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Exploring the Association Between Synoptic Weather Patterns and Local
Rainfall in Taiwan During Typhoon Season: a Machine Learning
Classification Approach

Li-Huan Hsu, Kuan-Ling Lin, Chou-Chun Chiang, Yi-chao Wu, Jung-Lien Chu,
Yi-Chiang Yu

National Science and Technology Center for Disaster Reduction, New Taipei City,
Taiwan.

Abstract

This study analyzes synoptic weather patterns affecting Taiwan’s rainfall
during the typhoon season (2001-2022) using machine learning
approaches. We focus on key weather systems including tropical cyclones,
the monsoon trough, the subtropical high, and southwesterlies, whose
relative positions influence local rainfall distributions across Taiwan. A
CNN-Autoencoder deep learning algorithm was employed to extract
features from ERAS5 circulation data, GPM IMERG rainfall
measurements, and Taiwan's TCCIP rainfall datasets. Subsequently,
unsupervised clustering was applied to identify distinct weather patterns.
Using these clusters as labels, classifiers were developed using five
distinct machine learning algorithms. Finally, an ensemble voting
classifier was implemented to integrate the results from the individual
models. Preliminary results show that the ensemble voting strategy
improved classification accuracy to 0.945, outperforming individual
models. This suggests that the proposed method can benefit the
identification of weather types associated with distinct rainfall patterns in
Taiwan.

Keywords: Machine learning, clustering, classification, weather type
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Exploring the Association Between Synoptic Weather Patterns and Local
Rainfall in Taiwan During Typhoon Season: a Machine Learning

Classification Approach
Li-Huan Hsu*, Kuan-Ling Lin, Chou-Chun Chiang, Yi-chao Wu, Jung-Lien Chu, Yi-Chiang Yu
National Science and Technology Center for Disaster Reduction, New Taipei City, Taiwan.

This study uses machine learning to analyze synoptic weather patterns during Taiwan's
typhoon season (2001-2022). A CNN-Autoencoder algorithm was utilized to extract features from the ERAS5, GPM IMERG, and TCCIP
datasets. Target days were defined by five-day mean circulations matching climatological pentads P41-P51. Unsupervised clustering
identified distinct weather patterns. These clusters served as labels to train six machine learning classifiers, including an ensemble voting
classifier (EVC), which integrated the results from the other five models.

CNN-Autoencoder
———Decoder-

ERAS reanalysis
' | [01979-2023 (45 years)
: [0.25° resolution
0200, 500, 700, 850, 925 hPa U, V; 200, 500,
700, 850 hPa H; 700hPa RH; OLR; MSLP
GPM IMERG precipitation

Output

- '\_ T v.fufu data domain 002001-2022 (22 years) Encoder—————
bl Ec) Yoy 00.1° resolution e i el
wif £ 3 b
% ERAh‘“dF:M IMERG Fig. 2. Architecture of the CNN-Autoencoder. The encoder component is
e o 020012022 (22 years) utilized to extract key features from the input variables {adapted from Hsu
oo O1-km resolution et al., 2026)
& ] b - g .
Fig. 1. Domains for weather type analysis. The green box denotes the c|uster|ng and Classification
region of the ERAS and GPM IMERG datasets, while the orange box Daily mean e leroEstealdation
denotes the region of the TCCIP rainfall data.
_ ERAS5, GPM, TCCIP (22 years) KNN
Define targets L
Random
5-day moving mean [ CNN-Autoencoders CNN-Autoencoders | Forest (Ensemble |
ERAS (45 years) ] )  Logistic | Voting
T T Define the date similar Regression 5
Cosine similarity to PA1-P51 climatology K-means dlustering M?‘P' — | Classifier
training XGBoost
Climatological 73 § o J
pentads ERAS [ CNN-Autoencoders SVM
R Weather type labels

Fig. 3. Workflow of the similarity analysis used to identify the target dates Fig. 4. Workflow for clustering the data and developing weather type
during the typhoon season (Pentads 41-51). classifiers via a five-fold cross-validation approach.
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o B . T . ol T oy, N ST S - Fig. 6. Average evaluation scores from the five-fold cross-validation across
Fig. 5. Composite rainfall (shading), 850 hPa height {contours), and 850 hPa  the six models, displaying (a) F1 scores, average F1 scores, and accuracy;
winds (vectors) across the six identified clusters. (b) precision; and (c) recall. The bar colors represent the different clusters.

Reference
= This study used an integrated deep and machine learning ensemble to cluster and  msu, LH, Lin, KL, Chiang, CC. et al. A deep learning-ensemble
classify typhoon-season weather patterns (2001_2022)' framework for Pre-Meiyu season definition and synoptic-local
, . R . . " weather  classification Geosei.  lett. 13, 41 2026).
Clustering identified patterns driven by the monsoon trough, subtropical high, and  pups://doi org/10.1186/540562-026-00492-2 2020
large-scale convection, which uniquely impact Taiwan's rainfall.
* The ensemble voting strategy achieved 0.945 accuracy, proving more robust than *Correspondence:
individual models. Li-Huan Hsu (Ihhsu@ncdr.nat.gov.tw)
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Machine-learning-based diagnostics of sub-seasonal progression of the
western North Pacific monsoon and extreme rainfall

Yi-chao Wu, Kuan-Ling Lin, Chou-Chun Chiang, Li-Huan Hsu, Jung-Lien Chu,
Yi-Chiang Yu

National Science and Technology Center for Disaster Reduction, New Taipei City,
Taiwan.

Abstract

During July to early August 2025, Taiwan experienced a prolong period
of heavy rainfall associated with multiple typhoons and a long-lasting
heavy rainfall event occurring at the end of July, which led to an unusual
flood event over southwestern Taiwan. These events coincided with the
uncommon persistent monsoon trough over the western North Pacific
(WNP), highlighting the need for a robust diagnostic tool to characterize
monsoon evolution.

In this study, we apply a machine-learning-based seasonal identification
technique to diagnose the progression of the WNP summer monsoon. The
proposed method employs a deep learning framework combining feature
extraction and similarity comparison to objectively identify sub-seasonal
progression. Applying this technique to the period 1979-2024
demonstrates that the diagnosed monsoon onset and withdrawal timings
are consistent with those reported in previous studies, confirming the
capability of the method to capture both the timing and progression of the
WNP monsoon. When applied to 2025, the one-dimensional seasonal
sequence reveals an anomalously prolonged circulation state
corresponding to climatological pentads 42-43 during July to early
August 2025.

We further adopted the composite analyses based on all pentads that were
identified as pentads 42-43 in the last 44 years to investigate the
climatological characteristics of those pentads. Multi-scale diagnostics
further show that these pentads are characterized by a pronounced
monsoon trough extending across Taiwan and adjacent seas, enhanced
low-pressure activity, and increased tropical cyclone occurrence. These
large-scale circulation features collectively create a favorable
environment for extreme rainfall occurrence in Taiwan.
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Machine-learning-based diagnostics of
sub-seasonal progression of the
western North Pacific monsoon and extreme rainfall

Yi-chao Wu, Kuan-Ling Lin, Chou-Chun Chiang, Li-Huan Hsu, Jung-Lien Chu, Yi-Chiang Yu

National Science and Technology Center for Disaster Reduction(NCDR), Taiwan
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*Sub-seasonal Variations:
*Regional weather systems
(location, frequency, movement)
shift dynamically as the
monsoon evolves.

*Year-to-Year Differences:
+The timing and duration of sub-
seasonal transitions vary
significantly from year to year.

FIG. 1. The trajectones of cold fronts intersecting longitude 130°E. The subseasonal modulation of fronts appears distinctive. In spring

the cold fronts move fast and migrate from north to south. The brief pre-mei-yu period marks the stationary front around 25°N, then it jumps
to 35°N in the mei-yu position. Note that the changes are abrupt and phase-locked with the calendar. After the end of Jul. East Asia is

‘mainlv in the tvohoon veriod.

July 2025: Prolonged Heavy Rain & Typhoons

*  July-August 2025 Extreme Event:

Prolonged heavy rainfall with 2 typhoons (Danas & Wipha)
8-day extreme rainfall event causing severe flooding in SW Taiwan

¢  Motivation:

Taiwan average rainfall

2025

1468

Chmatolcgy(1979 -2022)

Events coincided with an y WNP trough
Highlights the need for a robust tonl to track sub-seasonal monsoon progression

Early Onsetof WNPM

A:7/05TY Danas
B:7/18 TY Wipha
C:7/28 8-day-long heavy rainfall
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Motivation ficon

Key question: "Can we find a simple diagnostic tool to describe these persistent
weather features from a sub-seasonal monsoon perspective?”

Our concept of developing a Machine-Learning-based Seasonal Progression
Identifier (MLSPI) to:

objectively identify the sub-seasonal progression (Hsu et al. 2026)
» diagnose its multiscale variability

4
MLSPI Framework and Workflow AN
S— ER A RS R I
c!imatology
Output the
normalization convergence diagnostics
CHNE :> pentad
recursive mudel season
Feature construction Feature extractlon model _—
44 years, 73 pentads, extraction
17 atmospheric variables
. > |
Reference:Hsu, L. H., Lin, K. L., Chiang, C. C., Wu, Y. C., Chu, . L., & Yu, Y. C. "
(2026). A deep learning-ensemble framewark for Pre-Meiyu season definition Target ponta
and synoptic-local weather classification. Geoscience Letters, 13(1), 41

*Input Data:

= 17 variables(200-925 hPa winds, geopotential height, RH, and OLR) across 44 years (1979-2022)
+*Al Architecture:

Feature Extraction: CNN-Autoencoder extracts latent features from 3D atmospheric fields.

Similarity Comparison: Iteratively matches target pentads with climatology to determine seasonal stages.
*Qutput:

« Objective pentad-resolution seasonal diagnostics

NCDR
R E S R

Sub-seasonal sequence of WNPM identified by MLSPI

* Climatological Baseline (Prior studies):
Onset: Pentad 41 (Jul 20-24)
Withdrawal: Pentad 51 (Sep 8-12)

* Onset Definition for a Given Year:
First pentad matching climatology
(between P41-P51)

Must persist for 2 3 out of 4
consecutive pentads

Jan Feb Mar Apr Ma Jun  Jul
o o o ¢ ¢ @ ‘e
Pre-
pentad ; ¢ Rain__ 'g‘?'ysu 4[onsogn
date 01/01 03/12 05/16  06/15
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1979-2025 WNPM onset dates comparison: from MLSPI vs. literatures éz_,/%

ERUEA ST

Statistics of the onset dates of WNPM

1979-2025 1979-1995

= MLSPI Validation vs. Literature:
* The long-term variability of the onset dates defined by

MLSPI is comparable to those of other literatures. MLSPI 406+26 41.8+28
* 47-Year Mean Onset: Pentad 40.6 (Late July) Tanaka 1997 - 4294238
*: 12025 Case Sudy: Wu & Wang 2000 - 395 +2.8
» Extremely early onset: Pentad 35(22 Jun)
Dai 2020 403+ 2.6 411425
Ling & Lu 2024 411 +26 42.01+30
50 MLSPI —e—Tanaka (1997) ——Wu & Wang (2000). o= Dai et al, (2020) —e—Ling & Lu (2024)
a8
46
44
42
40 .
38 .
36
5 O
BgeBEs R Al AR nanR R ERas B B o R ddR A B RAAR
Pentad 40 - Pentad 41 A
- EREM ST
Composite pattern
Pentad 40 (before WNPM onset)
Pentads Identified by MSLPI Son lpgl i) ssi
BN e
Ili"{ﬁ {@ l@ﬂ Average
mE
Pentad 41 (WNPM onset)
B30ne HaignTgpm] U, 7 y
TC activity : Climatology vs. Composite 10N
EREM ST

* Method:
TC trajectory density difference (P42&43 minus P39&40)
+ Climatological Feature:
Typhoon activity shifts northwards after monsoon onset, forming a
NE-SW dipole pattern.
+ MLSPI Composite Advantage:
MLSPI composite analysissignificantly enhances this dipole pattern.

Typhoon Trajectory 1972~1998

(b)

TC trajectory density difference (P42&43 - P39&40)

Climatology Composite
40N 1= : .
30N A
20N -
IOI}I‘]; 1;;0E 140E
Lin and Wang (2002) *TC trajectory density was calculated from JTWC best tracks 9
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Composite Analysis of WNPM Features

+  Composite analysis for pentads 41-51 (Jul 20-Sep 12) highlights distinct features during pentads 42-43 (Jul 25-Aug 3) Rygmﬁgw
+ A pronounced monsoon trough pattern, with its axis extending over Taiwan and adjacent waters
*  Active tropical depressions and typhoons within the monsoon trough
*  Ahigh potential for widespread significant rainfall across Taiwan
MSLP - 925hPa UV TC trajectory density rainfall _ MSLP - 925hPa UV TC trajectory density  rainfall
z = Do > = T 2
Y
Pentad 41 + ;i N
(onset) A & h
R TI0C 1206 1300 140€ 130€ -
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-~ =¥ .
Ve Tae T e TS E
P43 i @
P, - M — [ o e T THE RE — -
P44 ¢ ’ ‘ , g
* * 4
X TR
P45 s 2 (e 4
1 10
_LEmilk. & > . S P, 45
.
2025 Case Study: High Frequency of P42-P43 VAAY
ERUEMNEEETIL
Using MLSPI to identify 2025’s sub-seasonal progression
MSLP - 925hPa UV TC trajectory density  rainfall 2085 avnwensssssnnnnsnpxsnrsnannnvan s o ool B
' 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 5
- e
P42 : f o - I
4 I
=9 .
24N
P43 A 5
3 JAN AUG
2025
P44 ¢
X Early onset of WNPM
s * 2025 Key Features
; + Early Onset: Pentad 35 (June 22)
P45 . @ + High Recurrence: Unusually frequent P42—P43 patterns
oY . | + Impact on Taiwan

+ Continuousfavorable environment for extreme rainfall in July—

August
11

Concluding Remarks RN

AR EA RS

1. Tool Development (MLSPI)
Developed a deep-learning tool (MLSPI) to objectively track WNP monsoon progression at pentad
resolution.

2. Historical Validation
Diagnosed onset dates (1979-2025) align consistently with previous studies, proving tool reliability.

3. High-Risk Pattern Identification
Pentads 42-43 feature a strong monsoon trough over Taiwan, active tropical cyclones, and high
extreme rain potential.

4. 2025 Case Diagnosis

Successfully explains the 2025 extreme rainfall through an early onset (P35) and high recurrence of
P42-P43 patterns.
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