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Abstract: The Tropical Rainfall Measuring Mission (TRMM) and Global Precipitation Mission (GPM)
are the most important and widely used data sources in several applications—e.g., forecasting
drought and flood, and managing water resources—especially in the areas with sparse or no other
robust sources. This study explored the accuracy and precision of satellite data products over a span
of 18 years (2000-2017) using synoptic ground station data for three regions in Iran with different
climates, namely (a) humid and high rainfall, (b) semi-arid, and (c) arid. The results show that the
monthly precipitation products of GPM and TRMM overestimate the rainfall. On average, they
overestimated the precipitation amount by 11% in humid, by 50% in semi-arid, and by 43% in arid
climate conditions compared to the ground-based data. This study also evaluated the satellite data
accuracy in drought and wet conditions based on the standardized precipitation index (SPI) and
different seasons. The results showed that the accuracy of satellite data varies significantly under
drought, wet, and normal conditions and different timescales, being lowest under drought conditions,
especially in arid regions. The highest accuracy was obtained on the 12-month timescale and the
lowest on the 3-month timescale. Although the accuracy of the data is dependent on the season, the
seasonal effects depend on climatic conditions.

Keywords: TRMM; GPM; correction factor; SPI; rainfall accuracy; rainfall precision

1. Introduction

Water is a major part of a country’s economic and social development, and precip-
itation is the principal source of freshwater on the Earth. Efficient management in this
field needs accurate and precise information on precipitation and its spatio-temporal varia-
tions [1]. Furthermore, precipitation is the main factor in the water cycle and the balance of
the Earth’s energy [2] and directly affects climate change [3]. Precipitation data are used
in many areas, such as flood modeling [4], landslides [5], heavy rain forecast [6], water re-
source management [7], drought monitoring [8], hydrological modeling [9], meteorological
applications [10,11], and improving crop yield and soil moisture estimation [12].

Reliable measurements of areal precipitation are still the major challenge of hydrology
research and water management in all their sub-fields [13-15]. Rainfall timing and spatial
distribution make reliable measurements even more complicated in many semi-arid, arid,
and mountainous regions, while precipitation gauges are often sparsely distributed [15-17].
The latter is crucial in the more mountainous regions (of which snowfall is extremely
important for water resources in Iran). In this context, satellite-based rainfall estimates have
raised high expectations in the scientific community since 1998, when the first quasi-global
Tropical Rainfall Measurement Mission (TRMM)-derived dataset was made available. There
have been many discussions on whether those areal rainfall estimates were reliable or not,
and if yes, under which boundary conditions?
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Scientists concluded that, for many regions, those datasets were better than too
sparsely distributed precipitation gauge ‘networks’ and applied the TRMM datasets more
or less successfully in hydrological models and other applications. Many shortcomings
were documented in the literature, but TRMM data functioned well in several applications
with no alternative data sources.

Documented shortcomings of TRMM products were mostly based on ‘simple” phys-
ical reasons: the spatial, temporal, and spectral resolution of the sensors, the common
problem of all satellite-based studies. However, for rainfall estimates, the compromises of
TRMM/TMPA were partly too big. Thus, logically, TRMM'’s follow-on was expected to
have better spatial, temporal, and spectral resolutions to overcome the known shortcom-
ings. The Global Precipitation Mission (GPM) was launched in 2014 with high expectations
from the hydrological community.

1.1. Drought and Wet Conditions

Drought is generally driven by a moisture deficit condition that occurs due to a lack of
precipitation over a period [18,19]. Drought occurs almost anywhere globally, even in rainy
regions [20], and can last from a few months to several years, causing enormous damage
to the economy and society [21]. Due to global warming issues, decision-makers have
increasingly turned to drought-related studies in recent years. Different indicators are used
to diagnose drought and wet conditions [22]. However, many studies [23-27] have shown
that the standardized precipitation index (SPI) works well for different climates in Iran to
assess the frequency and duration of droughts. The index, developed by McKee et al. (1993),
describes the cumulative probability of precipitation in any given period. Meanwhile, this
index only requires rainfall data and therefore has fewer calculations.

1.2. Seasonal Importance of Precipitation

The amount of rainfall and its importance vary from season to season. For example,
winter rains have a more significant effect on forest health. The tree rings indicate rain
periods in the cold seasons; in other words, trees have the highest growth in the years with
rainy winters, and tree patterns can be traced back to winter rainfall patterns in northern
latitudes [28]. Moreover, the lack of rainfall in winter and spring causes forests to become
more vulnerable to fire and the fire season to start sooner [29]. However, rainwater quickly
enters the rivers in the summer, and the remaining moisture evaporates quickly in the
summer sun [30].

1.3. State of the Art

Precipitation data are currently available to the public from various data providers
such as the Climate Prediction Center MORPHing technique (CMORPH), and Precipi-
tation Estimation from Remotely Sensed Information using Artificial Neural Networks
(PERSIANN). This study compares precipitation products of Tropical Rainfall Measuring
Mission (TRMM) Multisatellite Precipitation Analysis (TMPA version 7 research level
product) and Integrated Multisatellite Retrievals for GPM (IMERG version 6 research
level product).

GPM was launched in 2014 to continue collecting rainfall data after ending the TRMM
mission in 2015. TMPA /3B43 and IMERG provide monthly precipitation in millimeters per
hour in 0.25° x 0.25° and 0.1° x 0.1° resolutions, respectively. Several studies have been
conducted on their accuracy [31-34] worldwide. For example, Sharifi et al. [35] compared
the daily data of ground gauges and GPM data in different climatic conditions and seasons
throughout Iran. However, their work was limited to only the years 2014 and 2015. They
concluded that GPM/IMERG was superior to TRMM/TMPA and that monthly products
underestimated the precipitation in high rain climatic conditions. However, in arid and
semi-arid conditions, IMERG and TMPA overestimated the rainfall data.

Anjum and Ahmad [36] showed that the IMERG product was slightly better than
TMPA, although both correlated well with in-situ measurements. However, the satellite
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data underestimated moderate and heavy precipitation and overestimated light rainfalls. In
several other studies, researchers found the same results, in that IMERG and TMPA monthly
data were highly consistent with ground gauge measurements. However, they concluded
that the improvements were insignificant [37,38]. The main advantage of IMERG is its
fine resolution [39]. To summarize previous studies, there is a good correlation between
TMPA and IMERG precipitation data with in-situ measurements, although IMERG slightly
outperformed TMPA.

This study compared the satellite data products from 2000 to 2017 with in-situ measure-
ments. Although ground-based measurements of precipitation—especially snowfall—have
many errors and uncertainties, they are still used as the most accurate values in calcula-
tions and modeling. Ground station precipitation data were used to measure the drought
and wet conditions and evaluate the IMERG and TMPA products in the corresponding
conditions. Many researchers have used satellite data for drought monitoring [40-42] all
over the globe. However, no other study has so far compared satellite data accuracy in
drought and wet circumstances to our knowledge. In addition, this study evaluated the
effect of seasonal and drought conditions on satellite-based precipitation data accuracy
over different climates.

2. Materials and Methods
2.1. Study Area

The study area includes three provinces in northern, northeastern, and southeastern
Iran, each with a different climatic condition, namely rainy, semi-arid, and arid climates.
Figure 1 shows the study areas and average precipitation using IMERG product.
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Figure 1. Distribution of annual average precipitation (GPM/IMERG) over the study areas in the
year 2017: (a) Gilan (humid and rainy), (b) North-Khorasan (semi-arid and low rainfall), (c) Sistan-
Baluchestan (arid and low rainfall).

Figure 2 shows the annual averages of relative humidity, sunny hours, temperature,
precipitation, and ground stations’ altitude in the study areas. The parameters have been
scaled to display the stations’ characteristics in a single graph.
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Annual averages of synoptic stations characteristics in study areas
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Figure 2. Annual average of environmental characteristics and elevation in the study areas.

2.2. Dataset
2.2.1. Basic Data

The datasets of synoptic ground stations were obtained from the Meteorology Organi-
zation of Iran. Gilan, North Khorasan, and Sistan-Baluchestan provinces have 13, 7, and
12 synoptic ground stations, respectively. Table 1 shows the characteristics of synoptic
ground stations.

Table 1. Characteristics of synoptic ground stations in study areas from 1998 to 2017 (collected from
Meteorology Organization of Iran, https://data.irimo.ir (accessed on 23 January 2020)). Blue rows
are in the rainy region, gray and yellow rows are in the semi-arid and arid regions, respectively. Perc
= precipitation, Tm = temperature, rHum = relative humidity, SH = sunny hours.

Station Lat Lon Alt Perc. Perc. Perc. Tm. Tm. Tm. Tm. rHum. rHum. rHum. SH. SH. SH.

) ) ) Max Mean Std Min Max Mean Std Min Mean Std Max Mean Std

Astara 38.36 48.85 18 264.00 3.00 9.90 —5.20 34.20 15.50 7.90 7.00 80.92 9.85 13.50 5.08 4.37
Anzali 37.48 49.46 —24 195.80 4.80 14.00 —7.00 37.00 16.30 7.40 3.00 83.46 8.58 14.00 5.01 4.36
Talesh 37.84 48.89 7 234.80 4.39 9.70 —6.00 37.00 16.94 7.89 9.00 77.29 11.72 12.60 4.28 4.02
Jirnadeh 36.71 49.80 1581 38.80 0.84 2.96 —13.80 37.60 12.35 8.56 4.00 59.29 20.19 13.00 7.40 3.86
Deylaman 36.89 49.94 1448 48.60 1.04 3.39 —18.20 39.50 12.26 7.90 5.00 63.58 19.99 14.20 5.76 3.96
(ARi:;t)IEt) 37.32 49.62 -9 170.40 3.56 10.33 —19.00 40.00 16.25 7.61 2.00 81.94 11.05 13.60 4.63 4.19
(lj;:;lt) 372 49.64 25 134.70 343 9.87 —13.60 38.70 16.65 7.88 8.00 82.24 11.71 13.70 4.83 4.20
Rood Bar 36.81 49.52 0 22.70 0.67 2.24 —4.70 43.10 19.19 7.96 11.00 63.34 12.92 14.20 4.60 4.08
Rood Sar 37.13 50.32 —22 178.00 3.51 11.56 —8.00 36.60 17.42 7.74 7.00 79.04 9.78 12.80 5.02 4.13
KiaShahr 37.39 49.89 —22 113.00 3.62 10.69 —7.00 38.00 17.62 7.77 16.00 79.58 10.87 13.20 4.74 4.06
Lahijan 37.19 50.02 34 264.00 3.95 11.54 —5.60 37.90 17.42 7.75 3.00 77.82 12.13 12.50 5.00 4.18
Masooleh 37.15 48.99 1081 64.50 2.58 5.64 —11.40 39.10 12.24 7.55 9.00 77.71 19.83 12.70 3.90 3.65
Manjil 36.73 49.41 338 42.50 0.58 2.37 —6.80 47.80 17.25 8.14 2.00 60.73 12.71 13.00 7.57 3.68
Mean 37.25 4957 34269 136.29 2.77 8.01 —9.72 38.96 15.95 7.85 6.62 74.38 13.18 13.31 5.22 4.06
StdDev 0.46 0.45 602.51  88.20 1.49 4.09 4.96 3.37 2.26 0.29 4.07 9.02 4.07 0.60 1.10 0.22
Esferain 37.05 57.49 1203 49.90 0.52 2.34 —17.60  42.30 16.34 10.41 2.00 43.50 18.29 13.60 8.36 3.78
Bojnoord 37.48 57.27 1100 37.40 0.67 245 —21.00 40.60 13.23 9.39 2.00 59.57 18.32 14.80 7.82 3.94
Jajrom 36.96 56.33 969 30.60 0.35 1.88 —16.30  42.00 16.68 10.34 2.00 44.85 16.84 13.50 8.47 3.51
Raz 37.94 57.10 1278 25.40 0.82 2.72 —17.30 38.30 13.74 9.20 10.00 53.70 20.86 13.1 8.32 3.48
Shirvan 37.43 57.84 1051 29.80 0.58 2.38 —16.70  40.10 13.24 9.61 7.00 58.82 20.87 13.30 8.42 3.52
Farooj 37.22 58.23 1196 28.00 0.68 2.66 —15.10 38.90 12.94 9.33 7.00 56.60 20.47 13.34 8.25 3.36
Ashkhaneh 37.57 56.95 762 31.20 0.78 2.64 —18.40 43.80 16.88 9.75 4.00 52.56 19.89 13.00 7.95 4.74
Mean 37.38 57.32 10799  33.19 0.63 244 —1749  40.86 14.72 9.72 4.86 52.80 19.36 13.52 8.23 3.76
StdDev 0.33 0.62 174.39 8.23 0.16 0.29 1.87 1.96 1.81 0.48 3.18 6.42 1.56 0.60 0.25 0.47
Chabahar 25.28 60.62 8 130.10 0.29 3.73 7.90 42.60 26.62 3.71 1.00 73.76 14.53 12.20 9.19 227
IranShahr 27.20 60.70 59! 56.50 0.27 2.12 —2.20 49.30 27.42 8.68 1.00 26.95 15.45 12.20 0 2.20
Khash 28.22 61.20 1394 99.00 0.42 3.20 —10.00 43.40 21.34 8.51 0.00 27.70 16.54 13.30 9.49 2.48
Rask 26.23 61.40 406 56.00 0.35 2.66 2.70 51.70 30.77 6.49 1.00 32.84 17.88 12.10 8.93 2.25
Zabul 31.03 61.48 489 28.60 0.14 1.11 —11.80 49.60 22.64 10.05 1.00 34.21 16.34 13.00 8.96 2.95
Zahedan 29.47 60.88 1370 53.80 0.20 1.59 —13.00 43.40 19.53 8.70 13.00 19.53 16.77 13.20 9.34 2.70
Zahak 30.90 61.68 495 70.00 0.13 1.28 —10.00  49.00 2497 10.05 4.80 27.38 15.09 13.40 9.27 2.90
Saravan 27.33 62.33 1195 79.70 0.28 2.25 —6.00 45.40 22.81 8.35 1.00 27.14 15.50 13.10 9.53 2.26
(Igir;fﬁ) 25.44 60.38 528 147.00 0.28 3.42 3.80 49.00 27.29 4.94 1.00 62.20 13.15 12.70 8.76 2.19
MirJave 29.02 61.43 836 25.80 0.11 1.02 —8.10 47.40 26.59 9.68 1.00 18.13 14.45 13.00 9.30 2.54
NosratAbad  29.85 59.98 1127 42.00 0.20 1.67 —6.90 45.50 24.69 9152 1.00 20.26 13.94 13.20 9.49 2.57
NikShahr 26.23 60.20 510 110.70 0.48 3.95 2.80 50.80 29.59 7.02 1.00 31.33 16.40 12.70 9.61 2.08
Mean 28.02 61.02 745.75 7493 0.26 2.33 —4.23 47.26 25.36 7.98 2.23 26.55 15.50 12.84 9.27 2.45
StdDev 2.04 0.68 43492  39.23 0.11 1.04 7.00 3.10 3.34 2.04 3.58 5.61 1.35 0.46 0.27 0.29
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2.2.2. Satellite-Based Data

Several techniques have been developed to take advantage of satellite observations
over the last few years. Satellite precipitation products are obtained by combining infrared,
microwave, and radar precipitation data from various satellite sensors. TRMM/TMPA and
GPM/IMERG products are two well-known and commonly used sources of precipitation
data. Following the end of the TRMM mission in 2015, GPM, together with partner
satellites, took over the main role of providing data for precipitation products. In addition
to measuring rainfall, GPM can record snowfall and rainfall of less than 0.5 mm per hour.
GPM can also cover latitudes between 65° in the Northern and Southern hemispheres.
TRMM’s satellite precipitation data was discontinued in 2015; however, the TMPA /3B43
version 7 uses other satellites in the constellation. As was the case for TMPA, the IMERG
algorithm was applied to TRMM data and reprocessed to present a homogeneous dataset
with the current GPM data since 2000. TMPA /3B43V7 and IMERG version 6 were obtained
from the NASA website (https://gpm.nasa.gov, accessed on 23 January 2020) for the
2000-2017 period.

2.3. Technical Framework

The objective of this study is twofold. The first aim is to compare the performance of
the satellite precipitation products against ground station measurements over the study
period, drought conditions, and seasons. The second aim is to achieve a correction model
to predict the errors of the satellite precipitation data using a coefficient that minimizes the
root mean square error (RMSE) between satellite and ground station precipitation data.

Ground data are usually at point scales while satellite products include gridded
precipitation products; therefore, comparing them is always challenging. There are two
general approaches to comparison. The first method is to compare the gauge directly with
the pixel value at the station [31,43]. The second method is pixel-to-pixel comparison, in
which in-situ data are converted to the desired grid scale using interpolation methods
and then compared [1,44,45]. Although the second approach has been used in several
studies, it has been criticized by some researchers because it creates some uncertainties in
computation through interpolation. In this study, the first method was used to evaluate
the satellite-derived products and compare them for two reasons. First, in areas with
sparse ground stations or heterogeneous physiography, interpolation does not yield good
results, as confirmed by the findings of this study. Secondly, this method has been done
comparatively for the whole study area. Thus, if an error occurs, it is generally for the
whole calculation and will not affect the results. The following formulas were used to
assess the performance of the satellite products. For IMERG, the formulas are the same.

p— 1 2
RMSE — \/ Y(TMPA — Station)

N 1
Bias — Y.(TMPA — Station) )
N
cc— Y (station — station)2 x (TMPA — TMPA) : 3)
\/ Y (station — station)” x }_(TMPA — TMPA)
—_—2

TMPA — TMPA

Standard_Error = Z( ) 4

N x (N—1)

2.4. Comparison of Satellite Data with Interpolated Ground-Based Data

Data from synoptic stations are at point scales compared to satellite precipitation
data with at least 100 km? area pixels. Therefore, the satellite data were compared with
the interpolated values of some stations for 2017. The inverse distance weighting (IDW)
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interpolation method, used here, assumes that values measured near the prediction location
have more influence on the prediction than those farther away. In other words, the quantity
of precipitation was interpolated in the ground station location using other ground stations
measurements. Then, the interpolated value in the station’s location was compared with
the station and satellite products. Three modes for selecting comparison points were
considered. In the first case, a station that was in a relatively densely populated area was
selected. In the second case, a station with a heterogeneous topography was selected, and
in the third case, a station relatively far from the other stations.

2.5. Assessment of Satellite Data on the Synoptic Ground Stations

The satellite products were compared using the Pearson correlation coefficient be-
tween ground stations and corresponding satellite image pixels. It determines how well
satellite datasets fit ground-based measurements. R-squared is the square of the correlation
coefficient; higher values of R? result in lower errors. Moreover, this study introduced
the following equation called RMSEx, where ‘X’ is the factor that should be calculated in
such a way as to make the equation minimum based on the ground stations and their
corresponding satellite data. With x = 1, it will be typical RMSE. The best coefficients for
approaching precise rainfall values from two sources are achievable by minimizing the
following equation.

i 2
RMSEx — \/ Y. (x x (satellite produ;\:;t) (gauge product)) )

In Equation (5), by changing x, the smallest RMSEx can be obtained, and N is the
number of records. If the x-factor is higher than one, the stations’ values are greater than
satellite product values, and so satellite product underestimates the data. If the x value is
less than one, the satellite product overestimates the rainfall data. X, which hereafter is
called the “correction factor” (CF), controls the peaks, which may be an essential factor in
flood occurrences.

2.6. Assessment of Satellite Data over Drought and Wet Conditions

SPI is widely used in meteorological drought studies over different periods [46,47].
Lack of rainfall in the short term affects soil moisture, while it often affects groundwater,
river flow, and water resources in long periods [47,48]. Therefore, SPI indicates soil moisture
in short periods, while it is associated with the number of groundwater reserves over more
extended periods. In addition, this indicator can be used to compare climates that are
significantly different.

The threshold values of SPI proposed by McKee et al. (1993) and developed by
Edwards [49] are shown in Table 2. The precipitation data of the ground stations were
classified according to this table, and then their correlation with satellite data was examined.
The same method was used to compare the seasonal performance of satellite data.

Table 2. Classes of drought and wet conditions based on SPI [18].

Period SPI
Extremely wet >+2.0
Very wet +1.5 to +1.99
Moderately wet +1.0 to +1.49
Normal +0.99 to —0.99
Moderately dry —1.0to —1.49
Very dry —1.5to —1.99

Extremely dry <-2.0
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3. Results
3.1. Interpolated Precipitation Versus IMERG and TMPA

The comparisons of interpolated results with IMERG, TMPA, and ground-based
measurements are presented in Figure 3. The maps are provided for the precipitation data
from 2017, the newest data used in this study. The calculations are implemented for the
points in areas with different heterogeneities. The stations selected for comparison are
shown in pink in Figure 3. As can be seen, the interpolation results are sometimes higher
than the satellite values and sometimes vice versa. The difference between the measured
and the interpolated values depends on the distance of the surrounding stations to the
desired point and the heterogeneity of the topography between the desired point and
other stations.
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Figure 3. Comparison of station (pink dots) precipitation in 2017 with IMERG, TMPA, and interpo-
lated value using IDW interpolation method, (a) humid and rainy, (b) semi-arid, and (c) arid climate;
horizontal axes are months.
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3.2. Performance of Satellite Data over the Study Areas

Figure 4 shows the comparison of precipitation data from satellite and ground stations
for the province centers under study with different climatic conditions. The precipitation
data are measured in millimeters per hour; only three stations are displayed here. In
all graphs, IMERG shows higher R? than TMPA, especially in low rainfall, in which the
R-squared of IMERG is over 30% higher than TMPA. In the high rain region (a), the higher
the rainfall, the greater the errors.
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Figure 4. Comparison of monthly average precipitation between stations and satellite data for (a,b)
Rasht (humid and rainy) (c,d) Bojnoord (semi-arid), and (e,f) Zahedan (arid). Red and black dashed
lines show the trend line, and x = y line, respectively. The stations used here are marked by red points
in Figure 1.
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3.3. Error Adjustment of Satellite Precipitation

Figure 5 illustrates the effect of the correction factor on the monthly variations of
IMERG and TMPA precipitation compared to a ground station. Only five years were
selected for better visualization. The graphs show that IMERG and TMPA overestimate
the station’s rainfall data, especially in the peaks. However, the patterns of corrected data
are the same as the original ones. This is because the correction factor is multiplied by the
IMERG/TMPA values; therefore, it does not change values equal to zero.
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Figure 5. Comparison of monthly precipitation change graphs of ground-station measurement,
IMERGV6, TMPAV7?, and corrected data (using CF) from 2001 to 2005 for Bojnoord in semi-arid and
low rainfall conditions. (a) IMERG, (b) TMPA.

R-squared and correction factors (CFpvrrg and CFryipa) of all ground stations are
listed in Table 3. The IMERG/TMPA data overestimate precipitation because the CF is less
than one. It means the satellite data should be decreased. However, in the high rain region,
IMERG/TMPA mostly underestimates the precipitation. Nevertheless, not only IMERG
outperforms TMPA, but it is also more precise than TMPA. On average, IMERG has the
best performance in the arid region and TMPA in high rain areas. The highest discrepancy
between IMERG and TMPA happened in ZAHAK, which is displayed in bold.

Figures 6-8 demonstrate the values of correction factors for both datasets in the study
areas as colored circles. These circles work in such a way that if the satellite estimate is
equal to ground measurement, then the circle is divided into two equal parts. However, if
the satellite estimate is higher than the ground observation, its share in the circle is greater,
and the correction factor will be less than one, and if the correlation factor is less than one,
vice versa. In these figures, the Google Earth satellite images are tilted to be visualized
as 3D images. The small precipitation maps were included in the top-right of each figure.
Comparison of the precipitation map and the corresponding Google Earth image reveals a
direct relationship between the amount of precipitation and IMERG/TMPA performance.
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Table 3. R-squared and correction factors of IMERG and TMPA in ground stations.

Station R%IMERG R%rmpa CFimERrG CFrmpa
Astara 0.74 0.73 1.27 1.29
Anzali 0.76 0.76 1.29 1.20
Talesh 0.59 0.46 0.96 1.01
Deylaman 0.54 0.53 0.38 0.48
Rasht (Airport) 0.86 0.83 0.95 0.79
Rasht (Agri.) 0.83 0.77 0.99 0.94
Rood Bar 0.25 0.30 0.36 0.40
Rood Sar 0.66 0.73 1.11 1.16
Kiashahr 0.72 0.68 0.99 0.86
Lahijan 0.77 0.76 1.21 1.20
Masoole 0.77 0.66 0.98 1.05
Manjil 0.50 0.57 0.29 0.39
Average 0.67 0.65 0.90 0.90
StdDev 0.17 0.16 0.36 0.32
Esferain 0.71 0.67 0.64 0.57
Bojnoord 0.74 0.72 0.65 0.57
Jajrom 0.54 0.45 047 0.51
Raz 0.68 0.67 0.71 0.85
Shirvan 0.84 0.75 0.59 0.56
Farooj 0.94 0.92 0.76 0.71
Ashkhaneh 0.76 0.71 0.94 0.78
Average 0.75 0.70 0.68 0.65
StdDev 0.12 0.14 0.15 0.13
Khash 0.74 0.59 0.60 0.60
Rask 0.88 0.78 0.71 0.66
Zabul 0.90 0.81 1.25 1.15
Zahedan 0.68 0.58 0.83 0.74
Zahak 0.85 0.15 0.43 0.05
Saravan 0.90 0.70 0.79 0.70
Konarak (Airport) 0.80 0.63 0.46 0.43
MirJave 0.77 0.83 0.73 0.86
NosratAbad 0.69 0.47 0.69 0.91
NikShahr 0.75 0.63 0.48 0.48
Chabahar 0.68 0.50 0.89 0.76
IranShahr 0.70 0.69 0.78 0.81
Average 0.78 0.61 0.72 0.68
StdDev 0.09 0.18 0.23 0.28

-

535 mm/ year
* Ground Stations

Anzali gasht Ar.

Kiashahr
Rasht Agri.

o o
Lahijan

Figure 6. Precipitation correction coefficient for Gilan. The legend is shown when satellite and station
have an equal amount. The image is tilted to create a 3D perspective.
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Figure 7. Precipitation correction coefficient for North Khorasan. The legend is shown when satellite
and station have an equal amount. The image is tilted to create a 3D perspective.

Figure 8. Precipitation correction coefficient for Sistan-Baluchestan. The legend is shown when
satellite and station have an equal amount. The image is tilted to create a 3D perspective.

3.4. Performance of IMERG and TMPA Data in Wet, Normal, and Drought Periods

SPI takes advantage of at least 20 years of data, but some ground stations were newly
established and covered short periods. Therefore, SPI was calculated only for stations
with available data over the period from 1998 to 2017. First, the drought, wet, and normal
conditions were calculated using in-situ data over this period (20 years). The performance
of satellite-based precipitation (2000 to 2017) was assessed in comparison to the obtained
in-situ results. Figure 9 shows the results of comparing ground data with satellite data for
different study areas under different drought conditions. Three- and six-month intervals
were considered for short-term, and 12- and 24-month intervals for long-term analysis.
The improvement of performance from IMERG to TMPA is considerable in arid climatic
conditions. The overall R? factor in the arid region is 0.64 for TMPA, while for IMERG, it is
0.86. However, R? increased from 0.76 to 0.78 for TMPA and IMERG in humid and 0.77 to
0.80 in semi-arid regions.



Remote Sens. 2022, 14, 76 12 of 19

Humid and rainy climate

1.0
0.9
0.8
0.7
0.6
& 05
0.4
0.3
0.2 IMERG
0.1
0.0 B TMPA
ey = < = = ey = = ey = = ey
€ € € € € € € € € € € €
[e] o o o o [e] [o] o o o o [e]
£ € € £ € € € € € € € £
o © & < o © N < ) © N <
i o~ — (o] — o~
Over Drought R2 Normal R2 Wet R2
All
(a)
Semi-Arid climate
1.0
0.9
0.8
0.7
~ 0.6
0.5
0.4
0.3
0.2 IMERG
0.1
0.0 HTMPA
< - < ey = < ey = < = = ey
€ € € € € € € € € € € €
[o] [o] o [o] [o] [e] [o] o] o [o] o] [o]
€ € € € € € € € £ € € €
o © ] < o © ~ < ) © ~ <
i o~ - o~ i o~
Over Drought R2 Normal R2 Wet R2
All
(b)
Arid climate
1.0 ‘
0.9 ‘
0.8
0.7
N 06
0.5
0.4
0.3
0.2 I I I IMERG
0.1
0.0 B TMPA
< ey ey < = e < ey < < ey ey
c € € € € € € € € c € c
(o] o (o] o o [o] o (o] o o [e] o
€ £ € € € € € € € € € €
o © N < o © N < o © N <
- o~ - o~ i o~
Over Drought R2 Normal R2 Wet R2
All

(0

Figure 9. Comparison of average performance of satellite product in wet, normal, and drought
periods of (a) humid and rainy, (b) semi-arid, and (c) arid climate.

3.5. Seasonal Performance of Satellite Products in Different Climatic Conditions

Figure 10 compares R-squared and standard error Equation (4) of satellite data with
ground measurements in different seasons. The R-squared shows how the data are con-
sistent with each other. However, the standard error indicates how the data is good and
spread out around the mean. In general, R-squared of IMERG is higher than TMPA over
yearly measurements. The highest was seen in the arid area, where IMERG’s R? was 0.8,
while TMPA'’s 0.67, with a higher standard error. Furthermore, the most considerable
difference between IMERG and TMPA performance occurred for spring in the arid region.



Remote Sens. 2022, 14,76

13 0of 19

Seasonal performance of satellite products over different climates
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Figure 10. Average seasonal performance of IMERG and TMPA data and their standard errors.

3.6. Estimating the Correction Factor Based on the Properties of Ground Synoptic Stations

Linear regression using a stepwise method showed that among the variables of Table 1,
there are only three statistically significant independent variables. Therefore, the final
regression equation for IMERG was converted to Equation (5)

X = 1.343 4 0.242 x MeanPrecip + 0.00024 = Altitude — 0.031 * Latitude (6)

In Equation (6), MeanPrecip is the average precipitation of each ground station over the
study period (2000 to 2017). Altitude and Latitude are the characteristics of the ground sta-
tions. The coefficients of Equation (6) for IMERG and TMPA data are shown in Tables 4 and 5,
respectively. The t-values show that the mean precipitation effect is two times higher than
the altitude and latitude effects on the correction factor and is statistically significant based
on the p-value.

Table 4. Results of a linear regression of the prediction accuracy of IMERG data based on station

parameters.
Parameter of Stations Coefficient Std. Error t Sig. VIE
(Constant) 1.343 0.239 5.609 0.000
Latitude —0.031 0.008 —3.822 0.001 1.698
Altitude 0.00024 0.000 3.170 0.004 1.851
Precipitation Mean 0.242 0.032 7.470 0.000 2.716

Table 5. Results of a linear regression of the prediction accuracy of TMPA data based on station

parameters.
Parameter of Stations Coefficient Std. Error t Sig. VIE
(Constant) 1.322 0.256 5.156 0.000
Latitude —0.031 0.009 —3.644 0.001 1.698
Altitude 0.00026 0.000 3.249 0.003 1.851
Precipitation Mean 0.246 0.035 7.085 0.000 2716

The comparison of observed and predicted correction factors for IMERG and TMPA
data are shown in Figure 11. The R? values for the prediction of IMERG and TMPA precision
were 0.71 and 0.68, respectively.
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Figure 11. Comparison of the observed and predicted correction factors of GPM/IMERG and
TRMM/TMPA.

4. Discussion

Rainfall is the primary source of freshwater supply on the Earth [50]. Therefore, an
accurate and precise understanding of precipitation can help in various fields, such as
agriculture and preventing natural disasters [51]. Satellite data is an essential source of
rainfall data due to its global coverage, broad time ranges, and low cost. However, various
studies have shown that the accuracy of satellite data is not entirely reliable in some places
and requires error correction [52]. In this study, satellite data performance (IMERG/TMPA)
was evaluated in three different climates. Winter rainfall plays a vital role in tree growth in
the study area and prevents premature forest fires, so a more accurate estimate of rainfall
in winter can benefit forest management research [29]. Therefore, the accuracy of the data
should be checked in different seasons. Furthermore, drought and wet conditions are
critical in water resource management. Consequently, the reliability of data on drought
and wet conditions is essential and can be useful in increasing the accuracy of predictions
and timely warnings.

4.1. Interpolation of Ground-Based Precipitation or Satellite Measurement

Interpolation is a standard method for estimating precipitation in areas with no rain
gauge stations [53,54]. Figure 3 compares ground station precipitation, interpolated values,
and satellite imagery results for 2017 for three different climatic zones. Statistical compar-
ison based on the t-test method showed no significant difference between interpolated
values and satellite measurements. There was a good agreement between ground measure-
ments and interpolated values on homogeneous areas. In the rainy region, interpolation
roughly outperformed satellite data in the homogeneous areas. In contrast, the satellite
data was more consistent with the ground data than interpolated data in the heterogeneous
region. In other words, the interpolation method cannot accurately estimate the amount
of precipitation using the surrounding stations in heterogeneous areas. In the semi-arid
region with dense rain gauges, the output of the interpolation method was more consistent
with ground measurements than the satellite products. However, the performance of
satellite measurements in remote areas was more relevant to the interpolation results based
on ground station measurements. Similar results were seen in the arid region, showing
that interpolation works better at short distances around the pixels of satellite imagery.
However, satellite data have more acceptable results than interpolation methods in areas
with sparse and heterogeneous rain gauges. The results of comparing ground data and in-
terpolated values show that the amount of rainfall measured at ground stations can be used
for distances comparable to the pixels of satellite images, especially in homogeneous areas.
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4.2. Comparison of IMERG and TMPA Performance and Precision Prediction

Based on the investigations, the GPM/IMERG product was mainly more accurate
than TRMM/TMPA over different climates, although, in some stations, TMPA was slightly
(less than 5%) better than IMERG. The performance of satellite data in the arid climate was
better than in other climates. On average, the highest difference between the IMERG and
TMPA data was in the arid climate and the lowest in the rainy climate. For example, in the
arid climate station, namely ZAHAK, the R? was 0.15 for TMPA and 0.85 for IMERG. The
same results were found by Huffman [55] in the driest place of Colombia.

The correction factor obtained by minimizing the root mean square error (RMSE)
between the ground station and satellite data varied in different climates. For example, the
spatial analysis of CF (Figures 6-8) shows that in the humid area, in locations exposed to sea
with dense vegetation, the rainfall was underestimated by satellite. However, precipitation
was overestimated in stations behind the mountains, as was the case for semi-arid and
arid climates.

Although the CF does not affect the precipitation estimation correlation between the
stations and satellite data, it corrects the monthly precipitation totals. In other words,
IMERG/TMPA overestimates and underestimates the rainfall, and CF adjusts the rainfall
estimation to be close to the station amount. Results show that CF could be calculated
using the average precipitation, altitude, and latitude of the locations in the study area.
Average precipitation and altitude have positive, and latitude negative, effects on the
amount of CF. Therefore, for locations with high rain or high altitudes, IMERG/TMPA
underestimates the precipitation. Many validation studies confirm the strong dependence
of the accuracy of satellite rainfall estimation on the climate regime and topographic
features of the study regions. Therefore, they propose regionally-based evaluations instead
of global approaches [56-58]. It should be mentioned that the calculated CF are specific for
the case study area and may not work for other case studies.

4.3. Performance of Satellite Products in Drought, Normal, and Wet Conditions

Due to the importance of rainfall in drought periods and a positive correlation between
the CF and the amount of rainfall, the performance was examined to measure the satellite
products’ reliability in drought and wet conditions. The results show that by increasing
the time scales, the correlation increases as well. In other words, satellite products have
higher accuracy in predicting long-term drought or wet conditions, but they should be
used cautiously for short periods.

Because of the SPI index limitations, the calculations were done only for the stations
with at least 20 years of data. Generally speaking, IMERG products are always more
accurate than TMPA in all drought conditions. However, it seems their products have
different accuracies in different scales of droughts and other conditions. In general, satellite
products have the highest correlation in wet conditions and the lowest in drought periods.
Furthermore, Figure 9 shows that the IMERG algorithm operates more accurately than
TMPA in the arid region, especially in drought conditions. More importantly, the accuracy
of satellite products in short-term drought conditions, especially in the arid climate, is
significantly lower than in normal and wet conditions. In drought conditions, the lowest
correlation belongs to the arid area in the short-term period. In other words, there can be
significant uncertainties in the monitoring of agricultural drought. As far as our research
shows, many evaluations of drought or wet monitoring are based on satellite products, but
this study shows that drought or wet monitoring through satellite products, especially for
drought periods, should be done with caution [31,59-62].

4.4. Performance of Satellite Products in Different Seasons

In general, IMERG has outperformed TMPA in yearly and seasonal performance. The
highest enhancement of IMERG belongs to the arid region, where there are sparse ground
stations. Aside from performance, the standard error has also been noticeably reduced
in IMERG, especially for arid and semi-arid regions. Seasonal exploration of product
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performance showed that IMERG had the best results during winter in the arid region.
In contrast, it had slightly lower correlation and a larger standard error in other seasons.
On the other hand, TMPA had the best results in summer and worst in spring with a
high standard error. On average, the highest correlation and lowest spread occurred in
the studied areas in winter and spring. However, the worst correlation with the highest
dispersion occurred in summer. These results are contrary to the findings of Kolios and
Kalimeris [63] in the Mediterranean region.

It can be inferred that product performance decreased with the warming of the air
and reached the lowest value in the summer. Then the correlation began to increase in
the fall and reached its highest value in the winter. The standard error was the highest in
summer and lowest in winter. These results are in complete agreement with the results of
Adeyewa and Nakamura [64]. The overall average correlation from highest to lowest was
in winter, spring, fall, and summer. A hypothesis is formed here in the study that the low
performance of satellite products in the summer is probably due to the rapid evaporation
and short duration of precipitation in the regions. In other words, the satellite has measured
precipitation, a part of which has evaporated before reaching the ground, so precipitation
accuracy in hot weather is estimated to be lower than in cold weather.

In the end, the lack of long-term meteorological ground station data, the limited
number of stations, and the non-uniform distribution of ground stations limited our study
to explore the satellite products in depth. Therefore, more investigations with a larger
number of ground stations across the country and a more extensive study area, especially
for drought monitoring, are suggested for future studies. Moreover, the accuracy of
precipitation after long drought conditions that can lead to flood occurrence calls for extra
investigations.

5. Conclusions

The provision of accurate precipitation data leads to improvements in various agricul-
tural applications, water resource management, and natural disaster forecasting. Despite
the advantages of satellite precipitation products, remote sensing measurements are inaccu-
rate in some parts of the world, leading to incorrect results and unreliable interpretations.
This paper examined the performance of satellite products in three climates—including
humid and rainy, semi-arid with low rainfall, and arid with low rainfall—in drought and
wet conditions and different seasons. The results of this study are as follows. (1) In the
case study, the precision of satellite products in different climates depends on latitude, so
that in high latitudes, IMERG/TMPA products overestimate the precipitation products
and vice versa. (2) The average monthly rainfall measured by satellite is 11% (in the high
rainfall region), 50% (in the semi-arid region), and 43% (in the arid region) higher than
station measurements. (3) The introduced correction factor (CF) does not affect the value
of the R? coefficient. CF increases the precision of the satellite products. (4) Respectively,
71% and 68% of the variation in IMERG and TMPA CF values can be explained by three
parameters, namely mean precipitation, altitude, and latitude. (5) The performance of
satellite precipitation products in wet conditions is higher than in normal conditions, and
the correlation in normal conditions is higher than in drought conditions. The lowest
performance occurs in the drought condition of the arid region. (5) Satellite products have
the best performance in winter and the worst performance in summer.
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