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Abstract This study classified heavy rain types from K-means clustering for the hourly rela-
tionship between rainfall intensity and cloud top height over the Korean peninsula, and then
examined their statistical characteristics for the period of June~August 2013~2018. Total rain-
fall amount of warm-type events was 2.65 times larger than that of the cold-type, whereas the
lightning frequency divided by total rainfall for the warm-type was only 46% of the cold-type.
Typical cold-type cases exhibited high cloud top height around 16 km, large reflectivity in the
upper layer, and frequent lightning flashes under convectively unstable condition. Phenome-
nally, the cold-type cases corresponded to cloud cluster or multi-cell thunderstorms. However,
two warm-type cases related to Changma and typhoon were characterized by heavy rainfall due
to long duration, relatively low cloud top height and upper-level reflectivity, and the absence of
lightning under the convectively neutral and extremely humid conditions. This study further
confirmed that the forecast skill of rainfall could be improved by applying correction factor with
the overestimation for cold-type and underestimation for warm-type cases in the Local Data
Assimilation and Prediction System (LDAPS) operational model (e.g., BIAS score was

improved by 5%).
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Fig. 1. Frequency distributions of hourly cloud top height normalized by rainfall intensities for (a) cold-type and (d) warm-type
heavy rain events. Black line represents the average of cloud top height for rainfall intensity bin.
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Table 1. Statistics for duration hours of cold-type and warm-type events.

Duration (hours)  Cold-type events

Warm-type events

Duration (hours)  Cold-type events ~ Warm-type events

1 35 142 1 0 3
2 16 63 12 2 1
3 16 38 13 0 4
4 12 28 14 0 5
5 7 20 15 0 3
6 2 8 16 0 3
7 6 10 17 0 2
8 3 9 18 0 1
9 2 10 28 0 1
10 1 6
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Fig. 2. (a), (d) Total accumulated rainfall, (b), (e) lightning occurrence, and (c), (f) lighting occurrence divided by rainfall for

cold-type and warm-type events.
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(a) Rainfall (b) Lightning
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Fig. 4. Six hourly (£ 3 hours) accumulated (a) rainfall and (b) lightning occurrence, hourly (c) cloud top height, (d) radar
reflectivity, (e) convective available potential energy (CAPE), and (f) total precipitable water (TPW) for 0800 UTC 06 August
2013.
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Fig. 6. Twelve-hourly (£ 6 hours) accumulated (a) rainfall and (b) lightning occurrence, hourly (c) cloud top height, (d) radar
reflectivity, (e) convective available potential energy (CAPE), and (f) total precipitable water (TPW) for 1700 UTC 12 July 2013.
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Fig. 7. Twelve-hourly (+ 6 hours) accumulated (a) rainfall and (b) lightning occurrence, hourly (c) cloud top height, (d) radar

reflectivity, (e) convective available potential energy (CAPE), and (f) total precipitable water (TPW) for 1900 UTC 23 August
2018.
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Fig. 10. Six-hourly accumulated rainfall
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of (a) observation, (b) LDAPS forecast, and (c) LDAPS forecast after applying

correction factor for 2017-07-02/1800~2400 UTC (warm-type observation and cold-type 06 h forecast event). (d), (e), (f) Same
as (a), (b), (c), but for 2016-08-25/1800~2400 UTC (warm-type observation and warm-type 12 h forecast event).
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