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Data provided by products 3B42 V7 (TRMM) and its successor 3IMERG (GPM) are compared with discrete
rainfall information throughout the Chilean territory covering four macro hydroclimatic zones. Precipitation
data was obtained from weather stations available on a daily basis from the 1930s to present. A total of 143
stations were chosen and rainfall estimates performed for years 2014 through 2018. Applying the same metrics
we showed how GPM performances improve as the temporal aggregation increases. Several drawbacks were

detected in the coastal areas, which were characterized by lower accuracy performances than internal areas.
However, the 3IMERG product could be a strong source of data to study the impact that climatic disturbances
have on the hydrologic cycle in the Central and South zones of Chile. Additionally, its offers a fundamental
source of data for remote zones or areas where access is complicated to install weather stations.

1. Introduction

In recent years Chile has experienced a constant economic growth
(OECD, 2018), having water resources play a fundamental role in
several economic activities responsible for such trend. Therefore, in
order to maintain a sustainable development, an appropriate water
management is required. Proper performance of this task is highly
related to the quantity and quality of water data in order to have a good
spatial and temporal representation. This presents a challenge in Chile
because of its extreme climate variability and complex geography
(McPhee, 2018). Thus, the local water agency is continuously struggling
maintaining monitoring stations and installing new ones in remote
areas. Nowadays, satellite-based rainfall estimates (SRE’s) offer a good
alternative to improved data availability (Bloschl et al., 2019), and these
new tools require an assessment upon the particular Chilean conditions.

SRE’s have been widely used around the world (Cao et al., 2018;
Dinku et al., 2007) to generate useful rainfall data. The evolution of
SRE’s allowed for the generation of rainfall estimates with increasing
temporal and spatial resolution. However, Tian et al. (2009), Alarcon
et al. (2015) and Zambrano-Bigiarini et al. (2017), report these esti-
mates still introduce uncertainties when data are used for hydrological
research. Efforts have been made to validate and calibrate these
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products in different parts of the world (e.g. Bharti and Singh, 2015;
Cabrera et al., 2016; Caracciolo et al., 2018; Dinku et al., 2007; Dinku
et al., 2008; Rivera et al., 2018; Sharifi et al., 2016; Tan and Santo, 2018;
Tarek et al., 2017; Wang et al., 2017; Zad et al., 2018) and also in Chile
(e.g. Baez-Villanueva et al., 2018; Demaria et al., 2013; Hobouchian
et al.,, 2017; Mendez Rivas, 2016; Zambrano-Bigiarini et al., 2017).
Results showed to be strongly sensitive to topography and rainfall sea-
sonality (Hobouchian et al., 2017; Mendez Rivas, 2016; Zam-
brano-Bigiarini et al., 2017), as well as the spatial and temporal
resolution of the products (e.g. Baez-Villanueva et al., 2018; Tan and
Santo, 2018). Particularly in Chile, factors such as topography, snow,
wind and types of cloud cover affect not only field data collection but
also SRE’s (World Meteorological Organization -WMO, 2014; Zam-
brano-Bigiarini et al., 2017). In northern Chile, latitudes 17° 29'S and
25°S, the strongest rainfall events occur during summer and mostly in
the highlands (Houston, 2006). In Central and Southern Chile, cyclonic
precipitation events are conditioned by the Pacific Ocean’s atmospheric
activity (Barrett and Hameed, 2017). In addition, due to the country’s
rugged topography (it is located between two mountain ranges,
Cordillera de Los Andes and Cordillera de La Costa), convective and
orographic precipitation, as snowfall in the highlands are important (e.
g. Garreaud et al., 2016; Houston, 2006; Insel et al., 2010).
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Recent studies Baez-Villanueva et al. (2018), Hobouchian et al.
(2017), Mendez Rivas (2016), and Zambrano-Bigiarini et al. (2017) have
shown that the Tropical Rainfall Measuring Mission (TRMM) with 3B42
V7 product provides the best results for its spatial (0.25 ° x 0.25 °
lat/lon) and temporal (every 3 h) resolution on specific macro zones or
basins in the Chilean territory. Rainfall estimates from the Global Pre-
cipitation Mission (GPM) with 3IMERG (Level-3 Integrated
Multi-satellite Retrievals) product has not been widely assessed for its
use in Chilean territory. Tan and Santo (2018), in a study carried out in
Malaysia, concluded that the IMERG product’s estimations compared
better to ground station rainfall data than other SRE’s such as
PERSIANN-CDR and its predecessor 3B42 V7.

There is a need to evaluate the SRE’s performances in more variable
spatial and temporal scales, to cover different climate and geographic
areas of Chile. The aim of this paper is to assess the data provided by
products 3B42 V7 (TRMM) and its successor 3IMERG (GPM) throughout
the country and thus covering several macro hydroclimatic zones of
Chile. The assessment is performed for rainfall estimates for years 2014
through 2018.

Journal of South American Earth Sciences 104 (2020) 102870

2. Data and methods
2.1. Study area and macro hydroclimatic zones

The area covered by this study corresponds to continental Chilean
territory (South America), between latitudes ~17° S and ~56° S, and
longitudes ~76°W and ~66°W (Fig. 1). Its latitudinal extent of around
4300 km, gives Chile diverse climatic characteristics. According to
McPhee (2018), the territory can be separated into different macro zones
associated with distinct hydrological regimes. The macro zones used in
this study, as defined by McPhee (2018), are: North, Central, South and
Austral (Fig. 1).

The North macro zone corresponds to the Atacama Desert basins.
These are characterized by extreme arid conditions imposed by the
Pacific Anticyclone, which hinders the entry of humid air masses from
the southwest. In addition, the Andes Mountain Range obstructs the
entry of air masses with high moisture content from the East. For these
reasons, the plains of the interior of the Atacama Desert are considered
the driest areas of the planet; for example, in Quillagua rainfall station
the average measured annual rainfall is 0.15 mm. Much of the precipi-
tation occurs in high altitude areas (over 2000 m.a.s.], called Altiplano)
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Fig. 1. Study area and macro hydroclimatic zones defined by its hydrological, climate and topographical characteristics. The hyetographs from a) to f) correspond to
the average monthly precipitation from representative weather stations of each macro hydroclimatic zone. The circle colors represent the range of annual average

precipitation (mm) for each meteorological station analyzed.
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during the months of January to March, and precipitation above 4000
m.a.s.l. generally corresponds to snow (Houston, 2006).

Precipitation in the Central macro zone is also under the influence of
the Pacific Anticyclone, which moves northward during fall (March,
April, May), during winter (June, July, August) and spring (September,
October, November), when the most intense precipitation events occur
(Barrett and Hameed, 2017). The Central macro zone has the charac-
teristics of Mediterranean climates, with precipitation concentrated
between June and September. This zone includes the Coastal Mountain
Range, which together with the Andes Mountain Range, represent the
two most important geographic factors for the occurrence of precipita-
tion (Garreaud et al., 2016; Insel et al., 2010), which comes in the form
of rainfall (in a large part of this territory) and snow (over 2000 m.a.s.l).
In this macro zone the precipitation gradients are very high: for
example, in the southern Biobio basin average annual precipitation in-
creases from 579.03 mm (Rio Malleco Station) to 1388.48 mm (Embalse
el Ralco Station) in a distance of 88 km (See Fig. 1). This orographic
component is generated in a firstly by the clash between the Pacific
Ocean frontal system and the Coastal Mountain Range. Later, the phe-
nomenon of elevation and cooling of the air masses is further intensified
when air and humidity reach the Andes Mountain Range (some moun-
tain peaks are above the 5000 m.a.s.l.)

In the Southern and Austral macro zones, precipitation is charac-
terized by intense rainfall and snow events and lower temperatures. On
the one hand, the Southern macro zone has the highest annual rainfall in
the country, for example the precipitation could reach up to 7330 mm
per year in the Guarello station (Gunn, 2004). On the other hand, the
Austral macro zone differs from the Southern macro zone with its low
temperatures and the more moderate amounts of precipitation, which
occur throughout the year (McPhee, 2018). The Austral macro zone is
conditioned by cold masses coming from Antarctica region that influ-
ence the type of precipitation, causing the fall and accumulation of
Snow.

2.2. Meteorological stations

Precipitation data was obtained from weather stations available
through the Center for Climate and Resilience Research (www.cr2.cl).
The downloaded database contains daily information from the 1930s to
present. Some meteorological stations showed important gaps in infor-
mation, thus 17% (143 stations) of the total available stations were used.
The selected stations had records with at least 90% availability of data,
using data from March-12-2014 through March-09-2018.

2.3. Satellite-based rainfall estimates

Satellite-based rainfall estimates (SRE’s) data from March 2014 to
March 2018 was downloaded from the NASA website Goddard Earth
Sciences Data and Information Services Center (GES-DISC) (disc.gsfc.
nasa.gov). This center archives information used to study the atmo-
sphere, water, energy and climate change. The products are available for
download in NetCDF format, including a significant portion of the planet
that considers the Chilean territory. The next items describe the
calibration-based sequential scheme Multisatellite Precipitation Anal-
ysis (TMPA), and the Integrated Multi-satellite Retrievals for GPM
(IMERG) project detailing the products and equipment used for pro-
ducing the precipitation estimations.

2.3.1. TRMM Multisatellite Precipitation Analysis (TMPA)

Using the information obtained by the TRMM (until stopped col-
lecting data in April 2015), the TMPA scheme calibrates the rainfall
estimates using the information provided by satellites equipped with
passive microwave measurement sensors (PMW), infra-red geosta-
tionary information (IR) (Kidd and Levizzani, 2011). Also, the satellite
data is adjusted with ground precipitation data from the World Precip-
itation Climatology Center (GPCC) and the monthly precipitation
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analysis from the Climate Assessment and Monitoring System (CAMS)
developed by the Climate Prediction Center (CPC) (Huffman et al.,
2007). The products of this calibration-based scheme are 3B42 and
3B43. TRMM 3B42 data is provided with a spatial resolution of 0.25 ° x
0.25 °, between latitudes 50° north and south; and temporal resolution
of 3 h. TRMM 3B43 products are similar datasets but with a monthly
resolution (Huffman, 2016). In addition, the TMPA products are pro-
vided in real time and post-real time. The first has a processing time of
8-9 h, while the second has 2.5 months after of the month’s end
(Huffman, 2016; Huffman et al., 2007). Both products are calculated
using the Goddard profiling algorithm used by the TMPA (32), however,
the real time products (3B40RT/3B41RT/3B42RT), unlike the real time
post (3B42/3B43), are calibrated with climatological factors data
(Huffman et al., 2010).

2.3.2. Integrated Multi-satellite retrievals for GPM (IMERG)

The GPM joint international project using data from satellites
equipped with microwave sensors (JAXA, 2018) and the inclusion of the
Dual-frequency Precipitation Radar (DPR) and GPM microwave imager
(GMI). The NASA (USA) and JAXA (Japan) mission commenced col-
lecting data on February 28, 2014, covering a scanning area between
latitudes 60° North and 60° South. The DPR and GMI equipment replace
the Precipitation Radar (PR) and TRMM Microwave Imager (TMI),
respectively. The DPR has dual frequency radars of Ku (13.6 GHz) and
Ka (35.55 GHz) bands, unlike the PR which had one frequency radar of
~13.8 GHz. The Ku precipitation radar (KuPR) is capable of identifying
the most intense precipitations (>0.5 mm/h), while the KaPR precipi-
tation radar is capable of identifying lighter precipitations (>0.2
mm/h). The IMERG system delivers two products in real time, the Early
and Late version, and one product in post time, called Final Run. The
latter can be downloaded with half-hour (3IMERGHH) and monthly
(3IMERGM) temporal resolution. The Early product (3IMERGHH-E) and
Late product (3IMERGHH-L) are uploaded to the system after 4-6 and
12-18 h, respectively, after data collection. In contrast, the Final Run
versions 3IMERGHH and 3IMERGM are delivered 3 months after data
collection (Huffman et al., 2017). The product of the 3IMERG data is
provided with a spatial resolution of 0.1 ° x 0.1 °, between latitudes 60°
north and south.

The satellite-based rainfall estimates used in this paper are the final
versions of TMPA and IMERG: 3B42 V7 and 3IMERGHH (hereafter
called 3IMERG), respectively. The data spatial coverage ranges from
latitude 17°S to latitude 50°S, the latter corresponding to the maximum
coverage of TMPA data. In addition, the data spatial-resolution for each
product (Fig. 2) was not modified to be able to capture precipitation
estimates in sectors with steep slopes. Daily 3B42 V7 and 3IMERG
rainfall estimates were assessed in this research.

2.4. Data comparison

The daily data collected by meteorological stations (observed daily
depth rainfall, O) were compared seasonally to 3IMERG and 3B42 V7
(estimated depth rainfall, E) using two different types of statistical
indices indicated as categorical and continuous. As stated above, the
spatial resolution of each product was not modified; finer spatial reso-
lutions (3IMERG product) allowed assessing rainfall estimates in areas
with high elevation gradients. Topographical elevation zones were
classified as follows: low (<1000 m.a.s.l.), medium (between 1000 and
2000 m.a.s.l.), and high (>2000 m.a.s.L).

The categorical statistical indices quantify the ability of SRE’s to
identify the occurrence and non-occurrence of precipitation events in a
per day basis. The categorical variables used to calculate those indices
were, Hit (or Success, H), False Alarm (FA), Missing value (M) and a
Correct Negative (CN). If a precipitation event occurred on any day and
the satellite correctly identified the event, that day counts as a success
(H). If the event was observed at the station and was not identified by the
remote sensor, that day is categorized as a Missing value (M). When the
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Fig. 2. Spatial resolution of a) 3B42 V7 and b) 3IMERG products. Both Fig. 2a and b representing daily accumulated precipitation (Accum pp) for the rainfall event of

July 18th, 2015 in the rio Maule watershed (Central macro zone).

SRE’s identifies the occurrence of an event that has not been observed on
the ground, that day is categorized as False Alarm (FA). When a pre-
cipitation event has not been estimated nor observed, it is categorized as
a Correct Negative (CN).

The Percentage of Correct estimates index PC (Equation (1)) is the
fraction of correctly identified events (H + CN) over the total number of
days analyzed (N.). The Probability Of Detection index, POD (Equation
(2)), is the ratio of successfully identified events to total events occurred
(H + M). The False Alarm Ratio, FAR (Equation (3)), is the total number
of false alarms divided by the total number of precipitation events
identified by the satellite (H + FA). The equitable threat score, ETS
(Equation (4)), is the ratio of successfully identified events to total
estimated and observed events (H + FA + M), adjusted by the frequency
of randomly estimated events, He (Equation (5)) (Gupta et al., 2009;
Kling et al., 2012; Zambrano-Bigiarini et al., 2017). The ranges (minimal
and maximal) and the optimal values for these four categorical indices
are presented in Table 1.

H+CN
pc=ttC @
NE
POD = (2
H+M
FA
FAR= T+FA 3
Table 1

Minimal (Min), maximal (Max) and optimal values for categorical and contin-
uous indices.

Index type Index name Min Max Optimal
Categorical PC 0 1 1

POD 0 1 1

FAR 0 1 0

ETS -1/3 1 1
Continuous R -1 1 1

BIAS -0 +00 1

KGE' -00 1 1

r -c0 +o0 1

H—-H,
ES =t srasmy+ . S
H-+M)*(H+ FA
e >N< + FA) s

Continuous statistical indices measure the error of i) precipitation
estimates temporal dynamics, ii) bias (overestimation or underestima-
tion), and iii) the variability of the estimated rainfall magnitude. For the
study of hydrological models, numerous criteria have been used to
indicate the fit between observed and estimated data. Based on Gupta
et al. (2009) and Kling et al. (2012) this research uses the modified
Kling-Gupta efficiency (KGE) method of measuring estimated vs
observed rainfall data fit, (Equation (6)). The KGE' uses a combination of
the linear correlation coefficient, r (Equation (7)), the BIAS, (Equation
(8)), and the variability ratio, y (Equation (9)) to assess the quality of the
SRE’s data.

KGE':l—\/(r—1)2+(BIAS—1)2+(7—1)2’ ©

. 0-0) (1 -2)

r= — — @
= (0-0) " v (5 )
BIAS =HE ®)
Ho
_ 05 /hg ©
co/Ho

where O; is the i observed data, E; is the i estimated data from the SRE’s,
or and og are the standard deviation of the estimated and observed
values, pg and po’ are the average of all estimated and observed values,
respectively. The ranges (minimal and maximal) and the optimal values
for these four continuous indices are presented in Table 1.

3. Results

The results are presented first for the categorical indices and then for
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the continuous indices, which were calculated for the entire study
period (March 2014 to March 2018). For both products 3IMERG and
3B42 V7, the results showed differences that depend on the macro zone
and the season of the year.

3.1. Detection index

The annual inter seasonality of the rainfall regime affects the per-
formance of the SRE’s. This is reflected in the results of the detection
indices for each season of the year. These results are presented in Fig. 3.

The values of the PC indicator show a high probability of event
identification for each product (PC > 0.5 for all seasons and macro
zones), where the 3IMERG has greater probabilities to correctly detect
than 3B42 V7. For the North macro zone and during the summer
(called Altiplano winter), the 3IMERG reaches a maximum PC of 0.79,
this value corresponds to the lowest value obtained with respect to the
other seasons of the year. The maximum PC value in the North macro
zone during the winter months was 0.94. The 3B42 V7 product obtained
an average PC of 0.83 in the summer months, this last value being the
highest obtained by this product in the North macro zone. In the Central
macro zone, the best values for the PC indicator, in this case of 3IMERG
and of 3B42 V7 were found in the summer months, with a maximum PC
of 0.83 and 0.88 respectively. The lowest PC values of all the analysis
were obtained in the South and Austral macro zones (see Fig. 3). Of
these values, the 3IMERG product has a minimum PC of 0.72 (South)
and 0.67 (Austral) during the spring months. The 3B42 V7 has a mini-
mum PC of 0.55 (for both macro zones) during the winter months.

According to the POD indicator both products are good detecting
rain events. In the North macro zone the highest POD values were found
in the summer months, in this season the 3IMERG and 3B42 V7 products
presented a maximum POD of 0.84 and 0.64, respectively (these are the
highest of all the macro zones). The Central, South and Austral macro
zones have results similar throughout the entire year. For these three
macro zones (Central, South and Austral), the product 3IMERG reaches a
maximum POD of 0.75, 0.79 and 0.73, while for the 3B42 V7 the
maximum POD is 0.42, 0.43 and 0.37, respectively. All the maximum
POD values mentioned previously are obtained between the autumn and
winter seasons.

The results of the false alarm ratio index (FAR), as with the case of
the two previous indices (PC and POD), present the best results for the
North macro zone during the Altiplano winter. The 3IMERG has a higher
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FAR index than the 3B42 V7, therefore, in this macro zone the 3B42 V7
offers a lower quantity of false alarms. However, this condition is
reversed during the autumn, winter and spring seasons where the per-
formance of the 3IMERG is better than the 3B42 V7 (for these three
seasons the average FAR was of 0.80 for the 3IMERG and 0.87 for the
3B42 V7). As with the North macro zone, in the Central, South and
Austral macro zones the 3IMERG product obtains a greater FAR (average
FAR of 0.39) than the 3B24 V7 product (average FAR of 0.32).

From the ETS indicator results, it was evidenced that the values are
greater than zero, however, they don’t have the ability to capture the
fraction of rain events correctly (in general, for both SRE’s the ETS was
less than 0.33 in all the macro zones and seasons of the year). In the
North macro zone, during the summer months the ETS value was 0.33
for both products, this value corresponds to the maximum obtained for
the macro zones and the seasons of the year. In the Central macro zone
the highest ETS values were in the autumn and winter seasons. In this
same macro zone the 3IMERG product obtains for the winter season an
average ETS of 0.24, while the 3B42 V7 product obtains for the autumn
season an average ETS of 0.21. In the South macro zone the 3IMERG
product concentrates the best results during the dry season (spring and
summer) with a maximum ETS of 0.29 (spring). For this same macro
zone, the best results for the 3B42 product is a maximum ETS of 0.16
(autumn). Finally, in the Austral macro zone the best results for the ETS
indicator, for both products, was during the summer and autumn
months. The maximum ETS values for the 3IMERG product was 0.28
(summer), while the maximum ETS values for the 3B42 V7 product was
0.15 (autumn).

According to the results of Fig. 3, the North macro zone has a marked
influence of the seasons on the POD, FAR and ETS values. For both
products, the best performance is associated with greater amounts of
rain during the Altiplano winter (in summer). The same performance
condition of the SRE’s is present in the Central and South macro zones.
These two macro zones are characterized by a Mediterranean climate,
where the majority of the rain concentration occurs between the autumn
and spring seasons (see Fig. 1).

The high averages for the POD and FAR obtained in the macro North
zone in this study (3IMERG, POD = 0.60 and FAR = 0.72; 3B42 V7, POD
= 0.56 and FAR = 0.75) are consistent with the observed by Mantas
et al. (2014), in the south zone of Peru for the 3B42 V7 product (average
POD and FAR of 0.60 and 0.57, respectively). In the Central macro zone,
the POD and FAR indices obtained in this study in wet seasons (3IMERG,
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Fig. 3. Detection indices (PC, POD, FAR, and ETS) for each macro zones per seasons; Summer, (DJF), Autumn (MAM), Winter (JJA) and Spring (SON).
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POD = 0.73 and FAR = 0.49; 3B42 V7, POD = 0.40 and FAR = 0.37) are
better than those obtained in the dry seasons (3IMERG, POD = 0.66 and
FAR = 0.67; 3B42 V7, POD = 0.38 and FAR = 0.63). The good POD
results for the dry seasons were in the central zone of Chile obtained by
Hobouchian et al. (2017). Thus, it was obtained an average POD of 0.97
(3IMERG) and 1.00 (3B42 V7) for the wet seasons and the average POD
of 0.71 (3IMERG) and 0.66 (3B42 V7) for the dry seasons. In contrast,
the FAR results for 3IMERG do not show variation (FAR = 0.25) between
the seasons, while the 3B42 V7 showed a worse performance in the wet
season (FAR = 0.39) than in the dry season (FAR = 0.18).

Comparing the average ETS index results calculated in this study for
the central macro zone (3IMERG, ETS = 0.23 and 3B42 V7, ETS = 0.14),
with those obtained by Zambrano-Bigiarini et al. (2017; 3B42 V7,
ETS<0.2) and Rivera et al. (2018; 3B42 V7, ETS = 0.23) it was found
that the 3IMERG results do not show an improvement in the detection
abilities of events and that the 3B42 V7 is even under the values cited
before.

Next, an analysis is performed on the detection indices for each of the
basins defined in this study. This analysis is presented in Fig. 4, for the
PC and POD indices. Following which, in Fig. 5 the results for the FAR
and ETS index analysis is presented.

In general the 3IMERG product, with an average PC = 0.75, is under
the 3B42 V7, which obtained an average PC = 0.82. The good results of
the 3B42 V7 product according to the PC indicator is due to the over-
estimation of events by the 3IMERG product, and the lower quantity of
correct negatives that the latter one obtained.

The POD indicator has the best results for the 3IMERG product in the
Maipo basin (Central macro zone), with an average POD of 0.85 and a
maximum POD of = 0.96. This same product obtained similar average
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values in the other basins analyzed (mean POD in a range of 0.80-0.90),
with exception the Loa basin, where the mean POD = 0.55. On the other
hand, the 3B42 V7 obtains its best performance in the Lluta and San José
basins (macro North zone), with an average POD of 0.71 and a
maximum POD = 0.86. The POD results for the other basics were within
the range 0.38-0.57.

The results for each basin for the FAR index are presented in Fig. 5.
The best results for this index were obtained in the Rio Bueno basin
(South macro zone) for both the 3IMERG (mean FAR 0.36) and the 3B42
V7 (mean FAR 0.28). In contrast, in the basins located in the north
macro zone (Rio San José, Lluta and Loa basins) both products, 3IMERG
and 3B42 V7, obtain the worst results (see Fig. 5).

In the same Fig. 5 we can see the evaluation of both products through
the ETS index. This analysis verified that the event detection efficiency
for the 3IMERG is better than the 3B42 V7 (mean ETS for 3IMERG and
the 3B42 V7 is 0.25 and 0.18, respectively). However, the results indi-
cate that both satellite products do achieve a satisfactory identification
of the precipitation events, having a high probability of success due to
coincidence.

3.2. Continuous indices

The results for the Pearson coefficient (r), were analyzed using four
rainfall intensity thresholds (I in mm/day) based on the World Meteo-
rological Organization (WMO) (2014), considering an additional class,
due to the sensibility of the SRE’s. The classification of the intensity of
the rainfall used was light (1 mm/day < I < 2.5 mm/day), moderate
(2.5 mm/day < I < 10 mm/day), heavy (10 mm/day < I < 50 mm/day)
and violent (I > 50 mm/day). The performance of both sensors based on
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Fig. 4. Performance based on PC and POD indicators for each SER’s in each of the defined basins.
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Lluta and San José basins
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Fig. 5. Results of FAR and ETS indices for the meteorological stations in the basin analyzed.

the r coefficient is shown in Fig. 6, through a box-and-whisker plot.
From Fig. 6, it is possible to verify that the average correlation values

have little significance, close to a null correlation (r = 0). Furthermore,

for both SRE’s, these values do not present a large dispersion, except for
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rainfalls where I > 50 mm, in this case the value of the r indicator also
improves (only 3% of the total events analyzed were over this range). In
general, the 3IMERG product has better results than the 3B42 V7. In the
Central, South and Austral macro zones, r presents a smaller dispersion
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Fig. 6. Results for the linear Pearson coefficient r to comparing the data from SRE’s and the meteorological stations, in each macro zone according to the WMO
intensity rainfall classification. The boxes are containing the first and third quartile.
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with respect to the average (Fig. 6b-d), the largest quantity of rain
events with intensity thresholds between 10 and 50 mm/day are
concentrated in these macro zones. In the Central macro zone, it stands
out that for precipitations with intensity between 1 and 2.5 mm/day
(Fig. 3a), the 3B42 V7 products surpasses the performance of the
3IMERG (with average values of r = 0.13 and r = 0.04, respectively).
Likewise, for an intensity greater than 50 mm/day (Fig. 3d), the product
3B42 V7 reaches an average value of r = 0.15, while the 3IMERG anr =
0.05.

The BIAS index was calculated for all storms during the period under
study, using both estimated rainfall depth (SRE’s) and measured rainfall
depth (meteorological stations). The results are presented in Fig. 7,
where the rainfall depth from 3IMERG were closer to the observed
rainfall depth (BIAS close to 1) than the rainfall depth from 3B42 V7.
The best performance for the 3IMERG was obtained in the South macro
zone with a BIAS mean of 1.08. The best performance of the 3B42 V7
was in the Austral macro zone with a BIAS mean of 0.27. In the Central
macro zone (Fig. 7b) the product 3IMERG is able to maintain a good
performance with a BIAS mean of 0.87, while in the same macro zone
the 3B42 V7 obtains a low performance with a BIAS mean of 0.22.

In the North and Austral zones the precipitations are underestimated
(BIAS<1), for both the 3IMERG and the 3B42 V7. The BIAS mean in
these two macro zones for the 3IMERG are of 0.64 and 0.76, respec-
tively. For the same zones (North and Austral), the 3B42 V7 has BIAS
means of 0.24 and 0.27. Finally, in the Austral macro zone it was
observed that for both sensors the BIAS are smaller (there is a larger
underestimation of rainfall), except for the O’Higgins station located in
the O’Higgins glacier (the Chilean Field Ice, Patagonia), where BIAS>1.

The results for the analysis of the KGE’ performance indicator for the
entire study area are presented in Fig. 8. The results show that in the vast
majority of cases the 3IMERG obtains a better performance compared to
its predecessor 3B42 V7.

The best results for the KGE' are observed in the Central macro zone,
where the 3IMERG presents a maximum KGE' of 0.74, much higher than
the 3B42 V7 that obtains a maximum KGE' of 0.32. In this macro zone
the average KGE’s of the 3IMERG and 3B42 V7 are of 0.50-0.04
respectively. In the North macro zone, where the stations located at the
highest altitude (3000 m.a.s.]) are concentrated, the 3IMERG obtains an
average KGE' of 0.32, with maximum values that are above 0.5. On the
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other hand, in this same macro zone, 3B42 V7 only reaches an average
KGE' close to 0, whose maximum values are under the threshold of 0.21.
In the South and Austral macro zones a decrease in the average per-
formance of the 3B42 V7 (average KGE' of —0.16 and 0.20, respectively)
is observed. In the Austral zone it stands out that the average perfor-
mance of the 3IMERG is less, with an average KGE' of 0.28.
Additionally, the storms were analyzed according to the ranges of
precipitation intensity and the results for the KGE' are presented for four
basins representative for each macro zone (Fig. 9). In the Lluta and San
José basins (North macro zone) the performance of the 3B42 V7 and
3IMERG are similarly bad. The best results for the North macro zone are
obtained for the range of precipitation intensity between 10 and 50 mm/
day. For the basins of the Central macro zone the results show a better
performance for the 3IMERG product maintaining the highest KGE'
values for the range of intensity between 10 and 50 mm/day and the
lowest for the intensity range between 1.0 and 2.5 mm/day. In the case
of the basins of the South macro zone the 3IMERG obtains the best
performance with a maximum KGE' of 0.14 for precipitations of high
intensity (I > 50 mm/day). However, for these same basins (South
macro zone), the best result for 3B42 V7 is obtained for the intensity
range between 10 and 50 mm/day with a maximum KGE’ of —0.62.

4. Analysis and discussion

In general terms, the performances obtained by the 3IMERG product
surpasses the 3B42 V7 product, this corresponds to the advances in the
equipment used in the precipitation estimates. The higher temporal and
spatial resolution of the 3IMERG product results in an improvement in
the measurement of precipitations when these are of the cyclonic type
(also when these have an orographic component; i.e the cases of Central
macro zone) and convective (i.e the case of the North macro zone), of
short duration and spatially little extended. Similar results, on the
improvement of 3IMERG estimations for short-term events were found
by Tan and Duan (2017) and Xu et al. (2017). The better capacity of the
3IMERG is explained by the increase in the frequency band range of the
DPR (passing from 13.60 GHz in the TRMM to 35.55 GHz in the GPM). In
addition, the greater quantity of channels included in the GMI sensor
provides a better estimation and sensibility to events of a lower intensity
(>0.5 mm) and for a shorter period of time (0.5hr), including the
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identification of ice particles (JAXA, 2018). The intensity of the pre-
cipitation is a factor that influences the performance of the SRE’s, the
best indicator values for both the categories (Fig. 6) and the statistics
(Fig. 9), are obtained for the heavy events (10-50 mm/day) and violent
events (>50 mm/day).

The results found in this study are consistent with those obtained by
other studies conducted in this area and in other parts of the world. As
seen in Fig. 3, there is an improvement in the performance of the SRE’s
between the dry and wet seasons, this is a tendency that is repeated in

other parts of the world such as Pakistan (Hussain et al., 2018) and
Brazil (Salles et al., 2019). Zambrano-Bigiarini et al. (2017), for the
different macro zones of Chile, found that the TRMM (product 3B42 V7)
has better results than other SER’s (ex. CMORPH, PERSIANN). On the
other hand, Mendez Rivas (2016), for the Central macro zone of Chile,
obtained better performances with the 3IMERG product than with the
3B42 V7 (both in the identification of events as well as with the esti-
mation of rainfall volume).

The hyper-arid characteristics of the North macro zone condition the
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ability of the sensors for the correct identification and quantification of
the precipitation. In this same macro zone, the value of the PC index
during dry seasons (autumn, winter and spring) is greater (see Fig. 3).
The previous is explained due to during this dry period there are less hits
(H) and a greater quantity of correct negative (CN). In the coastal areas
and inland valleys of the North macro zone (<3000 m.a.s.l), the POD has
alower value (for the 3IMERG and 3B42 V7 products the average POD is
0.53 and 0.29 respectively) than in the Altiplano (Andes Mountain Range;
average POD of 0.82 for the 3IMERG product and 0.71 for the 3B42 V7
product). This difference in the POD indicator can be explained because
these areas (coastal and inland valleys) have frequently high cloudiness
(Cereceda and Schemenauer, 1991) but very little precipitation.

In the Central macro zone the best results were observed for the low
altitude zones (<1000 m.a.s.]). The values of the categorical indices
obtain the worse results in the medium elevation (1000-2000 m.a.s.l)
and high elevation (>2000 m.a.s.l) zones. The 3IMERG product obtains
POD values above the 3B42 V7 in the entire Central macro zone (the
mean values for 3IMERG and 3B42 V7 were 0.85 and 0.51, respectively).
On the other hand, the FAR indicator showed that the 3IMERG product
(mean FAR of 0.66) obtained a greater quantity of false alarms (FA), in
comparison with the 3B42 V7 product (mean FAR of 0.53). Considering
the POD and FAR indicator results, the 3IMERG has a high probability to
detect rainfall events, but it can also generate a large quantity of false
alarms.

In the South and Austral macro zones the 3IMERG product maintains
a superiority in the identification of rain events with respect to the 3B42
V7 product. The mean POD for the 3IMERG is 0.84 and 0.81 in the South
and Austral macro zones, respectively and the mean POD for the 3B42
V7 product is 0.73 (for both macro zones).

As in the Central macro zone, the FAR index showed that the 3IMERG
product delivers a greater quantity of FA, compared to the 3B42 V7 (the
3IMERG product obtains an average FAR of 0.36 and 0.53, while the
3B42 V7 product an average FAR of 0.23 and 0.41, for the South and
Austral macro zones, respectively). For these two macro zones the sta-
tions are located at a low elevation (0-1000 m.a.s.l), thus, these are
influenced by cold masses and rainfall of the frontal type in the wettest
seasons (mainly during winter) (Barrett and Hameed, 2017).

Considering the results found for the detection rates for high-
elevation locations in the central macro zone, and for locations where
permanent ice and snow climates are met in the south and austral macro
zones, one of the difficulties for SRE’s lies in the distinction between
liquid and solid precipitation. Hussain et al. (2018), points out that for
mountainous, and glacial areas, the presence of cold clouds and ice fields
makes SRE’s estimates difficult due to the fact that the temperature
threshold of the clouds to discriminate snow and rain precipitation is
difficult to determine. As a consequence, clouds that have temperatures
above this threshold can be mistakenly identified as rain when they are
not. In line with the above, for the stations located in the high-elevation
zones (above 2000 m.a.s.l) the results of the products are conditioned by
climatic and topographic factors (see Table 2).

From Table 2 it can be seen that the PC index for the 3IMERG is lower
than the product 3B42 V7 at low and medium elevations. At high ele-
vations the 3IMERG has a better percentage of correct identifications
compared with the 3B42 V7.

For the POD index, the 3IMERG maintains a better ability to identify
rainfall events with respect to 3B42 V7 over entire range of elevations,
but this index decrease its effectiveness in identifying events at higher
altitude locations.

Both products 3IMERG and 3B42 V7 have a higher FAR index at high
elevations. At high elevations, the product 3IMERG has lower FA values
than the 3B42 V7.

The ETS index shows no differences at low and medium elevations,
while for high elevations the differences between 3IMERG and 3B42 V7
is greater (See Table 2).

The continuous statistical indices demonstrated that the quantifica-
tion of rainfall depth in the case of both products is bad/poor.
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Table 2

Mean values for categorical and continuous indices for all the stations at low
(0-1000 m.a.s.l.), medium (1000-2000 m.a.s.l.) and high (2000 m.a.s.l. <)
elevations.

Elevation (m.a.s.l.)

0-1000 (3IMERG; 1000-2000 (3IMERG; 2000< (3IMERG;

3B42 V7) 3B42 V7) 3B42V7)
PC 0.75 0.74 0.81
0.82 0.86 0.78
POD 0.85 0.78 0.77
0.50 0.44 0.61
FAR 0.60 0.85 0.78
0.46 0.82 0.84
ETS 0.25 0.09 0.16
0.25 0.10 0.09
R 0.63 0.57 0.55
0.55 0.50 0.46
BIAS 0.91 0.67 0.59
0.23 0.18 0.24
KGE’ 0.48 0.35 0.27
—0.06 —0.12 —0.07

For different rainfall ranges, the Pearson coefficient was calculated
(Fig. 6.) and it was found that SRE’s quantify better rainfall for heavy
precipitations (10 mm/day < I < 50 mm/day). For the South macro zone
(where the greatest quantity of rain events are concentrated) the high
values of r were found (the 3IMERG product obtained an r = 0/39 and
the 3B42 V7 product an r = 0.34).

The results for the BIAS index obtained in the Central macro zones
(mean BIAS of 0.86) and South macro zone (mean BIAS of 0.21) are
consistent with previous studies conducted in these macro zones
(Mendez Rivas, 2016; Baez-Villanueva et al., 2018; and Rivera et al.,
2018), where the SRE’s underestimate the precipitation amounts. The
presence of the Coastal Mountain Range and of the Andes Mountain
Range in the generation and distribution of precipitation (Viale and
Nunez, 2010; Garreaud et al., 2016) is an important factor in the results
obtained in this study. These results are similar to those described by
(Asong et al. (2017) in the area of the Rocky Mountains (Canada) and
Caracciolo et al. (2018) in the islands of Sicily and Sardinia, where the
3IMERG had underestimations. In these two areas the influence of the
maritime climate and the influence of orographic effects is very relevant.

All the stations at high elevations (above 2000 m.a.s.l) are concen-
trated in the North and Central macro zones where the BIAS values tend
to underestimate the rainfall (mean BIAS of 0.59 for 3IMERG and 0.24
for 3B42 V7). This underestimation is produced because of the Andes
Mountains where the air masses rise rapidly, cool and produce
condensation in a short period of time, increasing the amount of rainfall
that SRE’s fail to capture.

The frontal systems moved because of the pacific anticyclone and the
low temperatures in the Austral condition the snow fall, including in
areas located at low elevations. In this macro zone it was found that both
SRE’s overestimate the rain amounts (BIAS > 1), in the Glacier O’Hig-
gins station (48°S), whose BIAS was 1.79 and BIAS = 1.18 for the
3IMERG and 3B42 V7, respectively. As indicated by Bharti and Singh
(2015), the overestimation of rain by the SRE’s typically occures in areas
where ice fields exist and there is a presence of clouds made up of solid
water particles (cirrus clouds), these are the conditions that can be found
in the Glacier O’Higgins station.
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5. Conclusions

The evaluation carried out in this paper evidenced that despite the
technological advances in the SRE’s, not minor uncertainties still exist in
the products of TMPA and GPM satellite mission. The analysis conducted
across the 3600 km of the Chilean territory shows that the most
important factors that affect the rainfall estimation are: i) the hydro-
climatic characteristics of the zone, ii) the season being evaluated (wet/
dry) and iii) the relief (topography). The results at a general level show
that the 3IMERG product of IMERG and the 3B42 V7 product of TMPA
are not able to capture satisfactorily the rain events in the different
macro zones analyzed. Some exceptions, where the rainfall amounts are
estimated with a greater level of precision by the SRE’s, occur in
hydroclimatic zones that present high intensity rain and were the
orographic effect is less marked (certain areas of the Central and South
macro zones). Additionally, it was observed that the 3IMERG product,
with respect to its predecessor 3B42 V7, obtains better results in the
ability to identify and estimate rainfall.

With the performance comparison of the 3IMERG and 3B42 V7
products in the different macro hydroclimatic zones the following con-
clusions can be made:

- Both SRE’s obtained their best PC results in the dry seasons, while for
the POD, FAR, and ETS the best results were obtained in the wet
seasons. In the North macro zone, the POD, FAR and ETA indices
were at the highest in summer (Altiplano winter corresponding to the
wet season), while the best values in the rest of the macro zones
(Central, South and Austral) were obtained during the autumn and
winter months (wet season).

Through the Pearson r correlation analysis, it was obtained that for
precipitations of intensities in the range of 10-50 mm/day, the SRE’s
improve their identification and estimation of rain events. According
to the BIAS analysis, the estimations of the 3IMERG product for all
the zones studied, are more precise than the 3B42 V7 product. These
results can support the analysis of flood and water balances in the
areas with low season density (ex: macro North zone).

Regarding the temporal and volumetric dynamics of the rain events
analyzed, using the KGE index, it was confirmed that the 3IMERG is
capable of obtain better results than the 3B42 V7.

In areas of high elevation gradient, precipitation events are more
difficult to detect and quantify, both because of the rapid rise of air
masses and their condensation, as well as the distinction between
liquid and solid precipitation. Under these conditions, the identifi-
cation and quantification of rainfall depth in the Coastal Mountain
Range and Andes Mountain Range (where the rainfall events are
mainly cyclonic and sometimes with an orographic forcing) by
3IMERG is better than 3B42 V7.

It can be concluded that the 3IMERG product has greatly surpassed
its predecessor 3B42 V7. A future challenge for the remote precipitation
sensors corresponds to the use in zones where the elevation gradients are
an important factor in the generation of precipitation. It is necessary to
see the implications of the type of precipitation in the results to have an
improvement in the calibration of the algorithms that generate these
products, nevertheless, the lack of information measured in the field
(temporal and spatial gaps) makes this task difficult. The 3IMERG
product could be a strong source of data for studies that impact that
climatic disturbances have on the hydrologic cycles in the Central and
South zones of Chile. Additionally, its usefulness is fundamental in
remote zones or in areas where access is complicated for the obtainment
of data where it is difficult to install stations. This is the case of the al-
tiplano zone of the north, a place where there are also events of a
convective nature (especially not widespread) and in zones with
complicated access like part of the Chilean Andes.

Finally, this product provides the possibility to feed rain-runoff
models, for the study of floods, widening the spatial information of
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the seasons of the land. Given the climatic and geographical diversity of
Chile, this study can help to evaluate the performance of the 3IMERG
and 3B42 V7 products for other zones of the planet with hydroclimatic
similarities.
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