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Abstract: In the last few years, Satellite Precipitation Estimates (SPE) have been increasingly used for
rainfall estimation applications. Their validity and accuracy are influenced by several factors related
to the location where the SPEs are applied. The objective of this study is to evaluate the performance
of the Integrated Multisatellite Retrievals for Global Precipitation Measurement Version 06 Half-
Hour Temporal Resolution (IMERG-FR V06 HH) for rainfall estimation, as well as to determine
its relationships with the hourly and daily rain gauge network data in a semiarid region during
2019-2021. The methodology contemplates the temporality, elevation, rainfall intensity, and rain
gauge density variables, carrying out a point-to-pixel analysis using continuous, (Bias, r, ME, and
RMSE), categorical (POD, FAR, and CSI), and volumetric (VHI, VFAR, and VCSI) statistical metrics
to understand the different behaviors between the rain gauge and IMERG-FR V06 HH data. IMERG-
FR greatly underestimated the heavy rainfall events in values of —63.54 to —23.58 mm/day and
—25.29 to —11.74 mm/30 min; however, it overestimates the frequency of moderate rain events
(1 to 25 mm/day). At making the correlation (r) between the temporal scales, the monthly temporal
resolution was the one that better relates the measured and estimated data, as well as reported r
values of 0.83 and 0.85, where records at shorter durations in IMERG-FR do not detect them. The
weakness of this system, according to the literature and confirmed by the research findings, in the case
of hydrological phenomena, is that recording or estimating short durations is essential for the water
project, and therefore, the placement of rain gauges. The 1902-2101 m.a.s.l. range elevation has the
best behavior between the data with the lowest error and best detection ability, of which IMERG-FR
tended to overestimate the rain at higher altitudes. Considering that the r for two automated rain
gauges per IMERG-FR pixel density was 0.74, this indicates that the automated rain gauges versus
IMERG-FR have a better data fit than the rain gauges versus IMERG-FR. The distance to centroid
and climatic evaluations did not show distinctive differences in the performance of IMERG. These
findings are useful to improve the IMERG-FR algorithms, guide users about its performance at
semiarid plateau regions, and assist in the recording of data for hydrological projects.

Keywords: IMERG-FR; rainfall; rain gauge; satellite image; statistical evaluation

1. Introduction

Precipitation is an important component of the climate system and plays a key role in the
Earth’s hydrologic cycle and energy balance. Precipitation variability in its rate, amount, and
distribution substantially determine the Earth’s ecosystem, water cycle, and climate [1-4]. Global
climate change, due to unwise anthropogenic intervention, is undeniable. At the global
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level, the occurrences and severity of climate extremes have increased and are causing loss
of life and property and environmental damage [5]. Accurate and reliable precipitation
information is therefore critical for different fields in geoscience, such as hydrological and
ecological modeling, water resource management, climate analysis, flood and drought
monitoring, soil movement modeling, and forecasting. However, in regions with difficult
access, like in non-developed or developing countries [6], precipitation measurements
from rain gauges or other in situ precipitation-measuring instruments are limited by the
scarcity of low-density local network observations [3,4,7,8]. Additionally, a low density of
rain gauges in agricultural areas significantly affects the reliability of insurance products
(agricultural security). Due to micro-climatic factors, weather parameters may differ even
between locations in close proximity [9]. A reliable precipitation assessment requires a
minimum number of precipitation stations, which developing countries do not have [10].

Secondary sources of precipitation data are indirectly measured via radar, numerical
models, and Satellite Precipitation Estimates (SPE) [2,11,12]. Satellites can provide precip-
itation estimates at larger geographic scales, and thus, these estimates offer a potential
source for obtaining high-quality spatio-temporal distributions of precipitation [13]. This is
particularly important in cases where socio-economic activities rely heavily on aquifers for
water resources. However, monitoring precipitation via spatial sensors in arid areas is a
challenging job because such areas are characterized by low precipitation intensities and
large spatial heterogeneities [14].

IMERG-FRThe complex topography results in highly variable spatio-temporal precip-
itation patterns that are not fully captured via the rain gauge monitoring networks [15].
Furthermore, given that most urbanization exists in the lowlands, it follows that most
rain gauges are concentrated in the lowlands, while the uplands are underrepresented.
Low precipitation intensity events (light rain) represent another challenge for satellite
precipitation products [16]. In the last few decades, SPE have become an alternative source
of precipitation estimation with widespread applications such as (distributed) hydrological
modeling, geomorphological and landscape evolution, flow forecasting and early warning
systems, as well as investigations into atmospheric processes and storm structures [15],
up to the monitoring of extreme events such as droughts and floods [17]. However, SPE
techniques are not sufficiently accurate because they involve numerous uncertainties. Un-
certainties can arise from timing errors in sampling, device calibration errors, errors in
the algorithms used, local weather conditions, and topographic features. Accurate data
validation is crucial to verify the performance of SPE, so that they can be used in various
applications [11-13].

Numerous studies have been conducted to compare the performance of different
SPE, proving that IMERG-FR has an excellent performance compared with its predeces-
sors and other SPE. Huang et al., 2018 [18], evaluated IMERG-FR against rain gauges
in Taiwan, concluding that IMERG-FR subestimated the precipitation magnitude in the
region, where the bias was higher over mountain areas and in the warm seasons. Never-
theless, IMERG-FR was able to qualitatively represent several distinct features of Taiwan’s
precipitation changes.

After evaluating the three products of IMERG (Early Run, Late Run, and Final Run)
against rain gauges in the Lower Colorado River Basin of Texas, the researchers concluded
that the final run product has the best performance among these three products. However,
all products have similar performance in precipitation detection capability, besides that they
need additional improvements for a better accuracy in the precipitation estimates [19]. Tan
and Santo, 2018 [20], compared all IMERG products, TMPA 3B42, 3B42-RT, and PERSIANN-
CDR, against rain gauges over Malaysia, concluding that all SPE subestimated very light
and extreme precipitation classes, but overestimated light-to-high precipitation classes.
IMERG products have the best light precipitation detection capability. The IMERG-FR
product did not exhibit significant improvements over its “near-real-time” products.

One study evaluated GSMaP_MVK V7, IMERG-FR V05, and CHIRPS-2.0 against rain
gauges over Bali Island, Indonesia, concluding that IMERG-FR performed best on daily,
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penta-day, and seasonal timescales. In addition, it demonstrated greater ability to detect
precipitation events at different altitudes, but overestimated the frequency of moderate
precipitation events [11]. Freitas et al., 2020 [21], evaluated the performance of IMERG-FR
VO06B in capturing sub-daily precipitation events and their properties in Brazil. Their results
showed that IMERG-FR can properly estimate sub-daily precipitation depth, with the best
results found in the southern part of the country. However, the results showed large bias of
IMERG-FR for precipitation duration and intensity.

The IMERG V05B products against rain gauges over Saudi Arabia were analyzed, with
the researchers concluding that all IMERG products have a very weak seasonal correlation
with ground observations; spring and summer were the seasons with the best rain detection;
light and medium rain presented the lowest detection errors, of which the opposite was
true for the highest precipitation intensities; storm events showed a high correlation; and
detectability improved significantly in higher altitude areas, especially in the case of IMERG-
FR. However, the largest estimation errors were observed in coastal regions, foothills, and
mountainous areas [16]. Morsy et al., 2021 [14], evaluated IMERG-FR and TRMM-3B42 V7
against rain gauges in the southwest of the arid Sinai Peninsula, concluding that IMERG-FR
and TRMM showed high performance during light-intensity events; however, they showed
the opposite with high-intensity events. IMERG-FR exhibited superior performance than
TRMM in all precipitation intensities.

Eleven Gridded Precipitation Products (IMERG-FR V06B included) in Eastern Himalaya
were validated using 27 rain gauges as reference. IMERG-FR outperformed the other satellite
products, where the best results were given at mid elevation (1000-2000 m.a.s.1.) and in
monsoon and summer [22]. For the IMERG-FR performance over China, they found
that IMERG-FR has limited ability to detect precipitation events below 5 mm/d, and
an even worst performance in areas with a complex winter precipitation phase. The
evaluation was affected by the mismatch between the gauge and IMERG-FR data caused
by air pollution [23]. After performing a systematic review of the literature to assess the
performance of the IMERG products around the world, they concluded that China is the
subject of the largest number of IMERG evaluation studies. IMERG-FR’s performance can
be improved over mountainous regions characterized by orographic precipitation; complex
terrains; and for winter precipitation, at the temporal scales, IMERG-FR performs better at
monthly and annual time steps, and each new version shows substantial improvement in
almost every spatiotemporal scale and climatic condition [24].

The aims of this research are as follows: (i) evaluating the performance of IMERG-FR
V06B at half-hourly, daily, monthly, and seasonally temporal scales in a semiarid region,
taking the rain gauge data from the rainy station of the period 20192021 as the reference,
(ii) validating IMERG-FR at three ranges of elevations where the rain gauges are placed,
(iii) analyzing the performance of IMERG-FR at five ranges of daily rainfall intensities
and three ranges of hourly rainfall intensities, and (iv) calculating the performance of
IMERG-FR at 1-3 rain gauge densities.

2. Materials and Methods
2.1. Study Area

The study area has a surface of 20,142.31 km? inside the state of Zacatecas (Figure 1a,b)
that is located in the north—central region of Mexico (Figure 1c), between coordinates 21.02°
and 25.12°N and 100.72° and 104.37°W [25,26]. It presents a predominant semiarid climate
(BS1kw) (Figure 2). The state’s topography is quite variable, including mountains, valleys,
plains, and plateaus because it is part of three different physiographic provinces: The Sierra
Madre Occidental (located in the north of the state), the Sierra Madre Oriental (center and
southeast), and the Central Mexican Plateau (south of the state). The minimum altitude
in the state, in the Juchipila river canyon, is 840 m above sea level (m.a.s.l.), whereas the
highest point is located on the Cerro de los Pelones, with an altitude of 3160 m.a.s.L.
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Figure 1. (a) Study area with the distribution of the rain gauges and the automated rain gauges with
a code number used in this study; (b) view of the Zacatecas state with the study area marked with
green color; (c) view of México country; and (d) zoom view of the distribution of the four automated
rain gauges with their corresponding IMERG-FR pixels. The digital elevation model was downloaded
from the Continuo de Elevaciones Mexicano (CEM) of INEGI [27].
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Figure 2. Climate distribution of the study area. The climate shapefile was downloaded from the
CONABIO geoportal [28].
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The city of Zacatecas (the state capital) has an average altitude of 2450 m.a.s.1. [26]. The
predominant climate in most of Zacatecas is dry and semi-dry (73%); 17% of the territory,
in the east of the state, is temperate subhumid; in 6% of the territory, mainly the north and
northeast regions, the climate is very dry, and the remaining 4% of the state, in the south
and southwest, presents a subhumid warm climate. The mean annual temperature is 17 °C,
with a maximum mean temperature of 30 °C in the month of May and a minimum mean
temperature of 3 °C in the month of January. The average annual precipitation is 510 mm;
the rainy season is presented in summer in the months of June-September. The dry and
semi-dry climate of the state is a limitation for the agriculture with the main crops as corn,
oats, wheat, beans, chili, sorghum, nopal, and peach.

2.2. Rain Gauge and Automated Rain GaugeNetwork Data

A total of 25 rain gauges’ daily data from the months May to October of the period 2019-
2020 and May to September 2021 was downloaded from the SIH (Sistema de Informacion
Hidrologica) [29]. Also, four automatic rain gauges” data with records every 5, 10, 15, and
30 min were collected for the same period of time from the automatic rain gauge network
of the UAZ (Universidad Autonoma de Zacatecas).

To detect possible monotonic trends in the rainfall data, the non-parametric Mann-
Kendall (MK) test was used, with a significance level of 5% [30] applied per year to the
25 rain gauges’ datasets. The data that showed a significance level of <56% were eliminated
for presenting a significant trend of rain in the rainy season, of which the eliminated data
were the following: six rain gauges complete 3 years of data. The 19 remaining rain gauges
were used in this study.

The density of the combined rain gauge network Is of 23 rain gauges per 20,142.31 km?,
which is within the minimum density standard recommended by the World Meteorological
Organization for flat areas in the temperate, Mediterranean, and tropical zones (recommen-
dation: one gauge per 600-900 km?) [11].

The coordinates and elevations of all the rain gauges (rain gauges and automatic rain
gauges) used in this research are shown in Tables 1 and 2. The missing data were calculated
for a total of 520 days from May to October 2019-2020, and May to September 2021 (October
was not available yet to download by IMERG). The year 2021 was the most complete data
year for the automated rain gauges.

Table 1. Coordinates and elevations of the rain gauge network used in this research.

. Latitude Longitude Elevation Missin
Code Rain Gauge (GRD)  (min) ®) (GRD)  (min) ® masl)  DataCh)
0 Llano Blanco 23 00 00 102 39 36 2150 0.96
1 Fresnillo 23 10 12 102 54 00 2201 0.96
2 Gobernador Leobardo 23 10 48 103 12 36 2101 0.00
Reynoso
3 Santa Rosa 22 55 12 103 06 36 2240 0.00
4 Genaro Codina 2 29 24 102 27 36 2176 423
5 El Saladillo 22 40 12 102 02 24 2034 0.00
6 Guadalupe 2 45 00 102 30 36 2262 0.00
7 Juan Aldama 24 16 48 103 24 00 2009 2.96
8 Loreto 22 15 36 101 59 24 2077 488
9 Luis Moya 22 26 24 102 15 00 2017 0.00
10 Miguel Auza 24 17 24 103 26 24 1994 592
11 Presa Santiago 24 17 24 103 30 36 1990 0.00
12 Pino Suarez 22 07 12 101 24 00 2119 0.77
13 El Cazadero 23 41 24 103 05 24 1928 0.00
14 Rio Grande 23 49 12 103 01 48 1902 0.00
15 Villa Gonzalez Ortega 22 31 12 101 55 12 2154 0.00
16 Villa Hidalgo 22 21 00 101 43 12 2195 115
17 La Bufa 22 46 48 102 34 12 2612 0.58
18 Zacatecas 22 45 36 102 34 48 2352 75
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Table 2. Coordinates and elevations of the automated rain gauge network used in this research.

. Latitude Longitude Elevation Missing
Code Automated Rain Gauge  ppp (min) ®) (GRD) (min) ) (m.as.l) Data (%)
0 Estacién Climatolégica 22 34 48 102 39 00 2323 27.87
1 NavierStokes 22 37 12 102 41 24 2464 0.03
2 SaintVenant 22 34 48 102 41 24 2403 0.03
3 Vertedor 22 39 00 102 39 36 2248 0.00

2.3. IMERG Data

The Core Observatory Satellite of the Global Precipitation Measurement (GPM) mis-
sion was launched on February 2014; as the successor to TRMM, the GPM mission is the
state-of-the-art satellite-based precipitation measurement program over the world. IMERG
products were first provided by NASA as version 03 (V03) from March 2014. IMERG
released version V06B in 2019. Compared with version V05, it has been optimized and
adjusted in data processing, algorithms, and verification. IMERG combines all microwave
precipitation estimates, microwave-calibrated IR estimates, rain gauge analyses, and other
possible estimates at fine temporal and spatial scales for the TRMM and GPM eras over the
entire globe. To accommodate various latency and accuracy requirements, IMERG products
provide three types of satellite precipitation data, the first two of which are Near-Real-Time
(NRT) products, denoted as IMERG-ER and IMERG-LR; with more data available given the
latency period, the “Post-Real-Time” (PRT) final run uses monthly precipitation data to cre-
ate a research-quality final run product IMERG-FR). IMERG-FR is adjusted monthly to the
Global Precipitation Climatology Center (GPCC) precipitation datasets, which are derived
from ~6700 stations worldwide. IMERG-ER and IMERG-LR are available approximately
4 h and 14 h after observation time, respectively, but IMERG-FR is released approximately
three and a half months after the month of available observation [31].

In this research, the GPM IMERG Final Precipitation L3 Half-Hourly 0.1° x 0.1° V06
(GPM_3IMERGHH) data were downloaded from the GES DISC (Goddard Earth Sciences
Data and Information Services Center) webpage (https://disc.gsfc.nasa.gov/, accessed on
16 April 2022) [32]. The data are presented in files with the NetCDF4 format, where every
file has average precipitation intensity information at mm/h, but a temporal resolution
of a half hour. A total of 24,144 files were downloaded from IMERG-FR, corresponding
to rainfall intensities with an interval of 30 min for the period 2019-2021. These were
processed with a code made in Python [33] to obtain the precipitation information of the
pixels that share place with the rain gauges and the automated rain gauges into csv files.
The data are at the Universal Time Coordinated (UTC) time, so this was adjusted to the
local standard time (UTC-6) [19]. In addition, to obtain the accumulated precipitation, the
data were multiplied by 0.5, due to IMERG-FR reporting the rainfall as intensity (mm/h),
with interval times of 30 min [19,34] to transform the average precipitation intensity, at
mm/h, into precipitation depth in interval times of 30 min, daily, monthly, and six months
to compare it with the rain gauge data at the same temporal scales.

Then, the accumulated precipitation amounts are multiplied by a factor of 0.5 as the
unit of the half-hourly products is in mm/h.

2.4. Evaluation Technigues

Comparison between IMERG-FR and the rain gauge data were based on a pairwise
approach. The point-to-pixel analysis was performed when there was only one rain gauge
available inside the IMERG-FR pixel. On the other hand, an average point-to-pixel analysis
was considered for IMERG-FR pixels containing more than one rain gauge. The IMERG-FR
pixels without any rain gauges were excluded from the analyses. A total of 23 rain gauges
and 19 IMERG-FR pixels were used in this study.

The accuracy of IMERG-FR was evaluated at different temporal resolutions, elevations,
precipitation intensities, and gauge densities, taking the rain gauge data as the reference
with a point-to-pixel analysis. Only the IMERG-FR pixels containing at least one rain
gauge were used [16,19,21,22]. The data of the rain gauges that share an IMERG-FR pixel
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were averaged and then compared with the value of the IMERG-FR pixel in the temporal,
topographical, rainfall intensity, and gauge density evaluations. The seasonal temporal
resolution is integrated only by the May, June, July, August, September, and October
months. June, July, August, and September are the wettest months in the research region.

2.4.1. Temporal Evaluation

The temporal evaluation was conducted by analyzing the performance of IMERG-FR
at half-hourly, daily, monthly, and seasonal time resolutions. The half-hourly evaluation
only could be performed with the four automated rain gauges distributed in two contiguous
pixels (two per pixel) because these are the only ones with sub-daily data. The seasonal
evaluation could only be performed with the rain gauges because of the low quantity of
automated rain gauges. The observed and estimated data were aggregated for obtaining
the coarser time resolutions. Interpolation using Inverse Distance Weighted was used
with the average monthly precipitation of the 3-year data, to see the differences in the
precipitation amount recorded via IMERG-FR and the rain gauges. The objective of this
evaluation is to identify the variance in the performance of IMERG-FR at different time
resolutions with the aggregation.

2.4.2. Topographical Evaluation

This evaluation was conducted by analyzing the performance of IMERG-FR at three
ranges of elevation where the rain gauges and the automated rain gauges are located: 1902—
2101, 2119-2323, and 2352-2612 m.a.s.l.; and three temporal resolutions: daily, monthly,
and seasonal. The 1902-2101 m.a.s.l. elevation is integrated with nine rain gauges, the
2119-2323 m.a.s.l. elevation with eight rain gauges and two automated rain gauges, and
the 2352-2612 m.a.s.l. elevation with two rain gauges and two automated rain gauges.

2.4.3. Rainfall Intensity-Based Evaluation

This evaluation was conducted by analyzing the performance of IMERG-FR at six
ranges of daily rainfall intensities as Liu et al., 2020 [11], following the recommendations
of the World Meteorological Organization (WMO). However, in this research, the ranges
are renamed for a more detailed classification as 0-1 mm/day (very light rain events),
1-5 mm/day (light rain events), 5-10 (moderate-light rain events), 10-25 mm/day (moder-
ate rain events), 25-50 mm/day (moderate-heavy rain events), and >50 mm/day (heavy
rain events). The sub-daily data were analyzed at three ranges of hourly rainfall intensities
following the American Meteorological Society (AMS) recommendation: 0-2.5 mm/h
(light rain events), 2.6-7.6 mm/h (moderate rain events), and over 7.6 mm/h (heavy rain
events) [35]. The hourly rainfall intensities of the AMS were converted (multiplied by 0.5)
from mm/h to mm/30 min to match with our sub-daily data. Probability distribution
functions (PDF) were used for graphical comparison of the IMERG-FR and gauge data. The
PDEF, which presents useful information on the histogram frequency of a dataset, has been
used in many studies to evaluate the SPE performance [11]. Therefore, PDF was used in
the present study to evaluate the performance of IMERG-FR in detecting the frequency of
rainfall events at different rainfall intensities. Such an evaluation is useful to determine
differences in rainfall intensity measured via a rain gauge and that is estimated using
satellite pixels.

2.4.4. Spatial-Temporal Evaluation Rain Gauge Density

This evaluation was conducted by analyzing the performance of IMERG-FR at three
gauge densities with a daily temporal scale: 1-3 rain gauges per IMERG-FR pixel. A total
of 16 rain gauges and 4 automated rain gauges were used in the one rain gauge per pixel
density; the four automated rain gauges were used in the two gauges per pixel density;
and three rain gauges were used in the three gauges per pixel density. The four automated
rain gauges that share two IMERG-FR pixels and the three rain gauges that share the same
IMERG-FR pixel were used in the one and two rain gauges per IMERG-FR pixel densities
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because of the missed data. In addition to linear regression, the multiple linear regressions
was used to evaluate the two and three rain gauges per IMERG-FR pixel densities.

2.4.5. Distance to Centroid of IMERG-FR Pixel Evaluation

This evaluation was conducted by analyzing the performance of IMERG-FR at two
groups of rain gauges divided by the distance from their locations to the centroid of the
IMERG-FR pixel where they are. The centroids of the IMERG-FR pixels were calculated
by the “Feature to Point” Tool of ArcMap 10.5. The daily temporal scale was used at this
evaluation. The objective of this evaluation is to calculate the performance of IMERG-FR in
the basis of the distance of the rain gauges to the centroid of the IMERG-FR pixel.

2.4.6. Climatic Evaluation

This evaluation was conducted by analyzing the performance of IMERG-FR at three
climates of Koppen, modified by Enriqueta Garcia, where the rain gauges are placed. A
total of 12 rain gauges are in the BS1kw climate, four rain gauges are in the BS1kw(w)
climate, and three rain gauges are in the BSOkw climate. Only the daily temporal scale
was used in order to evaluate the performance of IMERG-FR at three climates. Figure 2
represents the climate distribution of the study area, noticing that the semiarid climate
BS1kw is the predominant one.

2.5. Estimation Methods

IMERG-FR’s performance will be analyzed quantitatively via continuous statistical
measurement, categorical metrics, and volumetric indices. Continuous metrics that will be
used to measure the difference between satellite estimates and precipitation observations
include relative bias (Bias), Pearson ‘s correlation coefficient (r), mean error (ME), mean
absolute error (MAE), and the root mean square error (RMSE) [3,11,16,36,37]. The Bias, r,
ME, MAE, and RMSE values will be calculated using the following equations, respectively:

N (5 _G

Bis = W M

L EL(8i=9)(Gi-G6) @)
VI (5i-5)VEN (G- )

ME = %Zf:l(si -G ®)

MAE:%Zfilﬂsi—GiD )

RMSE = \/i]zﬁl(si —G;)? ®)

where S; represents satellite precipitation estimates, G; is ground-based precipitation ob-
servation, S is satellite mean precipitation estimates, G indicates ground-based mean
precipitation observation, N represents the total number of data, and i is the sample num-
ber [11]. The S;, G;, S, and G units are presented in mm/30 min, mm/day, mm/month,
and mm/station, respectively.

The relative bias is the general deviation that the SPE presents based on ground
observations, which indicate over or underestimation; the Pearson “s correlation coefficient
describes the degree of linear correspondence between satellite estimates and ground
observations; the mean error describes the average disparity between the SPE and ground
measurements; the mean absolute error is similar to the mean error but with the advantage
that the positive and negative errors do not cancel each other out; the RMSE represents
the average error between the SPE and the ground measurement. A value of 0 is the deal
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VCSI =

score for relative bias, ME, and RMSE, and a value of 1 is the highest Pearson “s correlation
coefficient value [2,11]. The ME and RMSE units arepresented in mm/30 min, mm/day;,
mm/month, and mm/station.

The categorical metric will be used to determine the abilities of the IMERG-FR product
for the occurrence of the rain scenario. These statistics were extracted from a 2 x 2
contingency table where the number of successes (hits (H)) describe the number of rain
events correctly estimated from ground and satellite observation; the false alarm (F) refers
to when the rain is estimated, but it does not occur; and the error (miss (M)) refers to when
the rain is not estimated by the satellite, but it does occur. Three statistical parameters will
be adopted, named probability of detection (POD), false alarm ratio (FAR), and critical
success index (CSI). The POD score defines the ability of the satellite product to correctly
estimate rainfall events. The FAR measures the frequency of rain detection from the satellite
product not confirmed via ground observation. The CSI is also known as a threat score and
calculates the ratio of all estimated and observed events that were correctly diagnosed. The
perfect value for POD and CSI is 1, while for FAR, itis 0. The POD, FAR, and CSI values
will be examined using the following equations [4,7,9,37,38]:

H

POD = 6)
F

FAR=g7F )
H

CSI= M E ®

However, the categorical metric does not provide any information on the volume
of the variable detected correctly/incorrectly; therefore, this study adopted volumetric
indexes for the evaluation of data. Volumetric indices provide the volume of the variable
of interest detected correctly by SPE relative to rain gauge observations [11]. In this study,
the volumetric hit index (VHI), volumetric false alarm ratio (VFAR), and the volumetric
critical success index (VCSI) were used. VHI is defined as the volume of rainfall accurately
detected by SPE relative to the volume of the accurately detected satellite and missed
observations. VFAR can be expressed as the volume of false rainfall detected by the SPE
relative to the sum of rainfall detected by the SPE. VCSI is defined as an overall measure of
volumetric performance. VHI, VFAR, and VCSI range from 0 to 1, with the perfect score
for VHI and VCSI being 1 and for VFAR, 0. The equations for volumetric indices are as
follows [11]:

YN (Sil(Si > t&G; > 1))

VHI = N N 9)
Zi:1(5i|(5i > t&G; > t)) +Zi:1(Gi|(Si < t&G; > t))
N . . .
VEAR = - Zi:l(sl‘(sl > t&;IGI < t)) (10)
Zizl(si‘(si > t&G; > i’)) +Zi:1(5i|(51~ > t&G; < t))
N . . .

YN L(Sil(Si > t&G; > 1) + LN (Gi|(Si < t&G; > 1)) + TN (Si](Si > t&G; < 1))

where S; represents satellite rainfall estimates; G; denotes ground-based rainfall observation;
N represents the total number of data; 7 is the number of the sample; and ¢ indicates
threshold values of 0.1 mm/30 min, 0.1 mm/day, 0.1 mm/month, and 0.1 mm/season for
30 min, daily, monthly, and seasonal precipitation data segmentation, respectively [11]. The
threshold values were used to define rain and no rain events. This threshold value has
been used in similar studies for arid and semiarid regions [14,39].
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3. Results
3.1. Sample Differences between the Observed and Satellite Data

The rain gauge and IMERG-FR daily rainfall data are presented in Table 3. These
are the highest daily rainfall events registered per rain gauge, considered as heavy by the
WMO daily rainfall intensity classification. The variation in the rain gauges and IMERG-FR
is of —63.54 to —23.58 mm/day, indicating subestimation of IMERG-FR in the heavy daily
rainfall events. There are no heavy daily rainfall events registered in some rain gauges, so
these were omitted.

Table 3. Highest daily rainfall events registered by the rain gauges.

Rain Gauge Day Gi (mm) Si (mm) Si-Gi (mm) I{;‘fﬁ‘:wl{’d‘g)
El Cazadero 2 July 2020 53.60 16.91 —36.69 heavy
El Saladillo 18 August 2021 77.00 22.08 —54.92 heavy
Fresnillo 4 October 2019 61.00 9.34 —51.66 heavy
Genaro Codina 16 September 2021 79.50 22.07 —57.43 heavy
Gobernador Leobardo Reynoso 12 July 2021 51.90 21.82 —30.08 heavy
Guadalupe 20 June 2021 52.30 28.52 —23.78 heavy
Juan Aldama 28 July 2020 74.30 39.19 —35.11 heavy
Llano Blanco 6 August 2021 76.50 12.96 —63.54 heavy
Loreto 16 September 2021 62.80 31.87 —30.93 heavy
Pino Suéarez 31 August 2020 52.10 23.53 —28.57 heavy
Presa Santiago 20 June 2021 54.00 17.23 -36.77 heavy
Zacatecas 3 June 2021 57.50 22.77 —34.73 heavy

The behavior of the automated rain gauges with respect to IMERG-FR at the half-
hourly scale, considering the American Meteorological Society (AMS) hourly rainfall
intensity classification, varied from —25.29 to —11.74 mm /30 min, which indicates that
IMERG-FR subestimated the observed rainfall, this effect is similar in bothrain gauges and
automated rain gauges, this can be attributed to the fact that the rain gauges measure in a
point area, whereas, IMERG-FR estimates in an area of 0.1° x 0.1°. The heaviest half-hourly
rainfall events registered via the automated rain gauges are presented in Table 4.

Table 4. Highest half-hourly rainfall events registered via the automated rain gauges.

Automated Rain

Day Hour Gi (mm) Si (mm) Si-Gi (mm) Intensity of

Gauge Rain (AMS)
Estacion Climatoldgica 18 August 2021 22:30:00 15.00 3.26 —11.74 Heavy
NavierStokes 1 September 2021 20:30:00 27.20 191 —25.29 Heavy
SaintVenant 22 June 2021 19:00:00 25.60 3.23 —22.37 Heavy
Vertedor 2 June 2021 19:30:00 23.30 0.81 —22.49 Heavy

3.2. Temporal-Based Evaluation

Overall, IMERG-FR performed well at daily, monthly, and seasonal, and worst in
the half-hourly temporal resolution. In hydrological studies, estimating the rainfall at
shorter intervals allows for obtaining better fits of rainfall intensity, especially in regions
where they are torrential, which is why automated rain gauges are installed as measuring
instruments. In this investigation, it is important to compare the records of this equipment
with those estimated via IMERG-FR, according to the data obtained and using the Pearson’s
correlation coefficient test which was very small (0.23), indicating a weakness of IMERG-FR
at estimating rainfall at the half-hourly temporal resolution; this could be because of the
time lag, the overestimation of the rain duration, and the underestimation of rain depth by
IMERG-FR. The comparison of daily temporal resolutions in estimating rain on IMERG-FR
improves the estimate, finding an r between 0.64 and 0.68 with respect to the rain gauges
and the automated rain gauges. Related to IMERG-FR, the automated rain gauges obtained
higher MAE but lower RMSE values than the rain gauges, meaning that the automated rain
gauges present a lower extreme error but higher overall error values. With respect to the
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monthly and seasonal temporal resolutions, the value of the correlation coefficient increases
from 0.83 to 0.85, which indicates less variability between the two. Another indicator that
is used to find the relationship between IMERG-FR and the rain gauges is the probability
of detection (POD), which varied from 0.31 to 1 where the smallest value corresponds to
shorter durations and 1 for monthly or seasonal temporal resolutions. The false alarm ratio
(FAR) varied from 0.23 to 0.46 for the automated rain gauges and the rain gauges with
respect to the IMERG-FR, indicating that the most similar data are those recorded in the
automated rain gauge; these data coincides with the correlation coefficient for this period
of time where a similar behavior was obtained, improving its performance with respect
to larger temporal scales. However, the best VHI (0.98) was obtained via the rain gauges,
while the automated rain gauges improved with respect to the VCSI (0.92). This is probably
due to the fact that sometimes the IMERG-FR registers false alarms (Table 5). Taking all
metrics into consideration and importance, the best result was given by the automated rain
gauges vs. IMERG-FR at the monthly temporal resolutions, of which the rain gauges vs.
IMERG-FR have a better r (0.85 vs. 0.83), but the automated rain gauges vs. IMERG-FR have
lower RMSE (27.83 vs. 29.87) and better CSI (1 vs. 0.94); this indicates that the automated
rain gauges vs. IMERG-FR datasets are better fitted and have a better detection ability.
According to the results obtained via the IDW interpolation at the monthly temporal scale,
the precipitation differences between IMERG-FR and the rain gauge network were higher
in the July, August, and September months, probably because these are the wetter months
of the year and that the error is higher when more precipitation occurs (Figure 3).

Table 5. Results of the statistical metrics of the temporal-based evaluation.

Temporal
Resolution

Type of Rain Gauge r Bias ME MAE RMSE POD FAR CSI VHI VFAR VCSI

Half-hourly Automated rain gauges 0.23 0.13 0.01 0.10 0.52 0.60 0.72 0.24 0.51 0.66 0.25

Dail Rain gauges 0.64 0.05 0.12 2.04 5.21 0.93 0.46 0.52 0.98 0.19 0.79
y Automated rain gauges 0.68 0.11 0.33 2.37 4.73 0.83 0.26 0.65 0.91 0.08 0.92
Monthl Rain gauges 0.85 0.07 4.47 2125  29.87 1.00 0.06 0.94 1.00 0.00 1.00
Y Automated rain gauges 0.83 0.10 1041 2377  27.83 1.00 0.00 1.00 1.00 0.00 1.00
Seasonal Rain gauges 0.82 0.06 2410  57.09 7691 1.00 0.00 1.00 1.00 0.00 1.00

Note: ME, MAE, and RMSE are presented in mm/30 min, mm/day, mm/month, and mm/season.

3.3. Topographical Evaluation

The elevation range of the rain gauge and automated rain gauge network was of 1902
to 2612 m.a.s.l,; the correlation between the IMERG-FR data and those registered in the
network with respect to the elevation presented the following behavior of 0.60 to 0.89,
where the smallest value corresponds to the daily temporal scale at 2119-2323 m.a.s.l.; and
the larger value to themonthly temporal scale occurred at 1902-2101 m.a.s.1.

According to the literature, it is reported that the greatest amount of rain occurs at
the highest elevations, indicating a better relationship between IMERG-FR and the rain
gauge network because in this area, there is orographic rain. However, the bias and the
error incremented with the elevation indicates a slight overestimation at higher altitudes.
The POD varied from 0.91 to 1, indicating a very good ability of IMERG-FR to correctly
detect rainfall, where the lowest value was obtained at the daily temporal scale in the
2352-2612 m.a.s.l. elevation range that corresponds with the highest bias and error values,
and the highest at monthly and seasonal temporal scales at all elevation ranges. Nev-
ertheless, the lowest FAR values were obtained at 2352-2612 m.a.s.l., and the highest at
2119-2323 m.a.s.l,, ranging from 0 to 0.46, showing a behavior similar to the r. At the
monthly and seasonal temporal scales at every elevation range were obtained perfect
volumetric indices, and those obtained at the daily temporal scales improved considerably
with respect to their similar categorical metrics, where the VHI ranged from 0.97 to 1,
indicating a near perfect score, and the VFAR ranged from 0.20 to 0, with the highest
value of the daily temporal scale at 2119-2323 m.a.s.l. Overall, according to the error, bias
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values, and detection ability, the best results were given at the minimum elevation range
(1902-2101 m.a.s.l.) (Table 6).

(a) Rain gauge precipitation

May A June September &2 October Legend
: S l: Administrative boundary
Rain gauge precipitation
mm/month

High : 212
e

M Low:0

Legend

‘: Administrative boundary
IMERG precipitation
mm/month

- High : 212

M Low: 0

October

September A% October Legend

\:I Administrative boundary
Difference precipitation
mm/month
[ High: 73
B Low:-73

Figure 3. IDW Interpolation maps of the study zone with the amount of average monthly precipi-
tation of the 3 years data recorded via the (a) rain gauges and (b) IMERG, and the (c) difference of
precipitation between IMERG and the rain gauges.

Table 6. Statistical metrics of the topographical evaluation.

Elevation Range Temporal r Bias ME MAE RMSE POD FAR CSI VHI VFAR VCSI

(m.a.s.l.) Resolution

Daily 067 001 001 195 499 093 045 052 097 017 082

1902-2101 Monthly 089 002 130 1944 2750 100 006 094 100 000  1.00

Seasonal 083 002 744 5817 7769 100 000 100 100 000  1.00

Daily 060 012 026 219 551 092 046 051 097 020 078

2119-2323 Monthly 084 011 738 2304 3129 100 007 093 100 000  1.00

Seasonal 081 010 3817 5778 7798 100 000 100 100 000  1.00

Daily 068 010 026 229 513 091 039 058 097 012 086

23522612 Monthly 088 009 687 2194 2795 100 010 090 100 000  1.00

Seasonal 084 012 4396 4860 7804 100 000 100 100 000  1.00

Note: ME, MAE, and RMSE are presented in mm/day, mm/month, and mm/season.

3.4. Rainfall Intensity-Based Evaluation

The PDF exposed that the bulk of the rainfall events detected by the rain gauges and
IMERG-FR at the daily temporal scale were very light (0 to 1 mm/day), ranging from 64.44
to 69.57% by IMERG-FR, and from 70.29 to 77.03% by the rain gauges with respect to the
elevation ranges (Figure 4a—d). Both lowest values were obtained at 2409 m.a.s.1. (Figure 4d),
of which the highest IMERG-FR value was found at 19022101 m.a.s.l. (Figure 4b), and the
highest rain gauge value was obtained at 2119-2240 m.a.s.l. (Figure 4c); this indicates that
there are less very light rainfall events in the mountainous regions and that there are more
of this events in the flatter regions.
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Figure 4. Probability distribution functions (PDF) of rainfall occurrence estimated via IMERG-FR

and observed using rain gauges at mm/day over different elevations (a-d), automated rain gauges at
mm/day (e), and mm/h (f).

IMERG-FR tended to underestimate the occurrence of very light, moderate-heavy (25
to 50 mm/day), and heavy (>50 mm/day) rainfall events, as well as overestimate the rate of
light (1 to 5 mm/day), moderate-light (5 to 10 mm/day), and moderate (10 to 25 mm/day)
rainfall events (Figure 4a—d). The frequency of rain events estimated via IMERG-FR at all
intensities have a better fit with the frequency of rain events observed via the rain gauges
at 2409 m.a.s.l. (Figure 4d), compared with the other elevations. The intensity ranges
that presented a better fit between the rain gauges and IMERG-FR data were those above
5 mm/day.

The PDF also showed a similar tendency of daily rainfall occurrence in the comparison
of IMERG-FR and the automated rain gauges (Figure 4e) with respect to the comparison of
IMERG-FR and the rain gauges, with the following exceptions: IMERG-FR overestimated
the frequency of moderate-heavy rainfall events, where no heavy rainfall events were
registered, and the frequency of rainfall events at distinct intensities detected by IMERG-FR
and the automated rain gauges fit slightly better than those detected by IMERG-FR and the
rain gauges.
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In the sub-daily rainfall occurrence evaluated via the AMS rainfall intensity classi-
fication, the PDF demonstrated that the majority of the rainfall events detected by the
automated rain gauges and IMERG-FR were light (0 to 2.5 mm/h), with 98.74% by the au-
tomated rain gauges and 98.86% by IMERG-FR, and no heavy rainfall events (>7.6 mm/h)
were registered by IMERG-FR; only the 0.10% of the events registered by the automated
rain gauges were heavy and the rest of the events were moderate (1.17% by the automated
rain gauges and 1.14% by IMERG-FR) (Figure 4f).

In general, IMERG-FR has an excellent ability to detect the occurrence of rainfall events
at all rainfall intensities in both daily and sub-daily temporal scales, the automated rain
gauges’ data fitted slightly better with the IMERG-FR data than the rain gauges, and the
sub-daily occurrences of rainfall events fitted better probably because of the great quantity
of 0 rainfall in the sub-daily datasets.

3.5. Gauge Density-Based Evaluation

In the gauge density-based evaluation conducted only at the daily temporal resolution,
the correlation coefficient ranged from 0.42 to 0.74, the lowest value was obtained in the
one automated rain gauge per pixel density evaluation, and the highest was obtained in
both two and three rain gauges per pixel density evaluation; this clearly indicates that the
rain gauge and the IMERG-FR data have a stronger correlation with the gauge density
augmentation. However, it was unexpected that the automated rain gauges had a worse r
than the rain gauges at one rain gauge per pixel density, but this can be attributable to the
incomplete or interrupted time series that were used in the one automated rain gauge per
pixel density evaluation; meanwhile, the rain gauges had complete time series.

The automated rain gauges showed the higher MAE values, ranging in 2.20 to 2.46,
with the highest obtained by those with two gauges per pixel density, in addition to the
latter which had the highest bias, an overestimation of 0.16.

The probability of detection (POD) ranged from 0.74 to 0.93, where the lowest value
obtained was again in the one automated rain gauge per pixel density evaluation, and
the highest was at the one rain gauge per pixel density evaluation. This could be because
the bulk of the rain gauges (16/19) have a gauge density of one rain gauge per pixel
and are located in flatter areas (1902 to 2240 m.a.s.l.). As such, the literature says that
in mountainous regions, there is more rainfall variability, and a higher gauge density is
required for more accuracy in the rainfall observations, of which the rain gauges with three
gauges per pixel density and the automated rain gauges are located at higher elevation
than the rain gauges with one gauge per pixel density. The false alarm ratio (FAR) ranged
from 0.22 to 0.47, with the lowest value obtained at the two automated rain gauges per
pixel density evaluation, and the highest at one rain gauge per pixel density evaluation,
indicating the superiority of the automated rain gauges over the rain gauges, although
the last have a higher gauge density. The volumetric indices again demonstrated an
improvement over the categorical metrics. The two automated rain gauges per pixel
density evaluation exhibited the best performance; despite having the same r and higher
error values than the three rain gauges per pixel evaluation, the two automated rain gauges
per pixel density evaluation had better CSI and VCSI values, indicating that they are better
tools than the rain gauges to measure rainfall (Table 7).

Table 7. Statistical metrics of the gauge density-based evaluation.

Gauge
Density Type of Rain Gauge r Bias ME MAE RMSE POD FAR CSI VHI  VFAR VCSI
(Gauges/Pixel)
1 Rain gauges 0.63 0.05 0.11 2.05 5.26 0.93 0.47 0.51 0.98 0.20 0.78
Automated rain gauges 0.42 0.00 0.00 2.20 4.80 0.74 0.34 0.54 0.74 0.13 0.87
2 Automated rain gauges  0.74 0.16 0.52 2.46 4.69 0.88 0.22 0.70 0.97 0.06 0.94
3 Rain gauges 0.74 0.12 0.28 1.92 431 0.89 0.32 0.63 0.98 0.07 0.92

Note: ME, MAE, and RMSE are presented in mm/day.
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The multiple linear regression (MLR) was applied to the daily observed and estimated
data that present a gauge density above 1 rain gauge per IMERG-FR pixel (Figure 5), where
the observations were not averaged as in temporal evaluation. The automated rain gauges
Estacion Climatoldgica and SainVenant share the same IMERG-FR pixel (Figure 5a); with
their IMERG-FR pixel, the multiple correlation coefficient (MCC) obtained was 0.73 and the
coefficients of the automated rain gauges were 0.48 and 0.37, respectively. NavierStokes and
Vertedor share another IMERG-FR pixel (Figure 5b), where they obtained an MCC of 0.75
and the coefficients were 0.46 and 0.37, respectively (Figure 4). The rain gauges Guadalupe,
Zacatecas, and La Bufa, with their IMERG-FR pixel, obtained an MCC of 0.74, and their
coefficients were 0.1, 0.2, and 0.4, respectively. These values are almost the same as the ones
obtained with the standard linear regression applied to the averaged observed data vs. the
IMERG-FR pixel data; this proves that it is not necessary to average the observed data that
share an IMERG-FR pixel to make a regression, with the MLR, the averaging work can be
omitted. In addition, the coefficients obtained are useful to know the significance of each

rain gauge.

IMERG (mm/day)

(a) (b)

Figure 5. 3D Scatter Plots of the daily rainfall observations and estimations of the automated rain
gauges Estacion Climatologica and SainVenant vs. IMERG-FR (a) and NavierStokes and Vertedor vs.

IMERG-FR (b).

3.6. Distance to Centroid of IMERG-FR Pixel Evaluation

The IMERG-FR and rain gauges’ daily rainfall data were used in this evaluation. The
reference distance to the centroid to classify the rain gauges in central or peripheral was
decided to be 3.78 km because it is the half of the larger radius (centroid to corner) of the
IMERG-ER pixel, that is, 7.55 km. A total of 14 rain gauges and 2 automated rain gauges
were classified as peripheral, and five rain gauges and two automated rain gauges were
classified as central.

The correlation coefficient obtained varied from 0.62 to 0.69, having a very similar
behavior between the centric rain gauges and those located at the limit of the pixel area
delimited by IMERG-FR. This finding suggests that there is not a large correlation with
respect to the location of the rain gauge because the IMERG-FR estimates the average
rainfall magnitude within a pixel area of 123.43 km?. This is confirmed by the significant
trend of the evaluation metrics, obtaining that there are no significant differences between
the evaluation of the central and peripheral rain gauges with respect to the IMERG-FR

(Table 8).
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Table 8. Distance to centroid of IMERG-FR pixel evaluation.

Type of Rain
Gauge (Distance
to Centroid)

Type of Rain Gauge r Bias ME MAE RMSE POD FAR CSI VHI VFAR VCSI

Centric

Rain gauges 0.69 0.14 0.28 1.85 4.67 0.93 0.48 0.50 0.97 0.18 0.80

Automated rain gauges 0.62 0.30 0.78 2.61 5.28 0.83 0.33 0.58 0.91 0.11 0.89

Peripheral

Rain gauges 0.62 0.03 0.08 2.13 5.43 0.93 0.46 0.52 0.98 0.19 0.80

Automated rain gauges  0.66 0.04 0.14 2.80 5.64 0.90 0.31 0.64 0.95 0.08 0.92

Note: ME, MAE, and RMSE are presented in mm/day.

3.7. Climatic Evaluation

This evaluation was carried out using the daily rainfall data of IMERG-FR and the rain
gauge network. The behavior of the correlation coefficient varied from 0.63 to 0.67 for the
three types of climates identified, indicating a similar correlation between the three climates.
A difference is that theBS1kw(w) climate, registers a winter rainfall of less than 5 mm, and
the climates BS1kw and BSOkw, register 5 to 10.2 mm. Different researches regarding the
rain estimation using IMERG-FR reports a weakness of IMERG-FR at detecting freezing
rainfall and snow in winter due to their reflection properties. In this investigation, it is
assumed that this is probably the cause, that BS1kw(w) has registered the best fit between
the IMERG-FR and the rain gauge data because it achieved the best bias, ME, POD, FAR,
CSI, VFAR, and VCSI values. However, the driest climate BSOkw achieved the best MAE
and RMSE values in was probably due to the scarcity of rainfall (Table 9). The rain gauges
located in the BS1IKw(w) climate are at a 1902-2101 m.a.s.l. elevation range that registered
the lowest bias and highest POD values (best values).

Table 9. Statistical metrics of the climatic evaluation.

Climate

r

Bias ME MAE RMSE POD FAR CSI VHI VFAR VCSI

BS1kw
BS1kw (w)
BSOkw

0.63
0.67
0.67

0.09 0.19 2.10 5.41 0.93 0.47 0.51 0.98 0.19 0.79
—0.02 —0.05 2.20 525 0.95 0.40 0.58 0.98 0.13 0.85
0.06 0.11 1.74 4.48 091 0.50 0.48 0.97 0.22 0.76

Note: ME and RMSE are presented in mm/day.

4. Discussion

Most of the studies reviewed that the evaluated IMERG-FR reported fewer variables
within them [20], who only consider temporal evaluation (daily and monthly scales and
intraseasonal variation). In this regard, Ref. [21] focused their research on evaluating
IMERG-FR with temporal and spatial aggregation, but they compared all IMERG-FR
executions (ER, LT, and FR). Ref. [22] integrated temporal and rainfall intensity-based as-
sessments, but compared all IMERG-FR and TMPA runs and PERSIANN; [23] analyzed the
performance of IMERG-FR in 12 rainfall densities, but introduced the MIT (minimum time
between events) criterion to define independent rainfall events determined by dry periods:
1, 6, and 24 h; and Ref. [11] evaluated several SPE, including IMERG-FR, with temporal,
precipitation rate-based, and topographic techniques. Ref. [24] evaluated various SPE,
including IMERG-FR, with temporal (hourly, 3 h, 6 h, half-day, and daily) and topographic
techniques, but used the seasonal evaluation (summer, winter, and monsoon), whereas this
research only evaluated the wet season. Many other studies also used similar or the same
continuous and categorical statistical metrics to evaluate the performance of IMERG-FR
or other SPE [7,13,15,36-38], but as this research only also used the volumetric indexes to
evaluate the quantity of rainfall correctly or incorrectly detected by IMERG-FR.

The found differences between the IMERG-FR and rain gauge records, with respect to
the bias, can be attributed to the great IMERG-FR pixel surface that estimate a single rainfall
value; meanwhile, the rain gauge is located at a point in that pixel where the heaviest
rainfall intensities were heavily underestimated, of which similar results were reported
by [11,22].
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4.1. Temporal Resolution Evaluation

Consistent with this research, other studies [7,11,13,19,20,22] showed that IMERG-FR
agrees more with the gauge observations for coarser temporal resolutions, reaching a way
better r value in the half-hourly scale (0.46) compared with this study (0.04), and a better
r value in the daily scale (0.75 in their study and 0.64 to 0.68 in this research), which is
probably attributable to the higher number of rain gauges they used (241) and their location
in a river basin (lower spatial variation). Nevertheless, the difference between the r values
in the daily scale in both studies was small (0.11 to 0.07). Ref. [16] also calculated a better
r value (0.79) at the daily scale in a basin using 121 automatic rain gauges, in a lower
elevation (27 to 1100 m.a.s.l.) compared with this research (1902 to 2409 m.a.s.1.). Ref. [37]
obtained the best correlation coefficient index (0.5 to 0.7), with median values of POD and
a CSI above 0.75 and 0.5, respectively, in the daily scale in the fall and summer seasons,
which is concordant with this research (POD and CSI above 0.83 and 0.52, respectively, in
the daily scale in the wet season). The authors of [7] achieved a near perfect r value in the
monthly scale (0.99 in their study and 0.85 in this research). On the other hand, Refs. [7,22]
calculated a worse r value at the daily scale (both 0.42) compared with this research. The
difference in performance may be due to the deviations caused by complex terrain, rainfall
rate, uncertainty of rain gauge data, and their low density, which cannot accurately reflect
the rainfall patterns in these areas. In addition, in some studies [13], IMERG-FR presented
higher performance in the wet seasons or wetter climates.

4.2. Topographic Evaluation

According to this research, IMERG-FR overestimated the rainfall at most altitudes;
nevertheless, its performance was relatively good at high elevations because of the inclusion
of the elevation indicator in the development of datasets; moreover, the use of microwave
sensors to estimate rainfall is more accurate in open areas than in complex areas [11].
Ref. [18] also noted that IMERG-FR had larger bias in the mountainous areas; he suggested
that IMERG-FR might have a weakness in validating orographic rainfall. Ref. [16] noted
that IMERG-FR showed relatively high POD (>0.8), with some exceptions in foothills and
mountainous regions. On the other hand, Ref. [22] noted that IMERG-FR performed better
with most metrics at lower altitudes, with the exception of the FAR; Ref. [36] calculated
lower biases (based on RMSE) in the Prairie provinces; contrary to this [38], the authors
found that IMERG-FR shows a remarkably overestimation of rainfall over the plain region
of the watershed and that the orographic rainfall is not fully captured via IMERG-FR
products; similarly, Ref. [3] encountered that IMERG-FR overestimated the rainfall in
low elevation regions and underestimated it in high-altitude mountainous areas; Ref. [4]
announced that the precipitation detection ability of IMERG-FR is influenced by the rainfall
type and topography, where this occurs because the IMERG-FR products are still weak in
detecting spatially heterogeneous rainfall in complex terrain, despite their relatively fine
spatial resolution (0.1° x 0.1°). Satellite sensors have difficulties in detecting low-level
orographic rainfall events that often occur at elevations higher than 3000 m.a.s.1. [36].

4.3. Rainfall Intensity Evaluation

In agreement with this research, and with respect to the daily scale of other studies,
Refs. [11,20] noted that IMERG-FR tend to underestimate the very light (0 to 1 mm/day)
and heavy (>50 mm/day) rainfall events, but overestimate the moderate-light, moderate,
and moderate-heavy rainfall events (5 to 50 mm/day) classes. As the present research, some
studies [14,16] noted that IMERG-FR show a considerably good performance in capturing
various rainfall intensities, for example, [3,13] found that IMERG-FR can better estimate
moderate precipitation, especially in the range of 5-10 mm/day; this research found that the
IMERG-FR data fit better at rainfall events above 5 mm/day. On the other hand, Ref. [39]
noted that IMERG-FR tend to overestimate the very light and part of the light rainfall
events (0-2 mm/day), but underestimate moderate-light and part of the moderate rainfall
events (5-20 mm/day); Ref. [4] also encountered that IMERG-FR tends to overestimate
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rainfall events, especially light rainfall events. With respect to the half-hour scale [37],
contrary to this research, found that IMERG-FR detected more moderate and heavy (AMS
classification) rainfall events, and part of the light rainfall events (above 0.4 mm/h) than the
ground measurements. All the differences from the results of the aforementioned studies
can be attributable to the different climate, temporal, and topographical conditions of their
study zones.

4.4. Gauge Density Evaluation

Contradictory to this study, Ref. [21] evaluated IMERG-FR at 1 to 12 gauges per pixel
densities and did not identify an improvement in the performance with the increase in the
gauge density; this probably could be for the more humid climates, the type of rainfall, and
the movement of the clouds in their study zone (Brazil) that can make a uniformity effect
of rainfall through all of the IMERG-FR pixel area.

4.5. Climatic Evaluation

In this research, the evaluated climate that obtained the best results was the BS1kw(w),
probably because from the three evaluated climates, it is the climate that less rainfall
presents in winter (<5 mm), and the rain gauges located here are at the lowest elevation
range (1902-2101 m.a.s.1.); this may be because of a lower bias and higher POD values,
as mentioned in the topographical evaluation. Other studies [13,16,23,36] that evaluated
IMERG-ER via solid and liquid rainfall found that IMERG-FR have issues to estimate
rainfall in winter, due to the reflection effect that freezing rainfall and snow have, and
Ref. [3] encountered that IMERG-FR have better performance in warm seasons (summer
and autumn) than in cold seasons (spring and winter).

5. Conclusions

In this research, the performance of IMERG-FR-FR V06 HH was evaluated, in a
semiarid region of Zacatecas, using daily rainfall observation data from 19 rain gauges and
half-hour interval rainfall observation data from four automated rain gauges as a reference
from 2019 to 2021. A point-to-pixel analysis using continuous, categorical, and volumetric
statistical metrics were made in order to calculate the differences between the rain gauge
and satellite data.

The main findings are summarized as follows:

1. IMERG-FR heavily underestimated the heavy rainfall events (>50 mm/day and
>7.6 mm/h) with a difference between —63.54 and —23.58 mm/day and —25.29 and
—11.74 mm /30 min.

2. Temporarily, IMERG-FR performed well at daily, monthly, and seasonal temporal
resolutions, with the best results in the monthly temporal resolution against the
automated rain gauges (R = 0.83 and CSI = 1), and the worst performance was at the
half-hour temporal resolution (R = 0.23 and CSI = 0.24). The differences of precipitation
between IMERG-FR and the rain gauge network were higher in the wetter months
(July, August, and September).

3.  Topographically, IMERG-FR performed best at the 19022101 m.a.s.1. elevation range,
with the lowest bias and error values and the highest detection abilities.

4. According to the PDF of the rainfall intensity evaluation, the very light rainfall events
represent the majority of the daily rainfall events (64.44 to 77.03%), and the light
rainfall events represent the bulk of the sub-daily rainfall events (98.74 to 98.86%),
where IMERG-FR identified the occurrence of daily and sub-daily rainfall events
with great accuracy at all rainfall intensity classes with reference to WMO and AMS,
of which the best fit was in the sub-daily classes, probably for the great quantity of
0 rainfall values, but in the daily classes, IMERG-FR tended to underestimate the
frequency of 0 to 1 and >25 mm/day rainfall events, as well as overestimate the rate
of 1 to 25 mm/day rainfall events, of which the automated rain gauges slightly fitted
better with IMERG-FR than the rain gauges at the daily temporal resolution.
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5. At the gauge density evaluation, the performance incremented with the augmentation
of the gauge density, the best performance was given at two automated rain gauges
per IMERG-FR pixel density (R = 0.74 and CSI = 0.70), indicating that the automated
rain gauges are better tools to measure rainfall than the rain gauges, despite these
having three rain gauges per IMERG-FR pixel density.

6. From the three evaluated dry climates, BS1kw(w) has the best results with small
differences, probably because it is the one that presents less rainfall in the winter
season (<5 mm), compared with the other two (5 to 10.2 mm).

There are very few studies about the performance of SPE in Mexico, Central, and South
America. Thus, it is important to amplify the studies of the SPE in all the world to continue
with their improvement and verify if is suitable to actually use them in a determinate region
for some purpose. The main limitations of this work were the low rain gauge density and
the missing rain gauge data. It is recommended to evaluate IMERG-FR at a higher rain
gauge density, to see how much the statistical metrics improve with the rain gauge density
augmentation (rain gauges/IMERG-FR pixel).
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