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Abstract: Precipitation is a crucial component of the water cycle and plays a key role in hydrological
processes. Recently, satellite-based precipitation products (SPPs) have provided grid-based precip-
itation with spatiotemporal variability. However, SPPs contain a lot of uncertainty in estimated
precipitation, and the spatial resolution of these products is still relatively coarse. To overcome these
limitations, this study aims to generate new grid-based daily precipitation based on a combination
of rainfall observation data with multiple SPPs for the period of 2003-2017 across South Korea. A
Random Forest (RF) machine-learning algorithm model was applied for producing a new merged
precipitation product. In addition, several statistical linear merging methods have been adopted to
compare with the results achieved from the RF model. To investigate the efficiency of RF, rainfall
data from 64 observed Automated Synoptic Observation System (ASOS) installations were collected
to analyze the accuracy of products through several continuous as well as categorical indicators.
The new precipitation values produced by the merging procedure generally not only report higher
accuracy than a single satellite rainfall product but also indicate that RF is more effective than the
statistical merging method. Thus, the achievements from this study point out that the RF model might
be applied for merging multiple satellite precipitation products, especially in sparse region areas.

Keywords: precipitation; machine learning; random forest; merging; South Korea

1. Introduction

Precipitation has a significant role in supporting human life on earth. It directly affects
our daily life and production activities. Therefore, information about the variability of
precipitation, such as intensity, duration, and frequency, is extremely important [1-3].
Currently, precipitation information is collected by three main methods: ground-based
observation systems, weather radar systems, and satellite monitoring systems [4]. The rain
gauge station is the primary method to obtain rainfall information with high reliability. To
monitor the spatial distribution of rain in a given area, the number of stations needs to sat-
isfy certain requirements. However, mountainous areas where there is a significant change
in topography often face a significant challenge; that is, the density of measuring stations
is sparse, discrete, and unevenly distributed. In addition, developing and maintaining a
dense network of measurements is a major financial obstacle for developing countries [5-7].
Precipitation data from radar measurement systems have high uncertainty inaccuracies,
such as systematic bias and random errors, in electronic signals in the difficult operating
environment of complicated terrain [1,8]. Fortunately, over the decades, the breakthrough
development of satellite-based observation technology has emerged. Satellite precipitation
products (SPPs) have provided unprecedented opportunities in earth monitoring and
address the aforementioned limitations [9-11]. Several SPPs are currently widely used for
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water resource management, including Precipitation Estimation from Remotely Sensed
Information using Artificial Neural Network (PERSIANN) [12,13], Climate Prediction
Center Morphing (CMORPH) [14], Tropical Rainfall Measurement Mission Multi-satellite
Precipitation Analysis (TMPA) [15], Climate Hazards Group (CHG) Infrared Precipitation
with Station data (CHIRPS) [16], Global Satellite Mapping of Precipitation (GSMaP) [17],
Soil Moisture to Rain (SM2RAIN) [18], and Multi-Source Weighted-Ensemble Precipitation
(MSWEP) [12]. SPPs indicate that they might be a helpful tool and open up new horizons
for us to observe the earth from a distance, especially for controlling and mitigating extreme
weather events in sparse data areas. Nevertheless, many evaluations from previous studies
have pointed out that SPPs contain a lot of uncertainties and biases (e.g., false precipitation
events, systematic or random errors, underestimates of the intensity of precipitation events),
which might originate from retrieval algorithms or due to indirect measurements [19-23].
Therefore, in recent years numerous studies have been implemented to tackle these out-
standing issues and find out how to improve the performance and reduce biases of SPPs in
terms of intensity precipitation estimation and the detection of rain events.

Merging is a method to blend useful information from several precipitation products
into one product that has high accuracy [24]. A lot of approaches ranging from simple
to complex have been put forward in a variety of regions of the world; each has certain
advantages and disadvantages. Shen et al. [25] concluded that the accuracy of the merging
product could be enhanced by exploiting the strengths of a single satellite-based precip-
itation product through the one-outlier-removed method. Other studies demonstrated
that the inverse error variance weighting method is a robust approach for improving the
precision of precipitation estimated from SPPs and effectively reducing errors [26,27]. How-
ever, the main limitation of traditional merging methods lies in the fact that the weighted
values are estimated by the arithmetic mean method. This might have detrimental effects
on the merging product’s rainfall intensity estimation and ability to detect precipitation
events [28,29]. To overcome these problems, Bayesian model averaging (BMA), a more
sophisticated ensemble method that uses observation data to derive optimal weighted
values for each SPP, has been successfully implemented in various regions around the
world [28,30-32]. The performance of SPPs not only depends on the variability of topogra-
phy but also on the diversity of climate, and these have certain impacts on the accuracy
of the merging product. Therefore, a variation of BMA called Dynamic Bayesian Model
Averaging (DBMA) [33], in which the weight of each product will vary by region and over
time, has been used to account for the spatiotemporal changes in precipitation. Despite
these challenges, studies have shown encouraging results in improving performance and
reducing the errors of SPPs. Nevertheless, the mentioned methods still exhibit several
drawbacks because most methods are based on assumptions (e.g., ignore the influence of
topography on the rainfall intensity, local climate conditions, or precipitation data satisfy a
Gaussian distribution in the case of the BMA-based approach), but the assumptions might
be not true in practice. Various research has shown that the accuracy of SPP data is heavily
affected in areas with sudden topography changes [34-38]. Meanwhile, in flat regions or
lower elevation areas, the performance of SPPs is more likely better than in other regions.
Topographic data must also be considered in the merging process [29]. In recent years,
it has been a fact that Machine Learning (ML) and Deep Learning (DL) algorithms have
achieved extraordinary performance in data science fields. These algorithms have received
much attention and gained momentum for applications in hydrology, remote sensing, and
water resources management [23,39,40]. ML and DL proved highly suitable for merging
multiple SPPs with ground observation data to map the influence of individual members in
merging products and define the nonlinear relationship between topography and rainfall
intensity. For instance, Baez-Villanueva et al. [29] compared the performance of Random
Forest (RF) against one-outlier-removed averaged (OORA) and Kriging with external drift
for blending multiple SPPs in Chile. In addition, several complicated approaches have
been tried for merging purposes. A double ML was proposed by Zhang et al. [41], and a
spatiotemporal deep fusion method was implemented by Wu et al. [42] across the mainland
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of China. The final results from these studies all indicated that merging products obtained
by a data-driven approach have significant improvements both in terms of precipitation
intensity and in the ability to detect rainfall events. The resounding success of ML and
DL in these studies has encouraged us to apply a data-driven approach to improve the
performance of merging processing across the region of interest. RF is a method belonging
to the group of ML algorithms [43,44]. RF can cope well with data that have small data
sets and with high-dimensional data [44]. Furthermore, previous results have claimed
the following: (a) RF has good capability in mapping nonlinear relationships between
input and output variables, (b) RF can be applied for merging multiple SPPs with ground
observation data, and (c) RF proved more flexible in the combination of multiple types
of explanatory variables [29,45]. RF has been applied successfully in several areas of the
world; however, the application of RF for merging in other regions is still relatively limited,
especially in areas with sparse observational data. Furthermore, RF is a data-driven method
that means the performance of the model will more or less rely on the quality of the input
data, so what type of data will be forced to the model requires more attention because it
will have effects on the results obtained, and the quality of satellite-based precipitation
depends on each certain area, due to the influence of topographic and climatic factors of
that area. Therefore, RF’s capability for merging multiple SPPs should be more explored at
different specific areas, before it can be widely applied to future studies.

The aim is to investigate the applicability and reliability of the RF algorithm in merging
high accuracy of ground observation with continuous spatial distribution from multiple
SPPs. In this study, South Korea was selected as a case study for our research. Because every
year in this area, there are various types of natural disasters, so information about rainfall
is essential. In addition, in this region, there is a relatively good observational data system
to serve to evaluate the results obtained from merging products accurately. The rest of the
paper is organized as follows. Section 2 introduces the study area and precipitation data
as well as the methodology for merging multiple SPPs. Section 3 presents the evaluation
results and discussion. Finally, the conclusions are summarized in Section 4.

2. Data and Methodology
2.1. Study Area and Data
2.1.1. Study Area

South Korea is located in the northeastern part of Asia, between 33-39°N and 124-130°E
with a total area of approximately is 99,373 km?. Due to its location and geographical
characteristics, every year, South Korea suffers from many storms moving from the sea
to the mainland, causing a lot of severe damage to people and property. In addition, the
topography characteristics in South Korea are very complex, which have a significant
impact on the rainfall distribution and climate (Figure 1). As a result, collecting rainfall
information in remote areas or at high altitudes is frequently tricky [1]. There are four
distinct seasons in South Korea (spring, summer, autumn, and winter). However, because
of its division into two mountain ranges, Taebaeksanmaek extending from the north to
near the middle of the country in the eastern region and Sobaesanmaek cutting across from
east to west in the southern area [1], there are different climate subregions in this area.
The northern regions have lower temperatures, especially in the winter. Meanwhile, the
southern areas have consistently higher temperatures in all seasons. The average annual
temperature in South Korea ranges from 10 °C to 15 °C [46]; August is the hottest month,
with an average monthly temperature of about 25 °C and January is the coldest month, with
an average temperature of —7 °C [1]. The rainy season lasts from June to September, with
the monsoon and typhoons accounting for 70% of annual precipitation. The dry season
lasts from October to February and the snow-dominated season lasts from November to
February [1,47]. The annual precipitation is approximately 1000—1850 mm/year [1].
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Figure 1. The elements of this study; (a) Automatic Weather Stations (AWS), (b) Automated Synoptic
Observation System (ASOS).

2.1.2. Observation Data

The observation precipitation data used in this study are obtained from Automatic
Weather Station (AWS; Figure 1a) and Automated Synoptic Observing System (ASOS;
Figure 1b) locations and are provided by the Korea Meteorological Administration. AWS
stations are installed at about 510 locations on a national scale at high density and are
automatically observed to understand local meteorological phenomena. ASOS data are
ground observation data like AWS, which refers to data observed at the same time by
all stations to know the atmospheric conditions at a specified time. Except for a few
observational elements, ASOS provides all elements related to the atmosphere, and the
instruments are installed at 102 points across South Korea. The aforementioned data (AWS,
ASOS) can be downloaded at the Korea Meteorological Administration’s Weather Data
Opening Portal https:/ /data.kma.go.kr/cmmn/main.do (accessed on 9 August 2021) [48].

2.1.3. Satellite-Based Precipitation Products

The CHIRPS product refers to the Climate Hazards Group Infrared Precipitation with
Station is a satellite-gauge precipitation product with quasi-global coverage (50°N-50°S).
It was developed by the U.S. Geological Survey (USGS) and the CHG at the University of
California, Santa Barbara, by incorporating multiple precipitation sources. The CHIRPS
precipitation data is available from 1981 to the present at 5 km spatial resolution. There are
three main steps to construct CHIRPS precipitation products. First, rainfall observations
collected from FAO and CHCN were combined with thermal infrared (TIR) data to gen-
erate monthly precipitation climatology data (CHPclim). Second, to obtain the CHIRPS
product and reduce systematic error, the long-term mean precipitation based on Cold
Cloud Duration information was multiplied with CHPclim. Third, rainfall from observa-
tion data is fused with this information to generate the CHIRPS by using the modified
inverse distance weighting algorithm, a smart interpolation method [16,38]. In this study,
the CHIRPS version 2 (CHIRPSv2) product with 0.05° x 0.05° spatial resolution at a daily
temporal scale in the period from 2003 to 2017 was chosen. The data can be obtained at
https:/ /data.chc.ucsb.edu/ (accessed on 22 April 2021) [49].
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The GSMaP product, which stands for the Global Satellite Mapping of Precipita-
tion, was developed by the Japan Aerospace Exploration Agency (JAXA) [17,50]. The
GSMaP precipitation product currently maintains three versions of rainfall data: standard
precipitation products (GSMaP_M), near-real-time precipitation products (GSMaP_N),
and gauge-calibrated standard precipitation products (GSMaP_G), at high temporal (1 h)
and spatial (0.10°) resolution for the quasi-global coverage of 60°N-60°S. Initially, the
backward and forward morphing technique and a Kalman filter within the Microwave-
IR Combined Algorithm was used to generate the infrared (IR) information. After that,
IR data were coordinated with passive microwaves (PMW) to produce the GSMaP_M
from 2002. In 2007, by using only forward motion vectors in the PWM-IR process, the
GSMaP_N precipitation product was generated, which can provide rainfall information in
near-real-time; it is a simplified version of GSMaP_M. The final product is the GSMaP_G
that blends observation data from global gauge analysis (CPC) with GSMaP_M. For this
study, a daily temporal scale is generated from the latest version of 24-h GSMaP_G data.
GSMaP data were obtained from the Earth Observation Research Center of JAXA at
https:/ /sharaku.eorc.jaxa.jp/ (accessed on 22 April 2021) [50].

Global Precipitation Measurement (GPM) was created by a collaboration between
the National Aeronautics and Space Administration (NASA) and the JAXA. The original
purpose of this product was to provide high-resolution spatial and temporal information
to the world. GPM not only inherited the Tropical Rainfall Measuring Mission (TRMM)
satellite’s benefits in detecting precipitation in tropical climate regions but also has two pri-
mary sensors, the Dual-Frequency Precipitation Radar (DPR) and GPM Microwave Imager
(GMI) that are used to significantly improve the identification of solid precipitation and
microprecipitation [51]. Precipitation was created from the GPM Level 3 product using the
IMERG algorithm. Currently, three main types of precipitation products were provided by
IMERG, including the near-real-time “Early Run” (IMERG_E) using forward morphing,
“Late Run” (IMERG_L) using both forward morphing and backward morphing, and the
“Final Run” (IMERG_F), which also includes monthly gauges analyses in addition to the
combination of forwarding and backward morphing [51,52]. IMERG offers quasi-global
coverage from 50°N-50°S to 60°N-60°S at 0.1° x 0.1° and temporal resolution of 30 min.
The IMERG_F product at daily temporal scale was used in this study and downloaded
from NASA’s Goddard Earth Sciences Data and Information Services Center (GES DISC,
https:/ /disc.gsfc.nasa.gov/ (accessed on 22 April 2021)).

The TRMM was created for quantitative observation of precipitation in tropical and
subtropical areas by cooperation between NASA and JAXA. Various high-quality infor-
mation of precipitation was estimated by blending microwave data from the TRMM
Microwave Imager (TMI), Special Sensor Microwave Imager, Special Sensor Microwave
Imager/Sounder, Advanced Microwave Scanning Radiometer-EOS (AM-SR-E), Advanced
Microwave Sounding Unit-B (AMSU-B), and Microwave Humidity Sounder with rain-
gauge analysis from the Global Precipitation Climatology Project (GPCP) [15,26,53] to
generate the TRMM Multi-satellite Precipitation Analysis (TMPA) product with near-
global coverage (50°S-50°N), which was used in this study. Data with 0.25° x 0.25°
spatial resolution at a daily temporal scale were downloaded from NASA’s GES DISC at
https:/ /disc.gsfc.nasa.gov/ (accessed on 22 April 2021)).

The MSWEP is a whole global coverage precipitation product. With the aim of
providing accurate rainfall information on a worldwide scale, an optimal procedure was
conducted to take advantage of the strengths of different data sources, including measured-,
satellite-, and reanalysis-based data. MSWEP has been validated at a global scale using
observation data from ~70,000 gauges and hydrological modeling for ~9000 catchments [54].
The MSWEP product is freely available from 1979 to the present at https://www.gloh2o.
org/ (accessed on 22 April 2021). Detailed information on MSWEP can be found in [7,54]. In
this study, MSWEP data with daily temporal and 0.10° spatial resolution were downloaded
from the above website. A brief summary of SPPs used in this study is represented in
Table 1.
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Table 1. Data used in this study from 2003 to 2017.

Resolution Coverage
Data Sources
Spatial  Temporal Spatial Temporal
CHIRPSv2 0.05° daily Global 50°N-S 1981-present [16]
GSMaP 0.1° daily Global 60°N-S 2000-present [55]
IMERG 0.1° daily Global 60°N-S 2000-present [51]
TRMM 0.25° daily Global 50°N-S 1998-present [15]
MSWEP 0.10° daily Global 60°N-S 1979-present [71

2.2. Methods

The overall workflow describing the process for merging multiple SPPs in this study
is represented in Figure 2. Initially, multiple SPPs, including CHIRPS, GSMaP, IMERG, and
TRMM, and several auxiliary data, were processed before these data were used as input
of merging methods. After that, an RF model was constructed to map the relationship
between SPPs, auxiliary data against observation data from AWS. To evaluate the robust-
ness of the RF algorithm, several statistical-based methods, namely simple average (SA),
one-outlier-remove average (OORA), and inverse error variance weighted (IEVW), were
also employed. It should be noted that the auxiliary data are only used for the RF model,
while it will be excluded from the merging process by statistical-based methods.

Satellite-based precipitation Auxiliary data

| () (o0 G o) )

Input data

Processing

E I OORA RF —-—

Merging precipitation products ASOS

Evaluation

Performance
1 | evaluation

Figure 2. The overall workflow in this study.

In the final step, several continuous indices (e.g., MAE, RMSE, and KGE) and cate-
gorical indicators, including the probability of detection (POD), false alarm rate (FAR),
and critical success index (CSI), chose to evaluate the accuracy and reliability of merging
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products against an independent observation data collected from ASOS system. Moreover,
the merging products developed in this study were also compared with an existing merg-
ing product called MSWEP. Achieving high accuracy and reliability for the precipitation
product is a subject for further research in the future.

2.2.1. Processing Data

For merging purposes, SPPs at a daily scale were downloaded and preprocessed
in ArcGIS and Python environments before these datasets were used as inputs for the
different merging methods. Due to discrepancies in terms of spatial resolution, the first
step is to align the data sources to a similar spatial resolution. In addition, the spatial
resolution of SPPs is still too coarse (mainly ranging from 0.05° to 0.25°), which may not be
suitable for further analysis in the future, for instance, for hydrological analysis or climate
assessment at a regional scale [56,57]. For that reason, in this study, the simple but efficient
nearest-neighbor interpolation method was used to downscale the original resolution of
SPPs to the same spatial resolution (0.01°), which guarantees the retention of the original
value and does not introduce more errors [29,42], and the final products were generated
from merging method will have the spatial resolution at 0.01°. Additionally, as mentioned
in Section 1, the influence of the topography needs to be considered during the merging
process because it produces a significant effect on the spatial distribution of precipitation.
To address this issue, the Shuttle Radar Topography Mission (SRTM) digital elevation
model (DEM) dataset version 4 at 3 arc-second (about 90 m) was up-scaled to 0.01° to
match downscaled satellite-based precipitation data. Moreover, several previous studies
claimed that geographical proximity information should be incorporated with the merging
product [24]. However, Zhang et al. [41] indicated that data such as slope, aspect, or terrain
shadows do not have much influence on the merging product. In addition, traditional
merging approaches sometimes exclude information about observation locations. This has
resulted in the final result from the merging process being biased, suboptimal, or even
unnatural distribution of precipitation of the merged product. For that reason, in this
study, besides multiple SPPs and DEM, the Euclidean distance (ED) was exploited as a
covariate in the RF model to account for spatial autocorrelation, which was proved an
effective variable in past studies [29,45]. The locations of 384 observation stations from the
AWS system were utilized for the construction of the ED grid before this information was
forced into the RF model.

2.2.2. Random Forest

RF is an ensemble model, which belongs to a supervised learning algorithm, and
it has gained more attention in recent years due to its ability and versatility. Basically,
the RF model was constructed based on multiple decision trees (DTs) to overcome with
shortcomings that remain in the DTs model, such as the results from DTs are typically
relatively poor performance or especially DTs model easy prone to the unstable situation
when having a slight change in the data, and reduce overfitting issues [43]. A general RF
model is shown in Figure 3. The randomness of the RF model is primarily reflected in
two aspects: the first is in the process of generating subset feature samples by applying
the bootstrap sampling method to draw the random subset samples from the training
dataset, and the second is the randomly selected features or predictors at splitting nodes in
each DT [44]. So RF can assess the relevance of each characteristic during classification or
regression problems, generate an impartial estimate, and deal with situations when there
are a lot of outliers and missing data. Additionally, RF can handle with high dimension
data, and it might be easy to implement for merging multiple SPPs purposes. However, the
primary drawback of RF is that it might become sluggish and inappropriate for real-time
forecasts if there are a lot of trees.
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Figure 3. A general random forest model.

For this study, by taking the average of results from various DTs, the outcome will be
estimated as represented in Equation (1):

0 ()= 3 () &

AB
where 6 is the final result from the RF model, b is the individual bootstrap sample, B is

the total number of decision trees, and ¢} is the individual decision tree.

Previous studies pointed out that there are numerous hyperparameters in the RF
model; however, the number of trees (n_estimators), the number of randomly selected
variables at each decision split (max_features), and the minimum number of samples at a
leaf node (min_samples_leaf) are more sensitive to the final results [29,41,58]. The trade-off
between computation efficiency and the reliability of the results was carefully considered
so that through trial-and-error processing, the set of hyperparameters (n_estimators = 100,
max_features = 20, and min_samples_leaf = 5) was determined to balance the two factors
mentioned above in our study.

2.2.3. Statistical-Based Methods

In addition to the RF model, three statistical-based methods, including simple average
(SA), one-outlier-removed average (OORA), and inverse error variance weighting (IEVW),
were also carried out for blending multiple SPPs. The formulas for each method are

described as follows:
1N

Psy = NZsi ()

Poora = 77 Z Si 3)
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PIEVW = éﬁlSWIﬂ‘lez i (4)
ARV = of

where Ps4, Poora, and Pipyw are the merging precipitation products from simple average,
one-outlier-removed average, and inverse error variance weighting approach, respectively.
N is the number of SPPs, S; is the i" SPP, and e is the error variance, o is the error square
between SPPs and observation data. The merged product obtained from the SA method
(Equation (2)) stems from the assumption that each SPP product has the same weight.
The SA only depends on the number of SPPs, while in the OORA, the root mean square
error is used as an objective function to estimate the difference between the observed
precipitation data with the precipitation data were extracted from the satellite. Then, the
product that has the biggest error will be removed, and the final product will be estimated
as in Equation (3) [22]. The IEVW method is actually applied to the GPCP [22,59]. Before
the result in Equation (4) is determined, the IEVW will find out. The performance of each
product is different, so if one product outperforms the others, that product will have a
more significant impact on the final result.

2.2.4. Performance Evaluation

To evaluate the reliability of precipitation products, in this study, a wide approach
for satellite-based precipitation analysis, namely point-to-pixel, was adopted to extract
the estimated precipitation products. The assumption of the point-to-pixel method is
that the rainfall of a grid cell can be represented by the rainfall of an observation station
corresponding to that grid cell. After that, several continuous indicators were used to assess
the discrepancies between estimation and observation data, including the Kling—Gupta
efficiency (KGE), Mean Absolute Error (MAE), and Root Mean Square Error (RMSE):

KGE=1- \/(r— D2+ (a—1)2+(B—1)* witha = 05 /0, and B = us/so ~ (5)

N
N IS — O;
MAE:% (6)
N 2
[ S —0O:
RMSE = % ()

where O; and S; are the precipitation observed at gauges and satellite-based precipitation,
respectively; i and N indicate time step and total length of the data, and o and p are the
standard deviations and mean values of observed and estimated precipitation data. The
optimal value of the KGE is one, and it is 0 for MAE and RMSE. Furthermore, to assess
the capability of merging products for detecting rainfall events, several categorical indices
were also adopted at 64 observation stations, which include the probability of detection
(POD), the false alarm rate (FAR), and the critical success index (CSI). Due to the frequency
of precipitation of varying intensities is an essential characteristic that has a significant
impact on surface runoff and flood modeling [60] so that categorical skill indicators were
applied for five classes of precipitation intensity, including no rain ([0, 1) mm/d), light rain
([1, 5) mm/d), moderate rain ([20, 40) mm/d), heavy rain ([20, 40) mm/d) and violent rain
(>40 mm/d) [21,29,56]. The formula of categorical indices is as follows:

Hit

POD = o s ®)
False

FAR = Hit + False ©)

CSI Hit (10)

~ Hit + Miss + False
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where Hit, False, and Miss were identified from a contingency table (Table 2). The best
performance will be reached when POD and CSI are 1, whereas this value is 0 for FAR.

Table 2. The contingency table was used to identify the categorical performance.

Observation Data

Satellite Product

Yes No Total

Yes Hit (H) False alarm (F) H+F

No Miss (M) Correct negative (C) M+C
Total H+M F+C N=H+F+M+C

3. Results and Discussion
3.1. Temporal Evaluation of the Precipitation Products
The performance of primary precipitation products, as well as the results obtained

from the RF merging approach, were compared with observation data from the ASOS
system by using several continuous indices, presented in Table 3.

Table 3. Error statistics for four precipitation products and the RF merging product at daily scale
from 2003 to 2017.

SPPs MAE (mm/d) RMSE (mm/d) CC B Y KGE
CHIRPSV2 4.65 13.83 0.46 0.96 0.97 0.46
GSMaP 3.96 12.25 0.50 1.21 1.09 0.42
IMERG 427 12.52 0.53 1.02 0.88 0.51
TRMM 451 13.73 0.47 0.95 0.95 0.45
RE-MERGE 1.09 4.44 0.95 1.09 1.04 0.86

The primary SPP exhibits relative biases over the region of interest in this study
(Table 3). For instance, the values of daily statistical metrics range from 3.96 mm/d to
4.65mm/d, 12.25 mm/d to 13.83 mm/d, and 0.46 to 0.53 for MAE, RMSE, and correlation
coefficient (CC), respectively. More specifically, CHIRPSv2 generally has shown the worst
performance with the highest median MAE (4.65 mm/d), followed by TRMM (median
MAE 4.51 mm/d). Both of these products also have the lowest CC values, with a median
CC of 0.46 for CHIRPSv2 and 0.47 for TRMM. The GSMaP and IMERG seem to be more
accurate than the two aforementioned products; as can be seen, the median MAE values
of GSMaP and IMERG are 3.96 mm/d and 4.27 mm/d, respectively. Additionally, from
the values of the data given in Table 3, it is difficult to determine the best product for the
study area in terms of all evaluation metrics. For instance, the highest median value of
KGE before conducting the merging processing belongs to IMERG, although the errors
of this product, estimated by MAE and RMSE, are relatively large. Good agreement is
seen between precipitation estimated from RF-MERGE and rainfall observation data. The
merging product demonstrates a significant improvement.

As we can see from Figure 4, after combining multiple satellite products using the RF
approach, the MAE and RMSE of the merged product decreased to 0.69—4.87 mm/d and
2.94-15.18 mm/d, respectively. Furthermore, Figure 4c—e reveal the individual components
of the KGE metric at a daily scale. The CC values of multiple SPP and the merging product
with observed data obtained at corresponding grid cells are indicated in Figure 4c. In
general, the RF-MERGE had the highest correlation when it was used for comparing with
observation data, ranging from 0.63 to 0.98 at the daily scale. In contrast, the correlation
coefficients between the estimated precipitation from satellite images and the measured
data are relatively low; most of the correlations of range from 0.2 to 0.65. Figure 4d plots the
bias ratio (3) of the Kling—Gupta efficiency for the comparisons between a variety of SPP
against rain-gauge data at a daily scale. Contrary to the tendency of most satellite products,
the 3 value of CHIRPSv2 and TRMM tends to underestimate, ranging from 0.81 to 1.22 for
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CHIRPSv2 and 0.82 to 1.29 for TRMM. Meanwhile, this value is 0.97-1.59, 0.85-1.37, and
0.78-1.40 for GSMaP, IMERG, and RF-MERGE, respectively.
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S

Figure 4. Boxplots of (a) MAE, (b) RMSE, (c) CC, (d) 8, (e) ¥, and (f) KGE at daily scale from 2003 to 2017. The optimal
value is indicated by the red dashed line.

From the information of the proportion of variability (y) between SPPs and rain-gauge
data shown in Figure 4e, most of the products exhibit a general tendency to underestimate
the variability of precipitation at a daily temporal scale. Figure 4f represents the KGE values
for daily precipitation of original SPP and merging products at the daily temporal scale.
Most of the products, except RE-MERGE, have fairly similar KGE values, ranging from
—0.04 to 0.62. Simultaneously, we can also observe that the KGE value of the RE-MERGE
product is fairly high with a median value of 0.96, indicating that the product obtained
from the merging process has improved significantly compared to the original data, which
is consistent with the findings of several earlier studies [29,34,42].

Regarding the capability of multiple SPPs and merging products for detecting the
occurrence of precipitation at a daily scale, from Figure 5, it is clear that not only do most of
the primary precipitation products show similar results at all metrics with slight fluctuation,
but it is also revealed that in the original precipitation datasets, an underestimation in the
determination of rain/no rain event was observed for different precipitation intensities
in the original precipitation datasets. We also note that the IMERG product displays the
best performance for all five rainfall intensities, followed by GSMaP, TRMM, and, lastly,
CHIRPSv2. For example, from the information provided in Figure 5, IMERG showed a
slight advantage in detecting light precipitation. Several reasons can explain the discrep-
ancy in these results. The GMI sensor is more capable of capturing light rain than the
TMI [52,61,62]. Compared to the nine channels (10-85.5 GHz) on the TMI, on the GMI four
channels (10-183 GHz) were added for sensors. Moreover, the DPR onboard the GPM
uses the Ku band (35.5 GHz) and the Ka band (35.3 GHz), while the PR onboard the GPM
satellite only uses the Ku band. One more reason why IMERG has better performance
than other products is the improvement of temporal and spatial resolution with IMERG. A
remarkable performance was obtained by the RE-MERGE product, with higher values of
POD and CSI and a lower value of FAR when compared with other products. The average
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values of POD and CSI for RE-MERGE were 0.77 and 0.63, respectively. Meanwhile, the
mean value of FAR was only 0.23. From this analysis, we can see that combining infor-
mation from various precipitation data sources through the RF approach can get more
accurate rainfall information.

FAR

0.0
0.0

[0;1) [1;5) [5,I20) [20;40) >=.40 [0;1) [1;5) [5,I20) [20;40) >=‘40 [0;1) [1;5) [5,I20) [20;40) >=.40

CHIRPS GSMaP IMERG -@—- TRMM —@— RF-MERGE

Figure 5. Categorical indices: POD, FAR, and CSI, at five precipitation intensity classes (in mm/d). The optimal value of
each index is indicated by the red dashed line.

3.2. Spatial Evaluation of the Precipitation Products

Figure 6 reveals information related to the investigation of spatial distribution error
metrics over South Korea during the period 2003-2017. As can be seen from Figure 6a, the
accuracy of each rainfall product was estimated with ground rain gauges in terms of the
KGE metric. IMERG displays slightly better performance than the other products, with the
median value of KGE ranging from 0.25 to 0.62. Meanwhile, the accuracy of the rest of the
products is only in the range of —0.04-0.58. Figure 6b,c display the distribution of the MAE
and RMSE error criteria at 64 observed stations. The CHIRPSv2 product reports the highest
error for almost all stations (with median values ranging from 3.10 mm/d to 8.04 mm/d
for MAE and 9.24 mm/d to 20.91 mm/d for RMSE), while GSMaP, IMERG, and TRMM
have roughly similar error distributions (with median values in the range of 3.18 mm/d
to 7.31 mm/d and 9.45 mm/d to 18.80 mm/d for MAE and RMSE, respectively). Overall,
most primary rainfall products present inconsistent spatial distribution performances with
changes in topography and climate. The results presented in Figure 6 indicate that SPPs
have poor performance in the West, East, and southern coastal regions. In the winter in
South Korea, there will generally be cold air masses moving from high latitudes to low
latitudes. However, due to the influence of the topography, these air masses will be blocked
by two mountain ranges (Taebaesanmaek and Sobaesanmaek) and unable to move down
to the southern area. Meanwhile, the southern region is often affected by low-pressure
systems coming from the southern sea. Consequently, throughout the winter season, the
West and East regions are dominated by snow, and the South region is a rain-dominated
area, with little snow in the winter [1,63]. According to Stampoulis et al. [64] claimed that
over areas that have the cold surface cover or where have a predominance of snowfall,
satellite precipitation products tend to have lower accuracy compared with other regions.
In addition, several studies pointed out that some areas, such as the coastal area, have
less correlation with rainfall observation data [1,65]. Therefore, the complexity of the
topography and the diversity of the climate in South Korea are the reasons why SPP,
generally, fails to achieve accuracy over the area of interest. Figure 6 also demonstrates
that the final results achieved from the RF merging method can well capture the rainfall
estimation, with the value of KGE increasing to 0.47-0.96, while the error of merging
precipitation was significantly reduced to 0.69-4.87 mm/d and 2.94-15.18 mm/d for MAE
and RMSE, respectively. However, in some regions, the performance of merging is still
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relatively modest, which might be ascribed to the poor performance of the four primary
precipitation products.
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Figure 6. Evaluation of daily precipitation with four original precipitation products (CHIRPSv2, GSMaP, IMERG, and
TRMM) and RE-MERGE at 64 stations by (a) KGE, (b) MAE and (c) RMSE during the period of 2003-2017 over South Korea.

3.3. Comparison between RF and Different Merging Methods

To further clarify the superiority of the RF for merging multiple SPPs, besides sev-
eral simple merging approaches, this study also utilized a merging precipitation product
(MSWEP) for comparison purposes. Figure 7 plots the performance of RF-MERGE com-
pared to SA, OORA, IEVW, and MSWEP. Overall, the statistically based methods indicate
similar trends with high errors and low accuracy. The values of MAE, RMSE, and KGE
range from 3.097-6.953 mm/d, 8.914-18.697 mm/d, and 0.131-0.578, respectively, for
SA, OORA, and IEVW. Meanwhile, MSWEP shows a trend of heterogeneity in the error
and accuracy indicators. Specifically, from the information represented in Figure 7, when
compared with SA, OORA, and IEVW, the MSWEP has lower errors and also lower accu-
racy. The values of MAE, RMSE, and KGE for MSWEP range from 2.580 to 6.646 mm/d,
8.097 to 18.089 mm/d, and 0.112 to 0.612, respectively. As can be seen, RE-MERGE exhibits
better performance than other merging methods. In general, RE-MERGE is outstanding
with respect to the aspects of reducing errors and improving accuracy. The values of MAE
and RMSE decreased to 0.692-4.858 mm/d and 2.950-15.193 mm/d, and the KGE value
increased to 0.46-0.960. These analyses demonstrated the robustness of RF in comparison
with a statistical method or MSWEP precipitation product for integrating multiple SPP
over the region of interest.
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Figure 7. Evaluation of the performance of difference merging approach using (a) MAE, (b) RMSE, and (c) KGE at daily

temporal scale over South Korea.

4. Conclusions

In this study, multiple sources of satellite precipitation data were merged with ob-
served data using the RF machine-learning algorithm with the aim of improving the
accuracy of rainfall estimation, especially in sparse data regions. South Korea was se-
lected as a case study for this purpose. The performance of the RF approach was not
only evaluated with a separate observation dataset but also was compared with existing
merging precipitation products that use other methods. The analysis of the results showed
the following:

(i) The reliability and accuracy of the data obtained from the RF method have improved
significantly compared to the original data in terms of both precipitation intensity and the
ability to distinguish rain events.

(ii) RF is proven to have outstanding performance against other merging approaches.

(iii) The RF merging product can be used for other purposes such as hydrological
modeling, drought, or even data reconstruction.

Although the analysis of results revealed the robustness of RF, the evaluation also
indicates that there are several limitations in this study. For instance, the northern regions
and the southern parts of RF-MERGE showed poor performance in rainfall intensity
estimation or failed to detect rainfall events. The lack of primary precipitation data is
one of the most important reasons to explain the lower accuracy of the final product after
the merging process. In addition, the capability of the RF model should be considered to
improve the accuracy of merging precipitation. Furthermore, the assumption that rainfall
at the station is equivalent to the rainfall of a cell at a grid scale might not be valid in
reality and could add uncertainty to the final results. This assumption needs to be carefully
considered in future lines of research.

The finding in our research not only highlighted the capability and reliability of RF in
merging satellite-based precipitation data with ground-based observation data but also
pointed out this method is completely applicable to other regions of the world, especially
those with sparse data sources. In addition, the analysis in this study also represents the
potential advantage of merging multiple SPPs together, and we can obtain a new product
with high reliability than original products.
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