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Abstract: Recently, Asia has experienced significant damage from extreme precipitation events caused
by climate change. Improving the accuracy of quantitative precipitation forecasts over wide regions
is essential to mitigate the damage caused by precipitation-related natural disasters. This study
compared the predictive performances of a global model trained on the entire dataset and a clustered
model that clustered precipitation types. The precipitation prediction model was constructed by
combining convolutional long short-term memory with a U-Net structure. Research data consisted
of precipitation events recorded at 10 min intervals from 2017 to 2021, utilizing radar data covering
the entire Korean Peninsula. The model was trained on radar precipitation data from 30 min before
the current time (t − 30 min, t − 20 min, t − 10 min, and t − 0 min) to predict the precipitation after
10 min (t + 10 min). The prediction performance was assessed using the root mean squared error and
mean absolute error for continuous precipitation data and precision, recall, F1 score, and accuracy for
the presence or absence of precipitation. The research findings indicate that, with sufficient training
data for each precipitation type, models trained on clustered precipitation types outperform those
trained on the entire dataset, particularly for predicting high-intensity precipitation events.

Keywords: convolutional long short-term memory with U-Net structure; clustered precipitation
types; high-intensity precipitation; quantitative precipitation forecast

1. Introduction

Recently, significant damage has occurred in Asia owing to extreme precipitation
caused by climate change. On the Korean Peninsula, extreme precipitation manifests
as localized heavy precipitation and flash floods, with high uncertainty in precipitation
prediction. The increasing frequency of high-uncertainty precipitation events exacerbates
challenges in water resource management and disaster prevention. To mitigate damage
from precipitation-related natural disasters, such as flooding and dam overflow, there is a
need to enhance the accuracy of quantitative precipitation forecasting (QPF) for extensive
regions. In addition to surface precipitation observations, the use of precipitation radar
data in QPF research has been increasing [1–3]. In addition, a high temporal resolution
(short lead time) is essential for a rapid response to natural disasters. Short lead-time
precipitation predictions are suitable as part of early warning systems. Recent estimations
using machine learning have demonstrated superiority over traditional extrapolation
methods in short lead times (1–10 min) [4,5]. Ayzel et al. predicted precipitation 5 min
later using RainNet for nowcasting [2]. The machine learning approach of RainNet has
outperformed Rainymotion (as a representative of standard tracking and extrapolation
techniques based on optical flow).
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Moreover, various studies have applied machine learning methods to enhance the accuracy
of QPF models, proving excellent predictive performance in precipitation estimation [6–11].
Among the machine learning models, long short-term memory (LSTM) is widely used for
predicting precipitation by capturing temporal patterns. Barrera-Animas et al. compared
LSTM, XGBoost, and support vector regression for hourly precipitation prediction and
found that LSTM exhibited the best performance [12]. Li et al. confirmed the excellent
performance of precipitation runoff modeling using LSTM [13]. Poornima and Pushpalatha
proposed a recurrent neural network (RNN)-based LSTM for precipitation prediction,
demonstrating improved predictive performance compared to RNN and LSTM [14]. In
addition, research is underway using a convolutional LSTM (ConvLSTM) to simulate
spatial features within the LSTM. Yadav and Ganguly applied ConvLSTM to spatially
distributed QPF (SD-QPF), which outperformed both the persistence and state-of-the-art
methods using optical flow [15]. Shin et al. demonstrated the superior performance of
machine learning in the QPF by applying radar data to convolutional long short-term
memory with a U-Net structure (ConvLSTM2D U-Net) [16]. However, most precipitation
prediction data pertain to low-intensity precipitation, leading to a slightly lower accuracy in
predicting high-intensity precipitation. Given the importance of accurately predicting high-
intensity precipitation in precipitation forecasting, it is necessary to classify precipitation to
enhance predictive performance.

Precipitation occurs in various forms, each with distinct characteristics. Various
clustering techniques have been employed to differentiate the precipitation patterns in
radar data analyses [17–20]. Jo et al. applied self-organizing maps (SOMs) clustering as the
first step to cluster the regional characteristics of precipitation, creating 100 SOMs clustered
with a grid size of 10 × 10, followed by k-means clustering as the second step [21]. Owing
to an excessive number of clusters generated by SOMs, we performed a secondary k-means
clustering. In this study, we also conducted two rounds of clustering to ensure an adequate
supply of training data. Zhang et al. divided precipitation into four types using k-means
clustering and performed predictive modeling for eight major meteorological factors using
LSTM [22]. The clustering of precipitation types and the construction of training models
for each type are expected to improve the predictive performance. Predicting precipitation
using training models tailored to specific precipitation types is anticipated to enhance
overall accuracy.

In this study, we compared the predictive performance of a global model trained on an
entire dataset with that of a clustered model that clustered precipitation types. Precipitation
type clustering was conducted using two methods: first, by employing SOMs and k-means
clustering to cluster precipitation into various types based on characteristics; second, by
clustering precipitation into low- and high-intensity categories according to specific criteria.
Furthermore, we compared the predictive performances based on data transformation.
A precipitation prediction model was constructed by combining ConvLSTM2D U-Net.
Research data consisted of precipitation events occurring at 10 min intervals from 2017
to 2021. Radar data covering the entire Korean Peninsula were used, and the model
was trained on radar precipitation data from 30 min before the current time (t − 30 min,
t − 20 min, t − 10 min, and t − 0 min) to predict the precipitation after 10 min (t + 10 min).
The predictive performance was evaluated using the root mean squared error (RMSE) and
mean absolute error (MAE) for continuous precipitation data and precision, recall, F1 score,
and accuracy for classification of precipitation.

This paper is organized as follows. Section 2 describes the research methodology,
including the clustering methods, convolutional neural network (CNN), ConvLSTM2D
U-net, and evaluation metrics. Section 3 details the radar precipitation data used in
this study. Chapter 4 shows the model learning process, and Chapter 5 compares the
predictive performance of each comparative model. Chapter 6 discusses the limitations in
the model learning process, and Chapter 7 summarizes the research findings and provides
the conclusions.
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2. Materials and Methods
2.1. Study Procedure

This study was conducted as shown in Figure 1. Data were divided into 80% for
training and 20% for testing. The precipitation prediction model employs a ConvLSTM2D
U-Net. Input data consisted of radar precipitation and cloud motion data from t − 30 min,
t − 20 min, t − 10 min, and t − 0 min at 10 min intervals. These data were used to train
the ConvLSTM2D U-net to predict the precipitation for the next 10 min (t + 10 min). Each
model generated 10 outputs through 10-fold cross-validation and then ensembled the
results to derive the precipitation prediction.
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Figure 1. The study flowchart.

This study compared two approaches when training the ConvLSTM2D U-Net: a
global model trained on all available training data and a clustered model trained on
specific precipitation types clustered from training data. The precipitation type clustering
was performed using two methods. First, SOM and k-means were employed to cluster
precipitation types. SOM was applied as the first step for clustering training data, and
clustering results were further subjected to second-step k-means clustering. Clustering
results were also trained on a CNN to cluster precipitation types when new data were
introduced. Second, precipitation was categorized as high or low intensity based on a
threshold of 5 mm. The Korea Meteorological Administration issued heavy precipitation
warnings if the accumulated precipitation exceeded 90 mm over 3 h. When converted into a
10 min interval, this threshold becomes 5 mm. Precipitation exceeding 5 mm was clustered
as high intensity; otherwise, it was clustered as low intensity. The same 5 mm threshold
was applied to cluster precipitation types for new data.

This study compared ten models by introducing changes in activation functions, data
transformation, and clustering methods. The comparison models are presented in Table 1.
G-M1 was trained using the ConvLSTM2D U-Net with rectified linear unit (ReLU) acti-
vation function, utilizing all raw data. C-M1 and C-M2 also use raw data but undergo
clustering using SOM and k-means. In this case, C-M1 has 3 clusters, whereas C-M2 has
4 clusters. The activation function for both is ReLU. If min–max scaling is applied to all
raw data in G-M1 for normalization, it becomes G-M2. C-M3 involves training the Con-
vLSTM2D U-Net on raw data clustered into three groups and normalized using min–max
scaling. G-M3 and G-M4 involve log-transforming all raw data, and during training with
ConvLSTM2D U-Net, they are divided based on the activation function, with G-M3 using
exponential linear unit (ELU) and G-M4 using parametric ReLU (PReLU). Similarly, C-M4
and C-M5 cluster raw data into three groups and undergo log transformation, distinguish-
ing between ELU and PreLU activation functions. C-M6 clusters data based on low- and
high-intensity precipitation using the 5 mm and 10 min criteria.
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Table 1. The study model.

Global
Model

Design of ConvLSTM2D U-Net
Clustered

Model

Clustering of Precipitation
Pattern

Precipitation Radar
Data (10 min)

Activation
Function SOM K-Means

(Number of k)

G-M1 Raw data

ReLU

C-M1

10 × 10

3

C-M2 4

G-M2
Normalization

between 0 and 1 by
min–max scaling

C-M3
3

G-M3 Log transformation of
raw data

ELU C-M4

G-M4 PreLU C-M5

G-M1 Raw data ReLU C-M6 Whether high-intensity
precipitation (5 mm and 10 min)

2.2. Self-Organizing Map (SOM)

SOM, a type of artificial neural network, is a clustering technique that groups similar
data with spatial characteristics, performing both dimensionality reduction and clustering.
SOM is a neural network algorithm that can compress complex relationships between
high-dimensional data into a two-dimensional array by comparing the Euclidean distances
between input data [23,24]. To set the grid size, Tian et al. used M ≈ 5

√
N [25]. However,

when there is a large amount of research data, setting too large of a grid size can lead to
long computation times, which is a drawback. In this study, as it is important to have high
clustering accuracy for prediction based on precipitation type, the grid size was selected
using the representative F1 score metric (Figure 2). In this research, the grid size of SOM
was set to 10 × 10 (Figure 3).
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Radar imagery provides information on cloud movement, and simulating the forma-
tion and dissipation of precipitation is challenging. To address this, additional input data
were generated to incorporate the occurrence of heavy precipitation and account for cloud
formation and dissipation. Changes were calculated between the cumulative values at
t − 30 min, t − 20 min, t − 10 min, and t − 0 min to capture the generation and dissipation
of precipitation and its movement. Additionally, several non-zero grids were generated
to assess the spatial extent of the precipitation. Furthermore, several grids with values
exceeding 5 mm were generated to gauge precipitation intensity. This study employed the
“kohonen”a package in R, and specifically the “supersom” function [26].
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2.3. K-Means Clustering

K-means clustering is the most commonly used method for clustering. It provides
more accurate clustering results than SOMs [27]. Determining the number of clusters is
essential for k-means clustering. The elbow method is one of the most prominent methods
for determining the number of clusters. This method typically involves examining the
within-cluster sum-of-squares (WSSs) based on the number of clusters to determine the
appropriate number (Figure 4). In this study, the “kmeans” function in the “stats” package
in R was utilized [27], and comparisons were made with three and four cluster numbers.
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2.4. Convolutional Neural Network (CNN)

A CNN effectively recognizes features while preserving spatial information in images.
It demonstrates a high performance in image clustering by extracting and clustering the
features of an image [28]. The convolutional layer is the most crucial. The convolution in a
two-dimensional plane of an image can be represented by the following equation:

(f ∗ g)(i, j) = ∑h−1
x=0 ∑w−1

y=0 f(x, y)g(i− x, j− y),

where h represents height, w represents width, f is the input, g signifies the kernel, and
( f ∗ g) results in the output.

It is essential to first cluster the precipitation types to predict precipitation using a
cluster model when new data are input. Therefore, the results of SOM and k-means cluster-
ing were trained on the CNN to appropriately cluster new radar images of precipitation.
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The CNN architecture consisted of two layers with (5, 5) kernels, followed by (2, 2) max
pooling, and it utilized the Swish activation function. Finally, softmax activation is applied
to the dense layer (Figure 5).
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2.5. ConvLSTM2D U-Net

LSTM, an RNN, learns long-term dependencies by utilizing sequential information
from the past. ConvLSTM, a model that applies CNN within LSTM, addresses the previous
limitation of not being able to reflect spatial features effectively [29]. It simultaneously
learns temporal and spatial characteristics through convolution operations instead of
traditional matrix multiplications. The ConvLSTM designed by Shi et al. is defined as
follows: it is designed with all the inputs X1, · · · , Xt, cell outputs C1, · · · , Ct, and hidden
states H1, · · · , Ht [29]. The gates it, ft, ot are 3D tensors, where the last two dimensions
are spatial.

it = σ(Wxi ∗ Xt + Whi ∗ Ht−1 + Wci
◦ Ct−1 + bi),

ft = σ
(
Wxf ∗ Xt + Whf ∗ Ht−1 + Wcf

◦ Ct−1 + bf
)
,

Ct = Ft
◦ Ct−1 + it

◦ tanh(Wxc ∗ Xt + Whc ∗ Ht−1 + bc),

ot = σ(Wxo ∗ Xt + Who ∗ Ht−1 + Wco
◦ Ct + bo),

Ht = ot
◦ tanh(Ct),

where ∗ denotes the convolution operator and ◦ denotes the Hadamard product.
This study constructed a model to predict precipitation by incorporating a Conv-LSTM

layer based on the U-Net architecture [16]. Here, the U-Net consists of a contracting path
network to obtain the overall feature information of the image and an expanding path
network for precise localization, forming a U-shaped symmetric structure. The Conv-LSTM
model configuration includes using Conv2DTranspose layers with trained filters to increase
the resolution through convolution operations. In addition, SpatialDropout2D was used
to exclude all 2D feature maps. Specifically, a linear bottleneck structure is used to reduce
the number of parameters. The bottleneck structure involves dimension reduction with a
1 × 1 convolution, followed by dimension expansion with a 3 × 3 convolution, and then
using another 1 × 1 convolution to deepen the dimension, thereby effectively reducing
the computational load. In this study, the input shape of the ConvLSTM2D U-Net models
proposed by [16] was modified to (128, 112, 4) (Figure 6).
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2.6. Performance Metrics

The radar precipitation data were continuous. RMSE and MAE were used to evaluate
the predictive performance of continuous data. Here, yi represents the observed value
and ŷi represents the predicted value. Additionally, to assess the presence or absence of
precipitation, values below 0.01 were classified as “no precipitation,” and values equal to
or above were classified as “precipitation”. In reality, “no precipitation” accounts for 11.3%,
whereas precipitation accounts for 88.7%. The precision, recall, F1 score, and accuracy were
used to evaluate the classification performance in the presence of precipitation.

RMSE =

√
1
n∑n

i=1(yi − ŷi)
2, MAE =

1
n∑n

i=1|yi − ŷi|,

Precision =
TruePositive

TruePositive + FalsePositive
,

Recall =
TruePositive

TruePositive + FalseNegative
,

F1 = 2× Precision×Recall
Precision + Recall

,

Accuracy =
TruePositive + TrueNegative

All
.

3. Data

In this study, radar precipitation data were utilized and synthesized from two-dimensional
gridded precipitation data obtained from the S-band radar network operated by the Min-
istry of Environment. The Ministry of Environment oversees the operation of several radar
installations, including Biseulsan mountain, Sobaeksan mountain, Mohusan mountain,
Seodaesan mountain, Garisan mountain, Yebongsan mountain, and Gamaksan mountain
(GAS) radars. These radars play a crucial role in monitoring precipitation within a 125 km
observation radius. Nationally synthesized gridded radar precipitation data were utilized,
combining data from six radars, excluding the GAS radar, which does not have the same
operating period. The data period spanned from 2017 to 2021, focusing on events with
recorded precipitation. To enhance the accuracy of precipitation predictions, a conditional
merging technique that considers altitude effects was applied [30]. This process involved
incorporating data from 604 ground rain-gauge stations. The complexity and volume of raw
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radar precipitation data were considered to facilitate the utilization of radar precipitation
data in training; this was transformed into a multidimensional array data structure using
the NumPy library. The temporal resolution of the data is 10 min intervals, and the spatial
resolution was based on a 1 km grid, resulting in a 625 × 525 grid array. For analysis
purposes, the spatial resolution of the data was further transformed into a 125 × 105 grid,
summed at a 5 km grid interval. Research data comprised 22,161 samples, with 17,729 (80%)
used as training data and 4432 (20%) as test data. Each NumPy array stored five radar
precipitation data images for each training sample relative to the time points t − 30 min,
t − 20 min, t − 10 min, t − 0 min, and t + 10 min (Figure 7).
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4. Model Training

We achieved a global model by training ConvLSTM2D U-Net with all training data.
Additionally, we categorized training data by precipitation type and trained the ConvL-
STM2D U-Net to create clustered models. The MAE was used as the loss function during
training, and the loss function was optimized for each model. Consequently, it was ob-
served that G-M3 and C-M4 had a large MAE value, and the loss function did not converge.
G-M2, G-M4, C-M3, and C-M5 showed rapid convergence but high MAE values. G-M1,
C-M1, C-M2, and C-M6 demonstrated well-optimized loss functions.

The clustered models consisted of prediction models trained using ConvLSTM2D
U-Net for each precipitation type. Therefore, it is necessary to first cluster the precipitation
type to predict precipitation when new data are input. To cluster new data, we utilized
the clustering results of the training data to train the CNN. Categorical cross-entropy
was employed as the loss function for the CNN, and accuracy was used as a metric.
Optimization of the loss function for CNN training was successful for all models.

C-M1, C-M2, C-M3, C-M4, and C-M5 predicted the precipitation types of test data
using a CNN, whereas C-M6 clustered them based on the 5 mm criterion. The clustering
results for training and test data are listed in Table 2. When examining the cluster char-
acteristics of C-M1, C-M3, C-M4, and C-M5, clusters 1, 2, and 3 were characterized by
high-, moderate-, and by low-intensity precipitation, respectively. In C-M2, clusters 4, 1,
and 3 were associated with high-, moderate-, and low-intensity precipitation, respectively.
Cluster 3 in C-M2 also comprised low-intensity precipitation events, with precipitation
amounts of <0.1 mm. In C-M6, cluster 1 represents low-intensity precipitation of <5 mm,
whereas cluster 2 represents high-intensity precipitation of 5 mm or more.

For C-M1, C-M2, C-M3, C-M4, and C-M5, the clustering of precipitation types using
SOM and k-means clustering resulted in clusters with too few data points. These clusters
were presumed to have a limited impact on the training due to their small sizes. The high
clustering accuracy observed in the CNN cluster prediction for the test data indicates that
the precipitation types were well clustered.

G-M2 and C-M3 were trained with data that underwent min–max scaling using
ConvLSTM2D U-Net; this led to a significant issue, in which the model tended to predict
most data as 0. The actual values at t + 10 min indicate that non-zero grids account for
48.37% of the entire dataset. In contrast, the prediction results of G-M2 and C-M3 showed
only 0.02% non-zero grids. Therefore, G-M2 and C-M3 were excluded from the comparison.
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Table 2. The number of data by precipitation type.

Using SOM and k-Means Cluster

Cluster 1 Cluster 2 Cluster 3

C-M1,
C-M3,
C-M4,
C-M5

Train 1747 (9.9%) 4708 (26.6%) 11,274 (63.6%)

Test 458 (10.3%) 1176 (26.5%) 2798 (63.1%)

Precision: 0.986; Recall: 0.986; F1: 0.986; Accuracy: 0.986

Cluster 1 Cluster 2 Cluster 3 Cluster 4

C-M2

Train 2688 (15.2%) 4465 (25.2%) 9729 (54.9%) 847 (4.8%)

Test 674 (15.2%) 1123 (25.3%) 2409 (54.4%) 226 (5.1%)

Precision: 0.983; Recall: 0.983; F1: 0.983; Accuracy: 0.983

Using 5 mm criteria

Cluster 1 Cluster 2

C-M6
Train 10,576 (59.7%) 7153 (40.3%)

Test 2677 (60.4%) 1755 (39.6%)

In machine learning, data normalization is performed to improve the learning per-
formance. However, in G-M2 and C-M3, an issue arose wherein most of the data were
predicted to be 0. In G-M3 and C-M4, data were transformed by performing a log transfor-
mation to achieve a distribution similar to the normal distribution for training. Due to the
fact that a log transformation of zero resulted −∞, it was replaced with a small value of
1× 10−10 for training purposes. Additionally, the ELU was used as the activation function
due to negative values after log transformation. However, an issue emerged in G-M3 and
C-M4, where the minimum value was 0.368, indicating a non-zero minimum. The range of
ELU was (−α, ∞), and when α was estimated to be 1, it resulted in high values. To address
this issue in G-M3 and C-M4, the PReLU was used as the activation function in G-M4 and
C-M5. The PReLU range was (−∞, ∞), which allowed for sufficiently small predictions,
resulting in a minimum value of 0. G-M3 and C-M4, having non-zero high values as their
minimum, were excluded from the comparison.

ELU(x) =

{
x, x > 0

α(ex − 1), x ≤ 0
, PReLU(x) =

{
x, x ≥ 0

αx, x < 0
.

5. Results

The performance of each model in predicting precipitation levels is presented in
Table 3. For all types of precipitation, G-M1 demonstrated the best performance, with an
RMSE of 0.107 and an MAE of 0.020. C-M1 and C-M6 exhibited similar and commendable
performances, with RMSE values of 0.109 and 0.108.

Table 3. Results of RMSE and MAE.

All Precipitation Events High-Intensity Precipitation Events

RMSE MAE RMSE MAE

G-M1 0.107 0.020 1.339 1.137

G-M4 0.136 0.024 1.798 1.527

C-M1 0.109 0.021 1.352 1.150

C-M2 0.111 0.021 1.384 1.182

C-M5 0.193 0.029 2.701 2.173

C-M6 0.108 0.020 1.336 1.133
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Socioeconomic damage resulting from precipitation occurs mainly in heavy rather than
light precipitation cases. Therefore, predictive accuracy for heavy precipitation is crucial.
The criterion for heavy precipitation alerts by the Korea Meteorological Administration is
3 h accumulated precipitation of 90 mm or more, equivalent to 5 mm at 10 min intervals.
We assessed the predictive performance of the grid cells with actual values exceeding
5 mm for each test dataset. C-M6 demonstrated the best performance with an RMSE of
1.336 and an MAE of 1.133. G-M1, which exhibited the best predictive performance for
the entire precipitation dataset, had an RMSE of 1.339 for high-intensity precipitation,
which was similar to C-M6 but slightly inferior. In other words, C-M6, which clustered
precipitation types, demonstrated the most superior predictive performance for high-
intensity precipitation.

We examined the classification accuracy to determine the accuracy of predicting pre-
cipitation within grids and the presence or absence of precipitation for the precipitation
prediction results of each model. Numerical values within grids < 0.01 were classified as
“no precipitation,” whereas those≥0.01 were classified as “precipitation”. The classification
accuracy was assessed using precision, recall, F1-score, and accuracy. Results of classifi-
cation accuracy for precipitation using the model are shown in Table 4. Overall, a high
classification accuracy was observed. G-M1 exhibited the highest classification accuracy in
terms of F1 score and accuracy, whereas C-M6 exhibited the highest precision and accuracy.
The model with the highest recall is C-M5. G-M1 and C-M6 have demonstrated excellent
performance in classifying precipitation presence or absence.

Table 4. Metrics of the presence/absence of precipitation of various models.

Precision Recall F1 Accuracy

G-M1 0.907 0.872 0.888 0.983

G-M4 0.890 0.886 0.887 0.983

C-M1 0.910 0.862 0.884 0.982

C-M2 0.905 0.866 0.884 0.982

C-M5 0.865 0.897 0.880 0.981

C-M6 0.912 0.862 0.885 0.983

We examined the predictive performance of G-M1 and C-M6. We observed a linear
relationship in the scatter plots against actual values (Figure 8). In addition, we observed
a similar pattern in the predictions by visualizing the days with intense precipitation, as
shown in Figure 9.

Water 2024, 16, x FOR PEER REVIEW 10 of 13 
 

 

C-M2 0.111 0.021 1.384 1.182 
C-M5 0.193 0.029 2.701 2.173 
C-M6 0.108 0.020 1.336 1.133 

We examined the classification accuracy to determine the accuracy of predicting pre-
cipitation within grids and the presence or absence of precipitation for the precipitation 
prediction results of each model. Numerical values within grids < 0.01 were classified as 
“no precipitation,” whereas those ≥0.01 were classified as “precipitation.” The classifica-
tion accuracy was assessed using precision, recall, F1-score, and accuracy. Results of clas-
sification accuracy for precipitation using the model are shown in Table 4. Overall, a high 
classification accuracy was observed. G-M1 exhibited the highest classification accuracy 
in terms of F1 score and accuracy, whereas C-M6 exhibited the highest precision and ac-
curacy. The model with the highest recall is C-M5. G-M1 and C-M6 have demonstrated 
excellent performance in classifying precipitation presence or absence. 

Table 4. Metrics of the presence/absence of precipitation of various models. 

 Precision Recall F1 Accuracy 
G-M1 0.907 0.872 0.888 0.983 
G-M4 0.890 0.886 0.887 0.983 
C-M1 0.910 0.862 0.884 0.982 
C-M2 0.905 0.866 0.884 0.982 
C-M5 0.865 0.897 0.880 0.981 
C-M6 0.912 0.862 0.885 0.983 

We examined the predictive performance of G-M1 and C-M6. We observed a linear 
relationship in the scatter plots against actual values (Figure 8). In addition, we observed 
a similar pattern in the predictions by visualizing the days with intense precipitation, as 
shown in Figure 9. 

 
Figure 8. The scatterplot of prediction results for G-M1 and C-M6. 

   
29 August 2018 08:00 

Figure 8. The scatterplot of prediction results for G-M1 and C-M6.



Water 2024, 16, 97 11 of 13

Water 2024, 16, x FOR PEER REVIEW 10 of 13 
 

 

C-M2 0.111 0.021 1.384 1.182 
C-M5 0.193 0.029 2.701 2.173 
C-M6 0.108 0.020 1.336 1.133 

We examined the classification accuracy to determine the accuracy of predicting pre-
cipitation within grids and the presence or absence of precipitation for the precipitation 
prediction results of each model. Numerical values within grids < 0.01 were classified as 
“no precipitation,” whereas those ≥0.01 were classified as “precipitation.” The classifica-
tion accuracy was assessed using precision, recall, F1-score, and accuracy. Results of clas-
sification accuracy for precipitation using the model are shown in Table 4. Overall, a high 
classification accuracy was observed. G-M1 exhibited the highest classification accuracy 
in terms of F1 score and accuracy, whereas C-M6 exhibited the highest precision and ac-
curacy. The model with the highest recall is C-M5. G-M1 and C-M6 have demonstrated 
excellent performance in classifying precipitation presence or absence. 

Table 4. Metrics of the presence/absence of precipitation of various models. 

 Precision Recall F1 Accuracy 
G-M1 0.907 0.872 0.888 0.983 
G-M4 0.890 0.886 0.887 0.983 
C-M1 0.910 0.862 0.884 0.982 
C-M2 0.905 0.866 0.884 0.982 
C-M5 0.865 0.897 0.880 0.981 
C-M6 0.912 0.862 0.885 0.983 

We examined the predictive performance of G-M1 and C-M6. We observed a linear 
relationship in the scatter plots against actual values (Figure 8). In addition, we observed 
a similar pattern in the predictions by visualizing the days with intense precipitation, as 
shown in Figure 9. 

 
Figure 8. The scatterplot of prediction results for G-M1 and C-M6. 

   
29 August 2018 08:00 

Water 2024, 16, x FOR PEER REVIEW 11 of 13 
 

 

   
9 August 2020 09:00 

Actual Global Cluster 

Figure 9. The comparison of precipitation prediction results for t + 10 min. 

6. Discussion 
If precipitation types are clustered and learned, it is possible to predict precipitation 

appropriate for that type. However, because certain types of events are small, the amount 
of training is reduced, and predictions are affected. The main focus should be on danger-
ous high-intensity precipitation. Therefore, it is necessary to collect and learn from a vari-
ety of high-intensity precipitation events. Additionally, in this study, min–max scaling 
and log transformation were performed to normalize data. However, prediction perfor-
mance tended to decline. If data exhibit a zero-inflated distribution, normalization tends 
to reduce the difference with zero values, making zero more dominant. Consequently, this 
leads to the issue of predicting values close to zero. Further research on a learning method 
that can properly utilize the characteristics of precipitation data with many incidents of 
“no precipitation” is required. 

7. Conclusions 
It is essential to enhance the prediction accuracy of high-intensity precipitation 

events to prevent damage from extreme precipitation events. This study simulated the 
process of improving predictive performance for high-intensity precipitation by cluster-
ing precipitation types. ConvLSTM2D U-Net models were trained based on the clustered 
precipitation types and compared with a global model that did not cluster precipitation 
types. 

The global model (G-M1), trained on the entire precipitation dataset using Con-
vLSTM2D U-Net with ReLU activation function, exhibited excellent predictive perfor-
mance. However, models that clustered precipitation types using SOM and k-means clus-
tering showed inferior performance. When performing clustering of precipitation types 
using SOM and k-means clustering, each cluster contains a very small amount of data; 
this leads to a reduced number of training samples, impacting the training of Con-
vLSTM2D U-Net, resulting in a lower predictive performance. The C-M6 model, which 
clustered precipitation types based on a criterion of 5 mm precipitation demonstrated ex-
cellent performance similar to the global model (G-M1). This is attributed to a sufficient 
number of training data for each cluster, in contrast to SOM and k-means clustering. Fur-
thermore, it exhibited superior predictive performance for high-intensity precipitation 
compared to the global model (G-M1). Additionally, the classification accuracy for the 
presence or absence of precipitation also showed high accuracy. 

In summary, the ConvLSTM2D U-Net model trained on the entire dataset performed 
well in predicting precipitation. However, its performance in predicting high-intensity 
precipitation was slightly lower. In contrast, models trained on the clustered precipitation 
types showed improved predictive performance for high-intensity precipitation. There-
fore, there is a need to cluster precipitation types to enhance the performance of prediction 
of high-intensity precipitation. In the future, with the accumulation of more precipitation 
data, an increase in training data for each precipitation type is expected, leading to an 
even better predictive performance. 

Figure 9. The comparison of precipitation prediction results for t + 10 min.

6. Discussion

If precipitation types are clustered and learned, it is possible to predict precipitation
appropriate for that type. However, because certain types of events are small, the amount
of training is reduced, and predictions are affected. The main focus should be on dangerous
high-intensity precipitation. Therefore, it is necessary to collect and learn from a variety
of high-intensity precipitation events. Additionally, in this study, min–max scaling and
log transformation were performed to normalize data. However, prediction performance
tended to decline. If data exhibit a zero-inflated distribution, normalization tends to reduce
the difference with zero values, making zero more dominant. Consequently, this leads to
the issue of predicting values close to zero. Further research on a learning method that
can properly utilize the characteristics of precipitation data with many incidents of “no
precipitation” is required.

7. Conclusions

It is essential to enhance the prediction accuracy of high-intensity precipitation events
to prevent damage from extreme precipitation events. This study simulated the process of
improving predictive performance for high-intensity precipitation by clustering precipita-
tion types. ConvLSTM2D U-Net models were trained based on the clustered precipitation
types and compared with a global model that did not cluster precipitation types.

The global model (G-M1), trained on the entire precipitation dataset using ConvL-
STM2D U-Net with ReLU activation function, exhibited excellent predictive performance.
However, models that clustered precipitation types using SOM and k-means clustering
showed inferior performance. When performing clustering of precipitation types using
SOM and k-means clustering, each cluster contains a very small amount of data; this leads
to a reduced number of training samples, impacting the training of ConvLSTM2D U-Net,
resulting in a lower predictive performance. The C-M6 model, which clustered precipita-
tion types based on a criterion of 5 mm precipitation demonstrated excellent performance
similar to the global model (G-M1). This is attributed to a sufficient number of training
data for each cluster, in contrast to SOM and k-means clustering. Furthermore, it exhibited
superior predictive performance for high-intensity precipitation compared to the global
model (G-M1). Additionally, the classification accuracy for the presence or absence of
precipitation also showed high accuracy.
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In summary, the ConvLSTM2D U-Net model trained on the entire dataset performed
well in predicting precipitation. However, its performance in predicting high-intensity
precipitation was slightly lower. In contrast, models trained on the clustered precipitation
types showed improved predictive performance for high-intensity precipitation. Therefore,
there is a need to cluster precipitation types to enhance the performance of prediction of
high-intensity precipitation. In the future, with the accumulation of more precipitation
data, an increase in training data for each precipitation type is expected, leading to an even
better predictive performance.
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