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Abstract This study develops and evaluates an optimized subdivision of severe weather alert zones
for Busan and Ulsan, using meteorological, high-impact weather, socioeconomic, and land surface
data. Based on these variables, a multivariate cluster analysis was conducted at the census output area
level. The optimal number of subdivision zones was determined to be three for Busan and two for
Ulsan by several statistical methods. From multiple zoning combinations, three candidate plans were
selected, and their operational effectiveness was evaluated based on recent occurrences of heatwaves
and heavy rainfall. Among them, the combination of high-impact weather and socioeconomic charac-
teristics showed the highest efficiency. This approach is expected to reduce unnecessary alerts,
improve the spatial focus of warnings, and it also aligns well with administrative boundaries. The
results demonstrate that a single large severe weather alert zone cannot adequately capture local risk
patterns. This work provides a scientific basis that supports the redesign of severe weather alert sys-
tems and offers a practical framework that could be adapted for other metropolitan areas. In the con-
text of increasing localized extreme weather events, these findings may help optimize resource

allocation, and strengthen public responsiveness.
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Fig. 1. Distribution of weather stations (open circles) in Busan and Ulsan used in this study.
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Table 1. Variables incorporated for spatial clustering.

S0 AR} et A

Category Variable
Summer daily maximum web-bulb globe temperature (WBGT)
Meteorology Average hourly precipitation
(MET)

Average daily precipitation

High-impact weather

Frequency of exceeding heat wave advisory threshold (WBGT >33°C)

(HIW)

Frequency of exceeding heavy rain advisory threshold [>60 mm (3 h™") or 2110 mm (12 h™)]

Terrain and land surface

Elevation

characteristics (TL)

Land cover

Total population

At-risk population (below 5 or over 64 years old)

Population density

Socio-economic

Total housing units

characteristics (SE)

Old housing units (>30 years)

Total employees

Primary industry workers
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Fig. 2. Spatial distribution of meteorological variables.
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Fig. 3. Spatial distribution of high-impact weather events.
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Fig. 4. Spatial distribution of (a) elevation, (b) land cover and (c~f) some socio-economic high-impact weather events.
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Table 2. Summary of key cluster validation metrics.

No. of Silhouette DB CH Dunn KL C-
clusters index index index index index index
2 0.48 0.91 3114 0.0026 1.37 0.30
Busan 3 0.53 0.74 4446 0.0027 7.55 0.23
4 0.43 0.86 3868 0.0062 0.65 0.21
5 0.43 0.85 3921 0.0036 3.48 0.21
2 0.60 0.74 3886 0.0031 12.02 0.23
Ulsan 3 0.39 1.03 2945 0.0045 0.44 0.20
4 0.40 1.05 3109 0.0027 1.56 0.20
5 0.44 0.91 3237 0.0058 2.11 0.19

Fig. 5. Examples of cluster validity index evaluation used to determine the optimal number of clusters.
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Fig. 6. Candidate plans for the subdivision of severe weather alert zones in Busan Metropolitan City. The gray lines indicate the

boundaries of census output areas.
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(a) Meteorological + (b) High-impact weather (c) High-impact weather +

Socioeconomic Socioeconomic

Fig. 7. Candidate plans for the subdivision of severe weather alert zones in Busan Metropolitan City. The gray lines indicate the
boundaries of census output areas.

Table 3. Analysis of warning criteria exceeding frequency and effectiveness of candidate plans for the subdivision of severe
weather alert zones in Busan Metropolitan City (2018~2022).

Subject Frequency

Candidate plans Effectiveness 1 Effectiveness 2
(no. of days) Blue Red Green
heatwaves 59 34 38 28 55
. heavy rain 23 26 29 17 42
Meteorological +
Socioeconomic
heatwaves 59 31 54 31 42
heavy rain 31 21 31 19 37
High-imi)act weather
heatwaves 59 30 42 32 55
) heavy rain 22 28 22 18 48

High-impact weather +
Socioeconomic

S=71248ks gl 7] A|36d 15 (2026)
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Table 4. Analysis of warning criteria exceeding frequency and effectiveness of candidate plans for the subdivision of severe
weather alert zones in Ulsan Metropolitan City (2020~2022).

Frequenc
Candidate plans Elements d Y Effectiveness 1 Effectiveness 2
(no. of days) Blue Red

heatwaves 27 23 5 6
heavy rain 10 6 4 4
Meteorological +
Socioeconomic
heatwaves 18 27 10 11
heavy rain 10 7 3 3
High-impact weather
heatwaves 18 27 10 11
heavy rain 10 6 4 4

High-impact weather +
Socioeconomic
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