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ABSTRACT

This study investigates the Time of Emergence (ToE) over Asia based on the five sub-regions defined by the [IPCC AR6 Atlas. Here, we
investigate the ToE signal of temperature in 21 CMIP6 (Coupled Model Intercomparison Project Phase 6) models. Consistent with previous
studies, signals occur in low-latitude regions (Southeast Asia; SEA) due to small natural variability. Particularly, the ToE signal occurs sooner
in the Shared Socio-economy Pathway (SSP) 5-8.5 than in the SSP1-2.6 scenario. In addition, the ToE of daily minimum (maximum)
temperature generally occurs sooner (later) than daily mean temperature in both scenarios. In addition to analyzing the trends of changes in
climate factors for detection of climate change, information of timing and origin is essential. The ToE signal can provide related information,

and the results of this study are expected to provide useful scientific information for responding to climate change on a regional scale.
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1. M2

AR T Bt7| 9] AR5 204]7] 2Kt A0 8%
T}(Calendar, 1938). Calendar (1938)+= t7] & o|Al5lEtA &
T9] F7PF 2o G Zlofstal dokar PARE &
Aloflis BEE 2=9] Hapr| A HEAdol 711gt ARIA,
7141 FARIA| BekstA &L o |ISIth 204171 SHE
o|F &M oE I 23 AR QAIFR] 2ATEAS)
S7PF 4 BRI A712Q1 71983t FA|do] AARY
Elof|A ghilelA] H x| o] YTHBindoff et al., 2013). IPCC
(Intergovernmental Panel on Climate Change) A|5X} H7}H 31
Aol 1951dRE 201097H4] #SH 72 A5 5 ARt
ool Larkrel Qg S7le] oleka wasiglct
(IPCC, 2013). T, 7154128 o)A ke 22 44
' Bto] s} 79} <194 Tsol ofgt Tlaet S A

b 2 AP sl AFgls SEolRta BEasar gtk
(IPCC, 2021; Sung et al., 2021; Tebaldi et al., 2021). °|Z%,
715a5to] Thet “ZFA e} «7]ofof thet ZdS A&H R
FHSH =9l=]o] Yth(Haustein et al., 2019; Knutson et
al., 2016, Huber and Knutti, 2012; Allen et al., 2000).
7|12 HS}of| mA= P AL S E Q19 &
B0l 9%t ofloj2En} 22 o A G 7| FAIA o] 7}
A Qs WRRA) HEde WA AV ok &
A QIth(Sutton et al., 2015; Hawkins and Sutton, 2012,
2009; Tebaldi and Knutti, 2007). 7] A A 9] YEH 54
° 7], §, B 5 /1 FALTE FHHE 940 1§
AR ket 9 EE|a At 5 AlEo] gl A9 A
S22 W3tH(Kay et al., 2015; Deser et al., 2014; Knutti
et al, 2013). 7|¥A AFYEY F8 T2 A 3
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£ 0|35l Aof YthDai and Bloecker, 2019). Hawkin
and Sutton (2012)2 7]|ZA|AH Q] AAHEA-L 2030t
7HA9] Bt7]2 5ol 8 AT st W, o F A
2 0]%9] 7|2 A5l AT 9T vzt Hargt
v} Ut} o= 2Pt 543] AP E= 7|FAI A" oA =
R HE R ¥slohe 7|94 ddidog waA vt
1 9% ZAe] ogajol o Zcke Sjujolcy, ofzig
A Sloht Z1Fsel EnE Theteie
HiHo] 2 AREEo] ko™, o|& Time of Emergence(©]
5} ToE)2}al $Hch(Hawkins and Sutton 2012). ToE+= 7]%&
W3} g2l A2 7|7t S5 Watsh= Al71E A
skal, o]t skt ARl A A8/ Hofu=Al
HE AR 919t =& &85 11 UkGiorgi and Bi,
2009). 3, 715l et 194 Qi AES FHH
U Slwel Ast AeAE wsab] g BHow sle
(Mahlstein et al., 2012, 2011), 7}<=(Muelchi et al., 2021;
Gaetani et al., 2020; Kusunoki et al., 2020; Giorgi and Bi,
2009), =37]|3(Bador et al., 2016; King et al, 2015;
Scherer and Diffenbaugh, 2014), B4 ZKKeller et al.,
2014) 59 7|FAIAH] Q4S0]A ojn] WAEFPAY LAY
& AR AiEE 7T “ASE HAAISH] S5l AR
1 glow, AXT W tiF FHE FHOE /EEHIL 2
Lrjo] 2Iti(Zappa et al., 2021; Lehner et al., 2017; Sui et
al., 2014; Maraun, 2013; Hawkins and Sutton, 2012).
TRt EopollA -85 = ToE EATRHE 7129
gt Signal-to-Noise (S/N) Hl& H7PHo] UubAog &g
=3 Qiek SHAIRE, AHEE AREE 7171 AR
ot27] wi&of, L =7k AR6 WGI (Assessment Report
Six Working Group 1) EILA|(IPCC, 2021)oA+= 7] 5=}
Al5o] tfgt HFIRE S=Q0] A &85 YoiAl ToE
A4S SRt 7141719 SIN9| o] od dARGGE 1 &
£ 2= 2A5IgEA ] titt AEE Al Algol=s A
skl Qlok. oA 71FTAAH] Wof 2-gsk= 191 &
715-H3} A7t AAREA T} v wsto] HEsiRl=
AZ1E AEske 22 233919 7F & RS A= A1
< Hofoh= o Egol g 4 Sloh AR, A GqtEolA 9]
ToE = tha EEA 3= o] YK Sui et al,, 2014). &2
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2. Xz # =24 ¢H
2.1. CMIP6 AlL2|R Xt&

E Ao A+= CMIP6 (Coupled Model Intercomparison
Project Phase 6) 217119] R 9l9] 7|2 W45 ARSI, U
W71 (tas), BH7]2(tasmax), BEA7]2(tasmin)o]  Tfgt
ToEE AlISITE 2400 ARSE A2 TA7S Ad
(Historical) 165E(1850 ~20141) & mjefa}t AlUk2]e. 864
(2015 ~2100%)0]ct. 2171 Zelo] tigh 2drg, A&7 9 o
7|H=0] g 50| Table 19 AA=o] Qlet. wAg Al
U] Q= CMIP6 ScenarioMIP2] SSP (Shared Socioeconomic
Pathway)1-2.63} SSP5-8.5 23S ARSI, IA7| S A=}
FEE olgdlo] AAHEEE Alkbeloitt. FHWII e
ofg] 7|52 4o} HwE golstA 57| flol FHWIEE &
UsHA| 93] ARSI CMIP6 HE2 UKESMI9] Sl (192
x 144)9} 5LoHA ARpHESIo] ARESIIAL, AL} oFAlo}
(-11.5 ~ 53.0°N, 55.6 ~ 149.3°E) P9 E4 x|g9o7 #9]
SI9ict. Iturbide et al.(2020)°14] A|RISE IPCC Atlas F 5 &
o}X|ol(EastAsia, EAS)S XEal5to] €8l 1Y(Tibetan-Plateau,
TIB), JolAlok(SouthAsia, SAS), Edo}AloKSouthEastAsia,
SEA), SYolAlo} 552 F(Eastern Centra Asia, ECA)2] 574
A G Ao ARESISItHFig. 1).
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Fig. 1. Updated IPCC WG1 reference regions of Asia
adpopted from lturbide et al.(2020). Shaded
colors indicate different regions. It updated
the ARb reference regions for the climatic
consistency and better representation of
regional climate features of model results
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Table 1. List of 21 climate models participated in CMIP6 and their resolution

No. Model name Institute No. of grids
1 ACCESS-CM2 The Commonwealth Scientific and Industrial Research Organisation (CSIRO), Australia 192 x 144
2 ACCESS-ESM1-5 The Commonwealth Scientific and Industrial Research Organisation (CSIRO), Australia 192 x 145
3 BCC-CSM2-MR Beijing Climate Center, China 160 x 320
4 CanESM5 Canadian Centre for Climate Modelling and Analysis, Canada 64 x 128
5 CNRM-CM6-1 The CNRM/CERFACS modelling group, France 128 x 256
6 CNRM-CM6-1-HR The CNRM/CERFACS modelling group, France 360 x 720
7 CNRM-ESM2-1 The CNRM/CERFACS modelling group, France 128 x 256
8 EC-Earth3 Consortium of various institutions from EU 256 x 512
9 EC-Earth3-Veg Consortium of various institutions from EU 256 x 512
10 FGOALS-g3 Chinese Academy of Sciences, China 80 x 180
11 GFDL-ESM4 National Oceanic and Atmospheric Administration, USA 180 x 288
12 HadGEM3-GC31-LL Met Office Hadley Center, UK 192 x 144
13 INM-CM4-8 Institute for Numerical Mathematics, Russia 120 x 180
14 INM-CM5-0 Institute for Numerical Mathematics, Russia 120 x 180
15 IPSL-CM6A-LR Institute Pierre Simon Laplace, France 143 x 144

Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean
16 MIROC6 Research Institute, National Institute for Environmental Studies, and RIKEN Center for 128 x 256
Computational Science, Japan

17 MPI-ESM1-2-HR Max Planck Institute for Meteorology, Germany 192 x 384
18 MPI-ESM1-2-LR Max Planck Institute for Meteorology, Germany 96 x 192
19 MRI-ESM2-0 Meteorological Research Institute, Japan 160 x 320
20 NESM3 Nanjing University of Information Science and Technology, China 96 x 192
21 UKESM1 Met Office Hadley Center, UK 192 x 144

2.2. ToE Attt

Y FIES S8t ToEE Alsh= W2 71
wd Z4710] ToES 248 ¥ 574 TS olgalol a2
9] ToEE AAFFAU(Lee et al., 2016; Sui et al., 2014;
Deser et al., 2012; Hawkins and Sutton, 2012), th5 24 <}
FEC UF WS O 205 AI7I= ToEE &ofy
L #pHo] 9Jth(Giorgi and Bi, 2009). £ ¥7Lol|A= CMIP6
FAENA AL R H5E (A= 2T6k= AI7IE
ToE2 HOlshs WIS AMBSIIE ATEEAE IPCC 3
7R A9 HPES EYiE BA7TAF9 1850 ~ 1900
71700l ot E2HAE) 29)20)2 Holsiet. 2t mele] 2

o5 AXIStIL olE AdEdsto] ARSI ol 7]9%H
3} A3 o] =2o] A ToE 2 A|7|7} Bt vl
$E = AYAF9 ESJUE(Hawkins and Sutton,
2012y o R ZAAstrt. EgE IR APAT=A
AAZAET v2E A ARES A% AR & A+
oA gogt HME/da FARE 2akE HY Ao= wetHh
oo IPCC B7tE A 9] WS A-85ott. 7id HHo
A7) d vy Ao 7| AAEE 309 ol5ET
stal, o] o] 58t AAIEO] 208 ol s 74 Y
ujch Ailketct 181 F 217] Q] Ho AEE ToE
2l gofsiqick
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21719) AT AsE AAREH] A= B
2ol AAT BEES Fig. 20] AT ASH(Fig. 20)
B0 NE FRFE 163, ALA(Fig. 26)2 187
2 Uehgtth §49] WisEo] sjoprct 2] tepgon,
1 AYHL ButpolA FeishA Yekdh £3 19w
2 248 WEEo] 37 Uehtiy), oS Aol Yy
19w o], Aol Buky 19w Mol 7}
% 2 UBEY ERE B 4 Yot AAFH] =
o] 2242 ToE7} %A 7H54o0] Lo (Lee e al.
2016), ARER ALHT} ofZo] ToE7H WA Lehdehs
MATE] ATE ToE HA0| AF&3 AIHEAe]
W3} Wy Beo] YT & 4 Yok Ko,
7] ol9lo] AHT, A7 L0 AIHEy A=
o aminw, AMy FHERA $AH Ureksthnot
shown). Fig. 29] 912 BE.2 ofAlo}x]2g Lhehdict. of
23 olAo} 8X/9] AAUFEL AE, AT, A
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3.2.1. OtA[OF X

o}xJo} 8] R|H(55.6 ~ 149.3°E, -11.5 ~ 53.0°N)o|| tfst
AEE s, 431, YFA7]29] ToE #4474 Table 2
of] Yetiict. WA, SSP1-2.6 AlL]2.2] 0453 ToE= 2000
~2030Wt] H{je} 2018W2] Fgho] YeRton, HE 7|5
TeofA] dat7]29] WSkt 21004 o] Hof ApAHEdel
AES He AoZ RIFTh siATh, A= 6719
T E)(FGOALS-g3, GFDL-ESM4, INM-CM4-8, INM-CMS5-0,
MPI-ESM1-2-LR, MPI-ESM1-2-HR)Z A|2J3t 157]9] 7]%m
dlofjA] ofAJop EAGHo] gt UBFH7]=2] ToE7} 2010 ~
20602 ERiTh AFEA9S AW EHFig. 1), A% A
Q1 SEA A|YoAE ALHo| RE 7|Zrdo] Yepto
1, 9% EASS} ECA X[Qollxl= Z42E 874, 771 HdoflA] Al
1do] e ] ok B4 AR EE] A% A HY4E ToE
A7 el BAE ER1E 4 Qi) E3L TIB A9
2 EAS®} ECA A9} vlgt Ydfo]l Hx|otal AT,
ToE AlZ1do] YeptR] g2 L 37] Blo|itt. o] &3,
ol #5t ofe}, |9 7T E/olu 7IFAIAE] Tje
(e.g. 230 M2 £EY A G7A mo 5) ol uet
Al ToE AI7|7F Deizls ERIg 4= itk

Fig. 32 SSP1-2.63} SSP5-8.5 A|L}e] .04 LeRd o
S33} ALH9) ToEE H|1e At olt). ToEd| =g
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zdSoln, qFde] Aoz 7FigEr W2 e
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Fig. 2. Natural variability of surface mean temperature (defined by the 2 standard deviation; unit is K) in
(a) JJA and (b) DJF averaged from 21 CMIP6 historical run and the reference period is 1850 ~
1900. White box indicates the analyzed domain in this study
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Table 2. Time of Emergence (ToE) of daily mean, maximum, and minimum temperature for JJA and DJF in

Asia region
JJA DIF
SSP126 SSP585 SSP126 SSP585
Min ~ Max 2001 ~ 2033 2001 ~ 2028 2009 ~ 2063 2010 ~ 2049
s ToE 2018 2017 2037 2033
rasmax Min ~ Max 2006 ~ 2040 2006 ~ 2034 2012 ~ 2058 2015 ~2050
ToE 2023 2021 2034 2033
tasmin Min ~ Max 1991 ~ 2022 1991 ~ 2018 2006 ~ 2053 2006 ~ 2040
ToE 2008 2007 2031 2026
59 ToE7} =4 Uehhs A2 2T 4= Utk(Fig. 39 —
9 A4719). 7|5 He} dErdEoA mold 7] 27} # ool o o ol
@ oA Bng 49, 2l 7 7IFUgES 1 7
3 AYRAL WPsiol T Bast k. gfeta, 715 2060
RZEL 7] F9) olAlslata EO| F7l0) wet 7% 2050 |
sk EEdold duht wzkshA lewst et w |
A YA oR A 4 Yk AR VIFAG A7 § °
ARUEIA FHYetA G4 T 7] vRolct me,  © 2% o
529] CMIP6 m9So] o8 CMIP BWES] Wb 7| & zom0] 193
SR} o ohn FeA QU] gge], g M | _i"
RS ToB BAZTS A4S AT 5 Uk >
shgto], SSPS-8.5 ALl QoA Ao Aaiglo] BE wo0p ¥
2HEoj| A ToE7} 4% 90w, BH#A] 1~4d AE, 714 190} 7
L2 A7) 5~1449 AL SSP1-2.6 AUE]Q KT}t w2 A] L
] ] 0E7]’ ‘/}F}”D} ]Ei 51 75‘1’]_1_ T_E]'A /\]q_avg_-’] 1990 2000 2010;;2;12;306 Z?I%OEZOSO 2060 2070
7| &A50] AetA AlUg| et o w21, ALEe] R -
HE5Zo] &R 2 Zo 1 Y¥Qlo] At & & Ut} Fig. 3. Scatter plot of ToEs of 21 CMIP6 models.

TS AlvE| Qo] Aol EHE ToEQ] HAk= ALE
(SSP1-2.6(544), SSP5-8.5(39))0ll of =3 (SSP1-2.6(32),
SSP5-8.527¥) Bt A YeRt=d], ol BE ZF HAPL
2o AHO] ToE7} 7P WlErh BA3KSui et al., 2014)
APl B3 A5t 117|237 XA 7=
A= vERIZERR SSP1-2.6 AlUE] Q9] ofFHoA = BE
T, ALHL 15719 oA T ToE7} YERgt). YB+
7123} VR R, ASHET ofFHol4, SSP1-2.6 Hr}
SSP5-8.5 AU Q04 ToE Al7|7} o HIZA Uehgth
X7 HF A7) dBEF7|2ET Thh =2(HE)
Al710l Yelet=t] ol YFA7]20] dFr|2ot d
P72 E} 7|25 0] w2 gigolZhs APA+=Y
AR} GARSE A 41o|t(Boo et al., 2016; Lee et al.,
2016; King et al., 2015).

Comparison between results from SSP1-2.6
and SSP5-8.5 scenarios. Red circles indicate
DJF (December-January-February) and blue
triangles indicate JJA (June-July—August)
seasons. Empty—triangles indicate 4 CMIP6
models with small climate sensitivity

3.2.2. SEA, SAS &9

5719 Atlas AIF-FHol HisiA FEE A EH,

7]29] ToE A1} ¥lwsle] YF117] 22 LA,
7182 4F YebdS 91T 5= Ith(Table 3). F A4
L5 S8 #4 H W, 549 ToE Al 12 i
o] Aol cﬂﬂxmg-c 20054 ~ 20124, LF|317]2-2
20159 ~ 20264, LFF7]2-L 20124 ~ 20208 o] Ho] 1t

2Ll

mS e
B o

http://www.ekscc.re.kr



O|x{3| - gdal - X

484

Table 3. Time of Emergence (ToE) for the JJA and
DJF seasons of 5 sub regions in SSP1-2.6
and SSP5-8.5 experiment

- Molof - AgE -

HES

ERG, P72y dFa7])of Hlg) oF 10~ 15 &
T o]ZA70] Yeh-Z ERIT 4= UtKSAS AlQ)). ALE
o] A1dL g 7]Lo0] 2024 ~2038, YH 7|2
2026 ~ 20434, YW F7]2-L 20324 ~ 20410 LrERG

JIA DJF
ToE | Regi _
° 8O0 17SSP126 | SSP385 | SSPI126 | SSP38s T, ThE 7|80 vl AHA7]L0] ok 3~ 59 A% o]
TIB 2018 2017 2039 2032 £ A7) YERth o580 vlg ¥l mE A|T1de] &
e T e A7) ARPE ZolEk 2 FAT S JYor, ToER %
tas Al 5
o]l 7|0 Q] X 3o 717 7 L=
SEA 1997 1997 2005 2005 OJsk= 71l ﬁgé ]'?i]iﬂ%o Z o] 37|17} 7] vl ¥
ECA 2013 2012 2041 2038 S A9l EFA7] AxpPt v AA U2 Ao
TIB 2026 2024 2031 2026 = F Utk
EAS 2026 2024 2042 2040 SEA | 9< AlgEw RE 7]2120] ToE A|14o0|
tasmax SAS 2046 2045 2043 2039 1990~20101{:10ﬂ ]4_]5]_]4_ 7_.”;%]31], %iHH% /\]qﬂgoﬂ /Lcl-
SEA 2002 2001 2008 2008
F79lo] ofAJolR|doA= 1A H* Y chH(Table 3).
ECA 2016 2015 2040 2040 E]ﬂ;/\;]j ];Zﬂ 1_ c‘ﬂj:L 1/\]/}]5};?]:}( o ;
=T — O o NIE kel
EAS 2012 2011 2038 2032 A5HA YRt o] EEIE JA9E JFoE AP
tasmin | SAS 2011 2010 2024 2024 1 Qe 245tz A3 AYx XYL oju] the whA 9]
SEA 1990 1990 2000 2000 7|SHSLE mhEskal Rlor, AZto] A|deE 2159
ECA 2005 2005 2033 2027 03-53:01 11_1_:(%_ 7‘[__,3:_5}_% _/’\_ 315}% _04\1] O]l:]-
(a) tas SSP1-2.6 JJA (b) tas SSP1-2.6 DJF
_— - "
|

(d) tas SSP5-8.5

2000 2030

2010

2020

2040 2050 2060 2070

Fig. 4. Spatial distribution of ToE from SSP1-2.6 (first row; (a) JJA and (b) DJF) and SSP5-8.5 (second row;
(c) JJA and (d) DJF) scenarios. Black lines represent each sub-regions of Asia
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e, o] AL b

ol

2 AER: 3

o] k= Al AN Harding and Snyder, 2012)7} St}

olo Hatel, BA7IFO] AwA| AL ozl
o] ARSI 9 AT Fhehs 4

REEER
XY A5+ 2 2K Dash

and Mamgain, 201 1) Ut} 2F719] ojAt11.22 AX|#|7]
23} Aol glom, 22 AR EE] JFo = FAHEH
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Fig. 5. Comparison of ToEs from daily (a) mean, (b) maximum, and (c) minimum temperature from SSP1-2.6
and SSP5-8.5 scenarios over 5 regions of Asia. Blue, red bars indicate JJA, DJF and light colors, deep
colors indicate SSP1-2.6, SSP5-8.5, respectively. Dots represent ToE of each CMIP6 model
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3.2.3. EAS, TIB, ECA &9

EAS, TIB, ECA AQoJAE UFA 7|2, dHH7]2,
UH 1720 £AHE ToE 28 A7]7F ek, ol
e = Auel o)A vt 470, ALHL SSP1-2.6
A 2004 3~ 79 AE 2& A7)0 Lheht opalo} A
AW} FUT 4G 1 BAL 4 UrhTable 3).
EAS A9 H = TIB, ECA A|¥ojA] ToE A|1go| o|&
A7) Yehte Age Heth FUNEZS Anud
(Fig. 4). EAS X919 53 3204 ToE Aol
P %A LR, ol Fig. 20] AAE FwAGuct
2 AANEES 79I Aoz B 4 Ytk
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