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ABSTRACT

Extreme weather events, such as heat waves are receiving more
attention in the scientific community in recent years, due to their severe
impacts on society and terrestrial ecosystems. The frequency of occurrence
of temperature extremes has changed dramatically in the past few decades,
for which we cannot exclude the global warming and associated large-scale
pattern changes as one of the possible causes. Although the relationship
between extreme temperature occurrence and large-scale atmospheric
circulation patterns has been extensively studied in the global and regional
scales, only a few studies have examined the interannual variability in
extreme temperature events in East Asia. The large-scale atmospheric
circulation patterns that drive heat waves Korean need to be analyzed in
more detail using multi-year observations. As a result, we have made an
effort to define new indices to assist in seasonal forecasting and real-time
monitoring of the heat waves in Korean.

This report consists of four studies on the following topics: variability and
mechanism of heat waves in Korea, its seasonal prediction, predictability of
the 2013 heat wave, and domestic policies on health sector adaptation to

heat waves.
Variability and mechanism of Korean heat wave

This study investigates the interannual variation of the heat wave
frequency (HWF) in Korea during the past 40 years (1973-2012) and explores
its connection with large-scale atmospheric circulation patterns. Heat waves
in Korea tend to develop most frequently in late summer during July and
August. The leading empirical orthogonal function (EOF) that accounts for
50% of the total HWF variance shows a mono-sign pattern over South Korea.
This suggests that heat waves have mostly occurred in a national scale. It
also exhibits a regional variation with more chance of heat waves in the
southeastern inland area. The regression of the leading principal component
(PC) time series of HWF with the atmospheric circulation pattern identifies a
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north-south dipole mode between the South China Sea and East Asia. When
this large-scale circulation mode facilitates deep convection in the South
China Sea, it tends to weaken moisture transport from the South China Sea
to East Asia. Enhanced deep convection in the South China Sea triggers a
source of Rossby wave-train along southerly winds that generates positive
geopotential height anomalies around Korea. The anomalous high pressure
pattern is accompanied by large-scale subsidence in Korea, therefore
providing a favorable condition for extreme hot and dry days in Korea.

The dipole pattern appearing in upper-level vorticity between the active
(inactive) convection area over the East China Sea and the inactive (active)
convection area over East Asia in the case of more (less) frequent heat
waves in Korea is explored to find large-scale conditions favorable to heat
wave occurence. The vorticity difference index (or KHI) shows a significantly
high correlation (r=0.81).

Seasonal prediction of Korean heat wave

The prediction of summer heat wave in Korea remains a significant
scientific challenge. In this study we examine the predictability of summer
(July-August) Korean heat wave using seasonal prediction models from
APEC Climate Center (APCC). The model data used in this study consists
of hindcast data for the 23-year period (1983-2005) from 10 operational
forecast models.

For the boreal summer, the upper-level vorticity pattern identifies a north-
south dipole mode between the South China Sea and East Asia. Observation
and individual models represent the dipole mode as the first of EOF of
200hPa vorticity over East Asia.

The temporal correlation between observed heat wave frequency and
the first principal component (PC1) at 200hPa vorticity is 0.87. Thus we
selected the PC1 of EOF1 for 200hPa vorticity over East Asia as a predictor.



The observed 200hPa vorticity explains 20.2% of the total variance; however
the models have much larger variances than the observations.

For the multi-model ensemble (MME) with 10 models, the forecast skill
for HWF is 0.43 at one month lead time. However, only four models have
significant temporal correlation coefficients (TCC) between the observed
and simulated PC1 at 200hPa vorticity. The other models cannot predict the
variability of HWI well. Thus, the 4 best models were selected based on the
TCCs for heat wave frequency prediction. The TCC of HWF between those
observed and simulated by best model MME reaches 0.51, which exceeds a
95% confidence level.

Predictability of the 2013 heat wave

We analyzed the atmospheric circulation features associated with the
heat wave of the summer of 2013. We found that the strengthening of the
Northwestern Pacific High resulting from anomalous convergence over
South China contributed to the intensification of the heat wave in 2013.
We have used the Korean heat wave Index (KHI) proposed by Lee and
Lee (2014). The difference at 200hPa vorticity between the average over
25~30N, 110~130E and the average over 35~40N, 120~140E. KHIs greater
than 0 indicate a probability of heat wave occurrence over Korea.

We also investigated the predictability of heat wave occurrence over
Korea applying THORPEX Interactive Grand Global Ensemble (TIGGE)
data for KHI associated with large scale circulation. The percent correct
(PC), threat score (TS), and equitable threat score (ETS) were employed
to evaluate the performance of the heat wave forecast. The verifications of
PC and TS showed that the highest scores were clearly carried by the heat
wave forecast using Heat Wave Index compared to other cases for day 5
through day 7 forecasts. Based on the TIGGE datasets, KHI showed higher
predictability of the heat wave than those of Tmax and Bias corrected Tmax
(BCT). The values of PC, TS, and ETS for the Koean Heat wave Index (KHI)



suggest that the indices could be used for the 7-day forecast. It is concluded
that the proposed Heat Wave Index can be useful for forecasting that in turn
can reduce the health impacts of heat waves through appropriate and timely
actions.

Policy Recommendation

The purpose of this topic is to examine domestic policies on health sector
in adaptation to climate change, in particular heat wave. It further aims to
recommend future research directions for enhanced response to climate
change in public health sector, by taking into account the general features of
health adaptation policies.

In this regard, this study first evaluated the current adaptation policies
in public health sector examining IPCC WG Il AR5, the National Climate
Change Adaptation Master Plan (2011-2015) and research papers from
the academic community. Second, the early warning system, disaster
management, public health, and health care systems were investigated
in terms of capacity to adapt to heat wave. The barriers or constraints in
establishing and implementing health adaptation policies are analyzed
qualitatively, considering the general characteristics of adaptation in the
health sector to heat wave.

This study provides four major recommendations: to enhance vulnerability
assessment on health-related impacts of heat waves; to improve early
warning system; to reinforce the disaster management system; and to
strengthen local health institutions for improving public health and emergency
management systems.
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8! 1-1 Schematic diagram for research plan

2! 3-1 The KMA observational stations in Korea used for this study.

8! 3-2 Frequency of heat waves (bar graph) in South Korea from
May to September for the past 40 years (1973-2012). The
value is the sum of the cases when the daily maximum
temperature exceeded 33°C heat wave days and the sum
of stations which met the criterion among the 60 weather
stations in South Korea. Also presented are the daily-mean
precipitation (the green line with open circle) and 2-m air
temperature (the blue line) averaged over the 40 years.

8! 3-3 Yearly variations of the heat wave frequency (HWF, top),
duration (HWF, middle), and intensity (HWI, low). See the
text for the definitions.

12! 3-4 (a) Spatial pattern of the first empirical orthogonal function
(EOF1) of the heat wave frequency and (b) the associated
principal component time series (PC1). (c) and (d) are
the spatial pattern of the second mode (EOF2) and the
associated time series (PC2), respectively. These two
leading modes explain 50.8% and 9.0% of the total variance,
respectively.

18! 3-5 Regression pattern of the sea surface temperature (SST)
anomalies (unit: K) related to (a) EOF1 and (b) EOF2.

18] 3-6 Regression patterns between PC1 of the Korean HWF and
(a) 500hPa geopotential height (hPa), (b) 2-meter surface
temperature, (c) sea level pressure (hPa, contour), vertically
integrated moisture flux (vector), and moisture convergence
(shading), and (d) outgoing longwave radiation. The shaded
regions represent the area of exceeding the 95% confidence
level from the Student’s t test. For the vertically-integrated
moisture flux vector in (c), only those areas of exceeding the
95% confidence level are indicated.
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2! 3-7 Correlation maps between the PC1 associated with HWF
over Korea and a) high-level thickness(500-200hPa), b)
low-level thickness(1000-500hPa).

712! 3-8 Correlation patterns between PC1 of the Korean HWF and
(@) 150hPa vorticity and (b) meridional-vertical circulation
(vector) and vertical velocity (w, shading, positive values
indicate upward motion) over 110 — 135°E. (c) The time
series of the PC1 (red) from 1973 to 2012 and the vorticity
difference at 150hPa between the area of 25 - 30°N and 110
—130°E and the area of 35 - 45°N and 120 — 140°E (blue).
Shading in (a) and (b) indicates the areas of exceeding the
95% confidence level.

2! 3-9 Anomaly patterns in July-August 1994 for (a) 500 hPa
geopotential height, (b) 2 m air temperature, (c) sea level
pressure (contoured), vertically integrated moisture flux
(vector : g kgms™'), moisture convergence (shading), and(d)
outgoing longwave radiation (W m2), and (e) sea surface
temperature.

2! 4-1 Time series of the normalized HWF and KHI from 1983 to
2005.

2! 4-2 The spatial distribution of regressed JA 200hPa relative
vorticity on the KHI for (a)-(j)individual model and (k) APCC
MME hindcasts at 1-month lead (IC06) and I) observation.

18] 4-3 The spatial distribution of regressed JA 200hPa relative
vorticity on the KHI for (a)-(j)individual model and (k) APCC
MME hindcasts at 2-month lead (IC05) and I) observation.

18! 4-4 Time series of the normalized KHI from observation (black
line), a)~j) individual models and k) APCC MME hindcast
with May(1-month lead, blue line) and June(2-month lead,
purple line) Initial Conditions.

18! 4-5 Anomaly correlation coefficients between the observed 2m
surface temperature(T2m, ‘C) and (a)-(j)individual model and
(k) APCC MME hindcasts of JA T2m at 1-month lead(IC06)
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over the period 1983-2005(23years). The green line depicts
the region of significant correlation (0.352) at the 90%
confidence level from a two-tailed Student’s t test.

18! 4-6 Anomaly correlation coefficients between the observed 2m

surface temperature(T2m, ‘C) and (a)-(j)individual model
and (k) APCC MME hindcasts of JA T2m at 2-month lead
(IC05) over the period 1983-2005 (23 years). The green line
depicts the region of significant correlation (0.352) at the
90% confidence level from a two-tailed Student’s t test.

8! 4-7 Areaaveraged Anomaly Correlation Coefficient between the

observed and predicted surface 2m temperature (T2m) over
East Asia(blue color) and Korea (red color) from individual
model and MME.

18] 4-8 Anomaly correlation coefficients between the observed and

APCC MME hindcast JA (a) T2m, (b) prec, (c) T850, (d)
SLP, (e) Z500, and (f) vort200 at 1-month lead time(IC06)
over the 23 years period 1983-2005. The green line depicts
the region of significant correlation (0.352) at the 90%
confidence level from a two-tailed Student’s t test.

18! 4-9 Anomaly correlation coefficients between the observed and

APCC MME hindcast JA (a) T2m, (b) prec, (c) T850, (d)
SLP, (e) Z500, and (f) vort200 at 2-month lead time(IC05)
over the 23 years period 1983-2005. The green line depicts
the region of significant correlation (0.352) at the 90%
confidence level from a two-tailed Student’s t test.

2! 4-10 Spatial pattern of the first empirical orthogonal function

(EOF1) for observed a) VORT200, c)Z500, e) SLP,
and g) PREC, I) T2m, respectively. The PC time series
of b)VORT200, d)Z500, f) SLP, and h) PREC, j) T2m,
respectively. The red line indicates observed HWF.

8! 4-11 Spatial pattern ofthe empirical orthogonal function (EOF) for

APCC MME a) VORT200, ¢)Z500, e) SLP, and g) PREC,
[) T2m, respectively. The PC time series of b) VORT200, d)
Z500, f) SLP, and h) PREC. j) T2m, respectively.
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8! 4-12 Scatter diagram between the spatial correlation skills

and temporal correlation skills for VORT200 derived from
the individual model(open mark) and MME(closed mark)
predictions with IC5(black circle) and IC6(red squre).

12! 4-13 Time series of the VORT200 PC1 from observation (black

line), a)~j) individual models and k) APCC MME hindcast
with May(1-month lead, blue line) and June(2-month lead,
purple line) Initial Conditions. The number in the right
corners indicate correlation skill for Lead1 (Lead?2).

2! 4-14 Time series of the normalized HWF and PC1 from 1983

to 2005.

8! 5-1 The method to how climatology are estimated from TIGGE

(ZX{: http://gpvjma.ccs.hpcc.jp/TIGGE/). Total numbers of
samples(><) for ECMWEF : 31days x 3 years x 51members
=4743)

18! 5-2 Time series of daily maximum temperature(pink line, C),

KHI(orange color), and station number(bar, %) over Korea
during 2013 heat wave

12! 5-3 Mean JA anomalies of 500hPa geopotential height (upper

panel) and SST (lower panel) for 2013 relative to 1981-2010.

18! 5-4 Mean August anomalies of 500hPa geopotential height

(upper panel) and SST (lower panel)for August 2013 relative
to 1981-2010.

18! 5-5 Spatial distribution of maximum temperature from July 29 to

August 22 2013 for (a) Observation, (b)NCEP, (c)CMC, (d)
KMA, (e)UKMO and ()ECMWF for forecast day 5.

718! 5-6 Difference between observation and (a) NCEP, (b) CMC,

(c) KMA, (d) UKMO and (e) ECMWEF for daily maximum
temperature from July 29 to August 22 2014 for forecast day
5.
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12! 5-7 Spatial distribution of vorticity at 200hPa from July 29 to

August 22 2014 for (a) observation, (b) NCEP, (c) CMC, (d)
KMA, (e) UKMO and (f) ECMWEF for forecast day 5.

18! 5-8 (a) Pattern Correlation Coefficient and (b)Root Mean Squre

Error for maximum temperature for TIGGE models from
NCEP, CMC, KMA, UKMO and ECMWEF according to
forecast days.

2! 5-9 (a) Pattern Correlation and (b)Root Mean Squre Error for

vorticity at 200hPa for TIGGE models from NCEP, CMC,
KMA, UKMO and ECMWF according to forecast days.

&l 5-10 Occurrence probability of heat wave in summer 2013 (a)

applying for Tmax has to exceed to upper 95th percentile
of observation climatological distribution, (b) applying for
BCT has to exceed to upper 95th percentile of each model
climatological distribution, (c) applying for KHI associated
with large scale circulation. Shading indicates occurrence
of heat wave in observation.

8! 5-11 (a) Perfect Correct, (b) Threat Score and (c) Equitable

Threat Score for heat wave forecast methods.

8! 5-12. Real-time forecast for Korean heat wave in 2014. (a)

NCEP, (b) CMC, (c) KMA, (d) ECMWF and (e) Grand
Ensemble.

2! 6-1 Interannual distribution of the heat-related illness

(2011~2014).

2! 6-2 Intra-seasonal distribution of the heat-related illness for 4

summers(2011~2014).

18! 6-3 Scatter plot of summer maximum temperature and heat

related illness in the a) urban and b) rural.

T3 6-4 ZEMEE| U oiSHA (EX] : 20124 2 SSICHA win)

66

67

68

70

71

72

77

78

78

85



1. A&

IPCC (Intergovernmental Panel on Climate Change, “d4-7+7] 53} d) 53} K114
of = Ak 1337 A 722 0.85C 753l 42k B (0.76°C) of X} =
*J%%% Btk o] RuAe] wpE el 212 A (A7 glo]) = 2477 vlE

7d-%-(Representative Concentration Pathways 8.5 : RCP 8.5 Alu}#] @) 2100 ll=
1986~ 2005 ol] vlal] g 3t7]20] ¢F 3.7C 538z 210 VFERT o] = A 8 o]
1 18808 H 20129704 9] 2 57350] oF 0.85 T k= & ekt e 5

_ﬂ rlo

P)Fshe 71T AR ok ek S W E GBS v 2oz ekt
ChMartine et al, 2011). 2 7| Fa8e] Japoz A7442] ofe] el A T4 714

Aol W £, 7HE Y S70) whAlo] Stskar ¢l o, o] 9F e zpA A E) <} <1 )5
= oS gEstE a1 = FAlolt) Fd o] A9 < 300 (1979-20109) F+F 2=l
Eaeo]] H]sl] 2005 o] % 5 1)) o) S 71T (Seneviratne et al., 2014).

World Health Organization(WHO) + 7]5H3}2 213 20d WlE o] &£d0o] 2147] %
Hholl &= 2-5dnprp g e A o 2 A3 A AAIAR] ZA 0| s e AR, n]=E]
79 80VE) FHERE 20039744 7V B B o R A ek 1aAE §
91.6%F AA|831ar, 2003\ ol LA HH o= Qlsl LR, =, 2912 el A
35,0000 0] Abdstar 1309 ©e oo vlellE 2afdh 2o A AT (E R 5.
2009). 2010 ElAJo} FIe RS falgliL, o] 2 Slafo] W& WA 2] 2kglo] vl

Atk 2013 @0 = dE oAM= 71 dASAPY 71 =2 A a7

=& 71580, vt

2ke] 2013\ A5 1973 o] 71 5 H 7S 7155t A e vl oF
7NEhs 5 HAUEY Ao & ERS 713k 199400 FQ 07 Qe 33847 2] AFgA}
7kl o m, o] = 108Xt g2l uvhetellA] doldk 717dAsl 5 7 W AP AE A
A7 Kysely and Kim, 2009). 19941 2] 2412 71385 ol gl 2|50 o #Hi7]=o]
33Colel 28U 917E 32 FF ALEHUATHGE 3—1). S22 Ht 7| 2K 15 9
ATFAGA 2 Fe v 2] &= o] 7] wiitell 715 ske] G W A3 As e 9
o FF2Ql Fro|tt wEbA e ZA9 Avke 98 9l Ee|igs olsllehs A F



el =4S B A2 5 9

ftlo
o

ZAolrt,

H] = 7|55 El Aol wgjels H9) Mg, Aol A &7)to] Sk Aloletar
GSHARE o] T s A A7) Sgdo] WAel= Zlo] ofy kT 7] tieeke] Wstel A
B 538 s ofaf 57401 X1tk (Meehl and Tebaldi, 2004).

2

r

=% 728 N e 9 10 #3F 54 8] M ststalt). o] e gt fshs A2t
sho} vlEo] 7] = JHEL 1 3} 9} ¥l = 2 ok (Christidis et al. 2005; Hansen et al. 2013;
Wen et al. 2013). H| 5 =3517]22] 2bd ) 7] eh<e=$h s 2te] Avbeol vkt i A+
AR TH(Scaife et al., 2008; Kenyon and Hegerl, 2008), &oFA|o}2] =3t7]2-2] 4
/3o digt A= vil-9- v]E3kch Nakamura$}F Fukamachi (2004) = &-oFAlofF o 54 9
§F 7] Okhotsk 12719+8] W5/3 7 Add £217 9 oﬂﬁolah_ A _Fstd . Park and
Schubert(1997) 2 1994 $HRFL=0] o]/

o]

fE

1

Q
Zd2 ﬂ7]‘?$9] QoS 2 FHNA, D AAfef] thst AT 7F ARA T, ioﬂJ °J°]er oA 54
of thal A= Ho] F-=et Aot} 53] 7|93} sl (Sea Surface Temperature :

SST), a3} 7248t 2 14 (large scale process) ©f] th 3 o] &l &= H-=3) 0},

ofr|o} o} 5= (summer monsoon) = A| 9 4] 4 of] i} -gopAlo} o FiE, Q1
o, 1A BAEE G o E e o2 U] A 5 3ltH(Wang and LinHio, 2002). -2
Ueh= A AE] o 70%01 3ol ol 5ol A E = sotrlof E Aol &3ttt &
Alob o5 =] A RIEAd 2 ARl 2] WA o st ofy et Ml Qo] A2 A, A
B8 ke thirghs, AU, )1k 2 Toll &JeiA P& W=t (e.g, Huang, 1985; Nitta,
1987; Wang et al,, 2000). 53] HAEE %2 t7 852 Fobrlol o5 w3t d4dsH
A e o Ut Wang & (2001) 2 HA B < oA F2<=0] el A, oprfof A 93} ] =€
Great Plaints A 9 ol 7Ha-& stk 218 WA skQioh vhA A e oF <ol oFsl=d
EA g o A o] it Ergo] FHAste] o] ol 5L, oot A elle A 71943
wgho] Wt} =57 o] d&stA Pk whebA A=At A S A A
| =2 'S 35" NS whebs] A7 ar7)ste] 1 A]8kar, ofA ] HA] el ¢
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o}, wheba] o] X9 9] AT E S Folr]ofe] S35 7|50 WsAd Ul S of T sk
kS 3k (Ding and Wang 2007; Lee et al. 2013; Moon et al. 2013; Wang et al. 2009). t}
Al ZH A, S EE k0]t 718 9j ' o] W sh= SsolAlole] EF9 = Ao 99 ¢llo]

1< Zolt,

+
;0

713-41E] (Asia Pacific Economic Cooperation Climate Center: ©]&}F APCC) o|A &% 713
of| ol A= 231 (19831 ~ 2005 1He] #HA 7|9 A S E o]-8-5fo], HA 2] A ¥l
T A5 Bkl 52 FH 8] 7] AR A 52 913 THORPEX Interactive
Grand Global Ensemble (TIGGE) AR5 0]8-8t %9 A] - 52| o573 tisto] 7]&
sl 22l B Fof FAAAE 67l A=sialth (T’ 1-1).

Korea Heat wavel ndex (KHI)
¥

APCCMME TIGGE
(Seasonal forecast) (M edium- Range for ecast)
HWF Onset of heat wave

Seasonal outlook Early warning system

)

Policy Recommendation

Figure 1-1. Schematic diagram for research plan
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Table 2-1. Absolute definition of heat wave
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Table 2-3. Mortality from heat waves

e | Ao | A1esa00) | At
1972 G 38 8917
1980 u] St Z - 10,000
1987 SEIEN 45 1,000
1988 ) FER - 53 ~ 19k ofwy

QA @AW} 39.1 1,400
1994 E=RA= - 1,057
k= 38.4 3,027
1995 u] = 2|7} 41 7387
- QN - 3,000
Bl = - 2001
1999 e - 5027
2000 EEREE] - 2007
2002 Q5 - 4307
BTN 15,0007
=9 7,000
q= 2,045
25|91 4,200
2003 vlegs 40 1,400
olgrz|o} 1,094
RASR (a4 1,316
7] 150
Sk 198
s BTN 39 1,388
n] 5 Ae] Fujo} 36.1 140
2010 ol 42~45 1501 o]
dE2 40 503
2011 u) = - 2067
A1 809, AAE, 2949 (2000), FAFAATS (2019)
CIERY oA XIRE 0|83 Bile 2% oA B} 7
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Table 3-1. Mortality from Meteorological disasters (Xt2:7|8H HE=XtZ 2012)

AP ()
1994 Z 3,384 o=
1936 B 1,104 o=, B3t
2006 T 844 Bt
1959 = Ak 768 3=, A
1972 T (&, 37D 672 oot
2007 T 610 B3}
1969 A 1 I CAS sk 408 3=
1987 T A (Fe, A A 345 ity
1998 S, 5 AR 324 Fhat
2002 B FAY 246 Eis
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Figure 3-1. The KMA observational stations in Korea used for this study.
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= AelM= 197395 201297149 d5A4t% & A50] 9l 717 6070
224717 #=2~ (Automated Synoptic Observation System :ASOS) 9] & #31 7]2, A
HA 71, Dt 72, AT ARE ARRSke] st #410) Ws SA e AT
(1% 3-1). ghtE Fqd o] A Al 71 al | 24 ol = =7 8llF o] 7173 (Nataional Ocean
and Atmosphere Administration, NOAA) o4 #|&-8ls= NCEP/NCAR &4 A=E
AHEEIITE AR A2 f e A B 25010, A 1750k v, A& %, 18]
<5 Abs 1= 742 1271 (1000, 925, 850, 700, 600, 500, 400, 300, 250, 150, 100hPa) <
°]8-5F31 3L, Bl 1000~ 300hPa®] 85 AF=5 ©]8-8F3Ath SSTARE = NOAA Optimum
Interpolation (OD SST V25 AHESIRaL, 717k 973»4%% 2012\ Abolrh OLR
Atz NCEP CPC AF&E ARE-3FAT] 419 ¢

e
WS 58402 ol ] Slal] RS S ool AoLE sk

SRk 51 o) I AvkE ti7 eS|l A ol ARE g A vt A

" <o (3-1)
5 :gx?_(;:i) (3-3)
o =S (Ey) (3—4)

ofth. vl Hafl 5, = I W APl O] taks BRI, 5, 5, = A4 0] AR HERIT,

_4

Zol gt xFEsHE PO obd] AT UWHHoRE T]Ro] o QAT
(threshold temperature) & d+= 'EF_VEJ% 717+ @3k (Robinson, 2000). 3HFE #olo
I WEdE AR flala o] ol 3k 2-29} o] 71 8] £ o)1

712 62~ 9 Afolell A H L 7] 33T o)l
7724 o) %<& wjo]th o] 714, H 11712 33T+ o1 FH (June—July—August: JJA)
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3.2. 3%

=3e)

Bl
=

1 1994 6 30 31 32 35.1 31.4
2 2013 7 29 22 25 34.6 27.4
3 1983 7 25 8 15 34.6 28.2
4 1994 8 2 9 8 34.6 36.8
5 2012 7 17 13 28 34.5 22.6
6 1977 7 20 4 16 34.4 30.6
7 1995 7 24 19 27 34.3 19

8 2006 7 28 17 21 34.3 33.1
9 1996 7 18 24 38 34.2 21.7
10 2004 7 19 15 28 34.2 28.1
11 1984 7 26 15 21 34.2 23

12 1990 7 21 26 37 34.1 20.9
13 1988 8 1 21 21 34.1 19.7
14 1981 7 14 3 21 34.1 16.2
15 1997 7 18 3 17 34.1 18.9
16 1985 7 19 1 14 34.1 24.2
17 1973 8 4 16 13 34.1 22.8
18 1978 7 20 12 24 34 20.8
19 2001 7 21 9 20 34 18.5
20 2008 7 28 16 20 33.9 15.6




Frequency of Korean Heatwave
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Figure 3-2. Frequency of heat waves (bar graph) in South Korea from May to September for the past 40
years (1973-2012). The value is the sum of the cases when the daily maximum temperature
exceeded 33°C heat wave days and the sum of stations which met the criterion among the 60
weather stations in South Korea. Also presented are the daily-mean precipitation (the green line
with open circle) and 2-m air temperature (the blue line) averaged over the 40 years.
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a) Frequency of Heat Wave (1973~2012)
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Figure 3-3. Yearly variations of the heat wave frequency (HWF, top), duration (HWF, middle), and
intensity (HWI, low). See the text for the definitions.
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Table 3-3. Temporal correlation across the various heat wave indices defined over Korea. Each correlation coefficient
was calculated based on yearly values for 40 years (1973-2012). * is denoted by 99% confidence level.

CC ‘ Frequency ‘ Intensity ‘ Duration
Frequency 1 0.65%* 0.91%*
Intensity 1 0.83*
Duration 1
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Prito] QO NIEe) JES Aok F
1998; Alexander, 2010; Hirschi et al., 2010).
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Figure 3-4. (a) Spatial pattern of the first empirical orthogonal function (EOF1) of the heat wave
frequency and (b) the associated principal component time series (PC1). (c) and (d) are
the spatial pattern of the second mode (EOF2) and the associated time series (PC2),
respectively. These two leading modes explain 50.8% and 9.0% of the total variance,

respectively.
EOF 29| ¥7 8-S FeZa) BA 50 T4 2h= Al 4 (see—saw) HEH-S BRIt} o]
31t 3|l of] A4-8-3k= PC Al AI DL 733] ol st FA1E 7HAm, AT 125 BRIt o

1.2 2000 th ENEHE] FNLES] TR o & T A o of] u] 8 HWE7} w2 A S7bahis

16 ol



EOF 12 2t A3} $91 % s Aol Ae A 18 7= o154 vt SST
5739 Aol TH(C1¥ 3—-5a). FHbE 4 WAL FEHH Y, 53] N Ao
AA T sl ellA] SSTE| F7hel dato] At} A SSTO| T7h= IS afj el th7] 29
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P EollM SST O T7 k= Tt i th 7] = 2he) W ste]] ofsff #]3txde] 7k

HE ZA2 th7 | ehs gl 23 sPd-at ke 7|9 b ol 2Ja] o).

o] o

el TEFT AR sk, Xkl R do] AGE = APl Al

&

O

rSL' ofN ruR

J

o]

st sl 7]-2] S7tel 71018kA "tk (Lee, 2013).

gt o] 82 duix|gellA] migkd 7Fde] od)] e AT Fato]
sk = Qlrh(ehE el ARAE] A E o] o). weba] FA k] SST ohede]=
7] 97372 FIEZL frk. AR el FAEAA7A] wAbE] = ARIS Zhe A
(tripolar) WW&l& RHEAl ok &, A= AElE gl ] SST, Fs=rallolrl s &2
SST, 18]ar e FHlol s oFo] SST opwie]s A} 3t dhite HWES}
A SSTHE-2 ENSO H-5 2921, A & e Fell A 7t Al e & Helvh weba shike
ZoJukA) o] AW EA] S Arfaf| kol 4 2] ENSOS} Tt = v 7] 9z4# sjgl o 2 o)

o2
o
o
)
of
o
T2
I
o
o
o
Sy
o
H
_VE
O
;?
Q.
g
@]
)
D
O
Q
[N
=N
(@)
wn
Q.
=
=,
o
=N
g
w)
<
2=
e
—
&
Z
5
i

like S-S 714 = A7 SST 7] trend 4 (England et al, 2014) 3} v$- A}o}u}. ol
FSST W3k} Sk Zod ahay WiE A v} Avkel B4 - A4 S

$7121
FE 5 QA Y] rendE 7P 4] W WES SHe P2 BAH 0% WA
4



REG(PC1,55T: 1973~2012)
BON M
50N 4

il [
ik
30N
20N
108

EQ 9 /0
105 \

208
GOE 120E
. REG(FCZ2,55T: 1§73~2012)

L]

) M & S
an % %

I0M

el

10N

EQ
105 \a

205

BOE 120 180 120w
| [ T

T 1
<= —0.0%-0.08-0.0+40.06-0.050.04-0.0F0.02-007T ¢ OCT 0.0Z 0.03 0.04 4.05 .68 0.07 (.08 0.08 >

Figure 3-5. Regression pattern of the sea surface temperature (SST)
anomalies (unit: K) related to (a) EOF1 and (b) EOF2.
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oodess 2004) 95% 21575 (P < 0.05) o4 H 7} A THA 1).

5
=
@]
@]
o
=
(@R
Q

19 3—62 PC1¥} 500hPa #9115 (Geopotential Height : GPH), 2m A]3%7]2,
7] (Sea Level Pressure : SLP), 57| 94 (moisture convergence), A|3%4-H
300hPa7HA] A4 Aid H& & (moisture flux) 3 A5+ F3HEAH outgoing longwave
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KHI = Vorticity,s,p, (25 ~ 30 ° N, 110 ~ 130 ° E) (3-9)

— Vorticity,so, p. (35 ~ 45 ° IV, 120 ~ 140 ° E)
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» Wang and Fan Index (Wang and Fang. 1999)
WEF = U850(5°~15°N, 90°~130°E) —U850(22.5°~32.5°N, 110°~140°E)
where, U850 and V850 denote the zonal and the meridional winds at 850 hPa, respectively.

» Zonal wind dfference index (Zhang et al. 2003)
Zh = U850(10°~20°N, 100°~150°E) — U850(25°~35"N, 100°~150"E)

* East Asian monsoon index (Wang et al. 2001)
EAM = V850(30°~30°N, 110°~140°E) — VR50(30°~40°N, 110°~140°E)
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St %—l’b I #Elo]t}h(cf Fig. 12 in Wang et al,, 2001). ¥bd PC1 ¥} Nino 3.
SST Index (5°N~5°S, 120°~170°W) £}2] A G+= wll-$- Zt} o] 7S shilw o]
ENSO2}F 244 0 2 AFEX]= et= 1S ow]sit),

Table 3-4. Correlation coefficients between the Korean HWF and the various monsoon indices defined by Wang and
Fan (1999), Zhang et al. (2003), and Wang et al. (2001), respectively. Also presented is the correlation
coefficient between the HWI and the SST index averaged over the Nifio 3.4 region (5°N~5°S, 120°~170°W).

WFJA) Zh(JA) EAM(JA) Nino3.4(JA)

HWI (PC1) 0.52 0.57 0.62 -0.20

ol Al AFHE Z1AMH, 1994 o5 At 40d-5<t shibE FH¢de] A T4

A& 70 27t 7P Ad sfolth(aE 3-3). 18 3-9% 1994 7
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Figure 3-6. Regression patterns between PC1 of the Korean HWF and (a) 500hPa geopotential
height (hPa), (b) 2-meter surface temperature, (c) sea level pressure (hPa, contour),
vertically integrated moisture flux (vector), and moisture convergence (shading), and
(d) outgoing longwave radiation. The shaded regions represent the area of exceeding
the 95% confidence level from the Student's t test. For the vertically-integrated
moisture flux vector in (c), only those areas of exceeding the 95% confidence level
are indicated.
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Figure 3-7. Correlation maps between the PC1 associated with HWF over Korea and a) high-level
thickness(500-200hPa), b) low-level thickness(1000-500hPa).
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Figure 3-8. Correlation patterns between PC1 of the Korean HWF and (a) 150hPa vorticity and (b)

meridional-vertical circulation (vector) and vertical velocity (w, shading, positive values
indicate upward motion) over 110 — 135°E. (c) The time series of the PC1 (red) from 1973 to
2012 and the vorticity difference at 150hPa between the area of 25 — 30°N and 110 — 130°E
and the area of 35— 45°N and 120 — 140°E (blue). Shading in (a) and (b) indicates the areas
of exceeding the 95% confidence level.
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Foprlol o FEES AWM EA (interannual variability) ¥5F ofuEl AWWEA
54 (inter—decadal variability) = 7}#]aL 31t} (e.g.

(decadal variability) 7]
1 ofrJo} oA F-2E 0] A WA Al Y] YA gkt of
[e)

Wu and Wang, 2002).
et el ] G2 A, ATe = 1A

T otk 53] AMEE e Ui g2 Tokr|of AFET Aol W IS w0 Lee et
al, 2005). ALY 9 o8t S o] &3 Foprlof o FEE Ao A5 &

22 AtE0] 9t (e, Yun et al,, 2005; Lee et al., 2013; Kwon, 2013). 121} Fo}A]
of 5= 78] oI5 A ek Aol nis @A 3] Wolxink b FY o 5E 9
3l Folrlol A 0] 5 7] && A oS5 3 Hik= A o7 o 54 =

7T KHD & o] g8ttt o] 53 F19] o545 A 3 Al = )& Zloltt.
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APCCi= 19 F7171F A5 AE (ECMWE), =74 7] 315 A4 (IRD, NCEP 5%
o] ArEe] 7|5 SR E AL B Alstar Qlvk APCCO] 7] 5|54 B mig 9
M 1770 950 71319 71862 md A5 718k0 & v R 9o 719 (multi—model
ensemble, MME) & ©]-8-8}o4, At 67§ 27141 2] 7515 H 25 APEC 2] €l=ro] #]&-3}

=

_IIN

MME+= 7E7]%-52 2
2}y7} o] of| FAdof| nlal S

2000; Wang et al., 2004).

o] ATA oz} 7| E Ao EAAH S Al Bl
H =4S HojFt} (Krishnamurti et al.,, 1999; Shukla et al.,

APCC MME Ald 59 A5AS 7kl 714k 8l thekst o-5o) e =]o] ¢
He.g, Bundel et al,, 2011; Lee et al, 2011, 2013; Min et al., 2011; Sohn et al,, 2013). Bundel
et al.(2011)<> APCC MME A3}-& A so] 7P Rele] o 549 2uk MMES] o5-do] o]
VR 28 el glow, ek F9E e 191 Alolo] n)s) AehAge] it 15Ae] 5
T3 S BT Lee et al. (2013)2 -gobr] o} o 54 Z3ake] ol 55 flal AEls
Fe] s Fotrlof e 72 A& AR, oo e A Al E A Eket

k. 3 FobAlo} B A5 o] §5to] B4E A YA o] B FrhsHAr.
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4.1. 9= 215 U APCC MME 25

2 Aol A] ©]8-8k APCC MME A}&3= hindeast #=0]t}. o] A8 57 Hi= APEC
I &A= (=, vl=, A, S5, el Aok, JF, 57, A, tivh) 1771 7]32] 715l =
29 25E A8k, AR 5 (quality controD) & 3FaL A (EEh -5 AA, o
FEREGE 7S o] g3to] Algeats HAste] ikt 2 AgtellA = A 231t
O] e At oSl Y3 7S] (weight) & Hofshz 2102 & 4#f %) SCM (simple
composite method; Peng et al. 2002; Kang et al. 2009; Lee et al. 2011, 2013) 7|*H-& x| &4
Skt SCM W 9] o552 Aol AR 591 vhE = Foll A 7HE -8 MME
W Fo] shtoltt. whebA o] ATtel] AR MME+ SCM W& &Jv] st

2 ATl E B 54 ASS 8l #5 AE= NCEP(National Centers for
Environmental Predication) —NCAR (National Center for Atmospheric Research) ol| 4] #l| &
= 9l - A 25774 9] AlA AR E ARE-SFA T Kanamitsu et al., 2002). 4% A&
= 23+ CAMS (Climate Anomaly Monitoring System) OPI(OLR Precipitation Index) &
o] &AL, Rt Fd RIeS oS4 F7HE flell AR A= APEC 75418 (APCC)
A A F oM Algsh= A oS A AHEAE (hindcast) & ©]-8-8H3AtE AHE-H A5

7132 23 A= (1983~2005%) o], A2 oI5 T Fo] Wivs] Ash= 74
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Conditions : ICs)S 7}A| 11 7€

Lead 1) 9} 5¥2 27|45 7FX 1 783 8

diction : Lead 2) & AF&-3}3it}.

nEo] o &
ACCE= A7+
ACCx= ol o go] g o dtt.
acc= ——2Yi”
714 £, a

ohte] Afo] o) S|l aAlE

Table 4-1. Descriptions of the individual models in APCC.

22 Anomaly Correlation Coefficients (ACC) &
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Initialization

UERdTh ACC7}H 1Y

SST Specification

Z+5 (1 month lead seasonal prediction:

F 215 (2 month lead seasonal pre—

AHgsto] A9k
o2 7170l Ye) 2ol W] Fol shte]thWiks, 2011),

4-1

1AL ¢ = A5, A5 715 4E Al @tk ACCE FlS ok 8t B
78l Sk o BE gk 2ot}

Reference

Last 10 days(12Z) of previous

( Chio ¢ | month from NCEP Reanalysis | 10| OPGSST 1.1 from CWB
p version2
NCEP RA2
G([I)(szeijl: (Time lagged initial condition — 20 Forecasted SST Pe(l;%gtz;l L
3-7th 00Z, 06Z, 12Z, 18Z)
HMC From 00hr 26 Mar. to 12hr 10 Persisted anomali
(Russia) 30Mar with 12-hour step crsisted anomaties
IMA BGM method (9 members) and 51 Predicted
(Japan) 5-day LAF (One-tier method)
MSC CANCM3 The CMC Global 4D-var 10 Predicted
(Canada) analysis (OGCM4)
MSC _CANCM4 The CMC Global 4D-var 10 Predicted
(Canada) analysis (OGCM4)
NASA . Predicted Vintzileos et al.
(USA) MERRA reanalysis 9 (MOM4) (2003)
CFS data assimilation system Predicted
I(\IIJCS% cach day at 00Z, 06Z, 12Zand | 20 | (GDFL MOM4 global ocean Sezgggg)“l'
182 model)
PNU NCEP/NCAR Reanalysis 2 in 5 Predicted Park et al.
(Korea) AGCM, OISST data in OGCM (2004)
M Nudging to the analyses from the Predicted
(I;\?JS tralia) Australian Community Climate 30 | (ACOM2 Ocean model based Zh&l})%gt) al
and Earth System Simulator on GFDL Mon2)
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Figure 4-1. Time series of the normalized HWF and KHI from 1983 to 2005.

/E)]—

o} KHI®] &3t

+ VORT200

3|
pus

AlZEel o

AT (18 4-2,3). 1% 4-2

=
=

i Al}ke

9|

Nitta (1987)°l £]
PJ Zj&lof 1]

o
AL

E
=

)

73 R tripolar 7-FE Ho]aL it o] 2] gt I

]

A919) 54

3

o
GRS

Z|

T 3O
a

]i]l_

oF

1o}, 1eiu

S

Pacific—Japan (PJ) # &1 2} -5-AF

]9 (25N, 120E) o] °F

X5 (KHD) 9} PJ A

4 St

S

Foke] Al ¢ 0.31% 9]



M B oS Ad5E B AAte] #Agle] HMCeF IMARE o] #=53) wil¢-
FrAFeE A= (tripolar) T-%5 2.9 8kaL 1tk HMC R & ollA = KHIF VORT2002] A
e Fgrallol| A 32 oF2] 7 (QF 0.45) & 7AW, Sk x| o el A] Zdet 3-2] k]
S Blck 2o ANk 0 = oite] R Eo] sl £l dj|S KolskA] Kakal
oAtk B8k APCC MMES] R.2] /352 /' B3 2] Aot o SAo] ddH 21e
THIE 4-2 k). 18 Fe] F4lo] 5ol nls) Ao ® Wol 2|93 glom, 7
ot oFsirt.

S o el o] A5 ol o] A AF B E= S F4lS of| = =8
&olt}, mbx] APCC MMES) 7HE RS o]-§-ato] sl F92] A disi ] 54
ZAFel7] S18iA KHIE AXstolth. 19 4-4% 35 R85 o] &-3A] Alite KHI
A ek o G AR AR E o] gsiA AkE KHIGHA) 18]al 7 & A3YAIRE =)

olr
o

~

VORT200014] ¢} vpzk712 2HMC E.3do] 71 % 594 akar %Lu%, AT ¢
ot 02 JMA BEo] Al oF 0427 ¢35k A5 S 2tttk AT O.
AA 02 95% 23t =0t} 121t POAMAS] Z$-= olS4do] g1l NASA 53
o] Aol v 59 A (—0.14) & zheth th 9] i o] kAl 0.35.0 &
A ekt MMES] o548 HMCF IMA R8-S 423 v 78 R R b= o
o] FFE QAT G AAIGTTE0.34 2 SAH S & F2l8HA] (R
% HMCE] oll57d0] 7HE o1, th& 02 MMEZ} £ o548 Bk 12 BE =
o] ZAH o7 FoJ3hx] Yk,

30 ¢r=nN



"otk 12 22 APCCMMEE ©]8-8to] KHI A& o S38h=
ol webA -2 APCC MME®] 498 A& 7HHE% o sk
Zloltt,

: Leadl)
5 b)G0OAPS_F

T T T t E T T
100E 1Z0E T40E 160E 120 1BEOW CoE IEDE 140E 160E

EON

40H

ZOMN

180 160w

{G0F 120F 140E TE0E 180 160W ?DUE 120F 140E 160E
dIMASC CANCME

180 160W

GON

40M 4.

20

EQ e E?
100E 120E 140E 160E 180 1EOW 1O

g0M

40N A

2am §5

*1g

OF 120F 140F 160F
PIPCAMA

180

16

G0N
400§

20KM 4

EQ

E
100E 120E 140E 180E 180 160W DOE 120E 140E 150E

G0N

40 1

200

3 O0E 120F 140E 160E 180 1B0W E GiE 1QCIE l‘H:IE 160E

180 160w

180 160w

Figure 4-2. The spatial distribution of regressed JA 200hPa relative vorticity on the KHI for
(a)-(j) individualmodel and (k) APCC MME hindcasts at 1-month lead (IC06) and

[) observation.
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and k) APCC MME hindcast with May (1-month lead, blue line) and June (2-month lead,

purple line) Initial Conditions.



Table 4-2. Correlations between the time series (1983-2005) of the observations and individual model and
MME hindcasts for each lead time. * is denoted by 95% confidence level.

Model ‘ Lead 1 ‘ Lead 2
CWB 0.21 -0.01
GDAPS _F 0.08 0.01
HMC 0.49* 0.32
IMA 0.42* 0.15
MSC_CANCM3 0.21 0.25
MSC_CANCM4 0.02 0.23
NASA -0.14 -0.17
NCEP 0.29 0.22
PNU 0.12 -0.25
POAMA 0.00 0.06
MME 0.34 0.30

4.3. APCC MME®l| 33 54 5= 72 3 %7}
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o] ARHE t 745 (Two—tailed Student’ s t test) = AF2-8}9 tH(Wiks 1995; Spiegel and
Stephens 2008). AFg-¥ 257} 25\ do]| 2 2 27 (degree of freedom) &= N—2F 230]H,
90%° 1 -2l 5t A= 2F 0.350] T
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Figure 4-5. Anomaly correlation coefficients between the observed 2m surface temperature
(T2m,"C) and (a)-(j) individual model and (k) APCC MME hindcasts of JA T2m at
1-month lead(IC06) over the period 1983-2005(23years). The green line depicts the
region of significant correlation (0.352) at the 90% confidence level from a two-tailed
Student’s t test.
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Figure 4-6. Anomaly correlation coefficients between the observed 2m surface temperature
(T2m,"C) and (a)-(j) individual model and (k) APCC MME hindcasts of JA T2m at
2-month lead (IC05) over the period 1983-2005 (23 years). The green line depicts the
region of significant correlation (0.352) at the 90% confidence level from a two-tailed
Student’s t test.
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Figure 4-7. Area averaged Anomaly Correlation Coefficient between the observed and predicted surface 2m
temperature (T2m) over East Asia(blue color) and Korea (red color) from individual model and
MME.

Table 4-3. Area averaged Anomaly Correlation Coefficient between the observed and predicted surface 2m
temperature (T2m), Temperature at 850hPa(T850), sea level pressure (SLP), Geopotential Height
at 500 hPa (Z500), and vorticity at 200hPa (Vort200) over East Asia and Korea from individual model
and MME.

T2m 0.54 0.50 0.00 0.02
PRCP 0.32 0.30 0.20 0.15
T850 0.39 0.38 0.09 0.17
SLP 0.51 0.46 0.06 -0.06
7500 0.62 0.59 0.21 0.22
Vort200 0.26 0.22 0.26 0.20
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Figure 4-8. Anomaly correlation coefficients between the observed and APCC MME hindcast JA (a) T2m,
(b) prec, (c) T850, (d) SLP, (e) Z500, and (f) vort200 at 1-month lead time(IC06) over the 23
years period 1983-2005. The green line depicts the region of significant correlation (0.352) at
the 90% confidence level from a two-tailed Student’s t test.
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Figure 4-9. Anomaly correlation coefficients between the observed and APCC MME hindcast JA (a)
T2m, (b) prec, (c) T850, (d) SLP, (e) Z500, and (f) vort200 at 2-month lead time(IC05) over
the 23 years period 1983-2005. The green line depicts the region of significant correlation
(0.352) at the 90% confidence level from a two-tailed Student’s t test.



4.3.2. FAR152] Nt A5 37}

APCC B3 ol 235t £ A5 /dstr] flelix], MMEIA Alg-5 = Wl th &
EOF 45 AAlk3lth Fotrlof 2|91 €] WMgA)-& o] &-ato], el 9] 545 A}
St Fokrlor th7] Fe] A - 4] o] O] e Hkelr] fIElA, WA #5 W
9] A A A w sk (Empirical Orthogonal Function: EOF) #-41-8- 3F9it}h EOF £-415- &
&l -goprlof Aol WAL= 7 842 T2 W-§ S5 TAKSIAL, SRk Ze] Ao
A S ARG

18 4-102] a~hi= ¥5% VORT200, Z500, SLP, PRECe] t8t EOF 3! A & =2
7+ ¥l 3} 2497 (Principal component: PC) A/ A4S Yehy], 18] 4-109] i2} j+= T2m
o th&k EOF 7+ M4 R=o] 33k 329 PC2E VFER| AL §lth VORTZ2002] 31 fiAf B =]
HEA]2 A s ol oF 20.2%E A slar ¢l o W kake] A= XL E (tripolar mode)

ZE Holu ’E} o] A=RES] FAL YA & F(10-15°N, 100°-130°N) 2}
Hemal (FS] BE) T8 SRR (S BE) of 2b FHaL gtk o] g AR e St
=

o1 el o} v - GAFsPY (18 4—10b), HWFS} PC1 A A1GE= ¢F 0.83.0 2 w9 =

75002 L3t M el T4l 2 ' Kol HA) WEe] oF43%E A
3k}, Sk FG x]SR eko] AFA|l S 2k 0,60tk 12 Z500 I ElS ke 9 sl
R} 5207 2)$-3 #5452 1ol SLPE= 75003 FAFSH] Lol a17]¢to] )3}k,
71 8] AL A 7|9k FAEE HRlth Aol 117]¢ke] FAlo] YAIEH] whitell, HA 71
of 93t 557 Fo] o YA FkEE A xska GA Pk B9 HWFSF SLP PC19]

AFA SR 04702 570 WiSE 3= 71 yok, 74 gl S 30°NS 24] 0 7 20 ofo] 1

™, o]of] 2485k 2m 7] S oA ok B

7)o A YRt (19 4-10g, 1. 4

0 2 0.72% VORT200 U} 0 &2 =t} 7

4] PCE 7 4-5 719 WiEAS Kol 288 & 5 Qi) o8 st 77142
o)

FofAo} A ol A = YERAL 9Tt (Lee et al., 2013).

o R
o
=
o
&
=l
S
uj
f
r (o]
&lt
o
rE
F
rlr
o
PN
_OL
K

>
o)
=
0o
3
N
VPO



Table 4-4. Correlation coefficients between PC time series and HWF

‘ VORT200 ‘ 7500 ‘ SLP ‘ PREC ‘ T2m
CORR 0.85 0.61 0.47 0.60 0.72
a) VORT200 EOF1(20.2%) b) PC1
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Figure 4-10. Spatial pattern of the first empirical orthogonal function (EOF1) for observed a) VORT200,
¢) Z500, e) SLP, and g) PREC, I) T2m, respectively. The PC time series of b) VORT200, d) Z500,
f) SLP, and h) PREC, j) T2m, respectively. The red line indicates observed HWF.
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Figure 4-11. Spatial pattern of the empirical orthogonal function (EOF) for APCC MME a) VORT200, ¢)Z500,
e) SLP, and g) PREC, |) T2m, respectively. The PC time series of b) VORT200, d)Z500, f) SLP,
and h) PREC. j) T2m, respectively.
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Figure 4-12. Scatter diagram between the spatial correlation skills and temporal correlation skills
for VORT200 derived from the individual model(open mark) and MME(closed mark)
predictions with IC5(black circle) and IC6(red squre).

Table 4-5. Correlation coefficient between the observation and MME for VORT200, Z500, SLP, PREC and T2m.

VORT200 0.75 0.65 0.68 0.61
7500 0.86 0.84 0.68 0.78
SLP 0.61 0.77 0.66 0.71
PREC 0.80 0.75 0.81 0.76
T2m 0.58 0.48 0.51 0.44




a)CWB b)GDAPS_F
corr : 0.52( 0.43)

—i T T T T -3 T - -
1985 1990 1995 2000 2005 1985 1990 1995 2000 2005
d)JMA
3 3
corr ; 0.62( 0.54)
21 2
11 11
O,
-1
-2
—5 T T T T -3 T T T
1985 1990 1995 2000 2005 1985 1990 1995 2000 2008
d)MSC_CANCM3 f)MSC_CANCM4

3 corr : 0.36(—0.49)
¢ .
1 =E [
" \
—1
-2
-3 T T T T -3 T T T T
1985 1990 1995 2000 2005 1985 1990 1995 2000 2005
g)NASA h)NCEP
; corr : 0.34( %0.57) i corr : 0.38( 0.23)
1
0
-1
-2
-3 T T T T -3 T T T
1985 1990 1995 2000 2005 1985 1990 1995 2000 2005
)PNU j)POAMA
? corr : 0.45(—0.42) . o corr : 0.44( 0.48)
2 24
e o
! AR
O /A
,1 >
=2
= T T T T — T T T
1985 1990 1995 2000 2005 1985 1990 1995 2000 2005

K)MME

: 0.65( 0.61)

1985 1990 1995 2000 2005

Figure 4-13. Time series of the VORT200 PC1 from observation (black line), a)~j) individual models and k)
APCC MME hindcast with May(1-month lead, blue line) and June(2-month lead, purple line)
Initial Conditions. The number in the right corners indicate correlation skill for Lead1 (Lead?2).
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Table 4-6. Temporal correlation between the principal component time series of the EOF for the MME VORT200,
Z500, SLP, PREC and T2m.

‘ VORT200 ‘ 7500 ‘ SLP ‘ PREC ‘ T2m
Lead 1 0.43 0.43 0.34 0.48 0.38
Lead 2 0.37 0.33 0.38 0.38 0.39
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Figure 4-14. Time series of the normalized HWF and PC1 from 1983 to 2005.
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Table 5-1. Configurations of TIGGE models for ECMWF, UKMO, NCEP, KMA and CMC.

Country/ Ensemble | Forecast Initial Model
Region Members length Perturbation Resolution
National Centres for Ensemble
USA Environmental 20 15day Transform with T126
Prediction(NCEP) Rescaling
Canadian Meteorological EnsemleKalman
Canada Centre(CMC) 20 15day Filter TL213
. Ensemble
Korea lii(;;?iigf;gg?g{gﬁf) 23 10day Transform N320
Kalman Filter
. Ensemble
UK Meteorological office 23 15day Transform Kalman N214
(UKMO) :
Filter
European Centre for
Europe | Medium-Range Weather 50 10day Singular Vectors TL399

Forecasts(ECMWF)




RS F4d2 2011 d A 201397041 2] At 41 5_ke] SR 607 A1471°848=5
o] 71 eA AHgSte] AFekL i, E9} ekl 7)ol TIGGE #he2o] o34 7k
NCEP—DOE (National Centers for Environmental Prediction—Department of Energy) R2 A
A A5 (Kanamitsu et al., 2002) &) & #3171 2F5.2} 200hPacl A1 €] U, V wind AH=E ©
35k

l‘>

‘{F

_—

T4 TIGGE 58 9] 24 v of -5 Aekely] SleliM= %] 72 es| & dert
ULt ZSd el gk 3k Y 9] ] QIAIRE, WA © 2 7] 20] o - A 7] (Threshold
temperature)i W3 % 717 @3t (Robinson, 2000). 3HEE 07 0] 7 0]3= 714+ 2]

A T B 7R 6~8E Alofofl dF a1 7]-0] 33T o 1 e 24 o A& 5= A3
7]’2}%”3—?‘]@0 A o) TS w2 g eJsialtt 01714 #1712 33T = o #1729
95th percentile gtolth. wEbA B 39 oS54 HS-5 fleiA #52] o H1171=2-9] 95th
percentile ft= YAl =2 A 25to], o] IAIRko] 24 oY A& wE FHedo] TAE Al
=2 gdsisin). 18y ZF 28] 74| = systematic error S B7g5H] $l8l YAIGE e 2 BEE
climatological PDF (Probability Density Function) = -4 81> 95th percentile 22 2185133t
(Deeetal. 2011). 7+ 23 PDFQ] 71932 2011945 2013 52+ TIGGE AF=E AHE-5F
o AxFsIsith B o 2 117]2-2] 95th percentiles AHd = WS 19 513} Tk 2+
2 3d9] 7, 8 ARE o] 8ot 715gks Aol sEato] U Alo] el 31Y
windowtollA] 2}2+2] A8 S A7 A7 S o] £-8130T) o] 5 So] ECMWFe| thsh 7€ 1
Gt 2 5-1) 8] 3 FE 474370 (319 X 3 X 519474 win]) ol

el
i)

rir

o
=2
N

S AT 52 FH AL 7] AR (TMAX), H 9] 2% #317]22k5 (Bias Corrected
TMAX:BCT), 28]t t7] 28k - o8-8t 7l FAA) = KHD & o8-8kl aL, B3t
37HA] Z-F-ell thsto] 54 =

2011

ensemble forecast
oo

+24hr

) ) , Initial date
16 " 30 31 of forecast

July
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Table 5-2. Relationship between counts of forecast/event pairs for the dichotomous categorical verification
situation as displayed in a 2x2 contingency table.

Event observed

Yes Hit (H) False (F) Yes fests (H+F)
Event
forecast
No Miss (M) Correct Negative (N) No fests (M+N)
Total
+ +
Yes obs (H+M) No obs (F+N) (H+F+M+N)
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Table 5-3. Meteorological characteristics in 2013 summer.

Mean Maximum Minimum
Temperature(C) Temperature(C) Temperature(C)
1 2013 254 1994 30.7 2013 21.7
2 1994 25.3 2013 30.1 2010 21.2
3 2010 24.9 2010 29.6 2012 21
4 2012 24.7 1973 29.5 1978 20.9
5 1978 24.7 1978 29.5 1994 20.7
3oyears 23.6 28.4 19.7
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Figure 5-2. Time series of daily maximum temperature(pink line,"C), KHI(orange
color), and station number(bar, %) over Korea during 2013 heat wave
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Geopotential Height Anomaly at 500hPa
2013Jul01-Aug31

Sea Surface Temperature Anomaly
2013Julo1 -Aug31 Unit: degC
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Figure 5-3. Mean JA anomalies of 500hPa geopotential height (upper panel)
and SST (lower panel) for 2013 relative to 1981-2010.
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Figure 5-4. Mean August anomalies of 500hPa geopotential height (upper panel)
and SST (lower panel)for August 2013 relative to 1981-2010.
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Figure 5-5. Spatial distribution of maximum temperature from July 29 to August 22 2013 for (a) Observation,
(b) NCEP, (c) CMC, (d) KMA, (e) UKMO and (f) ECMWF for forecast day 5.
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Figure 5-6. Difference between observation and (a) NCEP, (b) CMC, (c) KMA, (d) UKMO and (e) ECMWF
for daily maximum temperature from July 29 to August 22 2014 for forecast day 5.
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Figure 5-7. Spatial distribution of vorticity at 200hPa from July 29 to August 22 2014 for (a) observation,
(b) NCEP, (c) CMC, (d) KMA, (e) UKMO and (f) ECMWF for forecast day 5.
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Figure 5-8. (a) Pattern Correlation Coefficient and (b) Root Mean Squre Error for maximum temperature

for TIGGE models from NCEP, CMC, KMA, UKMO and ECMWEF according to forecast days.
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Figure 5-9. (a) Pattern Correlation and (b) Root Mean Squre Error for vorticity at 200hPa for TIGGE
models from NCEP, CMC, KMA, UKMO and ECMWF according to forecast days.
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Figure 6-1. Interannual distribution of the heat-related illness(2011~2014).
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Figure 6-2. Intra-seasonal distribution of the heat-related iliness for 4 summers(2011~2014).

a) ZA| b) H| ZA|
Heatstroke and sunstroke Heatstroke and sunstroke
160 300
140 A L]
250 4 L]
120
200
100 4
£ 8o 2 150
c
2 o
g =
[ < 100
40 4
50 4
20 4
04 o9
T T T T T T T T T T
24 26 28 30 32 34 36 24 26 28 30 3z 34 36
Tmax Tmax

—— xcolumn vs y column —— xcolumn vs y column
® Col4vsCol 13 @ Tmax vs Patients

Figure 6-3. Scatter plot of summer maximum temperature and heat related illness in the a) urban and b) rural.
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