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Abstract: In recent decades, several products have been proposed for estimating precipitation
amounts. However, due to the complexity of climatic conditions, topography, etc., providing more
accurate and stable precipitation products is of great importance. Therefore, the purpose of this study
was to develop a multi-source data fusion method to improve the accuracy of precipitation products.
In this study, data from 14 existing precipitation products, a digital elevation model (DEM), land
surface temperature (LST) and soil water index (SWI) and precipitation data recorded at 256 gauge
stations in Saudi Arabia were used. In the first step, the accuracy of existing precipitation products
was assessed. In the second step, the importance degree of various independent variables, such as
precipitation interpolation maps obtained from gauge stations, elevation, LST and SWI in improving
the accuracy of precipitation modelling, was evaluated. Finally, to produce a precipitation product
with higher accuracy, information obtained from independent variables were combined using a
machine learning algorithm. Random forest regression with 150 trees was used as a machine learning
algorithm. The highest and lowest degree of importance in the production of precipitation maps
based on the proposed method was for existing precipitation products and surface characteristics,
respectively. The importance degree of surface properties including SWI, DEM and LST were 65%,
22% and 13%, respectively. The products of IMERGFinal (9.7), TRMM3B43 (10.6), PRECL (11.5),
GSMaP-Gauge (12.5), and CHIRPS (13.0 mm/mo) had the lowest RMSE values. The KGE values of
these products in precipitation estimation were 0.56, 0.48, 0.52, 0.44 and 0.37, respectively. The RMSE
and KGE values of the proposed precipitation product were 6.6 mm/mo and 0.75, respectively, which
indicated the higher accuracy of this product compared to existing precipitation products. The results
of this study showed that the fusion of information obtained from different existing precipitation
products improved the accuracy of precipitation estimation.

Keywords: precipitation products; surface properties; fusion; random forest

1. Introduction

Access to accurate precipitation data is of great importance in various applications
such as agriculture, water resources, drought monitoring, runoff modelling, flood and
storm risk assessment, industry, etc. [1-5]. In this regard, one of the limiting factors of
research and development in the field of meteorology and water sciences worldwide is the
lack of basic data such as precipitation [6,7]. Ground stations are one of the most widely
used sources for accessing precipitation data in climatic and environmental applications.
However, these sources are associated with serious shortcomings, such as the short length
of the time series and the scattered spatial distribution of data collection stations [8,9].
Ground network stations are scattered in many parts of the world, especially in developing
countries due to geographical and economic constraints [10-12].

In recent years, researchers have been looking for a supplement to supplement the
information obtained from ground precipitation stations [11,13-15]. Hence, many different
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methods and products have been proposed, including global networked precipitation
databases, the use of satellite images, interpolation methods, and numerical methods
for estimating precipitation in areas without dense meteorological and precipitation sta-
tions [1,11,16-18]. Each of these methods and products has advantages and disadvantages.
Often, satellite precipitation is less accurate than ground-based precipitation data. Re-
searchers have paid special attention to these products in recent years because of their
spatial and temporal resolution and wide geographical coverage. The results of previous
reports and studies demonstrate the remarkable potential of these products in various
climatic fields [10-12,16,19].

Today, different types of satellites are moving hundreds of kilometers above the earth,
observing large areas in specific time cycles, each of which collects specific information
from the atmosphere, surface or underground [20-27]. During the last decades, remote
sensing data have been widely applied in many applications, such as precipitation [16,28],
hydrology [26,27,29], water management [30], soil moisture [31,32], land cover/use [33,34],
urban growth [35,36], urban heat islands [37-39], thermal comfort [40], surface ecological
status [41-43], surface biophysical variables [44,45], and dust [25,46], etc. Meteorological
satellites provide quantitative and numerical information on meteorological phenomena
over a wide range. This information gives researchers and meteorologists a better view of
dynamic weather patterns and precipitation systems [6,7,14,47,48].

Precipitation estimation methods using satellite images are relatively complex. Using
this data, it is possible to estimate the volume of rainwater based on water vapor absorp-
tion, and thermal and radar bands at different spatial and temporal scales [13-15,17,49,50].
The use of satellite data for precipitation estimation has several advantages, such as high
temporal and spatial resolution, global spatial coverage on the oceans and land, especially
in mountainous and inaccessible areas [18,51]. However, various studies have shown
that satellite-based precipitation products in many areas contain uncertainty and large
errors [52-54]. Yamamoto, et al. [55] showed that the satellite-retrieved precipitation par-
ticularly over the mountainous regions, can be associated with large uncertainties. The
data quality of these satellite products can be affected by underestimation or overestima-
tion [16,56]. The spatial and temporal accuracy of precipitation products affects the predic-
tion and modelling of natural hazards like floods, landslides, and dust storms [4,10,57]. It
is therefore important to evaluate the accuracy of existing precipitation products before
using them in different applications. It is equally imperative to provide an algorithm to
improve the accuracy of precipitation products.

Previous studies in the field of precipitation can be divided into several main groups,
including: (1) the development of algorithms and precipitation products based on satellite
and gauge data or a combination of them [5,9,52,58]; (2) accuracy evaluations of various
precipitation products [11,18,50,59-62]; and (3) the use of precipitation products in different
applications [10,54,57,61]. In these studies, precipitation products are classified into four
groups: gauge-based products; satellite-based products; gauge-corrected satellites; and
reanalysis products [16,62]. Also, in addition to satellite observations and ground-based
rain gauges, meteorological Doppler radars play a crucial role in estimating precipitation
and complementing ground-based precipitation measurements [63,64]. The accuracy of
each of these products has been evaluated on the scale of the whole region, catchments,
climatic classes, etc. [10,15,16]. The results of these studies showed that the accuracy of
precipitation products is not the same. These products each have strengths and weaknesses
in estimating precipitation amounts based on atmospheric, climatic, and geographical
conditions. Hence, it cannot be concluded that the accuracy of a precipitation satellite
product is always higher or lower than other products in different conditions. Hence
the combination of the capabilities of precipitation satellite products, ground station data
and auxiliary information can lead to a product with higher accuracy in different con-
ditions [58,62,65]. As a result of combining various data sources over the past decade,
new precipitation products have been developed, such as the US National Climate Service
Forecasting Center (CPC) (CMORPH) [66], Precipitation Estimation from Remotely Sensed
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Information using Artificial Neural Networks (PERSIANN) [52], Tropical Rainfall Mea-
suring Mission (TRMM), Multi-satellite precipitation Analysis (TMPA) [67], NRL-Blend
satellite precipitation estimates from laboratory NRL Naval Research [68], Global Precipita-
tion Measurement (GPM), and Multi-Satellite Integrated Recovery for GPM (IMERG) [69].
These precipitation products can be classified into four groups including: (1) gauge-based
products; (2) satellite-based products; (3) gauge-corrected satellites; and (4) reanalysis
products [16]. These products have a temporal resolution of hourly, daily, or monthly, and
a spatial resolution of 4 km to 250 km.

The purpose of this study was to develop a multi-source data fusion method to
improve the accuracy of precipitation products. For this purpose, the accuracy of a com-
prehensive set of different existing precipitation products that are currently available were
evaluated. Then, to achieve a more accurate precipitation product, information obtained
from different existing precipitation products, surface properties, and precipitation data
recorded at gauge stations were combined based on a machine learning model.

2. Study Area

Saudi Arabia is the largest country in west Asia with a total area of about 2,150,000 km?.
With a population of 35.9 million, this country is located between 30°W-57°W and 12°N-35°N
(Figure 1). Located in an arid region with wide temperature differences between day and
night, Saudi Arabia occupies a significant portion of the Arabian Peninsula. The three large
deserts, Al Nufud Al Kabir, Ad-Dahna, and Rub Al-Khali are the most well-known deserts
in Saudi Arabia. There are no rivers in Saudi Arabia. Its topography varies from mountain
ranges rising from the central part to the west to relatively flat terrain in the east. The impact
of topography leads to a semi-arid climate in the southwest region, whereas the rest of
the country has a hot and dry desert climate. Rainfall in the country has high spatial and
temporal changes. Eastern and southwest regions receive more rainfall than other regions of
the country.
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Figure 1. Maps of: (a) digital elevation model of the study area and spatial distribution of (b) gauge
stations used in interpolation-based precipitation map generation; (c) gauge stations used in calibra-
tion of the proposed method; and (d) gauge stations used in accuracy evaluation of existing products
and proposed method in precipitation estimation.
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In northern Saudi Arabia, the rainy season begins in October and ends in April, with
the rest of the year being dry. A mountain range, running north-south along the Red Sea,
reaching heights of more than 1500 m in the south-western area, causes a varied precipita-
tion pattern. A combination of convective and orographic rainfall occurs throughout the
year in this region of Saudi Arabia [70]. The average annual precipitation in this country is
100 mm. In desert regions, it is less than 100 mm, while in mountainous regions it varies
between 250 and 300 mm [70-72]. Each season in Saudi Arabia has its own meteorological
characteristics [72,73]. The Intertropical Convergence Zone (ITCZ) and the northward
movement of the southwest monsoon are frequently responsible for summer rainfalls,
except in the highlands where the uplift factor is dominant [72]. Meanwhile, westerly
waves in the upper atmosphere and disturbances from the Mediterranean Sea and the
Sudan Trough cause winter rainfalls.

3. Data and Methods
3.1. Data

In this study, several types of ground and satellite data including monthly precipitation
data recorded in 256 ground stations, monthly precipitation products, digital elevation
model (DEM), monthly land surface temperature (LST) and monthly soil water index (SWI)
products were used from 2003 to 2021. Precipitation stations in the study area were divided
into three groups and the data recorded in them were used for different purposes. The data
of the first group, consisting of 83 stations, were used to prepare a monthly precipitation
map based on the interpolation method. The data of the second group, consisting of
57 stations, were utilized to calibrate the proposed method in preparing a more accurate
precipitation product. Finally, the third group, including data from 116 stations, was used
to evaluate the accuracy of existing and produced precipitation products in this study. The
precipitation products used in this study include gauge-based products, satellite-based
products, gauge-corrected satellites, and reanalysis products (Table 1). The precipitation
products are very diverse; however, this study used only products whose currently available
data were up to date. MOD11C3 product obtained from MODIS was used to consider the
effect of surface temperature in the precipitation modelling process. The spatial resolution
of this product was 5000 m. The data are available on the https://ladsweb.modaps.
eosdis.nasa.gov/ (10 June 2022) website. Also, the SWI product obtained from Metop
ASCAT with a spatial resolution of 10,000 m was used as a quantitative parameter related
to soil moisture in the precipitation modelling process. The data are available on the
https://land.copernicus.vgt.vito.be/ (12 June 2022) website. The DEM of ALOS World
3D with a spatial resolution of 30 m for 2011 was considered as a product representing
the elevation parameter in the precipitation modelling process. The data are available
on the https:/ /www.eorc.jaxa.jp/ALOS/en/dataset/aw3d30 (12 June 2022) website. In
evaluating the accuracy of existing precipitation products and implementing the proposed
method to produce a precipitation product, the spatial resolution of different data was
converted to 25 km by the cubic convolution interpolation method [74].

Table 1. Details of used existing precipitation products in this study.

Dataset Data Source Spah%l Tempm.ral Spatial Temporal References
Resolution Resolution Coverage Coverage
PRECL Gauge-Based ) 5o ) 50 1mo Global land 1948-present [75]
Products
PERSIANN 0.25° x 0.25° 1,3,6h/1d 60°5-60°N 2000—present [52]
PERSIANN-CCS 0.04° x 0.04° 1,3,6h/1d 60°S-60°N 2003—present [76]
Satellite-Based 5 S S S

PERSIANN-PDIR Products 0.04° x 0.04 1,3,6h/1d 60°5-60°N 2000-present [77]
GSMaP-MVK 0.1° x 0.1° 1h/1d 60°5-60°N 2000—present [78]
GSMaP-NRT 0.1° x 0.1° 1h/1d 60°S-60°N 2000-present [79]
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Table 1. Cont.

Dataset Data Source Spa“‘fl Tempm"al Spatial Temporal References
Resolution Resolution Coverage Coverage
PERSIANN-CDR 0.25° x 0.25° 1d/1mo 60°S-60°N 1983-present [80]
PERSIANN-CCS-CDR Gauge 0.04° x 0.04° 3,6h/1d 60°S-60°N 1983—present [81]
TRMM3B43 corrected 0.25° x 0.25° 3h/1d 50°S-50°N 1998-present [67]
GSMaP-Gauge satellites 0.1° x 0.1° 1h/1d 60°5-60°N 2002—present 78]
IMERGFinal 0.1° x 0.1° 30 min 90°S-90°N June 2000—present [16]
ERA5 31 km 1h/1mo 90°S-90°N 1979-present [82]
CHIRP Reanalysis g50 » 0,05° 1d 50°S-50°N 1981-present [83]
Products
CHIRPS 0.05° x 0.05° 1d 50°S-50°N 1981-present [83]
3.2. Methods

The overall process of the proposed method to generate a precipitation product with
high accuracy is presented in Figure 2. In the first step, the accuracy of existing precipita-
tion products was evaluated based on point-to-pixel and pixel-to-pixel strategies. In the
second step, the degree of importance of various independent variables including existing
precipitation products, precipitation interpolation map obtained from the interpolation
method, elevation, and LST and SWI in producing the proposed precipitation product
were evaluated and compared with each other. In the third step, to produce a precipitation
product with higher accuracy, information obtained from these independent variables were
combined using a machine learning algorithm.
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Figure 2. Conceptual framework of the study.

3.2.1. Assessing the Accuracy of Precipitation Products

In this study, various metrics and strategies based on gauge data were used to eval-
uate the accuracy of precipitation products. The metrics used and their equations are
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summarized in Table 2. Each of these metrics was calculated with two “point-to-pixel”
and “pixel-to-pixel” strategies. In the point-to-pixel strategy, the accuracy of different pre-
cipitation products was evaluated based on precipitation data recorded at gauge stations
(selected for products validation, Figure 1d). In this strategy, the results of the accuracy
assessments were presented at the scale of each gauge station. In the pixel-to-pixel strategy,
the accuracy of different precipitation products was evaluated based on the precipitation
map obtained from the interpolation of gauge station data (selected for products valida-
tion, Figure 1d). Using this strategy, the accuracy of different precipitation products was
evaluated spatially and continuously in each pixel of the study area.

Table 2. Metrics used to evaluate the accuracy of precipitation products and their equations. In these
equations, E and O represent the estimated values of precipitation based on products and observed
precipitation based on ground stations, respectively, N represents the number of observations, MSE
represents the mean square error, E* represents the estimated values of precipitation based on the
regression relationship. Linear (aO + b) between precipitation values estimated based on precipitation
products and recorded at ground stations. Also, u and o represent the mean and standard deviations
of the time series, respectively [16].

Statistical
Metric

Equation Perfect Value Description

Relative Bias (RBias)

. RBias, as a bias indicator, represents the degree of
RBias = w 0 overall underestimation (negative values) or
Lit1 O overestimation (positive values) of predictions.

The Pearson correlation coefficient is employed to

Correlation oo . ) ) :
Coefficient (CC) CC= 556 1 measure the linear relatlonshlp bgtvyeen estimated and
measured precipitation.
Root Mean Squared o7 R}l:{[S}lli.represen’Fs alverage thzz1 magm’fudel of the erlror,
Error (RMSE) RMSE = =1 (B0 0 which is a negatively oriented score, i.e., lower values

show better results.

Random Error (RE)

Random errors are unpredictable fluctuations in the

RE — Zil(%ﬁﬁ)z 1 1 estimated precipitation concerning the

MSE e
measured precipitation.

. N (B 02 Systematic errors are predictable and reproducible
Systematic Error (SE) RE = ZIZI(E% MLSE 0 ina}écuracies that are Corlfsistently in the safne direction
KGE represents similarity degree between the
KGE =1 — estimated values from datasets and observations.
Kling- Gupta \/ (cc— 1)2 +(p— 1)2 +(y— 1)2; 1 Multi-component nature of KGE incorporates linear
Efficiency (KGE) e correlation, bias, and variability within a single
p= }%; Y= 58 objective function, providing a more balanced model

Ho

evaluation. The optimum value of KGE is one.

Many interpolation algorithms for precipitation data have been suggested, including
simple averaging [84], Thiessen polygons [28], inverse distance weighting (IDW) [85], and
various Kriging methods [86,87]. In order to determine the accuracy of the interpolation
method, a variety of factors can be taken into consideration. These factors include the
structure of the rain gauge network and the topography of the region. It should be noted
that the ordinary Kriging (OK) approach was used in this work because of its high accuracy
in simulating regional changes in precipitation amounts in Saudi Arabia [88]. OK’s key step
was to create a semi-variogram utilizing precipitation data and geographical locations, as
well as geostatistical correlations and weights of neighbor observations [89,90]. A detailed
description of the process of interpolating precipitation maps using OK was presented by
Adhikary, et al. [91]. The OK method was implemented separately for each date and an
interpolated map of precipitation based on ground stations was produced for each date.
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Relative Bias (RBias)
2%11 (Ei - Oi) 0

RBias =
Z%i1 Oi

RBias, as a bias indicator, represents the degree of overall underestimation (negative
values) or overestimation (positive values) of predictions.
Correlation Coefficient (CC)

cc= E9
OEOO

The Pearson correlation coefficient is employed to measure the linear relationship
between estimated and measured precipitation.
Root Mean Squared Error (RMSE)

N (B - 0y)?

RMSE =
5 N

0
RMSE represents average the magnitude of the error, which is a negatively oriented
score, i.e., lower values show better results.
Random Error (RE)
LN (B -E)? 1
N MSE
Random errors are unpredictable fluctuations in the estimated precipitation concerning

the measured precipitation.
Systematic Error (SE)

RE 1

_IN(EN-0) 1

RE N MSE

0

Systematic errors are predictable and reproducible inaccuracies that are consistently
in the same direction

Kling- Gupta Efficiency (KGE)

Oe

KGE:lf\/(CC—1)2+(ﬁ*1)2+(Y*1)2B=%;Y:%Zl
o Ho

KGE represents similarity degree between the estimated values from datasets and
observations. Multi-component nature of KGE incorporates linear correlation, bias, and
variability within a single objective function, providing a more balanced model evaluation.
The optimum value of KGE is one.

3.2.2. Proposed Method for Preparing a Precipitation Product

In this study, a method based on combining information obtained from different
sources was presented to prepare a precipitation product with higher accuracy. A total of
14 existing precipitation products, an OK-based precipitation product, LST, elevation and
SWI were used as independent variables for generating the proposed precipitation product
(dependent variable). Equation (1) was used to calculate the amount of precipitation based
on the proposed method:

Precipitationp ,posed method = f(Existing precipitation products, OK — based precipitation product, LST, Elevation, SWI) (1)

where f is a function representing the relationship between the independent variables and
the dependent variable. In this study, a random forest regression algorithm is used to
determine the f-function. In this algorithm, the optimal number of trees was determined
based on repetition and evaluation of results from 50 to 300 trees with a step size of 50.
Finally, 150 was selected as the optimal number of trees.
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To construct and calibrate the final function to estimate the dependent variable (precip-
itation) based on independent variables, ground station data intended for calibration have
been used (Figure 1d). The importance degree of independent variables was calculated
based on Varlmp function in a random forest algorithm.

4. Results
4.1. The Importance Degree of Independent Variables

The results of evaluating the importance degree of the independent variables were
presented in Figure 3. Final precipitation products produced using the proposed method
are primarily based on existing precipitation products (55%), which are more important
than interpolated precipitation products (35%), and topographic and biophysical properties
(elevation, LST and SWI) (15%). On a study area scale, the following existing precipi-
tation products have the highest importance degree in producing the final precipitation
product: IMERGFinal, TRMM3B43, PRECL, PERSIANN-CCS-CDR, and GSMaP-Gauge.
Under different conditions, different existing precipitation products play a varying role
in generating a final precipitation product. With regard to surface biophysical and topo-
graphic properties, the importance degree of SWI, elevation, and LST in the estimation
of precipitation was 65, 22 and 13%, respectively. Considering SWI, elevation, and LST
as independent variables in generating the proposed precipitation product increases the
accuracy of precipitation estimation.

3 60 - § 70 -
T 50 A g 60 1
g g 50 -
kot 40 A =
g 2 40
230 - £
9] J —
B G m N
0 0
GPPs SBTC Elevation
Main variables Surface properties
35 A
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Q
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>
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Existing precipitation products

Figure 3. The importance degree of the independent variables in improving the accuracy of precipita-
tion estimation.
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4.2. Evaluate the Accuracy of Precipitation Products Based on a Pixel-to-Pixel Strategy

The results of the accuracy evaluation of different precipitation products based on the
precipitation map obtained from OK interpolation are shown in Table 3. The IMERGFinal
(9.7), TRMM3B43 (10.6), PRECL (11.5), GSMaP-Gauge (12.5), and CHIRPS (13.0 mm/mo)
products have the lowest RMSE values. The KGE values of these products are 0.56, 0.48,
0.52, 0.44 and 0.37, respectively. These products have the highest accuracy in estimating
precipitation at the study area scale. PERSIANN-CCS, GSMaP-NRT, GSMaP-MVK and
PERSIANN-CCS products have the lowest accuracy in precipitation estimation. PRECL,
PERSIANN, GSMaP-MVK and GSMaP-Gauge products estimate more precipitation val-
ues than the actual values and PERSIANN-CCS, PERSIANN-CDR, GSMaP-NRT and
PERSIANN-CCS-CDR products estimate fewer precipitation values than the actual values.
The correlation coefficient between gauge-based products and satellite-based products and
actual data is lower than gauge-corrected satellites and reanalysis products. The accuracy
of existing precipitation products from the gauge-corrected satellite group is higher than
other groups.

Table 3. Results of the accuracy evaluation of different precipitation products based on precipitation
map obtained from interpolation method.

Dataset KGE Corr. Vall'ia;lt)ii;ity Rbias (mI:nl\;[rrS\]jn) SysEtre:(::tic Rgfoim
PRECL 0.52 0.75 0.91 —0.15 11.5 0.20 0.80
PERSIANN 0.20 0.42 1.52 —0.40 16.9 0.37 0.63
PERSIANN-CCS —0.03 0.18 0.65 0.71 29.6 0.20 0.80
PERSIANN-PDIR 0.17 0.38 0.78 0.35 17.1 0.29 0.71
GSMaP-MVK 0.14 0.36 1.43 —0.32 20.0 0.31 0.69
GSMaP-NRT 0.12 0.33 1.54 0.38 21.1 0.23 0.77
PERSIANN-CDR 0.15 0.38 0.75 0.41 18.5 0.15 0.85
PERSIANN-CCS-CDR 0.14 0.36 0.83 0.45 19.0 0.32 0.68
TRMM3B43 0.48 0.70 0.93 0.14 10.6 0.08 0.92
GSMaP-Gauge 0.44 0.65 1.25 -0.17 129 0.21 0.79
IMERGFinal 0.56 0.80 0.91 0.10 9.7 0.10 0.90
ERA5 0.26 0.70 1.38 0.26 16.8 0.17 0.83
CHIRP 0.33 0.51 0.81 0.22 14.5 0.38 0.62
CHIRPS 0.37 0.59 0.90 0.18 13.0 0.32 0.68
Proposed method 0.75 0.92 1.04 0.04 6.6 0.07 0.93

The variability ratio metric indicates the similarity degree of the changes in estimated
precipitation values with observed precipitation values. Among the precipitation products,
four products have similar variability to the observed data (variability ratio between 0.90
and 1.10). Other products such as PERSIANN, GSMaP-NRT and PERSIANN-CCS with
variability ratio values of 1.52, 1.54, and 0.65, differ in their degree of variation from the
observed data. The RMSE and KGE values of the proposed precipitation product are
6.6 mm/mo and 0.75, respectively, which indicates the higher accuracy of this product
compared to existing precipitation products; 95 % of the errors in this product were random.

The spatial distribution of KGE values for different precipitation products at the pixel
scale is shown in Figure 4. The accuracy of precipitation products in the southwestern and
northern regions of Saudi Arabia is better than in other regions. However, the accuracy
of precipitation products varies in different regions of the study area. KGE values for the
PERSIANN-CCS product are less than 0 in most pixels. KGE values for PRECL, TRMM3B43,
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Figure 4. Spatial distribution of KGE for the precipitation datasets. The KGE values are computed at
each pixel within 2003-2021 based on the precipitation map obtained from interpolation method.
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Figure 5 shows the KGE boxplot for precipitation products. The proposed product
accuracy in estimating precipitation amounts was higher than the existing precipitation
products. Also, the accuracy of the proposed product in pixels with different conditions
was close to each other. This indicates that the accuracy of the proposed precipitation
product is stable despite changes in geographical, climatic, and topographical conditions.
Variations in KGE values of PERSIANN-CCS, GSMaP-MVK, PERSIANN-CCS-CDR and
GSMaP-NRT products in different conditions were high, which indicates the low accuracy
of these products.
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Figure 5. Box-plot of KGE values for the study area within 2003-2021 obtained from pixel-to-pixel
assessment strategy.

4.3. Evaluate the Accuracy of Precipitation Products Based on a Point-to-Pixel Strategy

The accuracy evaluation results of different precipitation products based on the data
of the validation stations were shown in Table 4. The lowest and highest RMSEs were for
IMERGFinal and PERSIANN-CCS products, respectively. The average RMSE of precipi-
tation products in the groups of gauge-based products, satellite-based products, gauge-
corrected satellites, and reanalysis products are 19.5,29.3, 22.1 and 22.3 mm/mo, respec-
tively. Satellite-based products and gauge-based products groups have the lowest and
highest accuracy, respectively. The RMSE value of the precipitation estimate based on
the proposed method is 13.6. The results show higher accuracy of the proposed prod-
uct than other products in precipitation estimation. Among PERSIANN family products,
PERSIANN-CDR and PERSIANN-CCR products have the highest and lowest RMSE values,
respectively. Evaluation based on the point-to-pixel strategy shows lower accuracy for
existing precipitation products in precipitation estimation than the pixel-to-pixel strategy.
Variability ratio values for all products are less than 1, which indicates a lower variation of
precipitation values estimated by these products than the observed precipitation values.
Rbias metric values indicate that the estimated precipitation values for PRECL, PERSIANN
and GSMaP-Gauge products are lower than the observed precipitation values. Estimated
precipitation values based on CHIRPS, PERSIANN-CCS, GSMaP-NRT and GSMaP-MVK
are higher than other products and actual precipitation. KGE values calculated based on
the point-to-pixel strategy are lower than the pixel-to-pixel strategy. In most precipita-
tion products, the systematic error is greater than 0.5; however, the systematic error for
PERSIANN-CDR, TRMM3B43, IMERGFinal, and ERA5 products is 0.35, 0.28, 0.30 and 0.37,
respectively. The value of the systematic error for the results of the proposed product is
0.18, which indicates the high accuracy of the proposed product in estimating the amount
of precipitation.
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Table 4. Results of accuracy evaluation of different precipitation products based on point-to-pixel
strategy in geographical location of validation stations.

Dataset KGE Corr. Va;i:lt)ii;ity Rbias (mI::;[nSl]jn) sys];:::tic R;r:o(i‘m
PRECL 0.36 0.25 0.71 —0.19 19.5 0.50 0.50
PERSIANN 0.15 0.19 0.60 —0.32 26.5 0.67 0.33
PERSIANN-CCS —0.01 0.12 0.42 0.53 34.5 0.50 0.50
PERSIANN-PDIR 0.19 0.22 0.65 0.35 28.5 0.59 0.41
GSMaP-MVK 0.17 0.20 0.63 0.41 27.1 0.61 0.59
GSMaP-NRT 0.14 0.23 0.60 0.45 29.7 0.43 0.57
PERSIANN-CDR 0.16 0.29 0.68 0.26 25.9 0.35 0.65
PERSIANN-CCS-CDR 0.13 0.20 0.59 0.32 284 0.52 0.48
TRMM3B43 0.36 0.35 0.73 0.08 18.9 0.28 0.72
GSMaP-Gauge 0.31 0.32 0.83 —0.06 20.6 0.41 0.59
IMERGFinal 0.38 0.40 0.76 0.05 17.5 0.30 0.70
ERA5 0.27 0.46 0.53 0.30 23.5 0.37 0.63
CHIRP 0.20 0.28 0.51 0.12 22.6 0.58 0.42
CHIRPS 0.26 0.30 0.68 0.09 21.0 0.52 0.48
Proposed method 0.50 0.64 0.89 0.04 13.6 0.18 0.82

The spatial distribution of KGE at validation stations for the period 2003 to 2021 is
shown in Figure 6. TRMM3B43, IMERG-Final, PRECL and GSMaP-Gauge have better
accuracy than other products with KGE averages of 0.36, 0.38, 0.36 and 0.31, respectively.
The results show that PERSIANN family products have low accuracy in precipitation
estimation, among which PERSIANN-CCS is the weakest precipitation product, which has
negative KGE values in many stations. ERA5 has relatively high accuracy in estimating
precipitation, especially in the southwest regions. However, the accuracy of this precipita-
tion product is low in the central regions. In general, the accuracy of different products in
the northern and southwestern regions of Saudi Arabia, including Jabal Sawda, is higher
than in other regions. The KGE values of all stations based on the proposed product are
higher than 0. The average KGE of these stations based on the proposed method is 0.50,
which indicates the high accuracy of the proposed product.

The KGE boxplot for precipitation products at the ground station scale is shown in
Figure 7. The KGE range for IMERGFinal, GSMaP-Gauge, TRMM3B43, CHIRP, CHIRPS
and PRECL products is lower than other products. The highest range of KGE values is
for PERSIANN-CCS, PERSIANN-PDIR and GSMaP-NRT products. The median values of
PRECL, TRMM3B43 and IMERGFinal products are 0.36, 0.39 and 0.43, respectively, which
indicates the higher accuracy of these products than other precipitation products. The range
of KGE values for the proposed product is much more limited than for other precipitation
products. Also, the median KGE values for this product are 0.60.
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Figure 6. Spatial distribution of KGE for the precipitation datasets in geographical location of
validation stations based on point-to-pixel strategy.
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Figure 7. Boxplot of KGE values for the study area within 2003-2021 obtained from point to pixel
assessment strategy.

5. Discussion

In this study, the accuracy of precipitation products under different conditions was
evaluated. The point-to-pixel and pixel-to-pixel approaches were used to evaluate the
accuracy of precipitation products [53,92]. The calculated accuracy values for different
products, based on the pixel-to-pixel approach, were significantly higher than the point-
to-pixel approach. However, database rankings based on two approaches showed the
same results. Hence, two approaches can be used instead of each other to rank the dataset
regardless of the values of the evaluation criteria. Saemian, et al. [16] also showed that the
results of the accuracy of precipitation products evaluated on point-to-pixel and pixel-to-
pixel strategies were consistent with each other. Only evaluations based on the pixel-to-pixel
approach overestimated the skill of the datasets compared to the point-to-pixel approach.

The results of the accuracy assessment showed that the accuracy of existing precipi-
tation products is different. IMERGFinal, TRMM3B43, and PRECL products had higher
accuracy than other products. Moreover, the results demonstrated that systematic error is
an important component of the total error in PERSIANN, PERSIANN-CCS, CHIRP and
CHIRPs products. The findings of Prakash [14] confirmed this result. The evaluation
results showed that the PERSIANN group products have different accuracy in estimating
precipitation. For example, the PERSIANN product estimated the amount of precipitation
to be less than the observed value, and the PERSIANN-CCS product estimated the amount
of precipitation to be higher than the observed amount. Nguyen, et al. [13], in their study
in the United States, showed that the PERSTANN-CCS product estimated the amount of
precipitation more than the observed amount. The higher accuracy of the PERSIANN-
CDR product indicated the importance of gauge-based adjustment to improve satellite
observation [11,19].

Alternatively, the results of this study showed that the accuracy of gauge-based
products is higher than satellite-based products and reanalysis products. Furthermore, the
use of gauge-corrected satellite group data from ground stations can further improve the
accuracy of these products [12,93]. Saemian, et al. [16] showed that reanalysis products
outperform satellite-based products practically after gauge adjustment. In a number of
previous studies, it was shown that the accuracy of reanalysis products in estimating
precipitation in warm and dry regions is higher than other products [1,11,59]. Also, Xu,
et al. [48] recently demonstrated that reanalysis products perform better than satellite-based
products in North America, Europe, and Australia. Nonetheless, Chen, et al. [60] pointed
out that satellite-based products perform better than reanalysis products.

Overall, the accuracy of existing precipitation products varies from region to region
and depends on the type of precipitation, topography, and climatic factors [2]. This study
also revealed that the accuracy was not constant under all conditions. Hosseini-Moghari,
et al. [50] demonstrated that the accuracy of precipitation products varies under different
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climatic conditions and precipitation classes. Hence, in this study, to achieve a higher
accuracy precipitation product, information obtained from different precipitation products,
surface properties, and precipitation data recorded at ground stations was combined based
on a machine learning algorithm. The random forest algorithm has a high ability to build
complex relationships between dependent and independent variables [94,95]. Therefore, in
this study, this algorithm was used as a machine learning algorithm. The results showed
that the fusion of information related to the spatial distribution of precipitation obtained
from different sources improved the accuracy of precipitation estimation. The basic princi-
ple of the proposed method is to use the capabilities and advantages of different existing
precipitation products and surface characteristics. This will enable production of a new and
more accurate precipitation product. Ahmed, et al. [5] showed that combining the results
of several products can improve the accuracy of precipitation estimation. The importance
degree of each of the dependent variables in increasing the accuracy of precipitation es-
timation is different. Qureshi, et al. [10] reported that the use of elevation and latitude
parameters as correction factors increases the accuracy of precipitation estimation.

This study represents a comprehensive evaluation of almost all available satellite-based
products over Saudi Arabia, discussing their strengths, weaknesses, and spatiotemporal
discrepancies. Previous studies highlighted the discrepancy in comparisons between
precipitation estimates from region to region [12,16,19,28]. Our findings in the context of
comparing the accuracy of different precipitation products only pertain to Saudi Arabia
and are not necessarily transferable to other regions. However, the method proposed in this
study to prepare a more accurate precipitation product is not limited to a specific place or
time. It can be used in all regions and at all times. However, this study has limitations. The
spatial resolution difference of precipitation products with each other and with the spatial
resolution of other independent variables including elevation, LST, and SWI is one of the
important limitations in the process of evaluating the accuracy of precipitation products
and the new product. The time difference between precipitation data from precipitation
products and those recorded at the ground station is another limitation of the study. Also,
one of the limitations of the proposed method is the higher required processing volume and
time to prepare a more accurate precipitation product than other products. Nevertheless,
higher volumes and longer processing times are necessary for better accuracy in estimating
precipitation amounts.

6. Conclusions

Evaluating the accuracy of precipitation products in different conditions is of great
importance. The results of this study showed that, in general, the accuracy of gauge-based
products is higher than other groups, including satellite-based products and reanalysis
products. However, the accuracy of different products in various climatic, topographic,
and geographical conditions is varied. Therefore, in order to achieve a product with stable
accuracy in different conditions, a combination of existing precipitation products with ancil-
lary information obtained from other sources was proposed. On a study area scale, among
precipitation products, IMERGFinal, TRMM3B43, PERSIANN-CDR, ERA5, PERSIANN-
CCS-CDR and GSMaP-Gauge were the most important variables in the production of the
proposed precipitation product. The importance degree of the precipitation interpolation
product was greater than the surface biophysical and topography characteristics. Among
the biophysical characteristics, the importance degree of SWI was higher than LST and
Elevation. According to the results, the proposed product is more accurate at estimating
precipitation than existing precipitation products. We found that a point-to-pixel assess-
ment understated the quality of datasets when compared to a pixel-to-pixel evaluation.
The ordering of products, however, was the same in both approaches. The findings of
this study can be utilized to help determine which precipitation dataset to employ for a
certain application.
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