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Abstract. 
The aim of this research is to evaluate the accuracy of Global Satellite Mapping of 
Rainfall (GSMaP) data by referencing daily rain-gauged rainfall measurements across 
the Indonesian Maritime Continent. We compare the daily rainfall data from GSMaP 
Moving Kalman Filter (MVK) to readings from 152 rain-gauge observation stations 
across Indonesia from March 2014 to December 2017. The results show that the 

mean square error (RMSE) is more accurate in the dry season. The highest proportion 
correct (PC) value is obtained for Bali-NTT, while the highest probability of detection 
(POD) and false alarm ratio (FAR) values are obtained for Kalimantan. GSMaP-MVK 
data is over-estimated compared to observations in Indonesia, with the mean accuracy 
for daily rainfall estimation being 85.47% in 2014, 85.74% in 2015, 82.73 in 2016, and 
82.59% in 2017.

Keywords: GSMaP, rainfall, rain-gauge.

Abstrak. Curah hujan adalah faktor terpenting dari siklus air dan energi bumi. Tujuan dari 
penelitian ini adalah untuk mengevaluasi akurasi dari GSMaP (Global Satellite Mapping of 

hujan dan memiliki nilai RMSE terbaik di musim kemarau. Selain itu, nilai tertinggi Proportion 

over-estimasi terhadap hasil pengamatan di Indonesia dengan akurasi rata-rata untuk prakiraan 

Kata kunci: GSMaP, curah hujan, rain-gauge.

1. Introduction
Precipitation plays a vital role in the 

also an important input for climate and 
hydrological models (Gottschalck et al., 
2005; Kidd et al., 2011). Moreover, accurate 
rainfall estimation is crucial for monitoring 
hydro-climatologic variations. Flood and 
drought can be understood from rainfall 
analysis in order to protect the environment 
and enhance population security. Generally, 
rainfall datasets obtained from ground-
based rain-gauge observations have been 

used to provide direct physical measurement 
of rainfall. However, rainfall monitoring 
at ground stations is often too sparse to 
provide the coverage needed for accurate 
patterns to be developed, especially in terms 
of spatial variability (Vernimmen et al., 2012). 
Few meteorological stations are available in 
remote areas and those that are present are 

access for maintenance and installation. This 
lack of spatial coverage is a challenge for 
successful gauge-based rainfall measurement 
(Buarque et al., 2011; Chen et al., 2013)
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Over recent decades, numerous satellite 
rainfall estimates have been developed to 
improve understanding of the global water 
cycle and its effects on atmospheric circulation 
(Huffman et al., 2007; Aonashi et al., 2009; 
Kidd et al., 2009; Joyce et al., 2011). However, 
this data still involves uncertainties such as 
inhomogeneous patterns over diverse regions 
resulting from the indirect nature of satellite 

infrequent satellite overpasses (AghaKouchak 
et al., 2009). The validation of rainfall estimates 
from satellite data is essential for assessing 
the accuracy of estimation algorithms and for 
providing feedback to algorithm developers to 
improve their methods. A number of studies 
have evaluated satellite-derived rainfall 
information for areas of interest by comparing 
it to rain-gauge rainfall data (Dinku et al., 2010; 
Sapiano, 2010; Scheel et al., 2011; Setiawati 2016; 
Giarno et al., 2018).

Efforts to improve retrieval algorithms 
and estimation techniques have resulted in 
the release of new products including Global 
Satellite Mapping of Rainfall (GSMaP), which 
is a set of new high-resolution rainfall estimates 

based on blending passive microwave (PMW) 
and infrared (IR) datasets (Ushio et al. 2009). 
Many evaluations and validations of GSMaP 
have been carried out in recent years. Kubota 
et al. (2007) assessed the accuracy of GSMaP-
MWR (microwave radiometer), reporting that 
the CC of GSMaP is high over the ocean but 
relatively low over the land surface. It is also 
higher in summer than in winter. GSMaP-MWR 
provides precipitation estimates derived from 
MW radiometer data using a GSMaP retrieval 
algorithm. Kubota et al. (2009) also evaluated 
GSMaP at 3-hourly and 0.250 intervals across 
Japan by comparing GSMaP with a gauge-
calibrated ground radar dataset. Promasakha 
et al. (2013) used daily GSMaP products for 
the period 2000–2010 for validation of rain-
gauge station data in Thailand and concluded 
that GSMaP-MVK under-estimated over the 
area. GSMaP-MVK also showed that statistical 

 and TS is accurate in the 
rainy season but quite weak in the summer 
season. GSMaP-MVK provides precipitation 
estimates derived from temporal interpolation 
of the MW radiometer product using morphed 

IR data.
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Statistical metric Equation Perfect value
1

Mean error (ME) 0

Mean absolute error (MAE) 0

Root mean square error (RMSE) 0

 
Marginal total

a b a+b
c d c+d

Marginal total a+c b+d a+b+c+d = n

Average values 2014 CC RMSE ME MAE
Sumatra 0.47 16.93 0.71 7.66
Java 0.42 14.09 0.38 5.58
Kalimantan 0.51 15.20 0.37 7.05
Sulawesi 0.49 12.99 -0.83 5.33
Bali-NTT 0.35 8.83 0.45 2.69
Molucca-Papua 0.48 15.80 -0.76 6.87

Average values 2014 PC CSI
Sumatra 0.73 0.79 0.37 0.53 0.30 1.29
Java 0.79 0.70 0.42 0.47 0.32 1.22
Kalimantan 0.76 0.81 0.32 0.58 0.35 1.20
Sulawesi 0.78 0.71 0.34 0.51 0.34 1.13
Bali-NTT 0.87 0.58 0.39 0.42 0.34 1.08
Molucca-Papua 0.73 0.69 0.35 0.50 0.26 0.98

This study aims to evaluate the use of 
GSMaP rainfall estimates over Indonesia 
by using gauge-based rainfall analysis and 
exploring the error characteristics of GSMaP 
over the region for various underlying 

surface types and complex topography. The 
performance of GSMaP was investigated in 
this study as an alternative source of rainfall 
data which could be used to overcome the 
limitations of station coverage in Indonesia. 
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Average values 2015 CC RMSE ME MAE
Sumatra 0.45 15.67 0.56 6.66
Java 0.47 15.83 1.20 5.71
Kalimantan 0.51 14.99 -0.34 6.61
Sulawesi 0.51 12.30 -0.51 4.87
Bali-NTT 0.47 11.38 -0.31 3.66
Molucca-Papua 0.48 13.32 0.48 5.51

Average values 2015 PC CSI
Sumatra 0.79 0.77 0.37 0.52 0.36 1.26
Java 0.84 0.79 0.38 0.53 0.42 1.31
Kalimantan 0.80 0.78 0.31 0.58 0.41 1.13
Sulawesi 0.81 0.67 0.33 0.49 0.36 1.07
Bali-NTT 0.86 0.61 0.33 0.47 0.38 0.93
Molucca-Papua 0.78 0.65 0.35 0.47 0.32 1.05

Average values 2016 CC RMSE ME MAE
Sumatra 0.48 18.32 1.04 8.65
Java 0.44 17.96 1.22 8.90
Kalimantan 0.45 18.37 -0.19 8.99
Sulawesi 0.43 15.69 -0.33 7.10
Bali-NTT 0.36 13.69 -1.12 5.25
Molucca-Papua 0.51 17.27 1.38 8.27

Average values 2016 PC CSI
Sumatra 0.76 0.79 0.36 0.54 0.34 1.26
Java 0.75 0.78 0.38 0.52 0.32 1.31
Kalimantan 0.77 0.80 0.30 0.59 0.37 1.15
Sulawesi 0.76 0.70 0.37 0.49 0.31 1.16
Bali-NTT 0.80 0.60 0.35 0.44 0.31 0.94
Molucca-Papua 0.76 0.75 0.33 0.55 0.33 1.14

Average value 2016 CC RMSE ME MAE
Sumatra 0.48 18.83 0.96 8.67
Java 0.46 15.56 0.74 8.39
Kalimantan 0.50 16.72 1.04 7.65
Sulawesi 0.45 18.11 0.08 8.18
Bali-NTT 0.50 12.15 -1.40 8.29
Molucca-Papua 0.46 20.47 3.72 8.08
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2.  Research Method
2.1.  Gauge-based rainfall 

Data for gauge-based rainfall analysis 
were obtained from the Indonesian Agency 
for Meteorology, Climatology, and Geophysics 
(hereafter called BMKG). These data were 
provided based on a gauge network of 152 
meteorological stations (Figure 1) for daily 
values from March 2014 to December 2017.

2.2. Satellite data
The GSMaP project (Okamoto 2005; 

Ushio et al., 2009) is supported by the Japan 
Aerospace Exploration Agency (JAXA) and 
the Japan Science Technology Agency (JST). It 
incorporates both passive microwave (PMW) 
and infrared (IR) sensor data from satellites 
to map global precipitation at high temporal 
and spatial resolutions. In this study, GSMaP-
MVK + version 7.0 was evaluated for hourly 
precipitation estimates for a 0.10 latitude/
longitude grid over the globe (60º S to 60º N) 
from March 2014 to December 2017. 

2.3. Validation method
In this study, standard validation statistics 

are used to validate the performance of GSMaP-
MVK rainfall products. Description of these 
statistics has been given in many references 
(Ebert 2007; Tan et al., 2017). Two types of 
statistics are used to verify satellite rainfall 

a continuous variable such as rain quantity 

statistics measure the correspondence between 
estimated and observed occurrences of events. 

validate GSMaP in this study are correlation 

absolute error (MAE), and root mean square 
error (RMSE). The formulas for these statistics 
are as follows.

The 
used were calculated based on a contingency 
table (Table 2), to evaluate rainfall detection 
capabilities (Xu et al., 2017). We chose 1 mm/

day as the threshold between rainfall and no 
rainfall in calculating the following indices: 
proportion correct (PC), probability of detection 
(POD), false alarm ratio (FAR), critical success 
index (CSI), equitable threat score (ETS), and 
frequency bias index (FBI), calculated by the 
following equations:

PC = (a+d)/n                 (1)

PC values range between 0 and 1, with a 
maximum value of 1. 

POD = a/(a+c)                    (2)

POD values range between 0 and 1, with a 
maximum value of 1. 

FAR = b/(a+b)                (3)

FAR values range between 0 and 1, with a 
perfect value of 0. 

CSI = a/(a+b+c)                (4)

CSI values range between 0 and 1, with a 
maximum value of 1. 

ETS = (a-ar)/(a+b+c-ar), where ar = (a+b)
(a+c)/n                 (5)

ETS values range between -1/3 and 1, with a 
maximum value of 1. 

FBI = (a+b)/(a+c)                (6)

perfect value of 1. 

3.  Results and Discussion
3.1. Annual assessment 

Table 3 shows the statistical metrics of daily 
rainfall estimates from GSMaP-MVK in 2014 
for six large islands. Kalimantan has the best 
CC value, of 0.51, followed by Sulawesi (0.49), 
Molucca-Papua (0.48), Sumatra (0.47), Java 
(0.42), and Bali-NTT (0.35). However, overall 
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the CC values show moderate correlation 
between satellites and gauges. Bali-NTT has the 
best RMSE value, of 8.83, while Sumatera has 
the worst value, of 16.93. The ME values range 
from -0.83 (Sulawesi) to 0.71 (Sumatra) and 
the MAE values range from 2.69 (Bali-NTT) to 
7.66 (Sumatra). Table 4 shows rainfall detection 
ability in 2014, with PC values ranging from 0.73 
(Sumatra) to 0.87 (Bali-NTT). GSMaP products 
provide reasonably good POD, ranging from 
0.58 (Bali-NTT) to 0.81 (Kalimantan). The best 
FAR value is 0.32 (Kalimantan) while the worst 
value is 0.42 (Java). CSI values range from 0.42 
(Bali-NTT) to 0.58 (Kalimantan). Generally, ETS 
values range between 0.26 (Molucca-Papua) to 
0.35 (Kalimantan). FBI values range from 0.98 
(Molucca-Papua) to 1.29 (Sumatra). Moreover, 
satellite rainfall is overestimated for most of 
the islands.

Table 5 shows the statistical metrics for 
daily rainfall estimates from GSMaP-MVK in 
2015. Kalimantan and Sulawesi have the best 
CC values, of 0.51, followed by Molucca-Papua 
(0.48), Java and Bali-NTT (0.47), and Sumatra 
(0.45). However, CC values generally show a 
moderate correlation between satellite and 
gauges. Bali-NTT has the best RMSE value of 
11.38 but Java has the worst value of 15.83. The 
ME values range from -0.51 (Sulawesi) to 1.20 
(Java) and the MAE values range from 3.66 
(Bali-NTT) to 6.66 (Sumatra). Table 6 shows the 
rainfall detection ability in 2015, with PC values 
ranging from 0.78 (Molucca-Papua) to 0.86 
(Bali-NTT). GSMaP products have reasonably 
good POD, ranging from 0.61 (Bali-NTT) to 0.79 
(Java). The best FAR value is 0.31 (Kalimantan) 
and the worst value is 0.38 (Java). CSI values 
range from 0.47 (Bali-NTT and Molucca-Papua) 
to 0.58 (Kalimantan). Generally, ETS values 
range between 0.32 (Molucca-Papua) and 0.42 
(Java). FBI values range from 0.93 (Bali-NTT) to 
1.31 (Java). Moreover, satellite rainfall is over-
estimated for most of the islands.

Table 7 shows statistical metrics of daily 
rainfall estimates from GSMaP-MVK in 2016. 
Molucca-Papua has the best CC value of 0.51, 
followed by Sumatra (0.48), Kalimantan (0.45), 

Java (0.44), Sulawesi (0.43), and Bali-NTT 
(0.36). CC values generally show moderate 
correlation between satellites and gauges. Bali-
NTT has the best RMSE value, of 13.69, while 
Kalimantan has the worst value, of 18.37. ME 
values range from -1.12 (Bali-NTT) to 1.38 
(Molucca-Papua) and MAE values range from 
5.25 (Bali-NTT) to 8.99 (Kalimantan). Table 8 
shows rainfall detection ability for 2017, with 
PC values ranging from 0.75 (Java) to 0.80 
(Bali-NTT). GSMaP products have reasonably 
good POD, ranging from 0.60 (Bali-NTT) to 
0.80 (Kalimantan). The best FAR value is 0.30 
(Kalimantan) and the worst value is 0.38 (Java). 
CSI values range from 0.44 (Bali-NTT) to 0.59 
(Kalimantan). Generally, ETS values range 
between 0.31 (Sulawesi and Bali-NTT) and 0.37 
(Kalimantan). FBI values range from 0.94 (Bali-
NTT) to 1.31 (Java). Satellite rainfall is generally 
over-estimated for most islands.

Table 9 show the statistical metrics for 
daily rainfall estimates from GSMaP-MVK for 
2017. Kalimantan and Bali-NTT have the best 
CC values of 0.50, followed by Sumatra (0.48), 
Molucca-Papua and Java (0.46), and Sulawesi 
(0.45). Overall, the CC values show moderate 
correlation between satellites and gauges. Bali-
NTT has the best RMSE value of 12.15 and 
Molucca-Papua has the worst value of 20.47. 
ME values range from -1.40 (Bali-NTT) to 3.72 
(Molucca-Papua) and MAE values range from 
7.65 (Kalimantan) to 8.67 (Sumatra). Table 10 
shows rainfall detection ability for 2017, with 
PC values ranging from 0.73 (Sulawesi and 
Molucca-Papua) to 0.82 (Bali-NTT). GSMaP 
products have reasonably good POD, ranging 
from 0.62 (Bali-NTT) to 0.84 (Kalimantan). The 
best FAR value is 0.31 (Kalimantan and Bali-
NTT) and the worst value is 0.39 (Sulawesi and 
Molucca-Papua). CSI value ranges from 0.48 
(Bali-NTT) to 0.61 (Kalimantan). Generally, 
ETS values range between 0.29 (Sulawesi) and 
0.39 (Java). FBI value ranges from 0.91 (Bali-
NTT) to 1.58 (Molucca-Papua). Moreover, 
satellite rainfall is over-estimated for most of 
the islands.
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Average value 2017 PC CSI
Sumatra 0.76 0.78 0.34 0.55 0.34 1.21
Java 0.80 0.79 0.35 0.55 0.39 1.26
Kalimantan 0.77 0.84 0.31 0.61 0.38 1.22
Sulawesi 0.73 0.73 0.39 0.49 0.29 1.25
Bali-NTT 0.82 0.62 0.31 0.48 0.36 0.91
Molucca-Papua 0.73 0.79 0.39 0.51 0.30 1.58
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It is apparent that daily rainfall over large 
islands such as Kalimantan has better CC than 
small island such as Bali-NTT (Tables 3, 5, and 
7), and this is because the GSMaP satellites can 
monitor convective clouds more effectively 
over large islands. It is correspondingly 

convective clouds over small islands. 
According to statistical measurements, Bali-
NTT has the best RMSE, but for categorical 
measurements it has the lowest POD. This is 

of POD. There are negative values of ME for 
some islands, meaning that the GSMaP rainfall 
forecast is under-estimated for those islands. 

3.2. Monthly assessment
Figure 2 shows the monthly values 

of CC, RMSE, ME, and MAE. In 2014, the 
best accuracy according to RMSE is 6.91 in 
September and the worst is 15.10 in November. 
The highest ME value is 0.85 in April and is 
over-estimated compared to rain-gauged 
data, while the lowest ME is -3.26 in July, as 
seen in Figure 2(a). The highest value of CC 
is 0.48 in December while the lowest is 0.38 
in July. Moreover, MAE value was highest in 
December at 10.58 and lowest in September 
at 3.14, as seen in Figure 2(b). In 2015, The 
best accuracy according to RMSE is 4.7 in 
September and the worst is 17.5 in February. 
The highest ME value is 0.96 in February and 
is over-estimated compared to rain-gauged 
data, while the lowest ME is -0.44 in January, 
as seen in Figure 2(c). The highest value of CC 
is 0.52 in February while the lowest is 0.36 in 
September. Finally, MAE value is highest in 
February at 9.36 and lowest in September at 
2.05, as seen in Figure 2(d).

 In 2016, the best accuracy according to 
RMSE is 10.1 in August and the worst is 17.70 
in November. The highest ME value is 1.67 in 
December and is over-estimated compared 
to rain-gauged data, while the lowest ME 
is -1.19 in August, as seen in Figure 2 (e). 
The highest value of CC is 0.52 in January, 

while the lowest is 0.38 in April. MAE value 
is highest in November at 9.45 and lowest 
in August at 4.49, as seen in Figure 2 (f). In 
2017, the best accuracy according to RMSE is 
2.7 in August, and the worst is 5.0 in January. 
The highest ME value is 1.12 in January and 
is over-estimated compared to rain-gauged 
data, while the lowest ME is -0.17 in August, 
as seen in Figure 2 (g). The highest value of CC 
is 0.37 in February while the lowest is 0.22 in 
August. MAE value is highest in November, 
at 10.94, and lowest in August, at 5.43, as seen 
in Figure 2 (h). 

3.3. Discussion
Climatic rainfall characteristics for 

Indonesia can be divided into three regions 

A) comprises southern Indonesia from 
South Sumatra to Timor island, southern 
Kalimantan, Sulawesi, and part of Papua. 
The second region (region B) is located in 
northwest Indonesia from northern Sumatra 
to northwestern Kalimantan. The third 
region (region C) comprises Molucca and 
northern Sulawesi. Region C has the strongest 
relationship to the El Nino southern oscillation 
(ENSO) phenomenon, followed by region A. 
Between 2014 and 2017, Indonesian rainfall 

2015 to April 2016.
The analysis presented in this study 

provides a quantitative comparison between 
satellite-based precipitation products and 
gauge-based precipitation analysis datasets. 
The GSMaP project is a recent addition to the 
repository of satellite-based high-resolution 
precipitation estimates. To facilitate the 
application of GSMaP and support its 
improvement, it is crucial to quantify and 
document its error characteristics. Generally, 
the performance of GSMaP-MVK is better than 
GSMaP-NRT for Indonesia (Fatkhuroyan, 

China (Tang et al., 2016), Japan, and Korea 
(Kim et al., 2017), and the Tibetan Plateau 
(Ma et al., 2016). Many previous studies have 
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also indicated that complex topography may 

et al., 2008; AghaKouchak et al., 2011). 
CC values are better in the rainy season, 

while RMSE has the best values in the dry 
season. Moreover, the highest value of PC 
is for Bali-NTT, the highest POD value is 
for Borneo, and the highest FAR value is for 

study were employed to extensively evaluate 
remote sensing precipitation estimates 
for issues such as bias, POD, FAR, etc. 
Development of methods of validation and 
uncertainty analysis are of great importance 
(Sorooshian et al., 2011), and in recent years, 
several efforts to develop various methods 
for validation of satellite-based precipitation 
estimates have been devised. To track the 
error sources associated with the retrieval 
processes, Tian et al. (2009) proposed an 
error decomposition scheme to separate the 
errors into three independent components, 
and AghaKouchak et al. (2012) investigated 
systematic and random error components of 
several satellite precipitation products. 

4. Conclusion
The GSMaP-MVK rainfall product was 

assessed for annual, monthly, and daily data 
for Indonesia. The analysis was carried out 
for six large islands and for both wet and dry 
seasons. Generally, GSMaP-MVK is over-
estimated, with mean accuracy for daily 
rainfall estimations of 85.47% in 2014, 85.74% 
in 2015, 82.73 in 2016, and 82.59% in 2017. 
However, some discrepancies are observed 
when considering different rainfall features 
over the various regions. The enhancement 
of rainfall estimates over Maritime Continent 
regions is valuable for future hydro-climatic 
studies, as small changes in rainfall patterns 
can have strong impacts on local water 
budgets.
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