¥ (Generalized Extreme Value, GEV)S ®}-2t}(Kharin
and Zwiers, 2000, Yun et al., 2008). GEV +3¥o|=
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Table 1. Automated Synoptic Observation System (ASOS) of geographical characteristics (longitude, latitude, height) and

history of their relocations.

Meteorological station

Station Latitude Longitude Height (m) circumstance

Seoul 37°34’ 126.57' 85.67 SR in 2010

Daegu 35°52’ 128.39' 54.27 SR in 2017

Mokpo 34°49' 126.22' 44.7 SR in 1904, 1906, 1929, 1964
Busan 35°06’ 129.01 69.56 SR in 1904, 1906, 1934
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715RIStR 1g o7 A F A A AR 7
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2222 9 2E# X A4 (Heat stress index) Al4F

Sy A Har)es 247k wiE Az u)
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He A4S v @thKim and Kim, 2017).
Ad 4 AF T FTST25(Wet-Bulb Globe
Temperature, WBGT)= Yaglou and Minard(1957)°
ofal] wl=elA] Aoz AtE E A golH, HA
H diEoA @ F5 oA st AREET o
7 g# WBGTE ALk faide A+ 25, &
T ey, 33 2wt sk SEue) e
N4AERANNE S R ASEA] gerh b
g B Ao M= Kim and Kim(2017)2] Aol A
AFE 3 71HAA ARgshe 713 Adiss
A5 5 o] WBGT 42495 A3t
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4ol
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WBGT = 0.567T + 0.393¢ + 3.94 )
A7 T= 712013, e= F571%0IH. 3571
A2 FHEERH, %)0F 712 gh& o183t 2 (5)=
ARk

~ T
e =RH/100x6.105 exp(17.27 X W)) ®)

WBGT 99| t& @ 2EH = AF2E oA
B 2] =(Discomfort index)® YHFN LFE=X G
(Temperature-humidity index, THI)(Thom, 1959)7} )
t}. o] Aol Liang et al.(2011)¢] £X(CO)E %
71He SFEAT A(6)2 AHEAT

THI = T - (0.55 — 0.0055RH) x (T — 14.5) (6)

o714 T Ba71&(C)0) 2L, RHE AEE (%)) Tth.

WBGTSF E#AF] 98 7E2 &2x= &5
Z 9 £ oW 7}o1=2(2019)3 Yousif and Tahir
(2013)E F=x3te] WBGT A7} 28 o4, A4
7} 24 o1 71E5H EAE LR sl A4S
YA E Aol FHET AEAHQ BF U=
Table 2, 39 23ttt

Table 2. Wet-Bulb Globe temperature values.

Level WBGT values
Danger >31
Severe Warning 28~31
Warning 25~28
Caution 21~25
Almost safe <21
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Table 3. Temperature-humidity index values.

Condition THI values
Everyone feels stress >29
Most of population suffers discomfort 27~29
Over 50% of population feels discomfort 24~27
Under 50% of population feels discomfort 21~24

Table 4. De Martonne Aridity index values.

De Martonne Aridity

Climate type index values
Excessively-humid 60~187
Very-humid 50~60
Humid 40~50
Moderately-humid 35~40
Slightly-arid 30~35
Moderately-arid (Mediterranean) 24~30
Semi-arid 15~24

2.2.2.3 AZA S (aridity index) A4+

Az ES Hrishr] Y3 NEE ARATF=
#HE A AxREE FAHLE Y= A5
AMEE =Y, A5 o]l =25 E St B
S TH(Tabari et al., 2014). o] AFNM= A48 A%
ATE T A8 G Ax/E5E FHY F2o] 4
£ trl2 &0l AZX|4(De Martonne, 1926)5 A&
It} (Coscarelli et al., 2004; Pellicone et al., 2019)
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A Aleg A¥d 4 ok 5ol 38l (Singular
Value Decomposition, SVD) ¥ S AlEsle] FE=
F3E 9 A8 A 2ol w

A=UxSxV" (11)

21(11)elA 4= 9 AFo|x, 33 ye] 9 49 EOF,
g o] e AES IRptelet stk 74 a3k
< EOF7} A3l &4tgelH, ol #3l¥ EOFE
o] HAkS BE Yahd dAlge] F Eakak dxgit)
nxjeto 2 & E ye] 7z €2 EOF A7 %7
ERlE AlAIG Aot gutro g BajE =2
=2 Avry] Hoge 9459 HEAY R
Asle 9 RES T40 7 B 179 B4
A%t wEb 2 Apoae 9 7% EOF
At 1119 BE F A 24 70~80%F
e F8 ZE YIS SR Aungit

g (1 e

@& tu alo
ol ML ML o o T

234 F3E 384 2= £33 (Ensemble Empirical
Mode Decomposition, EEMD) 4]

A8 2= F3)|9H (Empirical Mode Decomposition,
EMD)2 HIH & A, vl AAIE A8 S A8
7] 9g o g, Fukre] Aol wel o A5
A15E WA 2= &< (Intrinsic Mode Function, IMF)

= @ahshs Polth 7k WAl RE FESA v
YA 5AL 7k AW WES 4% WE 54
248 5 Ao

EMDE Al5e] Jt, S48 Fohfe] 74 2%
2k (cubic spline)>. 2 AASI] AF9] AEZZA (upper
envelope)3} 319 &AM (lower envelope)S 7313, 1
H UiA] RE shee 9 ARt A9 2243 519
FZA o el AR ALETHA (12)).

e (1) = x(t) - my (1) (12)

714 e EEE A HA WA BE o]l xe=
4 A5 AAYE, me 39 2245 519 2ZHAY
Begrolth e 2o AAIL Hl3) W FuEs
FAHA A} o] FE2H UAl Z= TFE AA
gt AIAIYE AIEE MEE 9 AEE ARk 9] I
AE WEsted, AL AAIGe] dxRIr S
shue] S3nt EAste] M2 Algo] FEEA &
o mxEte 2 T2 o] @ Av(Trend)E #2514 ¥
TH(Huang and Wu, 2008; Lee and Seo, 2011; Lee,
2015; Ahn et al.,, 2016; Yun et al., 2018).

EMD #4129 zt5ejA E3l€ IMF= Weshd
AE BEE FEsto] F71E A8 &3 W
Ao]A vtk Z+o IMF7F 2 Tk AwS e
U Aolgh 2AIY ] FFol Aol RE EF A7t
dojupr|= gt ol= 7} IMFO afidlel JaFs v

2]7] W&o Wu and Huan(2009)= A 8-
sle] EMD #49] TS Heksh= 4] W29l EEMD
BAS Aetslth. EEMD 434S ol U|71A]
=AM E e
(1) & A= 27] & 9y 25 F7L
(2) EMDE AH&3t] 9 A5 o8 IMFE 3.
G) (HHZ 2 FHES o ¥ e
(4) IMF=0l| #lF sl e HitS Alltste] 2t
71l SgEe HE 2d4E 73

EEMDE AHE-3l7] flsfixe F71e WA 5
Z3} e BAps Gslor st wagge
Zo] 2o (™) A7t ZolA A WHAA A RE) EMD
oA WAsle RE 9 EAE S9sH SEEHA
@A 4 Ath(Lei et al,, 2009; Kwon and
Choi, 2014). ¥ dAFoAE d A89] 02 EFHA
Q1 WAl g 21FEF}E 200709] P HHE A8t

> 1o

3. &7|ZH 20 7|5 94 BN

3.1 7|2

117974(1905~2021) FAke] A7) 71 A= Ad
Walol AdE Ad Wl BT 999, AELFoA &
oAl F7heke ASR Jelsth 7 AlEE Zd W
sol| A Harled HA L 7ML SEHA M
=2A Z7Hlem@FH#: 0.22°C decade™, FA: 0.24°C
decade™), H71&8 ALA 7 =ZA ZF7K0.23°C
decade )3T} 3 A Had g2 A HolMe=
A7) SVl Hr|e, Harl2xo IA
EFtAI R, ASFolM e FHa7| 9] F7HEo] Bt
23 A7) F7H(Hd: 0.19°C decade™, A
0.20°C decade )t} =A YeERTh ol ALE 7]
29| |EEo] g Add va =4 vepdoe= 2
o} HA 7|0 FrHEo| Har)2e] FUHERT A
A Yehbe 7129 A3 (Choi et al., 2007; Choi et
al., 2009; Kioutsioukis et al., 2010; Park, 2011; Kim
et al, 2022)9} “gute, b Ao EHS e =
vgolgt & 4 Aok

T3 FAF 7120 fele Wkt deA vets)
18l Lepage teste A8t} Figure 12 A B 3
A7 B2, 2o AAIE M3 (change
pointyS FAIE 2@oln, 196530 WHalkdo] e
h(95% r2l). "t S 71202 oha3 o] 1905~
19643 (P1), 196520214 (P2)E o] F 717ke] &
e BAEITE Pl HA, Het, Harle] Ak
Ed=E 7hzt ¢k (.19°C decade™, 0.13°C decade™,
0.17°C decade'91o™, P2¢o] Edl=E 7Hzt 0.29°C
decade™, 0.30°C decade™, 0.31°C decade'& EN}
A7l B} Fub7)o Har]Le] Walgo] ¢ =/
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Figure 1. Time series of daily mean temperature (°C) (green), daily minimum temperature (°C) (blue), and daily maximum
temperature (°C) (red) at Busan from 1905 to 2021. Solid line is raw values and dashed line is trend. A vertical solid line

indicates the year of the change point (1965).

Table 5. The variances of annual standard deviations and annual mean temperature at Busan, respectively, during P1

(1905~1964) and P2 (1965~2021).

P1 (1905~1964)

P2 (1965~2021)

Min T Mean T Max T Min T Mean T Max T

Variance of annual means 0.41 0.27 0.36 0.48 0.44 0.50

Variance of annual standard deviations 0.17 0.18 0.23 0.32 0.31 0.34
Z7tte 54 HAh ZF HeAde A FREG A Hiol o3 AW
Ak 7] FA] Lo 715 WSt o Al A ol 7|9 A F71E MAW3la ol=EdEE o =3}

d WHES Tetatr] fE 4(9), (100 o83 A 3 =4 A7F Heol ¥ T3t AL ot

o B4 A 239 2A4Rs A9 2 A3 P, Figure 2= 77t W+#7]12, HA71e, Har]|2¢]
P2 7|174e] & RS 7b 7 E Har]|2S 6795, 1905~2021'd EEMD 248 vepd 2yl 74 &
=

654982 UEY HA71L&e 76.72, 73.87= UESE
om, Hi7|&S 6442, 57.92% JERHTH HE3F A
Ha BAHA EFEARY] B4 Pl 717belA E
7122 0.27(0.18), HA 7122 0.41(0.17), HiL7| 22
0.36(0.23)C. & WFEFEAL, P2 717l A 0.44(0.31), 0.48
(0.32), 0.50(0.34)% YEFTHTable 5). 7+ 71718 7
W HEAdE Hrlee HEA zol7b 0.17(T-test,
95% FehE 7 A JERaL, AEE MEAde
A7)0l HEA 27F 0.15(T-test, 95% F-2)E 7}
A 3A vt #Har)20] WEAd ztele f2olst
A eFsktt. o] A= P2 7|7ke] 7]20] PIET HE
dol A YehH, A7 MEe AdAE HEHE
o o ZA Yepdths A ongitt &AW Pl P2
i 71ZF Atole] WEgke] xtolE BH HA7|2e] 7
F AZF WEe FUkET AEA WEe] S7PF O
A JERE, Het7)e3 a2l 4 A |
o] F7P7F o =ZA vereth 7129 A7k WE
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ke dRE AWsta, 71§ 3o Fa A
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Ao A AFEE Fig. 2g9F oF 3d F7]8 7 &
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Lee and Heo, 2011; Park et al., 2016). H27]&2] 7
TR o] 7loEe 484%FE THE 7]12(63.5%)° Hls|
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(a) Raw data (Mean T; Minimum T; Maximum T)
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Figure 2. EEMD analysis of daily mean temperature (°C) (Solid line), minimum temperature (°C) (dashed line), maximum
temperature (°C) (dotted line) at Busan during 1905~2021.
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Figure 3. Time series trend analysis of mean daily rainfall intensity (mm day™") at Busan during 1905~2021. Solid line is time
series and dashed line is trend. A vertical solid line indicates the year of the change point (1964).

Table 6. The variances of annual standard deviations and annual mean daily precipitation intensity at Busan, respectively,
during P1'(1905~2021) and P2’ (1964~2021).

P1’(1905~1963) P2’ (1964~2021)
Variance of annual means 5.78 10.10
Variance of annual standard deviations 6.54 11.19
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Figure 4. The climatological seasonal cycle of daily mean precipitation (15-day moving average). Solid line is an analysis of
daily mean precipitation during 1905~1963, and dashed line is an analysis of daily mean precipitation during 1965~2021.
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Figure 6. The same as Fig. 2 but for total annual precipitation.
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Figure 12. The same as Fig. 11 but for daily maximum precipitation.
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