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Abstract: This study aims to propose a strategy to optimize the performance of the Support Vector
Machine (SVM) scheme for extreme Meiyu rainfall prediction over southern Taiwan. Variables
derived from Climate Forecast System Reanalysis (CFSR) dataset are the candidates for predictor
selection. A series of experiments with different combinations of predictors and domains are designed
to obtain the optimal strategy for constructing the SVM scheme. The results reveal that the accuracy
(ACC), positive predictive values (PPV), probability of detection (POD), and F1-score can exceed
0.6 on average. Choosing the predictors associated with the Meiyu system and determine the domain
associated with the correlations between selected predictors and predictand can improve the forecast
performance. Our strategy shows the potential to predict extreme Meiyu rainfall in southern Taiwan
with lead times from 16 h to 64 h. The F1-score analysis further demonstrates that the forecast
performance of our scheme is stable, with slight inter-annual fluctuations from 1990 to 2019. Higher
performance would be expected when the north of the South China Sea is characterized by stronger
southwesterly flow and abundant low-level moisture for a given year.

Keywords: support vector machine; machine learning; extreme Meiyu rainfall

1. Introduction

Taiwan is a mountainous island located in the East Asia Summer Monsoon (EASM)
region. The north-south elongated Central Mountain Range (CMR) in Taiwan is about
2000 m in height on average. The rainfall of Taiwan ties closely to its topography and the
complex spatial-temporal variability of EASM. The rainfall in Taiwan is mainly contributed
by the Meiyu fronts and typhoons in boreal summer [1]. During the Meiyu season, May
and June, the EASM region is often characterized by a quasi-stationary front (Meiyu front)
and its associated rain belt, which is elongated northeast to southwest from the Sea of Japan
to the Bashi Channel and the northern South China Sea [2]. The Meiyu regime may then be
found over the Yangtze River in the period of mid-June to mid-July [3]. When the Meiyu
front moves to Taiwan, torrential rainfall will happen and may cause many disastrous
events. For example, the heavy rainfall of the Meiyu front on 12 June 2005, resulted in large
area inundation and landslide in western Taiwan. The total amount of rainfall in four days
reached 1645 mm in Majia Township over the region of southwestern Taiwan. The damage
loss is about USD 160 million from 12 June to 15 June in Taiwan [4].

While the Meiyu front is located to the north of Taiwan, there is a low-pressure area to
the north of Taiwan and a high-pressure area to the south of Taiwan, corresponding to a
large northward pressure gradient force. This pressure pattern is favorable to the formation
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of southwesterly flow [5], also known as low-level jet [6,7]. The heavy rainfall in southern
Taiwan is found to be correlated with the strong (e.g., 12 m s−1) southwesterly flow at low
levels (e.g., 850 hPa) that occurred in southern Taiwan. When the axis of the southwesterly
flow moves toward southern Taiwan, the moist air is transported from the northern South
China Sea to southern Taiwan and provides a favorable environment for continuous rain
and heavy rainfall [5,8,9].

Recently, artificial intelligence (AI) techniques are broadly used in many disciplines.
To provide valuable information to decision-makers, AI and related data science methods
generally work with big data in different disciplines [10]. In the past decades, the resolution
of model outputs and the amount of observed data has become finer and denser. High
amounts of high-quality data make it possible to apply AI techniques in the atmospheric
science discipline, especially on those types of high-impact weather. Although the dy-
namical model can capture the characteristics of extreme regional events, the high costs
of computation would be the weakness. Owing to the lower requirement of computation,
the AI techniques give another choice in the prediction of high-impact weather while
the computational cost is still high during the training period. The AI schemes that are
generally used on high-impact weather include traditional model output statistics (MOS),
artificial neural network (ANN), decision trees methods, support vector machine (SVM),
convolutional neural network (CNN), etc. [11,12]. An objective system was conducted
to predict synoptic-scale fronts by means of the CNN scheme [13]. The system performs
better than the numerical frontal analysis in front detection. In addition, CNN was used to
estimate the intensity of tropical cyclone (TC) based on satellite images [12]. The results
reveal high-quality estimations on TC intensity as the operational forecasts. The AI is also
applied to the study of air pollution using the support vector machine (SVM) method [14].
Furthermore, the SVM method was also used to identify synoptic weather types [15]. Their
results showed that the SVM method outperformed methods based on the traditional
objective diagnosis. The equitable threat Score (ETS) in their study can reach 0.33 in frontal
system identification, which is higher than the ETS that using the method based on thermal
front parameters [16].

For the simulation of Meiyu rainfall, some problems have been solved in recent decades.
The overall amount and general spatial distribution of Meiyu rainfall over Taiwan can be
well performed by the WRF Model [17]. Moreover, the phase-locked topographic extreme
Meiyu rainfall can also be captured to a reasonable extent by a high-resolution cloud-resolving
model, the cloud-resolving storm simulator (CReSS). Even so, poor forecast performance
is still found in migratory events [18]. Although the dynamical model can capture the
characteristics of extreme events, a finer resolution is required (the horizontal resolution of a
cloud-resolving model is usually less than 5 km) to enhance the forecast performance. The
higher the resolution of the model, the heavier the loading of computational cost. The AI
techniques provide another way to look at this problem. The focus of the study is to propose
an optimal strategy in predicting the regional extreme rainfall events using AI techniques.
Therefore, the SVM-based schemes for daily rainfall will be developed over the region of
southern Taiwan during the Meiyu season. The performance and associated skill scores
for these schemes are evaluated through a series of experiments. The remaining parts of
the article are as follows. Section 2 describes the data, the SVM method, and the design of
the experiments. Section 3 demonstrates the analysis results and the performance of these
schemes. The conclusion and discussion are given in Section 4.

2. Data and Methodology
2.1. Predictand and Predictors

The station’s daily rainfall data from Central Weather Bureau Taiwan are used as
the predictand over the region of southern Taiwan to conduct the SVM-based prediction
schemes (Figure 1). The 32-year (1988–2020) daily rainfall data for May and June in
southwestern Taiwan is ranked. Generally, an extreme weather event can be defined as
a case that is as rare as or rarer than the 10th or 90th percentile of a probability density
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function estimated from observations [19]. Following the definition, the 90th percentile
of daily rainfall is 35 mm (including zero events) and is taken as the threshold to define
extreme rainfall events. The occurrence frequency of daily rainfall over 35 mm for all
stations for 32 years is calculated. Moreover, if the frequency of extreme rainfall occurrence
for a given station is lower than 10%, then most of the event log may be labeled to 0.
The constructed model may perform skillfully by only predicting no extreme rainfall
event for most of the time. To construct a well-trained model, stations for which the
frequency of extreme rainfall occurrence is greater than 10% are selected. The stations
for that the extreme rainfall occurrence frequency is greater than 10% are mostly located
in the mountain region in southern Taiwan (Figure 1). The extreme rainfall events are
then labeled in daily records if any of these stations’ daily rainfall is greater than 35 mm.
On the other hand, predictors are adopted from the Climate Forecast System reanalysis
(CFSR) [20]. The CFSR data provides high-resolution temporal (6-hourly) and spatial
(0.5◦ × 0.5◦) information of weather systems to the corresponded period for the station’s
daily rainfall data.
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Figure 1. Locations of the CWB stations in southern Taiwan that used as the predictand to conduct
the SVM-based prediction schemes. The stations are chosen according to the occurrence frequency
that is greater than 10% for the daily rainfall over 35 mm for 32 years.

2.2. The SVM-Based Prediction Scheme

The SVM is one of the best algorithms for the classification of real-world data [21].
SVM has the potential to classify data clearly in high-dimensional space. For the extreme
event prediction, the SVM classifier is applied to build the connection between the daily
rainfall and the CFSR variables with a shift of time. Figure 2 demonstrates the process
of the prediction scheme. First, the CFSR data is used as the predictors to construct the
scheme. For the purpose of dimension reduction, the randomized principal component
analysis (PCA) is applied to the CFSR variables [22,23]. PCA has been widely used in the
environmental science field for feature extraction from a big dataset. Mathematically, the
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kth principal feature (i.e., mode) of a given time series of variable X with m × n points can
be expressed in the following equation.

Pk(t) =
m

∑
i=1

n

∑
j=1

Ei,j,kXi,j(t), (1)
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Here, the Pk and Ek are the principal components (PC) and the eigenvector in the kth
mode, respectively. In general, the modes would be ranked in descending order according
to the portion of explained variances for the time series. The eigenvector E represents
the spatial projection of the correspondence PC. The strength of this spatial pattern at a
given time t is controlled by the magnitude of P(t). By retaining the leading modes, the
dimension of the variable X could be reduced. In this study, a selected number of PCs for
CFSR variables will be substituted into the scheme as predictors.

Secondly, the labeled rainfall data (predictand) and those selected predictors will then
be included to construct the prediction scheme using the SVM algorithm. When training
the scheme, the polynomial kernel is used in this study as the kernel function of SVM to
produce a hyperplane that can clearly separate groups of heavy rainfall and non-heavy
rainfall events [24]. Meanwhile, the method of 10-fold cross-validation [25] with the same
random seed is applied to all the constructed schemes for evaluation. The ratio between the
amount for training data and the testing data is 9:1 at each time when the cross-validation
is made. After the cross-validation is repeated 10 times, the total size of the testing data
is equal to the total events. The testing data set will be used to evaluate the performance
of the SVM-based prediction scheme in this study. Finally, a binary label for the extreme
rainfall event will be given when the scheme is applied to a set of CFSR data that are
excluded from the training period.

2.3. Experiments
2.3.1. Choice of Predictors

The determination of the choice of predictors and analysis domain play important
roles in a successful prediction scheme. First, most of the variables in CFSR are considered
as the predictors in our experiments, named group1. On the other hand, the selected
variables that may cause extreme rainfall in southern Taiwan will be considered in the
experiment of group2. The principles of selecting variables are based on a large number of
studies about the Meiyu system and torrential rainfall in Taiwan during the Meiyu season.
These Meiyu studies could be categorized into five topics: (1) the structure of front, (2) the
frontal genesis, (3) the evolution of front, (4) the low-level Jet (LLJ), and (5) the interaction
between the Meiyu system and topography [2]. The environment that favors the torrential
Meiyu rainfall happening in southwestern Taiwan is characterized by the development
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of meso-scale convective systems over the Southern Taiwan Strait within the warm and
moist southwesterly monsoon flow. Meanwhile, the interaction between LLJs and Taiwan
topography may enhance the heavy rainfall in the windward slopes of southwestern
Taiwan. During the process of heavy rainfall development caused by the Meiyu system,
the latent heat release plays an important role in maintaining the convective system and
the propagation of the Meiyu regime [26]. Following the concepts of the aforementioned
studies, we facilitate the choice of variables and focus on the low-level standard isobaric
surface, such as 700 hPa, 850 hPa, 925 hPa, and 1000 hPa. For higher levels, we choose the
200 hPa and 400 hPa wind fields associated with upper-level jet and divergence fields. The
associated predictors are chosen as group2 and are listed in Table 1.

Table 1. List of variables at selected levels that were used as predictors in group1 and group2 experiments.

Variables Group1 Group2

Mean sea level pressure (MSLP) Surface Surface
Height (H) 100–950 hPa, interval 50 hPa 700 hPa, 850 hPa

Temperature (T) 100–1000 hPa, interval 50 hPa 700 hPa, 850 hPa, 925 hPa, 1000 hPa
Relative humidity (RH) 100–1000 hPa, interval 50 hPa 700 hPa, 850 hPa, 925 hPa, 1000 hPa

Zonal wind (U) 100–1000 hPa, interval 50 hPa 200 hPa, 400 hPa, 700 hPa, 850 hPa, 1000 hPa
Meridional wind (V) 100–1000 hPa, interval 50 hPa 200 hPa, 400 hPa, 700 hPa, 850 hPa, 1000 hPa
Vertical velocity (W) 100–1000 hPa, interval 50 hPa

2.3.2. Domain Selection

In addition to the choice of predictors, we also investigate the method of domain selection.
Generally, a selected domain should be large enough to describe the large-scale circulation
which is relevant to the predictand [27]. Furthermore, the choice of analysis domain can
also be defined by the boundary of zero correlation coefficient between predictors and the
predictand [28]. In the present study, the two methods above are applied to the experiments.
Domain-1 is the region from 90◦ E to 150◦ E and 10◦ S to 50◦ N, where the Meiyu-related
rain belt associated with the revolution of the EASM is found [29]. Domain-2 will be defined
according to the combination of the correlation coefficients among the main predictors and the
rainfall in southern Taiwan between May and June. This method corresponds to the chosen
predictors and will be further explained in Section 3. The performance of the schemes based
on domain-1 and domain-2 will be examined in Section 3.

Several experiments are designed to obtain an optimal strategy for the scheme con-
struction. Table 2 list the experiments and their descriptions. The scheme based on predic-
tors of group1 and domain1 is defined as EXP-G1D1. The scheme constructed by domain1
using the variables of group2 as predictors (hereafter EXP-G2D1) will then be compared
with EXP-G1D1. The scheme with higher skill between EXP-G1D1 and EXP-G2D1 will
then be selected for further investigation on domain determination. EXP-G2D2 is chosen as
the base experiment to test different forecast lead times further, named EXP-G2D2-L2, etc.

Table 2. List of experiments.

Experiments Variable Type Domain Type Lead Time

EXP-G1D1 Group1 Domain-1 16 h
EXP-G2D1 Group2 Domain-1 16 h
EXP-G2D2 Group2 Domain-2 16 h

EXP-G2D2-L2 Group2 Domain-2 28 h
EXP-G2D2-L3 Group2 Domain-2 40 h
EXP-G2D2-L4 Group2 Domain-2 52 h
EXP-G2D2-L5 Group2 Domain-2 64 h
EXP-G2D2-L6 Group2 Domain-2 76 h
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2.4. Evaluation Methods

The binary labels of extreme rainfall events can be determined by both the SVM
prediction scheme and the corresponding observation pairs. The contingency table (Table 3)
can be made to evaluate the performance of these experiments. The four elements in the
contingency table, true positive, false positive, false negative, and true negative are denoted
as A, B, C, and D, respectively.

Table 3. Contingency table for identifying the extreme rainfall events. Elements A, B, C, and
D indicate true positive, false positive, false negative, and true negative, respectively.

Observation

True False

Predict
True A (true positive) B (false positive)
False C (false negative) D (true negative)

Scores such as accuracy (ACC), positive predictive values (PPV), probability of detec-
tion (POD), and F1-score [30] can be calculated based on these four elements. These scores
are generally used to compare the ability of constructed schemes in identifying extreme
rainfall events. The formulas of these scores are explained as follows:

• ACC depicts the level of agreement between the result of identification and observa-
tion. The lower accuracy would be 0, and the higher accuracy would be 1.

ACC = (A + D)/(A + B + C + D), (2)

• PPV demonstrates the ability of schemes in identifying cases of a true positive. The
formula can be written as:

PPV = A/(A + B), (3)

• POD is also known as the true positive rate. It measures the portion of hits that are
correctly identified:

POD = A/(A + C), (4)

• F1-score is a common measurement for anomaly detection. A higher weighting is
given in the F1-score for true positive cases. The mathematic form of F1-score can be
expressed as:

F1 = 2A/(2A + B + C), (5)

3. Results

A preliminary examination is made based on EXP-G1D1 and EXP-G2D1 to decide the
number of PCs used as predictors in the scheme. The PCs are first ranked in descending
order according to the percentage of total explained variances. Figure 3 demonstrates the
forecast scores of EXP-G1D1 and EXP-G2D1 for the leading 5 to the leading 100 PCs. The
F1-score for EXP-G1D1 increases gradually from K5 to K45 and slightly decreases after
K45. The forecast performs better when the scheme uses the leading 45 modes of PCs (K45).
EXP-G2D1 also shows similar results. The highest score of PPV occurs at K70. However,
the POD shows a decrease from K60 to K70 (figure not shown). This result implies that the
model has too many missing events. In general, a well-trained model is able to increase
the ratio of hits and reduce both the missing and the false alarms at the same time. When
compared with PPV and POD, F1-score includes all three situations and is considered to
be a more comprehensive score to evaluate the model performance. Therefore, we use
the leading 45 modes of PCs for CFSR variables according to the F1-score and applied
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them to be the predictors for constructing our scheme in all experiments. In addition, the
F1-score analysis indicates that the performance of EXP-G2D1 is, in general, better than
that of EXP-G1D1 from K5 to K100. The only difference between EXP-G1D1 and EXP-G2D1
is the choice of predictors. In other words, using the selected predictors associated with
Meiyu rainfall in southern Taiwan in the scheme can improve the forecast performance.
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Domain selection may be another factor to influence the performance of schemes. The
correlation maps between the predictors and the predictand could be one of the guidance
to determine the domain for the constructed scheme [28]. Figure 4 shows the correlation
maps among the main variables and Meiyu rainfall in southern Taiwan. These maps are
characterized by a positive or negative center around Taiwan for most of the variables. The
primary signal is more intensive in the vicinity of Taiwan, which implies that a smaller
area can be defined as Domain-2. A contribution index (CI) obtained from the combination
of the correlation maps proposed in Figure 4 is made to include the contribution of all the
variables (Figure 5). The CI can be defined in each grid point as:

CI =
21

∑
n=1

Vn|Rn|, (6)

Here n is the numbers of used variables, and Vn is the percentage of total explained
variances of the leading 45 PCs for each variable. |Rn| is the absolute value of the corre-
lation coefficient in Figure 4. The results indicate that a maximum center is discernible
in the vicinity of Taiwan. Therefore, Domain 2 is defined as the region of 10◦ N–35◦ N,
105◦ E–135◦ E.

Forecast scores are compared between EXP-G2D1 and EXP-G2D2 to understand the
performance of schemes based on different domains. Figure 6 depicts the performance
of EXP-G2D1 and EXP-G2D2. As shown in Figure 6, the four kinds of forecast scores,
F1-score, POD, PPV, and ACC for both EXP-G2D1 and EXP-G2D2, are all higher than
0.6. The ACC and PPV for EXP-G2D2 are higher than 0.7. Furthermore, all the forecast
scores in EXP-G2D2 are higher than those in EXP-G2D1. Figure 7 gives the difference ratio
of ACC, PPV, POD, and F1-score for EXP-G2D1 and EXP-G2D2 relative to the result of
EXP-G1D1, respectively. The difference is statistically significant under the Student’s t-test
at a 95% significance level. The two-tailed p-value is 0.0378 for EXP-G2D1 and 0.0014 for
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EXP-G2D2. Based on the result, EXP-G2D1 and EXP-G2D2 have better performance than
that in EXP-G1D1, especially the PPV in EXP-G2D2. PPV improves nearly 5% relative to
EXP-G1D1 and is about 4.5% higher than that of EXP-G2D1. The F1-score of EXP-G2D2
is nearly 3.5% higher than that of EXP-G2D1. The result reveals that higher forecast
performance can be found when the scheme is constructed by Domain2.
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The inter-annual variability of the F1-score in EXP-G2D2 is shown in Figure 8, which
examines the SVM-based prediction scheme’s ability to capture the extreme rainfall signals
in the Meiyu season from 1990 to 2019. The result of a testing year can be obtained by
excluding the data of the testing year and then training the SVM scheme by the data from
the other 29 years [31]. This process is carried out for one year at a time. The SVM module
will be re-trained when changing the target testing year. After repeating the process for
30 different testing years, the 30-year’s evaluation score would be obtained. Figure 8
indicates that the maximum of the F1-score is about 0.8 in 1994 and 0.25 for the minimum
in 1992. The average of the F1-score is 0.6. A composite map for low-level moisture
and circulation difference is made between the top 5 and the last 5 years of the F1-score
(Figure 9). Shadings in Figure 9 represent the composite difference of low-level water
vapor flux (integrated water vapor flux from 1000 hPa to 850 hPa), and vectors represent
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the difference of 850 hPa winds (less than 1 m s−1 are not shown). The composite map
indicates that the low-level water vapor flux in the region of 15◦ N–20◦ N, 115◦ E–120◦

E is higher for top-5 years. In contrast, the low-level water vapor flux is found lower in
the region of the Philippian Sea to the southern South China Sea, accompanied by the
weaker southwesterly winds. Based on the result, a higher forecast performance would be
expected when stronger southwesterly and abundant moisture are observed in the region
of 15◦ N–20◦ N, 115◦ E–120◦ E for a given year.
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Figure 10 shows the performance of the forecast schemes for different lead times.
These schemes are constructed based on EXP-G2D2, except for predicting in different lead
times (Table 2). The PPV and ACC are over 0.6 for all the lead times. The POD and F1-score
reveal a decaying along with the increase in the lead time. For the F1-score, most of the
schemes are more than 0.5 concerning different lead times, except for the lead time of 76 h.
In general, the settings of EXP-G2D2 are capable of performing good forecast scores 64 h
earlier to the extreme Meiyu rainfall event in southern Taiwan.
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4. Discussion and Conclusions

This study investigates the strategy to construct an optimal SVM-based scheme for
predicting the extreme Meiyu rainfall events in southern Taiwan. The choice of predictors
and the selection of domain play crucial roles in scheme construction. Different strategies
concerning the combination of predictors and domains are implemented to design several
experiments for different schemes. The ACC, PPV, POD, and F1-score can exceed 0.6 on
average. The strategy of EXP-G2D2 performs best among all experiments. The results
indicate that the strategy of EXP-G2D2 can improve the forecast performance of the SVM
prediction scheme. In other words, choosing the predictors associated with the Meiyu
system and determine the domain associated with the correlation coefficients of selected
predictors and predictand can benefit the construction of the prediction scheme. The
performance of WRF rainfall forecasting during the Meiyu season in Taiwan has been
reported in recent years [17,18]. For example, the threat score (TS) for the 24 h forecasts is
about 0.23 at the 50 mm threshold and 0.3 at the 25 mm threshold from 2012–2014 Meiyu
seasons [18]. Although the case, the rainfall threshold, and the leading time are different,
it is still interesting to show our TS evaluation for reference. As a result, the TS of the
SVM-based prediction scheme in this study reaches 0.4 for the 28 h forecast at 35 mm
threshold over southern Taiwan.

The SVM-based scheme’s ability to capture the inter-annual variability of extreme
Meiyu rainfall events is also investigated. According to the results, higher forecast per-
formance will be expected for the scheme when stronger southwesterly as well as abun-
dant low-level moisture is found over the region to the north of the South China Sea
(15◦ N–20◦ N, 115◦ E–120◦ E) for a given year. In addition, the predictability of the scheme
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based on EXP-G2D2 is further examined. The scheme shows a stable capability to predict
the extreme Meiyu rainfall events in southern Taiwan for lead times from 16 h to 64 h.

This study proposes a strategy to optimize the implementation of an SVM-based
scheme for predicting the extreme Meiyu rainfall events in southern Taiwan. Some critical
issues such as the choice of predictors and the determination of domain are discussed in
the article. A stable scheme could be obtained when following this strategy, while some
uncertainty on the inter-annual variability still exists. The result reveals the high potential
of AI in extreme rainfall prediction. However, the prediction of rainfall amount is not
addressed yet. Further investigation is required for the application of AI techniques to
meteor-hydrological disciplines.
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