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Abstract The accurate prediction of Changma (Korean summer monsoon) onset and with-
drawal dates is crucial for various sectors including agriculture, water resource management,
and disaster prevention. This study applies 25 ensemble members from the operational Korean
Integrated Model (KIM) to the Korea Meteorological Administration (KMA) Changma Index
(CMI) to diagnose the forecast skill for the onset and withdrawal dates of the 2021 Changma,
which marked as the third shortest period on record. The CMI, consisting of 200 hPa geopoten-
tial height and zonal wind variables around the Korean Peninsula, was used to compare reanaly-
sis data and KIM’s ensemble forecast data. While the CMI from individual ensemble members
showed significant variability in predicting the Changma onset and withdrawal dates, the ensem-
ble mean CMI accurately predicted the Changma onset date 12 days in advance with a one-day
error margin, and also accurately predicted the Changma withdrawal date 9 days in advance.
Detailed analysis of the variables constituting the CMI in KIM’s ensemble forecast data indi-
cated that variations in the 200 hPa geopotential height were particularly influential in determin-
ing the Changma onset and withdrawal dates. These results demonstrate that the ensemble mean
forecast of KIM is more effective than individual ensemble member forecasts for predicting
Changma onset and withdrawal dates, highlights the utility of KIM’s ensemble forecast data and
the effectiveness of using upper atmospheric variables (specifically 200 hPa geopotential height)
for these predictions.
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2.3 KMA Changma Index (CMI)
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Fig. 1. Time series of Korean Meteorological Administration (KMA) Changma Index (CMI; black dashed line) calculated using
ERAS5 reanalysis data and daily accumulated precipitation (blue bar) from GPM data over the Korean Peninsula (34°-38°N, 126°-
130°E) from 20 June 2021, to 23 July 2021. The Changma period, redefined using the CMI, is indicated by the gray box.
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Fig. 2. Surface weather charts (a-c) and synoptic patterns derived from Korean Meteorological Administration (KMA)
Changma Index (CMI) variables (d-f) during the 2021 Changma period: (a, d) CMI onset (2 July 2021, 0000 UTC; CMI =
100), (b, e) peak of Changma (6 July 2021, 0000 UTC; CMI = 100), and (c, f) CMI withdrawal (12 July 2021, 0000 UTC; CMI
=69.9961). In surface weather charts (a-c), isobars (blue contours), upper-level jet streams (red arrows), low-level jet streams
(purple shaded areas and arrows), and troughs and ridges (black solid lines) are shown. In CMI-based synoptic patterns (d-f),
200 hPa 12350 gpm line represents GPH200y,,,, (red solid contour), 200 hPa zonal wind speeds show Jer200 (shaded), and 200
hPa 12300 gpm line indicates GPH200,,, (blue solid contour). The dashed lines near the Korean Peninsula (122.5°-132.5°E)
represent the reference lines for GPH200y,,, (red), Jer200 (green), and GPH200,,, (blue) calculations. The CMI values for each
date are shown in the top right corner of panels d-f.
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Fig. 3. Time series of Korean Meteorological Administration
(KMA) Changma Index (CMI). Each panel represents
forecast results of the Korean Integrated Model (KIM) initial
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Fig. 4. Same as Figs. 2d-f, but showing ensemble mean forecasts for the CMI onset (Valid time: 2 July 2021, 0000 UTC) from
different initial times: (a) 20 June 2021, 0000 UTC, (b) 24 June 2021, 0000 UTC, and (c) 28 June 2021, 0000 UTC. The
forecast CMI values for the ensemble mean at each initial time are shown in the top right corner of each panel.
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Fig. 5. Time Series of each variable constituting the Korean
Meteorological Administration (KMA) Changma Index (CMI),
initiated on 20 June 2021, 0000 UTC: (a) GPH200y,,, (b)
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(ENSMEAN), while the shaded orange area indicates the
region within one standard deviation from the ensemble mean.
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Fig. 6. Same as Fig. 3 except for forecast results of the
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Fig. 7. Same as Fig. 4, but showing ensemble mean forecasts for the CMI withdrawal (Valid time: 12 July 2021, 0000 UTC)
from different initial times: (a) 30 June 2021, 0000 UTC, (b) 3 July 2021, 0000 UTC, and (c) 6 July 2021, 0000 UTC.

a R (a) Valid Time: 2021.07.02 0000 UTC
Init: 2021070300 e L ==
N T ; T e g 80 gt .
IS < 1. .
& 60 £ %07
8’0 40 —: z 40 ]
S ] S5 20 4
a 20 —: é 0 ]
(O] 0 = g 8 \ | T T T T T T T T T T T
o B e e e e B e B M 20JUN  22JUN  24JUN  26JUN  28JUN  30JUN
(-288h) (-240h) (-192h) (-144h) (-096h) (-048h)
20JUN 25JUN 30JUN 05JUL 10JUL 15JUL 20JUL Initial Time(date)
b Time(day) (b) Valid Time: 2021.07.12 0000 UTC
(b) £ 100 3
Init: 2021070300 PNE \ T
30 ER T - g 80 =i e L =
= 25 3 ; é 60 4
> g E
2 :
N o0 o S 20 T
E T s 0 1 ‘ ‘
PE——— ' : ' ; O1JUL  03JUL  05JUL  O7JUL  09JUL  11JUL
— o 0340L OJUL - O7TJoL 0SJOL 1Tt
20JUN 25JUN 30JUN 05JUL 10JUL 15JUL 20JUL Initial Time(date)
Time(day) k . . .
(c) Fig. 9. Box plots of the Korean Meteorological Administration
o Jnit: 2021070300 (KMA) Changma Index (CMI) forecasts using the Korean
R 0 E .| el ) . S A Integrated Model (KIM). The forecasts are initialized at 24-
&S 40 2 ., | . S hour intervals from —288 h to —024 h before the validation
§ 60 ; time. Panel (a) shows forecasts for the Changma onset date
& -8 — - (2 July 2021, 0000 UTC), while panel (b) shows forecasts
=100 JoS==memee 2 - - for the day after the Changma withdrawal date (12 July

T i N A EE
20JUN 25JUN 30JUN 05JUL 10JUL 15JUL 20JUL
Time(day)

2021, 0000 UTC). The red solid line indicates the ensemble
mean. The box plots (gray boxes) represent the distribution

Fig. 8. Same as Fig. 5 except for forecast results of the
Korean Integrated Model (KIM), initiated on 3 July 2021,
0000 UTC.
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Fig. S1. Box plots of daily accumulated precipitation Pattern
Correlation Coefficient (PCC) using the Korean Integrated
Model (KIM). The model starts at initial times of —024 h and
extends to —264 h at 24-hour intervals, focusing on the
validation time centered around Changma onset date of 2
July 2021 (a) and Changma withdrawal date of 11 July 2021
(b). The red solid line indicates the ensemble mean. The box
plots (gray boxes) represent the distribution of individual
ensemble members, where the box extends from the 25th to
75th percentiles, with a line at the median. The whiskers
extend to the most extreme data points not considered
outliers, and outliers are plotted as individual points. The x’
marks within the boxes indicate the mean of the ensemble
members. The PCC region encompasses the vicinity of the
Korean Peninsula (25°-45°N, 110°-140°E), and the significance
scale of 0.6 (blue dashed line) assesses the statistical
significance.
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