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ABSTRACT

This study investigated the impacts of cold waves on winter mortality across the Korean Peninsula using long-term
meteorological observations and official mortality records from 2000 to 2023. Direct cold-related deaths were concentrated
at lower minimum air temperatures, whereas cardiovascular and respiratory (CVD+Resp) deaths occurred across relatively
higher minimum-temperature ranges. Excess mortality increased most prominently one day after the onset of a cold wave,
and mortality risk rose nonlinearly when cold-wave duration exceeded four consecutive days. This duration effect was
particularly pronounced for CVD+Resp deaths. A Gradient Boosting Machine model was used to quantify the relative
contributions and nonlinear effects of meteorological factors. Partial dependence analysis showed that insolation (26.1%) and
wind direction (25.9%) had the greatest contributions to mortality variability. Furthermore, two-way interaction analysis
demonstrated that mortality risk increased markedly under extreme cold conditions, particularly when minimum air temperature
fell below -10°C and coincided with low insolation (< 2 MJ m?), as well as northwesterly or easterly wind regimes. Mortality
risk was even greater when minimum air temperature dropped below -15°C in combination with dew-point temperatures <
-25°C or diurnal temperature ranges = 15°C. These findings indicate that winter mortality associated with cold waves is
influenced not only by air temperature but also by the combined and interacting effects of multiple meteorological factors.
The results provide a scientific basis for developing more targeted and evidence-based cold-wave adaptation strategies,

supporting climate-resilient health policy and regional vulnerability management.
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Zolgts AYE =951 QIth(He et al, 2023).
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B} 399 gL FoFd 4~ QJtH(Chen et al., 2021; Xie
et al, 2013). o]2I3 UL ellE AAFRE vt 2
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2 Atz o g HE35 4= ItH(Chung et al., 2017; Follos
et al,, 2020). B20], 7|FH3}IE Ht 7]20] 4F5olti 2t
T A2 B AMY o] ] AR = g Ao]
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Table 1. Summary of meteorological and statistical data used in this study

Korea Meteorological Administration (KMA) Statistics Korea
S Automatic Synoptic Observing System (ASOS) MicroData Integrated Service (MDIS)
ource
https://data.kma.go.kr/cmmn/main.do https://mdis.kostat.go.kr/index.do
Average/Minimum/Maximum air temperature, . . . .
. . . L Death date, Sido code, International classification of
Variables Dew point temperature, Most wind direction, . . .
. L . diseases (ICD) code, Domestic populations
Average wind speed, Precipitation, Insolation
Frequency Daily Daily
Period 2000 ~ 2023 (23 years, Winter only) 2000 ~ 2023 (23 years, Winter only)
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Fig. 1. Map of the study area. The blue circles and red squares show locations of automated synoptic

observing system (ASOS) station and representative station, respectively
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Disease, ICD) 7|&& &5ttt E9], & A% A+
=(Achebak et al., 2024; Lv et al., 2025; Pehlivan et al.,
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Table 2. Classification of 17 administrative districts and 97 ASOS stations used

Administrative Representative .
- . . ASOS Stations
Districts (Sido code) Stations
Seoul (11) Seoul Seoul
Busan (21) Busan Busan
Daegu (22) Daegu Daegu
Incheon (23) Incheon Baengnyeongdo, Incheon, Ganghwa
Gwangju (24) Gwangju Gwangju
Daejeon (25) Daejeon Daejeon
Ulsan (26) Ulsan Ulsan
Sejong (29) Sejong Sejong*
Gyeonggi-do (31) Suwon Dongducheon, Paju, Suwon, Yangpyeong, Icheon
. Sokcho, Bukchuncheon, Cheorwon, Daegwallyeong, Chuncheon, Bukgangneung, Gangneung,
Gangwon-do (32) Wonju . .
Donghae, Wonju, Yeongwol, Inje, Hongcheon, Taebaek, Jeongseongun
Chungcheongbuk-do (33) Cheongju Chungju, Cheongju, Chupungnyeong, Jecheon, Boeun
Chungcheongnam-do (34) Cheonan Seosan, Hongseong, Cheonan, Boryeong, Buyeo, Geumsan
Jeollabuk-do (35) Jeonju Gunsan, Jeonju, Gochang, Buan, Imsil, Jeongeup, Namwon, Jangsu, Gochanggun, Sunchanggun
Mokpo, Yeosu, Heuksando, Wando, Suncheon, Jindo, Yeonggwanggun, Juam, Boseonggun,
Jeollanam-do (36) Suncheon . Lo
Gangjingun, Jangheung, Haenam, Goheung, Gwangyangsi, Jindogun
Ulleungdo, Uljin, Andong, Sangju, Pohang, Bonghwa, Yeongju, Mungyeong, Cheongsonggun,
Gyeongsangbuk-do (37) Pohang ] ) o
Yeongdeok, Uiseong, Gumi, Yeongcheon, Gyeongjusi
Changwon, Tongyeong, Jinju, Gimhaesi, Bukchangwon, Yangsansi, Uiryeonggun,
Gyeongsangnam-do (38) Changwon . .
Hamyanggun, Geochang, Hapcheon, Miryang, Sancheong, Geoje, Namhae
Jeju-do (39) Jeju Jeju, Gosan, Seongsan, Seogwipo

*Data available from June 2019
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Fig. 2. (a) Annual total number of cold-wave days aggregated across all ASOS stations in Korea from 2000

to 2023. Light blue bars indicate yearly totals, and the red line represents the smoothed trend
estimated using LOESS regression. (b) Province-level distribution of cold-wave days across the 17

administrative regions (sido) during the same period. Bars show the mean number of cold-wave days,

and error bars indicate standard errors (SE)
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Table 3. Number of deaths related to cardiovascular and respiratory diseases (CVD+Resp) and cold-related
illnesses (T68+T69), stratified by gender, age group, and time period

CVD+Resp (Deaths) T68+T69 (Deaths)
All age 273,637 2,215
Male
> 65yr 211,013 749
Gender
All age 275,862 948
Female

> 65yr 252,044 690

00:00 ~ 05:59 KST* 83,974 741

06:00 ~ 11:59 KST 109,489 991

Time Period

12:00 ~ 17:59 KST 103,398 794

18:00 ~ 23:59 KST 89,247 537

*Korea Standard Time

=4 7|2 sPdo] Rldet 7154 S4& AU, old ot
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= 70l Atk 12 Hagkol vls) EEAt
AdA o= IA Yetgton, o= 8}1% A ox9] A=
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=9 (AH] 78.7%)0l = B35, AA| T68+T69 AFLAS
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Fig. 3. Boxplots of daily minimum air temperatures
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Table 4. Performance statistics of the GBM model

Lag 0 Lag 1
Training Test Training Test
FAC2 0.70 0.69 0.70 0.69
RMSE 10.71 10.90 10.68 10.84
r 0.52 0.48 0.53 0.47

MB -0.02 0.06 -0.02 0.14
NMB 0.00 0.00 0.00 0.01

I0A 0.58 0.57 0.58 0.57

COE 0.17 0.15 0.17 0.14

*GBM: Gradient Boosting Machine
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