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Satellite images for rainfall estimation in Espirito Santo State, Brazil
Imagens de satélite para a estimativa de precipitacdo no estado do Espirito Santo, Brasil
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RESUMO

Due to the inadequate distribution, scarcity, or operational problems
of rain gauges or pluviographs, remote sensing has been considered a
relevant alternative for characterizing the regime and measuring the
rainfall intensities. The present paper evaluated estimates of annual
precipitation totals in the state of Espirito Santo, Brazil, established
from conventional monitoring conducted by rain gauges and the
manipulation of satellite images. Additionally, it assessed the quality
of estimates during El Nifio and La Nifia years. For the study, the 3B42
version seven products from the Tropical Rainfall Measuring Mission
(TRMM ) satellite and the 3IMERGDF version six products from the Global
Precipitation Measurement (GPM) satellite were used. These satellites
were developed through a partnership between the National
Aeronautics and Space Administration and the Japan Aerospace
Exploration Agency. Historical series from the years 2001-2019 of
83 rain gauge stations installed and operating in the state of Espirito
Santo and its surroundings were analyzed, along with satellite images
from TRMM and GPM for spatial grids of 25 and 10 km, respectively.
The parameters recommended by the International Precipitation
Working Group were used to conduct the analysis. The TRMM satellite
performed better during La Nifia periods (R?=0.941; root mean square
error [RMSE]=44.21 mm; ME=14.87 mm), surpassing the results
observed in El Nifio (R>=0.885; RMSE=141.5 mm; ME=-87.14 mm).
Although the GPM satellite performed stably between El Nifio and La
Nifia periods, with systematic underestimation (bias=0.93) and similar
ME (ME=79 mm), it showed a lower correlation with rain gauge records
(R?=0.77) than the TRMM satellite. The results indicated that the use
of satellite images was a consistent alternative for the appropriation of
annual precipitation totals and that the TRMM satellite presented more
accurate estimates, both for long-term analysis and for the El Nifio and
La Nifia periods.

Keywords: tropical rainfall measuring mission; global precipitation
measurement; rain gauges; remote sensing.

Em fungdo da inadequada distribuicdo, da escassez ou de problemas na
operacdo de estages pluviométricas, o uso do sensoriamento remoto tem
sido considerado relevante alternativa para a caracterizagdo do regime de
chuvas e a apropriagdo de intensidades precipitadas. O presente trabalho
avaliou estimativas de totais anuais precipitados no estado do Espirito
Santo, Brasil, estabelecidas por meio do monitoramento convencional
conduzido por pluvibmetros e da manipulagdo de imagens de satélites.
Adicionalmente, avaliou a qualidade das referidas estimativas em anos de
El Nifio e La Nifia. Para a condugdo do estudo foram utilizados os produtos
3B42, versdo 7, do satélite Tropical Rainfall Measuring Mission (TRMM)
e 3IMERGDF, versdo 6, do satélite Global Precipitation Measurement
(GPM), satélites desenvolvidos por meio de uma parceria entre a National
Aeronautics and Space Administration (NASA) e a Agéncia Japonesa de
Exploragdo Aeroespacial (JAXA). Foram analisadas séries histdricas entre os
anos de 2001 e 2019 de 83 postos pluviométricos instalados e em operagdo
no estado do Espirito Santo e entorno, além de imagens orbitais dos satélites
TRMM e GPM para malhas espaciais de 25 e 10 km, respectivamente.
Para a condugdo da analise foram utilizados os parametros recomendados
pelo International Precipitation Working Group (IPWG). O satélite TRMM
apresentou melhor desempenho durante os periodos de La Nifia (R>=0,941;
RMSE=44,21 mm; mean error [ME]=14,87 mm), superando os resultados
observados em El Nifio (R*=0,885; RMSE=141,5 mm; ME=-87,14 mm).
Ainda que o satélite GPM tenha desempenho estavel entre os periodos
de El Nifio e La Nifia, com subestimagdo sistematica (bias=0,93) e erro
médio semelhante (ME=79 mm), apresentou menor correlagdo com os
registros de pluviémetros (R?~0,77) que o satélite TRMM. Os resultados
demonstraram que a utilizagdo das imagens de satélite se apresentou como
alternativa consistente para a apropriagdo de totais anuais precipitados e
que o satélite TRMM apresentou estimativas mais precisas, tanto para a
analise de longo periodo quanto para os periodos de El Nifio e La Nifia.

Palavras-chave: tropical rainfall measuring mission; global precipitation
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Introduction

Precipitation monitoring is essential for various fields, such as ag-
riculture, water resource management, and the forecasting of extreme
weather events. There are different ways to measure precipitation,
with rain gauges being the oldest and most widely used instruments
since the 19th century. These devices are installed on the ground and
measure the amount of water that falls directly onto their collection
surfaces. A more recent alternative is the use of satellites, which are ca-
pable of estimating precipitation through atmospheric observations.
Satellites offer broad coverage and provide data regularly, making
them an important tool for monitoring rainfall conditions (Huffman
et al., 2007).

The integration of information from different sources, in addition
to increasing the reliability of records, can enhance the accuracy of pre-
cipitation estimates in regions where data from a single source proves
insufficient. This approach is relevant for assessing data quality and
identifying possible limitations and inconsistencies associated with
each source (Adler et al., 2003; Fan et al., 2021; Guo et al., 2024).

The use of satellites has gained importance for monitoring pre-
cipitation in remote regions, where the availability of rain gauges is
limited and data collection is performed irregularly (Macharia et al.,
2020; Sharma et al., 2020; Mekonnen et al., 2021). Satellite-based pre-
cipitation monitoring, due to its broad spatial coverage, has become
increasingly common in response to the effects of climate change,
particularly changes in the intensity and frequency of El Nifio and La
Nifa events (Pedreira Junior et al., 2020; Mokhov, 2022; Wu, 2024).
It is important to note that El Nifio and La Nifa phenomena can lead
to more severe droughts or more intense rainfall in different regions of
the globe, causing environmental disasters and compromising ecosys-
tem balance, food production, and the integrity of urban environments
(Li et al., 2019; Silva et al., 2020; Haines and Lam, 2023; Lal and Singh,
2023; Lee et al., 2023).

Among the most frequently used satellites for precipitation mon-
itoring are the Tropical Rainfall Measurement Mission (TRMM) and
the Global Precipitation Measurement Mission (GPM).

The TRMM satellite was developed through a collaboration be-
tween the National Aeronautics and Space Administration (NASA)
and the Japan Aerospace Exploration Agency (JAXA), launched in
November 1997, and decommissioned in June 2015. The primary fo-
cus of TRMM was to collect accurate and detailed precipitation mea-
surements, providing a deeper understanding of rainfall patterns in the
tropical regions of the globe (Kummerow et al., 2000). The satellite was
equipped with a set of instruments, including a microwave radiometer
and a precipitation radar, which enabled the collection of data on the
amount and intensity of precipitation on a global scale, with daily tem-
poral resolution and a spatial resolution of 25 km?.

The TRMM mission was essential for enhancing the understand-
ing of climatic processes in tropical regions and improving the fore-

casting of extreme weather events, such as floods and droughts. Its data
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contributed significantly to the improvement of weather prediction
models and to a better understanding of the interactions between the
atmosphere and the oceans in these regions, as demonstrated in the
studies by Almeida et al. (2020), Chen et al. (2020), Montazeri et al.
(2020), Raj et al. (2021), Suroso et al. (2023), and Tunas et al. (2024).

The GPM satellite, the result of a global partnership among various
space agencies, was launched in February 2014. GPM is an evolution
of the TRMM mission, featuring significant improvements in global
coverage and precipitation measurement technology. The satellite is
equipped with a series of advanced instruments designed to measure
precipitation with high accuracy and detail. The core instrument of
GPM is the dual-frequency precipitation radar (DPR), which uses two
types of microwave frequencies to detect precipitation and estimate
the amount of rainfall and snowfall. The DPR provides information on
cloud vertical structure and precipitation intensity, enabling a deep-
er understanding of atmospheric processes. Its temporal resolution is
daily, and its spatial resolution is 10 km?. Applications using imagery
generated by GPM are found in studies by Kukulies et al. (2020), Nan
etal. (2021), Fan et al. (2023), and Woods et al. (2023).

In addition to monitoring alternatives, other relevant issues con-
cerning the precipitation regime in Brazil are the variations resulting
from the El Nino-Southern Oscillation (ENSO) cycle, which arises
from the coupling between the ocean and the atmosphere through
anomalies in sea surface temperature in the equatorial Pacific Ocean
and anomalies in atmospheric pressure. ENSO has an oceanic com-
ponent called El Nifio (associated with abnormal warming of the Pa-
cific Ocean waters) or La Nina (resulting from abnormal cooling of
the Pacific Ocean). The Southern Oscillation, in turn, constitutes the
atmospheric component of ENSO (Reboita et al., 2021).

During El Nino events, negative precipitation anomalies are re-
corded in the North and Northeast regions of Brazil, while the South
region generally exhibits positive anomalies. This pattern tends to re-
verse in years influenced by the La Nifia phenomenon (Cai et al., 2020;
Medeiros et al., 2020; Reboita et al., 2021; Santos et al., 2023). In the
Southeast region of Brazil, the low consistency of anomalies associated
with ENSO is due to the transitional nature of the area (Duarte and
Ribeiro, 2023).

The state of Espirito Santo, located in the Southeast region of Brazil,
is frequently affected by extreme hydrological events, such as droughts
and floods, and was defined as the study area for this research. In this
context, the use of satellite imagery as an alternative or complementary
source to conventional rain gauge data proves to be a valuable tool for
estimating and analyzing the spatial distribution of precipitation, espe-
cially in regions with low meteorological station density.

Based on the combination of image processing techniques and
statistical analysis, this study aimed to evaluate precipitation estimates
obtained through remote sensing from the TRMM and GPM satellites
in relation to conventional rain gauge records, also considering the in-

fluence of El Nifio and La Nifia phenomena on the rainfall regime.
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Materials and Methods

Study area

The state of Espirito Santo is located in the Southeast region of Bra-
zil. The state features a varied tropical climate, with coastal areas char-
acterized by well-distributed rainfall and higher regions experiencing
milder temperatures. Its relief is marked by diversity, ranging from
coastal plains to mountains. Regarding land use, the coast is occupied
by cities, industries, and agricultural activities, while the interior en-
compasses forested and agricultural areas. The economy is diverse,
with a strong empbhasis on the steel industry. Additionally, agriculture
and livestock, fishing, and tourism are also important economic pillars
in the region (IPEA, 2021).

Two different evaluations were conducted in this research. The first
evaluation aimed to compare annual total precipitation records ob-
tained from rain gauge operations with annual totals estimated from
images produced by the TRMM and GPM satellites. A second evalu-
ation performed a similar comparison, considering a partial series of
annual total precipitation recorded during El Nifio and La Nifa years.
Figures 1 and 2 present flowcharts summarizing the different activities

carried out in these evaluations.

Figure 1 - Flowchart of activities for comparing annual total precipitation
records obtained from rain gauges and estimated from satellite images.

3

Conventional rain gauge records

Rain gauge stations were selected from the hydrological data portal
(Hidroweb) of the National Water and Basic Sanitation Agency (ANA),
considering exclusively stations with consistent data during a period
overlapping the operational period of the satellites (the period between
2001 and 2019). To increase the consistency of the interpolation pro-
cess associated with the estimation of total precipitation, stations in-
stalled and operating in the surroundings of the state of Espirito Santo
were also considered, including stations in operation in the states of
Minas Gerais and Rio de Janeiro.

In this context, 83 (eighty-three) rain gauge stations were selected,
listed in Table 1 and spatially distributed as shown in Figure 3.

Using the historical series from the selected rain gauge stations,
gaps in the annual total precipitation data were filled through interpo-
lation of the monthly total precipitation records. This gap-filling pro-
cess was conducted using inverse distance weighted (IDW) interpola-
tion and executed with the QGIS software. As described by Silva et al.
(2019), the IDW method is a deterministic interpolation technique that
estimates the values of a variable of interest—in this study, annual total
precipitation—at unsampled locations based on a weighted average of
observed values. The weights assigned to sampled points are inversely
proportional to the distance to the estimation point, so that the greater
the distance, the less influence the point has on the interpolation.

After filling the gaps, maps of annual total precipitation were pro-
duced for each year of the analyzed historical series. Subsequently,
through georeferenced image files (raster files) of the annual total
precipitation, it was possible to obtain an average annual total pre-
cipitation value for the state of Espirito Santo for each year of the

historical series.

Figure 2 - Flowchart of activities for comparing annual total precipitation
records obtained from rain gauges and estimated from satellite images,
considering partial series for El Nifio and La Niia years.
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Table 1 - Selected rain gauge stations.

Code Code
(ANA) (ANA)

1840017 Itatinas 1940021 Piraque-acu
02 1840012 Itatinas 44 2040003 Santa Maria
03 1839000 Itatinas 45 2040014 Santa Maria
04 1839001 Itatinas 46 2040010 Santa Maria
05 1840003 Itatinas 47 2040008 Santa Maria
06 1840004 Sao Mateus 48 2040018 Santa Maria
07 1840007 Sao Mateus 49 2040007 Santa Maria
08 1840009 Sdo Mateus 50 2040035 Jucu
09 1840010 Sao Mateus 51 2040012 Jucu
10 1840013 Sao Mateus 52 2041020 Jucu
11 1840015 Sao Mateus 53 2040023 Jucu
12 1840016 Sao Mateus 54 2040001 Jucu
13 1840019 Sao Mateus 55 2040045 Jucu
14 1841006 Sao Mateus 56 2040004 Benevente
15 1841007 Sao Mateus 57 2040011 Benevente
16 1841008 Sao Mateus 58 2040020 Benevente
17 1841009 Sao Mateus 59 2040009 Benevente
18 1841010 Sao Mateus 60 2040005 Benevente
19 1841018 Sao Mateus 61 2040017 Benevente
20 1841021 Sao Mateus 62 2041017 Itapemirim
21 1840020 Sao Mateus 63 2041013 Itapemirim
22 1840026 Sao Mateus 64 2041018 Itapemirim
23 1839006 Doce 65 2041011 Itapemirim
24 1939002 Doce 66 2041016 Itapemirim
25 1940016 Doce 67 2041019 Itapemirim
26 1840000 Doce 68 2041003 Itapemirim
27 1940000 Doce 69 2041021 Itapemirim
28 1940009 Doce 70 2041002 Itapemirim
29 1940012 Doce 71 2041010 Itapemirim
30 1941003 Doce 72 2041015 Itapemirim
31 1941008 Doce 73 2041000 Itapemirim
32 1941009 Doce 74 2040006 Itapemirim
33 1941012 Doce 75 2140000 Itapemirim
34 1940005 Doce 76 2041005 Itabapoana
35 1940006 Doce 77 2041014 Itabapoana
36 1940013 Doce 78 2041046 Itabapoana
37 1940023 Doce 79 2141014 Itabapoana
38 2041023 Doce 80 2141015 Itabapoana
39 1940010 Piraque-acu 81 2141016 Itabapoana
40 1940002 Piraque-acu 82 2141017 Itabapoana
41 1940003 Piraque-acu 83 2041001 Itabapoana
42 1940007 Piraque-acu

4
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Figure 3 - Spatial location of the selected rain gauge stations.

Precipitation estimates by remote sensing

The data used in this study were obtained from the Giovanni plat-
form (Goddard Interactive Online Visualization ANd aNalysis Infra-
structure), developed and managed by the NASA. The products select-
ed were 3B42 (version 7) from the TRMM satellite and 3IMERGDF
(version 6) from the GPM satellite, corresponding to the state of Es-
pirito Santo for the period from 2001 to 2019. Based on the selected
area and time interval, 19 raster files corresponding to the annual total
precipitation were generated for each satellite.

Subsequently, pixelated maps with different resolutions were gen-
erated, since the TRMM satellite produces images with a resolution
of 25 kmx25 km, and the GPM satellite produces images with a res-
olution of 10 kmx10 km. To standardize the formatting of the maps
from all sources (rain gauges, TRMM satellite, and GPM satellite),
points were generated at the center of each pixel in the raster files cor-
responding to the satellite images. From these generated points, an
interpolation process similar to that employed for the rain gauge data
was conducted. This stage of the work was also carried out with the
aid of QGIS software.

Identification of years with the
occurrence of El Nifio or La Nifia

The comparison between annual total precipitation recorded by
rain gauges and annual totals estimated from images produced by the
TRMM and GPM satellites during El Nifio and La Nifa years involved
the use of an index representing the average Pacific Ocean tempera-
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ture by quarter (Oceanic Nifio Index, ONI), established by the Nation-
al Oceanic and Atmospheric Administration, following the approach
used by Glantz and Ramirez (2020) and Bunde et al. (2024).

According to the Center for Weather Forecasting and Climate
Studies (CPTEC, 2023) of the National Institute for Space Research,
a year is classified as El Nifo if the ONI reaches a minimum of 0.5 for
at least five consecutive quarters; for La Nifia, the ONI must reach a
maximum of -0.5. Based on this criterion, El Nifio and La Nifia years
were identified, as summarized in Table 2.

Subsequently, for the subset of years with the occurrence of El Nifio
and La Nina, a comparative analysis similar to that conducted for the
originally analyzed set of rainfall records was performed.

It is important to note that segmenting the analysis based on
the phases of the ENSO phenomenon made it possible to investi-
gate the performance of TRMM and GPM satellite products under
different climatic conditions associated with El Nifio and La Nifia
events. This approach, still uncommon in regional studies in Bra-
zil, expands the understanding of precipitation estimate behavior in

specific climatic contexts.

Performance analysis

For the comparative analysis of precipitation data, four statisti-
cal parameters suggested by the International Precipitation Working
Group were used—bias (Equation 1), ME (Equation 2), root mean
square error (RMSE, Equation 3), and the coefficient of determination
(R? Equation 4)—as detailed and discussed by Almeida et al. (2020).
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Table 2 - El Niifio and La Nifa Years.

2002
2004
El Nifio 2009
2015
2019
2007
2008
La Nifia 2010
2011
2016
iy
BIAS = 2{1 = (1)
(=55)
EM = Z—in:l(: i )
RMSE = Z—in“(l;_ 2k (3)
. ( SLe P22 ) "
JEL(P-P)2.(Z—1Z)?

In Equations 1 to 4:

P: Annual total precipitation recorded by rain gauges;

Z: Annual total precipitation estimated by remote sensing;

P: Mean of the annual total precipitation data recorded by rain gauges;
Z: Mean of the annual total precipitation data estimated by remote sensing;

N: Number of years analyzed.

Results and Discussion

Annual total precipitation maps were produced for each year of the
analyzed period (from 2001 to 2019), based on the different sources
of precipitation records. Figure 4 presents maps generated from the
various sources of precipitation data for the year 2008, a year marked
by the occurrence of La Nifia. Figure 5, in turn, shows maps generated
from the different data sources for the year 2015, during an El Nino
event. Similar maps were produced for all other years of the historical
series analyzed.

From the mentioned maps, the average annual total precipitation
was extracted for each year of the analyzed historical series for the state
of Espirito Santo. The results of this stage, by source of precipitation
records, are summarized in Table 3.

From the analysis of the historical series compiled in Table 3,
taking as a reference the historical series established from rain
gauge operations, the statistical parameters summarized in Table 4

were obtained.
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The analysis of the results summarized in Table 4 shows that the
lowest ME and RMSE, as well as the highest coefficient of determina-
tion (R?), were obtained from the precipitation records derived from
the TRMM satellite. This condition indicates a closer agreement with
precipitation values measured by rain gauges. The obtained coefficient
of determination (R*=0.92) was considered satisfactory and is consis-
tent with results reported by Almeida et al. (2020) in the Itapemirim
River basin (Espirito Santo, Brazil); Collischonn et al. (2007) in the Sdo
Francisco River basin (Brazil); Louzada et al. (2018) in the Doce River
basin (Brazil); and Yang et al. (2018) in the Dadu River basin (China).

On the other hand, in regions located outside the tropical zone,
data from the GPM satellite showed superior performance compared
to TRMM. Zhang (2018) identified greater accuracy in precipitation es-
timates obtained by GPM in a study area located in China, outside the
tropical belt. Similar results were reported by Ma et al. (2016), who eval-
uated GPM data referring to the summer of 2014 on the Tibetan Plateau,
especially at altitudes above 4,200 m. Although with relatively modest
performance, Retalis et al. (2020) also indicated better results when han-
dling GPM satellite imagery in the evaluation of annual total precipitation
on the island of Cyprus. Similarly, Zhao et al. (2023), studying the Heihe
River basin in China, reported that GPM showed better correlation with
field data and lower root mean square error compared to TRMM; howev-
er, they noted that both satellites underestimated precipitation, especially
during winter. Almazroui and Islam (2023), in turn, indicated that GPM
outperformed TRMM in monthly precipitation estimates in Saudi Ara-
bia, although both underestimated low precipitation events.

It is also important to note that the negative value associated with the
ME and a bias value greater than one indicate that the annual total pre-
cipitation derived from the TRMM satellite images was moderately over-
estimated, a condition similar to that observed in the results produced
by Almeida et al. (2020) during the evaluation of precipitation in the
Itapemirim River basin (Espirito Santo, Brazil). Conversely, the annual
total precipitation estimated from the GPM satellite images showed the
opposite behavior, a condition also observed by Tan and Duan (2017)
when processing GPM satellite images for the Singapore region.

The analysis of precipitation records during El Nifo periods (2002,
2004, 2009, 2015, and 2019) and La Nifia periods (2007, 2008, 2010,
2011, and 2016) involved handling different subsets of years from the
originally analyzed historical series, grouped as previously indicated in
Table 2. The statistical parameters (bias, ME, RMSE, and R?) associated
with the historical series produced from the processing of TRMM and
GPM satellite images are summarized in Table 5.

The evaluation of the statistical parameters summarized in Table 5
reveals important aspects related to the performance of the TRMM and
GPM satellites during El Nifo and La Nina events. Precipitation esti-
mates derived from GPM satellite images maintained stable values of
ME and coefficient of determination (R?) between the two analyzed pe-
riods, suggesting that the quality of the estimates was not significantly

affected by climatic variations associated with the ENSO phenomenon.
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Figure 4 - Maps of annual total precipitation for the year 2008, a La Niifia period, based on different sources of precipitation records.

Figure 5 - Maps of annual total precipitation for the year 2015, an El Niiio period, based on different sources of precipitation records.
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Table 3 - Estimated annual totals (mm) for the state of Espirito Santo.

2001 1,208.8 1,320.2 1,098.3
2002 1,199.5 1,332.6 1,297.9
2003 1,006.0 1,078.8 1,185.2
2004 1,565.1 1,699.2 1,529.6
2005 1,712.0 1,736.1 1,253.7
2006 1,377.9 1,418.6 1,301.5
2007 943.2 919.5 864.3
2008 1,372.2 1,382.0 1,184.2
2009 1,500.9 1,379.6 1,201.5
2010 1,181.8 1,216.2 1,028.4
2011 1,334.0 1,245:2 1,398.8
2012 1,081.8 1,101.7 1,041.3
2013 1,529.8 1,508.4 1,370.6
2014 912.5 933.7 817.2
2015 673.8 756.5 737.3
2016 1,010.4 1,004.3 968.2
2017 1,015.3 1,064.9 711.9
2018 1,436.0 1,531.6 1,383.9
2019 1,000.1 1,207.2 776.4

Table 4 - Statistical parameters derived from precipitation data for the
period between 2001 and 2019.

TRMM 1.034 -40.81 86.68 0.916

GPM 0.917 100.58 180.17 0.685

Table 5 - Statistical Parameters for the El Nifio and La Nifia Periods.

TRMM 1.073 -87.14 141.5 0.885

El Nisio
GPM 0.933 79.37 175.89 0.775
TRMM 0.987 14.87 44.21 0.941

La Nifia
GPM 0.932 79.53 119.22 0.774

Although the stability of these parameters indicates consistency, it
is important to highlight that the performance observed specifically
during El Nifo and La Nifia periods was superior to that observed
when considering the entire historical series.

The values of bias and ME, on the other hand, suggest that the
GPM satellite exhibited a persistent pattern of underestimating total
precipitation across all evaluated periods. This behavior indicates a sys-
tematic tendency to produce values lower than those observed, regard-
less of the variations imposed by the ENSO cycle.
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Precipitation estimates derived from TRMM satellite images
showed greater sensitivity to climatic fluctuations associated with El
Nifio and La Nifia. The increase in R* values, accompanied by reduc-
tions in ME and RMSE during La Nifia years, indicates that estimates
made in this period performed substantially better compared to those
obtained during El Nifo years.

It is important to note that the overestimation of precipitation val-
ues from TRMM satellite images during El Nifo years (also observed
when analyzing the entire historical series), as evidenced by bias and
ME, shifted to a moderate underestimation during La Nifa years. Ad-
ditionally, the increase in R* and the reduction in RMSE indicate that
the processing of TRMM satellite images yielded better results during
the La Nifa period than during the El Nifio period.

The assessment of precipitation behavior during El Nifio and La
Nifa periods based on satellite image observations has also been the
focus of various studies conducted in different climatic contexts. Kora-
legedara et al. (2023) investigated the interannual variability of daytime
precipitation during the boreal spring (March and April) in Sri Lanka,
the second-largest island in the Indian Ocean. The main focus was to
understand how ENSO events modulate this variability. The analysis
was based on precipitation estimates from the GPM and TRMM sat-
ellites, covering the period from 2001 to 2019. The study concluded
that ENSO events have a significant influence on daytime precipitation
during spring in Sri Lanka. Specifically, La Nifia events are associated
with an intensification of daytime precipitation, while El Nifio events
tend to substantially reduce precipitation.

Chavda et al. (2024) analyzed precipitation regimes in California
between 2001 and 2019. The study involved processing GPM satellite
data, as well as precipitation records from the Global Precipitation
Climatology Centre as ground reference. According to the authors,
the analysis revealed that, contrary to what was believed before 2000,
El Nifo had a significant negative correlation with precipitation in
southern California, indicating lower rainfall volumes during El Niio
months. Both satellite and ground data confirmed this trend, high-
lighting changes in regional climate patterns over the past two decades.

Restrepo-Coupe et al. (2024), in turn, investigated the impacts of
extreme El Nifio (2015-2016) and La Nifa (2008-2009) events on the
Tapajos National Forest (Brazil), combining over two decades of obser-
vations using eddy covariance (a micrometeorological technique that
measures the exchange of gases, water vapor, and energy between the
land surface and the atmosphere) with monthly precipitation data ob-
tained from the GPM and TRMM satellites. Satellite images were used
to monitor climate variability and precipitation patterns associated with
ENSO, allowing characterization of the forest’s responses to drought
and excessive moisture. According to the authors, during La Nifia, there
was a net carbon loss due to reduced photosynthesis caused by lower
solar radiation, even without an increase in ecosystem respiration. Con-
versely, the El Nifo period caused intense drought, resulting in tempo-

rary carbon gains due to strong suppression of respiration, an effect that
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lasted more than 3 years. The study concludes that the Amazon forest is
more sensitive to drought than to excess rainfall, with drought being a

significant degradation factor in the face of future climate change.

Conclusions

The statistical analysis performed demonstrated that precipita-
tion data obtained via remote sensing satisfactorily reproduced field
records from rain gauges. Although the TRMM satellite represents
an earlier technology, it provided more consistent precipitation esti-

mates for the state of Espirito Santo compared to the GPM satellite.

This higher accuracy can be attributed to the fact that TRMM was
developed for monitoring tropical regions, which characterizes the
study area.

The TRMM satellite showed superior performance during La Nifa
periods. The GPM satellite, in turn, demonstrated more stable perfor-
mance throughout the historical series, with similar results in both El
Nifo and La Nifia periods.

The results obtained highlighted the effectiveness of using remote
sensing data for monitoring precipitation regimes in different climat-

ic contexts.
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