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Abstract

Consistent precipitation data are essential for hydrological studies and planning of diverse socioeconomic activities. How-
ever, the low density of in situ gauges, areas of difficult access and high percentage sampling failures hinder an effective
hydrological monitoring in most Brazilian municipalities. The objective of the present study is to compare the performance of
precipitation estimates from the Global Precipitation Measurement (GPM), Tropical Rainfall Measurement Mission (TRMM)
and Global Precipitation Climatology Project (GPCP) satellites in relation to precipitation data observed on the surface on
daily, monthly and seasonal time scales, from 2011 to 2019 in the capital of Mato Grosso do Sul (MS), Midwest Region of
Brazil. Seven statistical indicators were used. In general, the performance of the GPM and GPCP estimates are similar and
better than the TRMM estimates on the daily scale. On the monthly and seasonal scales, the GPM estimates stand out from
the others. It was possible to verify that all precipitation estimates are more reliable in larger time scales and drier periods.
Finally, it is concluded that the precipitation estimates of the GPM, TRMM and GPCP satellites can be an alternative in areas
that do not have in situ gauges or need to fill sampling failures. Nevertheless, it is recommended to expand the in situ gauges
network in Brazil, mainly in the Midwest Region, in order to allow new spatially and temporally more representative studies.
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1 Introduction

The availability of consistent precipitation data with high
spatial and temporal resolution is essential for planning
various socioeconomic activities, such as agriculture, live-
stock, energy generation and identification of areas at risk
for hydrological disasters (Prakash et al. 2018; Rozante et al.
2018). However, traditional precipitation measurements by
in situ gauges are relatively sparse and poorly distributed
over the Earth’s surface, especially in areas of difficult
access and in developing countries (Rozante et al. 2018;
Rodrigues et al. 2020a). In addition, their databases gener-
ally have a high percentage of sampling failures, limiting
the accuracy of hydrological studies (Rodrigues et al. 2021).

In this scenario, satellite precipitation estimate prod-
ucts emerge as promising alternatives for more accurate
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hydrological monitoring, because they allow continuous
measurements of precipitation with virtually global coverage
and high spatio-temporal resolution, regardless of the less
accessible regions (Tan and Santo 2018; Wang et al. 2017a;
Rodrigues et al. 2020a, 2020b), such as the Integrated Mul-
tisatellite Retrievals Final Run (IMERG-F) from the Global
Precipitation Measurement (GPM) mission, the Multi-
satellite Precipitation Analysis (TMPA) from the Tropical
Rainfall Measurement Mission (TRMM) and the Global
Precipitation Climatology Project Daily (GPCPDAY) and
Global Precipitation Climatology Project Satellite-Gauge
Combined Precipitation (GPCPMON) from the Global Pre-
cipitation Climatology Project (GPCP). These products have
been widely used in regional and global meteorological and
climatological studies (Singh et al. 2018, 2020; Rodrigues
et al. 2020b; Wang et al. 2021; Yu et al. 2021).
Nevertheless, according to Franchito et al. (2009), Thiemig
et al. (2013) and Melo et al. (2015), random errors and uncer-
tainties can occur in satellite precipitation estimates. Salles
et al. (2019), Rodrigues et al. (2020a) and Araujo Palharini
et al. (2021) evaluated the precipitation estimates from the
TRMM and GPM satellites in different regions of Brazil and
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concluded, in general, that the accuracy of these estimates may
be related to factors such as topography, type of precipita-
tion and local climate of the study area. Thus, a performance
evaluation is necessary to identify the potential and possible
limitations of using satellites to estimate precipitation at the
site of interest before application (Franchito et al. 2009; Tan
and Santo 2018; Silva et al. 2019).

Additionally, Tan and Santo (2018) affirm that a prelimi-
nary validation of precipitation estimates by remote sensing
is essential to promote improvements in algorithms and in the
development of satellite sensors. Since then, several validation
studies of satellite precipitation estimates have been carried out
in various parts of the world, such as Asia (Hosseini-Moghari
and Tang 2020), Europe (Lockhoof et al. 2014), North Amer-
ica (Tian et al. 2010) and South America (Reis et al. 2017;
Moraes and Gongalves 2021; Pedreira Junior et al. 2021). In
recent years, many of these validation studies have focused on
TMPA (Melo et al. 2015; Reis et al. 2017; Abreu et al. 2020;
Moraes and Gongalves 2021), IMERG (Gaona et al. 2016;
Sahlu et al. 2016; Gadelha et al. 2019; Rodrigues et al. 2021)
and GPCP (Saldanha et al. 2015; Silva et al. 2019) products in
large regions or watersheds.

Nonetheless, the performance of the GPM IMERG prod-
uct, more recent in relation to the others, was little analysed
in Brazilian watersheds (Rodrigues et al. 2021). New studies
with longer periods of recording GPM data are needed for
better qualitative analysis (Reis et al. 2017). At the same time,
it is necessary to increase attention to hydrological studies on
small areas with scarce data on in situ precipitation (Reis et al.
2017), due to the occurrence of floods after heavy rains, espe-
cially in urban areas. However, studies evaluating the accuracy
of precipitation data obtained by remote sensing versus data
measured in situ are scarce in Brazil, especially in the Midwest
Region and in the state of Mato Grosso do Sul (MS) (Oliveira
Janior et al. 2021).

In fact, no studies were identified regarding the comparison
of different databases of precipitation estimates by satellites
exclusively in the state of MS, whose capital has approximately
one million people (Brazilian Institute of Geography and Statis-
tics—IBGE 2021) and has been suffering from extreme hydro-
logical disasters, such as floods in your urban area. Therefore,
the objective of this study was to compare the performance of
precipitation estimates by GPM, TRMM and GPCP satellites
in relation to data observed by in situ gauges, on daily, monthly
and seasonal time scales in the capital of MS.

2 Methodology
2.1 Study area

The study area is inserted in the municipality of Campo
Grande, located in the central part of the state of MS,
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Midwest Region of Brazil, according to Fig. 1. The munic-
ipality occupies an area of 8,082.978 km? with estimated
population of 916,001 people (IBGE 2021) and has an
average annual precipitation of 1570 mm and altitude
between 500 and 675 m (Municipal Agency for the Envi-
ronment and Urban Planning—PLANURB 2021). The
climate of Campo Grande, according to the Koppen clas-
sification, is in the transition range between the humid
mesothermal subtype (Cfa) without drought or small
drought and the humid tropical subtype (Aw), with a rainy
season in the summer and a dry season in the winter (PLA-
NURB 2021).

2.2 Satellite precipitation products

Satellite precipitation estimate data were obtained from
the Giovanni portal of the National Aeronautics and Space
Administration (NASA) (https://giovanni.gsfc.nasa.gov/
giovanni/). Products from the TRMM, GPM and GPCP
were used. TRMM satellite orbits at an angle of 35° in
relation to the Equator and provides precipitation prod-
ucts between latitudes 50° North and 50° South, with 3 h,
daily or monthly temporal resolution and 0.25° X 0.25° or
0.50° % 0.50° spatial resolution of according to the chosen
product (Huffman et al. 2007). In this study, Multi-satel-
lite Precipitation Analysis (TMPA) product of the seventh
version (3B42V7) TRMM was used, with 0.25°x0.25°
spatial resolution and daily/monthly temporal resolution.

The GPM mission stands out for the use of a constella-
tion of international satellites, which aim at a more accu-
rate monitoring of rain and snow (Huffman et al. 2015).
Unlike TRMM, the GPM satellite orbits at an angle of 65°
and provides products with precipitation and snow infor-
mation across the globe (Hou et al. 2014), with 30 min,
daily or monthly temporal resolution, and 0.10° % 0.10°
spatial resolution. In this study, Integrated Multisatellite
Retrievals Final Run (IMERG-F) version 6 product of
GPM level 3 was used, with 0.10°x 0.10° spatial resolu-
tion and daily/monthly temporal resolution.

GPCP seeks to maintain a homogeneous global record
of precipitation. It is formed based on rainfall information
from more than 6700 surface weather stations distributed
around the world and precipitation estimates from the geo-
stationary satellites (Silva et al. 2019). Currently, GPCP
provides products with daily and monthly temporal reso-
lution and 0.50° x 0.50° spatial resolution. In this study,
GPCP version 3.2 Daily Precipitation Data Set (GPCP-
DAY) and GPCP version 3.2 Satellite-Gauge Combined
Precipitation Data Set (GPCPMON) products were used,
with daily and monthly temporal resolution, respectively.

It is important to note that there are other alternative
methods to estimate precipitation, such as the Global Land
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Data Assimilation (GLDAS) and the Modern-Era Retro-
spective Analysis for Research and Applications (MERRA)
reanalysis products. However, they tend to present a high
level of uncertainty when convective precipitation regimes
occur (Ferguson et al. 2012; Bosilovich et al. 2017). On the
other hand, according to Khodadoust Siuki et al. (2017) and
Almagro et al. (2021), remote sensing products (TRMM,
GPM and GPCP) provide more reliable precipitation esti-
mates and, therefore, were prioritized in the present study. In
fact, in a study carried out in the state of Mato Grosso, Bra-
zil, Pedreira Junior et al. (2021) concluded that the TRMM,
GPM and GPCP estimates obtained more satisfactory results
than the GLDAS and MERRA products, since remote sens-
ing products assimilate a higher frequency of high intensity
precipitation events (Sun et al. 2018), being common the
occurrence of convective rains in the region studied, similar
to Campo Grande-MS. Almagro et al. (2021) concluded that
satellite-based precipitation products are more reliable than
ERA-5 for five of six biomes of Brazil.

54.50°W 54.00°W

Concomitantly, Andrade et al. (2022) also concluded that
satellite-based precipitation products (TMPA, IMERG and
CHIRPS) generally outperform model-based precipitation
products (TerraClimate with a spatial resolution of 0.04° and
ERA-5 Land with a spatial resolution of 0.1°). The authors
say that a possible explanation is that the CHIRPS and
IMERG products, for example, undergo surface calibration
(Xu et al. 2022). Additionally, CHIRPS uses TMPA 3B42
V7 data to calibrate global precipitation estimates (Huft-
man et al. 2007; Katsanos et al. 2016). However, regarding
the CHIRPS product, Cavalcante et al. (2020) concluded in
a study covering nine Brazilian states that, despite having
a spatial resolution of 0.05°, this product does not repre-
sent the trends in rainfall indices well and is not recom-
mended for projects of hydraulic structures and studies of
flooding and extreme events of precipitation. At the same
time, Paredes-Trejo et al. (2017) concluded that the CHIRPS
product has a poor ability to detect rainfall in the Northeast
Region of Brazil, as well as Lépez-Bermeo et al. (2022)
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in Colombia, who reached results that infer that CHIRPS
is an acceptable source of precipitation information for an
annual scale, but unsatisfactory for a daily scale. Therefore,
the CHIRPS product was not used in this study.

2.3 Insitu gauges

To evaluate the precipitation estimates of the products of the
TRMM, GPM and GPCP satellites, a set of precipitation data
observed at 5 surface weather stations (in situ gauges) was used
as reference. These stations are located approximately 20 km
from the urban area of the municipality of Campo Grande and
are managed by the Laboratory of Hydrology, Erosion and
Sediments (HEROS) of the Faculty of Engineering, Architec-
ture and Urbanism and Geography (FAENG) of the Federal
University of Mato Grosso do South (UFMS). Table S1, avail-
able in supplementary section, presents information about the
localization in situ gauges and percentage of sampling failure
in the rainfall time series.

2.4 Statistical analysis

The performance of the TRMM, GPM and GPCP precipita-
tion estimates in relation to the data observed in the in situ
gauges was evaluated from August 2011 to December 2019
through the following statistical indicators: mean absolute
error (MAE), root mean square error (RMSE), Pearson’s
correlation coefficient (r), Willmott index (d), probability
of detection (POD), false alarm rate (FAR) and critical suc-
cess index (CSI). Indicators used for comparison and vali-
dation of various precipitation databases around the world
(Reis et al. 2017; Rozante et al. 2018; Tan and Santo 2018;
Gadelha et al. 2019; Paredes-Trejo et al. 2019; Amorim et al.
2020; Pedreira Junior et al. 2021; Rodrigues et al. 2021).

The MAE and the RMSE quantify the errors of the esti-
mated data in relation to the observed ones, according to
Egs. 1 and 2, respectively. The MAE records, in units of the
analysed variable, the level of general agreement between
the two sets of data, regardless of the sign. The RMSE meas-
ures the square of the deviation between the data, being more
sensitive to larger errors, better describing the accuracy of
the satellites. The lower the result of these indicators, the
better the satellite’s performance to represent the precipita-
tion dataset (Tan and Santo 2018; Rodrigues et al. 2021).

The r measures the degree of linear correlation between
estimated and observed precipitation, Eq. 3. The r values were
classified as proposed by Hinkle et al. (2003) and used by
Torres et al. (2020) for validation of different precipitation
databases in Brazil. The Table S2 presents the r classifica-
tion used in this work. The d shows the agreement between
the estimated and observed data, ranging from O to 1, that is,
the worst and best performance of the estimates, respectively
(Willmott 1981). The d is calculated from Eq. 4.
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where Ei=estimated precipitation by satellite; Oi =observed
precipitation by in situ gauge; n=number of observa-
tions; E=average estimated precipitation and O = average
observed precipitation.

POD, FAR and CSI were calculated to assess the satellite
precipitation detection capability (Ebert et al. 2007; Wilks
2011), based on Egs. 5, 6 and 7, respectively. According to
Tan and Santo (2018), POD is known as the hit rate, calcu-
lated by the ratio between the number of precipitation occur-
rences correctly detected by the satellite and the total number
of actual precipitation events. The FAR defines the fraction of
events that were predicted but did not occur, being calculated
by the ratio between the number of falsely detected precipi-
tation events (false alarm) and the total number of detected
precipitation events, while CSI measures the overall fraction
of precipitation events correctly detected by the satellite.

The POD, FAR and CSI values range from O to 1, with 1
being the perfect score for POD and CSI and 0 being perfect
for FAR (Tan and Santo 2018). Days with precipitation and
without precipitation were differentiated by applying a com-
mon limit of 1 mm/day (Yong et al. 2010), as adopted in vali-
dation studies of precipitation estimates by satellites (Paredes-
Trejo et al. 2019; Rodrigues et al. 2021).

a
POD =
a+c ®)
b
FAR =
a+b ©)
a
CS| = ——
a+b+c )

where a =days with observed and estimated rain, b =days
with estimated rain, but without observed rain, c =days with
observed rain, but without estimated rain and d =days with-
out observed and estimated rain.
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It is important to highlight that in situ gauges meas-
ure precipitation punctually, and there may be consider-
able differences from one gauge to another. On the other
hand, satellites estimate the average precipitation in a pixel
(10 km x 10 km — GPM, 25 km X 25 km — TRMM and
50 km X 50 km — GPCP). According to Duan et al. (2016),
there is a clear problem of scale incompatibility between
point-based precipitation data (in situ gauges) and grid prod-
ucts (satellites), and it is common in evaluation and vali-
dation studies of precipitation data, to increase the area of
influence of the point-based rainfall data for the same grid
scale that rainfall products from satellites. In this scenario,
there are many interpolation techniques to achieve this scal-
ing up, such as simple algorithmic averaging (Xie and Xiong
2011), Thiessen polygon (Liu et al. 2015), inverse distance
weighting IDW) (Hu et al. 2014) and the Kriging method
(Khandu et al. 2016). However, each interpolation method
has its advantages and disadvantages, and its performance
depends on several factors (Hofstra et al. 2008) and varies
from region to region (Duan et al. 2016).

Hence, the specialized literature has used numerous
methodologies to compare precipitation data estimated by
remote sensing and data observed at the surface, since there
is no standardized methodology for verifying and analysing
these data (Feitosa and Oliveira 2020). Duan et al. (2016)
and Chen et al. (2018) say that it is practically impossible to
identify an optimal method applicable in all areas of study.
In this work, Thiessen polygon method was used because it
is relatively easy to implement and its application is popu-
lar in studies of evaluation and validation of precipitation
data in Brazil, as Curtarelli et al. (2014), Reis et al. (2017),
Moraes and Gongalves (2021) and Brasil Neto et al. (2022).

In this work, we chose to compare the daily, monthly
and seasonal averages of the observed and estimated data
from August 24, 2011, to December 31, 2019. To obtain
the average precipitation of the in situ gauges, the Thiessen
polygon method was applied in the Quantum Geographic
Information System (QGIS) software version 3.22.5 (QGIS
2022), as well as Moraes and Gongalves (2021), in which
the average precipitation is calculated by weighting the rain-
fall values of each gauge for its area of influence (WMO
1994). Finally, it is important to emphasize that the density
of in situ gauges distributed in the Midwest Region is low
(Gadelha et al. 2019); consequently, we had difficulty finding
gauges with time series filled in without sampling failures.
Concomitantly, Tang et al. (2018) and Gadelha et al. (2019)
highlight that errors increase when comparing precipitation
data estimated via satellite and observed on the surface in
areas with low density of gauges.

Therefore, in this work, it was decided to use the same
geographic coordinates (—54.4W, —20.7S, — 54.25W, =20
.548S, Fig. 1) both to delimit the Thiessen polygons from
the gauges and to download the precipitation estimates via

satellite on the website (https://giovanni.gsfc.nasa.gov/giova
nni/), in order to standardize the area analysed, increase the
density of in situ gauges in the evaluated area and not com-
promise the results. Another interesting point to highlight is
that Thiessen polygons were generated daily according to the
gauges with filled precipitation data, changing the number
of in situ gauges over the study period (Gadelha et al. 2019).
That is, if on day X the five gauges had data, then the Thies-
sen polygons were generated considering the five points. If
on day Y, a gauge had sampling failure, it was disregarded
that day and the Thiessen polygons were generated based on
4 gauges. This detailed analysis was performed every day of
the studied period.

3 Results and discussion
3.1 Daily analysis

Figure 2 shows the results of r, d, MAE, RMSE, POD,
FAR and CSI of the precipitation estimates from the GPM,
TRMM and GPCP satellites when compared to the pre-
cipitation data observed on the surface on a daily scale,
according to the month and in general (every day of the
study period regardless of the month). Overall, the daily
precipitation estimates showed moderate correlation with
the precipitation data observed on the surface, since the r
of the GPM, TRMM and GPCP satellites were 0.67, 0.62
and 0.67, respectively. These results corroborate with Sahlu
et al. (2016), Sharifi et al. (2016), Kim et al. (2017), Wang
et al. (2017b), Tan and Santo (2018), Hosseini-Moghari and
Tang (2020) and Le et al. (2020) who found a moderate cor-
relation between GPM estimated data and those observed on
the surface. However, the TRMM daily r found in this work
is slightly lower than that found by Reis et al. (2017) in the
Southeast Region of Brazil (r=0.70).

The daily data estimated from April to September
obtained the best results of correlation and agreement
with the data observed on the surface, mainly from the
GPM (0.72<r<0.90 and 0.77 <d <0.90) and GPCP
(0.72<r<0.91 and 0.79 <d<0.92). The months from
November to January were responsible for the worst
daily results of r and d for the GPM (0.46 <r<0.61 and
0.62<d<0.76), GPCP (0.47 < r<0.60 and 0.63 <d < 0.74)
and TRMM (0.47 <r<0.55 and 0.63 <d <0.67) satellites,
as verified by Abreu et al. (2020) in their work on validating
TRMM data in MS.

It is worth mentioning that many convective rains occur
in the period from October to December in the state of MS
(Pessi et al. 2019), and this can compromise the results,
because the surface weather stations measure rainfall in
a punctual way, while satellites average over a given area
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Fig.2 Results of r and d (a), MAE and RMSE (b), POD (c), FAR (d) and CSI (e) of GPM, TRMM and GPCP precipitation estimates in relation

precipitation data observed in surface on daily scale

according to their spatial resolution. In addition, Tan and
Santo (2018) highlight that monthly rainfall gauges are used
to calibrate the GPM IMERG product, and such calibration
obviously does not represent daily rainfall well, especially
in regions characterized by high spatial and temporal vari-
ability of precipitation.

With regard to the MAE and RMSE, the GPCP daily pre-
cipitation estimates performed better in most months and in
the overall analysis compared to the GPM and TRMM esti-
mates. The months from April to September had the lowest
MAE:s for the three satellites (MAE < 3.00 mm), mainly in
June, July and August, while from November to March had
the highest daily MAEs. The lowest RMSEs occurred in
the daily estimates from June to September and the highest
from November to March and May. In general, the months
with the highest daily errors showed seasonality compatible
with the period of intense rainfall (summer in the southern
hemisphere), while the dry period (winter in the southern
hemisphere) presented smaller errors (Reis et al. 2017).

In the general context, without division by month, the
MAEs of the GPM, TRMM and GPCP satellites were
3.08 mm, 3.28 mm and 3.00 mm, respectively, while the
RMSEs were 7.55 mm, 7.90 mm and 7.36 mm, respec-
tively. More satisfactory results than the 12.65 mm (GPM)
and 12.54 mm (TRMM) RMSEs found by Amorim et al.
(2020) in a watershed located in the state of Goias,
Midwest Brazil, and RMSEs of 12.00 mm (GPM) and
15.40 mm (TRMM) identified by Le et al. (2020) in
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Vietnam. On the other hand, they are superior to the
6.60 mm RMSE (TRMM) found by Reis et al. (2017) in
the Southeast Region of Brazil and to the 3.85 mm RMSE
(GPM) identified by Hosseini-Moghari and Tang (2020)
in Iran.

GPCP showed better performance in detecting daily
rainfall greater than 1 mm (POD =0.88), in relation to
GPM and TRMM (POD of 0.81 and 0.85, respectively).
In addition, GPCP obtained a FAR of 0.16 and a CSI of
0.75, that is, low false alarm rate and high precipitation
hits rate, standing out in relation to the other two satel-
lites in the general scenario, whereas Pedreira Junior et al.
(2021) concluded better rain detection performance for
the TRMM satellite compared to the GPM and GPCP in
the state of Mato Grosso. In a study conducted throughout
Brazil, Gadelha et al. (2019) found good agreement from
the GPM satellite in detecting daily precipitation events
in most of the country, with POD and CSI values greater
than 0.6. Digging deeper into a daily analysis according to
each month, the highest POD was 0.95 (January, GPCP)
and the lowest 0.67 (August, GPM and TRMM), highest
FAR 0.38 (June and July, GPCP) and lowest 0.18 (April,
GPCP) and higher CSI 0.72 (December, GPCP) and lower
0.52 (August, GPM and TRMM).

From the analysis of all statistical indicators on the daily
scale, it is possible to infer that the precipitation estimates
from the GPM and GPCP satellites are similar and more
reliable than the TRMM estimates in the study area of the
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present work. Incidentally, Rozante et al. (2018) and Le
et al. (2020), in studies carried out in Brazil and Vietnam,
respectively, concluded that the GPM IMERG product per-
forms better for daily precipitation estimates compared to the
TRMM TMPA product. Despite this, it is worth mentioning
that the algorithms of the GPM, TRMM and GPCP satellites
need additional improvements to carry out daily precipita-
tion estimates (Reis et al. 2017; Tan and Santo 2018) in the
Midwest Region of Brazil (Gadelha et al. 2019), because
excellent results were not found for the indicators calculated
on this time scale, as highlighted by Silva et al. (2019) and
Pedreira Junior et al. (2021). According to Gadelha et al.
(2019) this may be associated with the low density of in situ
gauges distributed in the Midwest Region and used as a ref-
erence on the surface.

3.2 Monthly analysis

Figure 3 shows the results of r, d, MAE and RMSE of
the precipitation estimates from the GPM, TRMM and
GPCP satellites when compared to the precipitation data
observed on the surface on a monthly scale. In general,
monthly precipitation estimates have a strong correlation
with surface observed data, since the r from the GPM,
TRMM and GPCP satellites were 0.78, 0.74 and 0.71,
respectively. These results corroborate with Reis et al.
(2017), Torres et al. (2020) and Pedreira Junior et al.
(2021) who found high correlations of the TRMM, GPCP
and GPM monthly data, respectively, in relation to the pre-
cipitation data observed on the surface. Furthermore, Silva
et al. (2019) and Pedreira Junior et al. (2021) concluded
that the TRMM and GPM data present better correlations
with the in situ observed data than the GPCP estimated
data on the monthly scale.

The monthly precipitation estimates from April to Sep-
tember obtained the best results of correlation and agree-
ment with the surface observed data in the three satellites
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analysed, with a slight advantage to the GPM (0.75 <r<0.99
and 0.79 <d < 0.98) when compared to others. By contrast
the months from October to March were responsible for the
worst monthly r and d results for GPM (0.34 <r<0.65 and
0.49<d<0.75), GPCP (0.13<r<0.53 and 0.23 <d < 0.68)
and TRMM (0.06 <r<0.66 and 0.11 <d <0.67).

Regarding the MAE and RMSE, the GPM monthly
precipitation estimates performed better in most months
and in the overall analysis. The months from July to Sep-
tember presented the lowest MAEs for the three satellites
(MAE < 30.00 mm), while from November to March the
highest MAEs occurred. The lowest RMSE occurred in the
monthly estimates of February and from June to September,
whereas the highest occurred from November to January
and March.

In the general context, the monthly MAEs of the GPM,
TRMM and GPCP satellites were 36.01 mm, 42.22 mm and
43.43 mm, respectively, while the monthly RMSEs were
50.79 mm for GPM, 59.88 mm for TRMM and 61.49 mm
for GPCP. That is, higher monthly error linked to GPCP esti-
mates and lower to GPM estimates, as verified by Pedreira
Junior et al. (2021) in the state of Mato Grosso, Brazil
(GPCP RMSE close to 60 mm, TRMM RMSE =48.75 mm
and GPM RMSE =45.26 mm on the monthly scale). The
RMSEs found in this work are close to the monthly RMSEs
found by Amorim et al. (2020) for the GPM IMERG prod-
uct (58.09 mm) and, especially, TRMM TMPA (59.61 mm),
in a watershed located in the Midwest Brazilian. On the
other hand, the TRMM monthly MAE in this work is
lower than that identified in the Southeast Region of Brazil
(MAE=79.13 mm) by Reis et al. (2017).

From the analysis of all statistical indicators on the
monthly scale, it is possible to conclude that the GPM pre-
cipitation estimates are more reliable than the TRMM and
GPCP estimates in the study area of the present work, cor-
roborating with results found by Pedreira Junior et al. (2021)
in the state of Mato Grosso, Brazil, Amorim et al. (2020)

(b)

120

-

00

‘\\ A /\\\
|\|/‘ INAT ‘ |

Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec All
= MAE GPM MAE TRMM MAE GPCP
——RMSE GPM RMSE TRMM RMSE GPCP

» [+23 =]
o o o

MAE and RMSE (mm)
N
=)

Fig.3 Results of r and d (a) and MAE and RMSE (b) of GPM, TRMM and GPCP precipitation estimates in relation to precipitation data

observed in surface on the monthly scale
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in the Midwest of Brazil, Rozante et al. (2018) through-
out Brazil and Su et al. (2019) in China. Furthermore, it is
important to note that the GPM, TRMM and GPCP satellites
estimated precipitation more accurately on the monthly scale
than on the daily scale, as observed by Melo et al. (2015),
Reis et al. (2017), Silva et al. (2019), Gadelha et al. (2019),
Amorim et al. (2020) and Pedreira Junior et al. (2021) in
Brazil. Huffman et al. (2007) asserts that better results are
expected on a monthly time scale, because both IMERG
and TMPA are corrected with surface precipitation data to
remove monthly bias.

3.3 Seasonal analysis

Figure 4 shows the results of r, d, MAE and RMSE of
the products of the GPM, TRMM and GPCP satellites in
relation to the data observed on the surface on a seasonal
scale: December—February (DJF), March-May (MAM),
June—August (JJA) and September—November (SON)
between the years 2012 and 2019. The GPM r ranged
between 0.54 (SON) and 0.68 (JJA) with higher values for all
periods compared to TRMM and GPCP, with the exception
of TRMM in the JJA quarter (r=0.73). As well as the GPM
d, which varied between 0.50 (MAM) and 0.74 (DJF) with
higher values for all periods compared to TRMM and GPCP,
with the exception of TRMM in the JJA quarter (d=0.73).
Regarding the MAE and RMSE, it is possible to
highlight that the smallest errors occurred in the
GPM estimates (15.48 mm < MAE < 30.26 mm and
20.17 mm < RMSE < 34.82 mm) in practically all ana-
lysed periods, with the exception of the GPCP in MAM
(MAE =25.27 mm and RMSE =28.41 mm). The highest
correlations/agreement and lowest errors between the esti-
mated and observed datasets occurred in the JJA period,
that is, the driest period in the Midwest Region of Brazil.
On the other hand, the lowest correlations/agreements

(a) r d
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and the highest errors between the data occurred in the
other periods, especially SON and DIJF, the rainiest peri-
ods in the study area. Although Reis et al. (2017) found
higher values of r among the TRMM and observed data
in the same quarters in the Southeast Region of Brazil
(0.75<r<0.87), there was a similar behaviour of the
results, because the best performance of the TRMM data
occurred in the JJA period and the worst in the SON and
DJF periods, as observed by Saldanha et al. (2015) in a
study carried out with GPCP data in South Brazil.

In the general context, when evaluating all quarters
simultaneously from 2012 to 2019, the three groups of sat-
ellites obtained excellent performances in the results of the
statistical indicators, especially the precipitation estimates
from the GPM (r=0.85, d=0.92, MAE=24.41 mm and
RMSE =29.21 mm). This result reinforces the good ability
of the GPM IMERG-F product to adequately capture the
seasonality of precipitation (Gaona et al. 2016; Rozante
et al. 2018; Rodrigues et al. 2021), as well as the TRMM
TMPA (Reis et al. 2017) and GPCPMON (Saldanha et al.
2015; Torres et al. 2020) products in Brazil. However, when
analysing the periods separately, there were some relatively
inferior results, especially in periods with higher tempera-
tures (Higgins et al. 2010; Saldanha et al. 2015). This can be
explained by the formation of isolated convective systems
(Saldanha et al. 2015) and warm clouds over the region stud-
ied during these periods, which in turn generate worse satel-
lite precipitation estimates (Rodrigues et al. 2021).

Finally, from the seasonal statistical analyses, it is pos-
sible to infer that the increase in the time scale improves
the performance of the precipitation estimates of the GPM,
TRMM and GPCP satellites (Pedreira Junior et al. 2021).
Table 1 shows the general results of the r, d, MAE and
RMSE indicators on the daily, monthly and seasonal scales
of the three groups of satellites analysed. The values shown
in bold represent the better performance and values in italic
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Fig.4 Results of r and d (a) and MAE and RMSE (b) of the GPM, TRMM and GPCP precipitation estimates in relation to the precipitation data

observed in surface in the seasonal scale
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represents worse performance of that satellite when com-
pared to the others, while the results in normal style symbol-
ize intermediate performance or a tie with another satellite.
In general, it is possible to conclude that the GPM estimates
are more reliable than those of the TRMM and GPCP satel-
lites in the municipality of Campo Grande, located in the
Midwest Region of Brazil, as concluded by Pedreira Junior
et al. (2021) in the state of Mato Grosso.

The limitation of this work is the use of a small study area
compared to the entire municipality of Campo Grande and
the state of MS. However, this is justifiable due to the lack
of regularly distributed in situ gauges with consistent and
reliable data both in Brazil and in this region, as reported
by Gadelha et al. (2019). Almagro et al. (2021) highlight
that although Brazil is one of the most important countries
for global water flows, it has scarce allocation of resources
for hydrometeorological monitoring, which results in major
challenges for the adequate knowledge of its water resources,
including precipitation. According to Xavier et al. (2016)
and Gadelha et al. (2019), the density of in situ gauges in
Brazil (1 per 720 km?) is below that recommended by the
World Meteorological Organization (1 per 575 km?) (WMO
1994), mainly in the North and Midwest Regions (Curtarelli
et al. 2014).

It is important to highlight that the urban area of Campo
Grande has been suffering from an increase in hydrologi-
cal disasters in recent years. In this scenario, Almagro et al.
(2021) concluded that the use of precipitation products from
satellites improves the ability to mitigate extreme hydro-
logical events, such as floods and droughts. Therefore, the
estimates of precipitation via remote sensing can be an alter-
native for future studies that aim to alert the population in
relation to periods and rainfall volumes more susceptible

Table 1 General results of r, d, MAE and RMSE of the GPM,
TRMM and GPCP precipitation estimates in relation to the surface
observed precipitation data in the daily, monthly and seasonal time
scales

Scale Satellite r d MAE (mm) RMSE (mm)
Daily GPM 0.67 0.79  3.08 7.55
TRMM 0.62 076 328 7.90
GPCPDAY 0.67 0.79  3.00 7.36
Monthly GPM 0.78 0.88 36.01 50.79
TRMM 0.74 0.84 42.22 59.88
GPCPMON 0.71 0.82 4343 61.49
Seasonal GPM 0.85 0.92 2441 29.21
TRMM 0.80 087 29.78 38.31
GPCPMON 0.81 0.89 26.78 34.32

The values shown in bold represent the better performance and values
in italic represents worse performance of the satellite when compared
to the others, while the results in normal style symbolize intermediate
performance or a tie with another satellite

to flooding, as well as areas that require more mitigation
actions on the part of the public administration, in order
to minimize environmental, social and economic damage.
Additionally, satellite-based precipitation products are valu-
able tools for data-poor regions due to their low latency and
global reach, enabling continuous and high-quality monitor-
ing of water resources (Almagro et al. 2021).

In this context, despite having been carried out outside
the urban area and in a small study area, the present study
sought to evaluate the performance of rainfall estimates from
satellites based on available and reliable observed data close
to the city, as a way of encourage the expansion of rainfall
monitoring in the capital and state of MS, as well as contrib-
ute to future research with a larger study area. Finally, it is
important to emphasize that one of the main advantages of
using precipitation estimates via remote sensing is its tempo-
ral and spatial continuity (Melo et al. 2015). Nevertheless, it
is necessary to continually update and expand the network of
in situ gauges in Brazilian municipalities in order to assess
the reliability of satellite products as recommended by Melo
et al. (2015).

4 Conclusions

The objective of this study was to compare the performance
of precipitation estimates based on remote sensing of the
GPM, TRMM and GPCP in relation to the data observed
by in situ gauges, in the daily, monthly and seasonal time
scales, in the capital of the state of MS, Midwest Region of
Brazil. On the daily scale, precipitation estimates by GPM
and GPCP had similar performances and more satisfactory
in relation to correlation, agreement, errors and detection of
rainfall observed on the surface compared to TRMM esti-
mates, with a slight advantage for GPCP estimates. Never-
theless, caution is needed before using daily precipitation
data estimated via satellite, because no excellent statistical
results were found, but moderate.

In monthly and seasonal scales, in general, the estimates
from the IMERG-F product were more reliable than the
estimates from the TMPA and GPCPMON products. Fur-
thermore, it is possible to conclude that increasing the time
scale considerably improves the correlation and agreement
between the data estimated via remote sensing and those
observed on the surface. Therefore, this study demonstrated
that the estimates from the GPM, TRMM and GPCP satel-
lites can be an alternative to the absence of surface precipi-
tation measurements in a region close to the urban area of
the municipality of Campo Grande-MS, especially the GPM
estimates on longer time scales and drier periods.

In this way, it is expected that the results of this work
will help in the planning of several socioeconomic activities
that involve precipitation data, such as agriculture, livestock,
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energy generation and identification of risk areas for hydro-
logical disasters in regions with climates characterized by
dry winter and humid summer. Finally, it is recommended
to increase the number of in situ gauges and decrease their
respective percentages of sampling failures, in order to allow
new spatially and temporally more representative assess-
ments between the estimated and observed precipitation
data in Brazil.
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