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Abstract

In this study, we validate precipitation estimates remotely sensed by the Tropi-
cal Rainfall Measuring Mission (TRMM) at monthly and seasonal timescales,
during the period 1998-2015, by calculating and analyzing diverse error met-
rics between the 3B43 V7 product and in situ measurements from 1,180 rain
gauges over Colombia, of which at least 987 are fully independent of TRMM.
We explore the existence of spatiotemporal patterns to assess the performance
of 3B43 V7 over the five major natural regions of Colombia: Caribbean, Pacific,
Andes, Orinoco and Amazon. The results show that 3B43 V7 product is able to
capture the phase of the annual cycle of monthly mean precipitation, but the
performance is not good for the amplitude, in particular over the Andes and
Pacific regions owing to complex climatic and topographic conditions. In gen-
eral, 3B43 V7 exhibits good performance in the low-lying and plain Amazon,
Orinoco and Caribbean regions. Over the Andes region, characterized by com-
plex topography, overestimation errors are identified [root mean squared error
(RMSE) >83.59 mm-month™" and relative bias (BIAS) >4.69%], whereas the
extremely wet rainfall regime of the Pacific region is largely underestimated
(RMSE >253.52 mm -month™" and BIAS <—11.75%). These errors are greater
during the wet seasons when the metrics reach worse scores than those
reported in similar studies worldwide. Occurrence analyses showed that 3B43
V7 misses very frequent light rainfall events and less frequent but very heavy
storms, which contribute to the overall underestimation (overestimation)
observed over the Andes (Pacific) region. The error characteristics identified
and quantified in this study confirm the well-documented limitations of
remote precipitation sensing and constitute a warning about major challenges
that complex climatic and physiographic features can impose on satellite rain-
fall missions.
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1 | INTRODUCTION

The understanding of the spatial and temporal variability
of precipitation and the accurate quantification of rainfall
amounts reaching the land surface are paramount for
water resources management, risk assessment, fresh
water supply, infrastructure planning, among others.
However, rainfall measurements using rain gauges are
not fully adequate due to the strong spatiotemporal vari-
ability of precipitation, more so of orographic and con-
vective tropical mountain rainfall, which implies the
need for frequent and closely spaced observations to cor-
rectly represent its structure and behavior (Huffman
et al., 2007, 2010). Moreover, such in situ measurements
are challenging in many places as remote areas, deserts,
forests, high altitudes, over the ocean or in developing
countries, where land-based instruments are nonexistent
or very scarce or where the access to available data is not
possible (Overpeck et al., 2011). This lack of adequate
ground-based rainfall estimates limits the understanding
of the hydrological cycle and the multiple interconnec-
tions between diverse hydroclimatic processes (Condom
et al., 2011) and affects the reliability of decision-making
models and simulations (Derin et al., 2016).

As an opportunity to overcome these challenges, in
the last decades, several satellite missions were designed
and launched to observe and measure strategic atmo-
spheric variables from space. Through remote sensing
techniques, precipitation fields and time series have been
continuously estimated with high spatial and temporal
resolution and with quasi-global coverage (Arkin and
Ardanuy, 1989; Huffman, 1997; Joyce et al., 2004).
Amongst these efforts are two joint missions of the
National Aeronautics and Space Administration (NASA)
and the Japan Aerospace Exploration Agency. The Tropi-
cal Rainfall Measuring Mission (TRMM) and the Global
Precipitation Measurement (GPM) mission were both
conceived to improve the understanding of the precipita-
tion distribution and variability in the current climate
system (Kummerow et al, 1998; Liu et al, 2012;
Skofronick-Jackson et al., 2017).

TRMM was a research satellite launched in 1997 with
five instruments on board: (a) the precipitation radar
(PR) to measure the distribution and intensity of rainfall;
(b) the microwave imager to sense the content of the pre-
cipitation column and identify rainfall types (e.g. strati-
form or convective); (c) the visible and infrared scanner

(VIRS) to provide high-resolution observations on cover-
age, type and top temperature of clouds (Kummerow
et al., 1998); (d) the cloud and the Earth radiant energy
sensor to measure the energy at the top and within the
atmosphere (Lee et al., 1998) and (e) the lightning imag-
ing sensor to detect and locate lightning with storm-scale
resolution (Christian et al., 1992). TRMM gathered cli-
matic data over the tropical and subtropical regions of
the Earth for more than 17 years, until it was turned off
after fuel depleted in 2015 (Huffman et al., 2007, 2010).
Building on the success of TRMM, in 2014 the GPM Core
Observatory was launched to unify precipitation mea-
surements from a constellation of research and opera-
tional satellites and to improve TRMM-era estimates.
GPM carries an advanced radar/radiometer system to
extend coverage to higher latitudes and to measure light
rain (<0.5 mm-hr™"), solid precipitation and the micro-
physical properties of precipitating particles (Hou
et al., 2014).

As a result of the TRMM mission, multiple gridded
precipitation products are available at several spatial and
temporal resolutions within the global latitude belt
50°N-50°S. These products were generated by TRMM
multi-satellite precipitation analysis (TMPA) Version 7
algorithm through the combination of data from passive
microwave (PMW) and thermal infrared (IR) sensors.
When possible, land surface monthly precipitation gauge
analyses developed by the Global Precipitation Climatol-
ogy Centre (GPCC) were also assimilated (Huffman and
Bolvin, 2015). Due to the integration of TRMM and GPM
missions, some of these gridded precipitation estimates
are running from 1998 to the present (Bolvin and
Huffman, 2015; Huffman, 2019).

As expected, numerous studies have used these
TMPA products as rainfall estimates to calibrate and
implement climatic and hydrological models (Negri
et al., 2002; Collischonn et al., 2008; Tapiador et al., 2012;
Meng et al., 2014), characterize climatic features (Nesbitt
et al., 2000; Petersen and Rutledge, 2001; Biasutti
et al., 2012; Mohr et al., 2014; Zuluaga and Houze
Jr, 2015; Jaramillo et al., 2017), study extreme events
(Zipser et al., 2006; Curtis et al., 2007; Jiang et al., 2011;
Rasmussen et al., 2013; Hamada et al., 2014), among
others. However, satellite precipitation estimates such as
TMPA products have several sources of uncertainty. Indi-
vidual satellites and their instruments have short life
spans over which their orbits and sensitivities are likely
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to change. Also, the use of advanced data-processing
techniques is required and the resulting data should be
reprocessed as previously unknown problems are discov-
ered (Overpeck et al., 2011). The intrinsic difficulties and
the intensive use of these satellite products made evident
the need to quantify the uncertainty in the precipitation
estimates, and multiple validation studies have been con-
ducted for the TMPA algorithm.

On a global scale, different continental regimes have
been evaluated (Ebert et al., 2007; Tian and Peters-
Lidard, 2010; Stampoulis and Anagnostou, 2012; Mag-
gioni et al., 2016). Also, more specialized regional assess-
ments have been conducted over each continental
regime: North America (Tian et al., 2009; Gourley
et al., 2010; Sapiano et al., 2010; Chen et al., 2013b),
South America (Su et al., 2008; Scheel et al., 2011; Ochoa
et al.,, 2014; Zulkafli et al., 2014; Melo et al., 2015;
Zambrano-Bigiarini et al., 2017), Europe (Kidd et al., 2012;
Derin and Yilmaz, 2014; Duan et al., 2016; Nastos
et al., 2016), Africa (Adeyewa and Nakamura, 2003; Nich-
olson et al., 2003; Hirpa et al., 2010; Dinku et al., 2011),
and Asia (Nair et al., 2009; Yong et al., 2010; Krakauer
et al., 2013; Chen et al., 2013a). For a detailed review of
satellite precipitation products accuracy during the
TRMM era, see Maggioni et al. (2016) and references
therein. All these validation studies have confirmed that
the performance of TMPA rainfall estimates is strongly
dependent on the climate regime and the topographic
features of the study region. Then, the need for a compre-
hensive evaluation of satellite precipitation data sets on a
regional basis instead of using global approaches has
been remarked. Also, calibration-validation data sets that
are representative of diverse climate regimes around the
globe are needed for a plethora of applications
(Huffman, 1997; Huffman et al, 1997; Kummerow
et al., 2000). Validation efforts across different regions
with complex topographic or climatic features would lead
to developing error correction procedures to globally
improve these estimates (Derin et al., 2016). However,
most of the studies over regions with those specific fea-
tures have evaluated TMPA products against reanalysis
data (Ward et al., 2011), scarce land-based observations
(Hirpa et al., 2010; Condom et al., 2011; Mantas
et al., 2015) or during short periods (Franchito et al., 2009;
Gourley et al., 2010).

Colombia, a country located in northwestern South
America, exhibits such two challenging characteristics
and, thus, provides a paradigmatic case study for the per-
formance of satellite products. Precipitation in Colombia
is the result of complex interactions between the dynam-
ics of the Intertropical Convergence Zone (ITCZ), diverse
low-level jets, the Caribbean Sea, the Pacific and Atlantic
Oceans, the Amazon and Orinoco River basins, land-
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atmosphere interactions and precipitation recycling
(Bedoya-Soto et al., 2019), and the topography of the
Andes (Poveda, 2004; Poveda et al., 2006; Alvarez-Villa
et al., 2011). As a consequence climate is very diverse,
ranging from an extremely wet precipitation regime in
the tropical rainforest of the Pacific coast (Poveda and
Mesa, 2000) to a dry regime in the northern desert region
of the country (Dinku et al., 2010b).

This is the first of a series of papers aimed at validat-
ing rainfall estimates, remotely sensed by TRMM, using
in situ measurements over Colombia at multiple time-
scales. In particular, the present one evaluates TRMM
3B43 V7 (henceforth 3B43 V7) precipitation product at
monthly and seasonal timescales using a large data set of
land-based observations over more than 1,100 rain
gauges. To that aim, we evaluate the 3B43 V7 product
using as ground truth in situ measurements of monthly
precipitation gathered by Instituto de Hidrologia,
Meteorologia y Estudios Ambientales (IDEAM), the
hydrological and meteorological service of Colombia. We
perform the validation at monthly and seasonal time-
scales during the period spanning from 1998 to 2015,
corresponding to the complete years available for both
databases. Given the identified need for challenging vali-
dation scenarios, the exceptional climatological and topo-
graphic features of Colombia, and the dense data set used
as a reference, this study is one of a kind. Through these
analyses, our purpose is to characterize the spatiotempo-
ral distribution of errors and to identify the relative roles
of climatic and landscape factors influencing the perfor-
mance of the satellite product over the five major natural
regions of the country. Toward those ends, we organize
this document as follows: in Section 2 we describe the
databases we use and in Section 3 we present the
methods we employ to perform the ground validation.
Section 4 presents the results, which are discussed in Sec-
tion 5. Finally, Section 6 presents a summary of our work
and draws the conclusions.

2 | STUDY AREA AND DATA

2.1 | Study area

Colombia is located in the western corner of tropical
South America, with coasts on both the Caribbean Sea
and the Pacific Ocean, with 40% of its territory within the
Amazon River basin, and crossed by the Andes, which
are divided into the Western, Central and Eastern moun-
tain ranges (see Figure 1). This branching of the Andes
generates complex mountain topography that together
with the tropical climate and high rainfall rates produce
a lot of ecosystems and microclimates, ranging from
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FIGURE 1 (a)Geographical location and topographical features of the five major natural regions of Colombia: Caribbean, Pacific,

Andes, Orinoco and Amazon. Spatial distribution of (b) the 1,180 IDEAM rain gauges, and (c) the 427 3B43 V7 pixels, used for ground-
validation. (d) Density map of IDEAM rain gauges available at each 3B43 V7 pixel. The pixels marked with diamonds in panels (c,d) are

those with assimilated IDEAM rain gauges [Colour figure can be viewed at wileyonlinelibrary.com]|

deserts to snowy peaks within a territory of a little more
than 1,141,000 km?. Because of this, Colombia is divided
into five major natural regions, as defined by Instituto

Geografico Agustin Codazzi: Caribbean, Pacific, Andes,
Orinoco and Amazon (Figure 1la). Precipitation in
Colombia is the result of the dynamics of macroscale and
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mesoscale climatic phenomena, such as the ITCZ and
three low-level jets, taking place over a country with
about 72% of its territory within the Amazon and Orinoco
River basins, crossed by the Andes and surrounded by
the Caribbean Sea and the Atlantic ocean. All these cli-
matic drivers interact in complex ways resulting in a
diverse climate varying from an extremely wet precipita-
tion regime in the tropical rainforest of the Pacific coast
(Poveda and Mesa, 2000) to a dry regime in the northern
desert region of the country (Dinku et al., 2010b). Due to
the drastic changes in the physical and climatic condi-
tions in exceptionally small distances, Colombia is a chal-
lenging region to test for the skill of precipitation
measurement missions such as TRMM.

2.2 | TRMM 3B43 V7 data

The 3B43 V7 satellite product is a monthly, gauge-
adjusted, post-real-time research version product esti-
mated with the TMPA Version 7 algorithm. 3B43 V7 is
computed using precipitation-related PMW data, win-
dow-channel IR data and a monthly, 1° scale gauge anal-
ysis from GPCC. From 1998 to 2010, the Full Data
Monthly Product Version 6 (henceforth FDMP V6) is
assimilated (Becker et al., 2011), thereafter it is replaced
by the Monitoring Analysis Version 4 (henceforth MA
V4) (Schneider et al., 2011). First, the original 3-hr
remotely sensed IR and microwave estimates are added
for the calendar month. Then, the GPCC monthly precip-
itation gauge analysis is used to create a large-scale bias
adjustment to the satellite-only estimates. Finally, the
resulting monthly gauge-adjusted satellite-only estimate
is combined directly with the precipitation original gauge
analysis using inverse error variance weighting (Huffman
and Bolvin, 2015). The result is a monthly gridded data
set which covers a global belt extending from 50°S to
50°N latitude, at 0.25° spatial resolution (Huffman
et al., 2010). For our purposes, 3B43 V7 was downloaded
in raster format over the region with latitudes from 5°S
to 13°N and longitudes from 80°W to 66°W, spanning the
validation period from January 1998 to December 2015.
Each layer of the raster files contained the mean hourly
rainfall of a month, therefore we multiplied by the num-
ber of hours of the respective month to obtain the
monthly precipitation. 3B43 V7 has no missing records.

2.3 | Rain gauge data

Originally, IDEAM provided information from 2,683
rain gauges in Colombia with monthly precipitation
records from 1930 to 2015. From this database, we
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initially selected 1,655 rain gauges, those with 30% or
less of missing records during the 1998-2015 validation
period. Missing monthly records were reconstructed
using an algorithm that combines singular value
decomposition (SVD) with convex optimization
(Kurucz et al., 2007, Candés and Recht, 2009). For val-
idation purposes, we identified 629 pixels from 3B43
V7 containing at least one rain gauge from IDEAM. In
the case of having two or more rain gauges within a
TRMM pixel, the respective precipitation time series
were averaged and used as the ground truth, as prac-
ticed by many previous studies (Nicholson et al., 2003;
Yong et al, 2010; Scheel et al, 2011; Mantas
et al., 2015).

Having in mind that the major GPCC land-based data
source over Colombia during our validation period is the
meteorological national service (Becker et al., 2013) and
that GPCC gauge analysis is assimilated by TMPA at
monthly timescale, it is necessary to guarantee the inde-
pendence between IDEAM stations and 3B43 V7 esti-
mates. To that end, we used Version 8 of FDMP which is
available at 0.25° resolution, the same of 3B43 V7, and
provides the number of assimilated stations per pixel for
each month from 1998 to 2015 (Schneider et al., 2018).
Since the number of assimilated stations in FDMP V8 is
always greater than both FDMP V6 and MA V4, we can
reasonably assume that the number of rain gauges per
pixel used to bias-correct 3B43 V7 was, at most, the same
as that reported in FDMP V8. Also, the sum of the num-
ber of stations per pixel reported by FDMP V8 at 0.25°
resolution coincides with the total reported by FDMP V8
at 1°, therefore, it is very likely that if a pixel did not
assimilate stations in FDMP V8 at 0.25° scale, it did not
assimilate them either in the 1° gauge analysis used to
bias-correct 3B43 V7.

Based on these considerations, we used FDMP V8§
to choose 427 validation pixels containing 1,180 rain
gauges, of which a maximum of 193 were potentially
used for bias-correct 3B43 V7. We selected 292 pixels
with no assimilated data during every month of 1998-
2015, the additional 135 pixels are the ones where the
maximum number of assimilated rain gauges in any
month is less than half of the stations available in
IDEAM data set. These last pixels are not completely
independent of 3B43 V7 and can cause the validation
to be biased towards better performance than the
actual one. However we decided to include them in
the analysis for two fundamental reasons: (a) strict
inequality guarantees that IDEAM mean time series
associated to the pixel is dominated by non-assimilated
rain gauges, and (b) these pixels are an opportunity to
verify if the bias correction really improves the perfor-
mance of TMPA products in neighboring stations that
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were not assimilated in GPCC gauge analysis. Fig-
ure 1b,c shows the spatial distribution of the 1,180
rain gauges and the 427 pixels within the five major
natural regions of Colombia, with the sample size indi-
cated on the bottom left margin of the panel. Figure 1d
shows the number of rain gauges used to calculate
IDEAM mean time series of each pixel.

3 | METHODS

We assess the performance of 3B43 V7 using as gro-
und truth IDEAM's monthly rainfall measurements,
on a pixel-by-pixel basis over Colombia, at monthly
and seasonal timescales, during the period spanning
from 1998 to 2015, corresponding to the complete
years available for both databases. Seasonal analyses
of this study are based on the climatological seasons
in Colombia: June, July and August (JJA); September,
October and November (SON); December, January
and February (DJF) and March, April and May
(MAM), defined by the drier (DJF and JJA) and wet-
ter (MAM and SON) periods of the year over the
Andes region.

To decide whether to focus our efforts on ground vali-
dating when it rains or how much it rains, we first vali-
date the phase, the amplitude and the cumulative mass
curve of the annual cycle of mean precipitation at
monthly resolution. Then, we quantify the discrepancies
between 3B43 V7 and IDEAM at seasonal timescale in
terms of several error metrics (Table 1) and evaluate the
existence of spatiotemporal patterns related to the physi-
cal aspects that modulate the hydroclimatology of each of

TABLE 1
precipitation over Colombia

the five major natural regions of the country. We perform
a Kolmogorov-Smirnov (KS) test for the null hypothesis
that the seasonal precipitation time series of IDEAM and
TRMM 3B43 are from the same empirical distribution
function and we calculate the KS test rejection rate
(KSRR). We use the Spearman rank correlation coeffi-
cient (p) to evaluate the monotonic association (whether
linear or not) between satellite precipitation and gauge
observations. With the mean error (ME) we estimate the
bias in the mean precipitation of both data sets. The
mean absolute error (MAE) and the root mean squared
error (RMSE) are used to measure the average magnitude
of the errors, with the difference that RMSE gives greater
weight to the larger errors relative to MAE. Finally, with
the relative bias (BIAS) we scale the mean error with
respect to the mean precipitation of the gauge observa-
tions. Since ME and BIAS are signed, positive (negative)
values of these metrics are associated with overestimation
(underestimation) of 3B43 V7 with respect to IDEAM.
We also validate the capability of 3B43 V7 to detect differ-
ent rainfall rates by calculating the probability density
functions (PDFs) by occurrence with 50 mm-month™
intervals.

4 | RESULTS
4.1 | The annual cycle of mean
precipitation

Figure 2 shows 18-year mean monthly precipitation for
each season as seen by IDEAM and 3B43 V7 as well as
the corresponding box plots. There are notable

Error metrics used to validate the 3B43 V7 satellite product with respect to the in situ measurements of monthly mean

Metric Units Expression Range Perfect score
KSRR % KSRR = gE2eC PRl 5100 [0, 100] 0
Spearman rank correlation (p) Dimensionless p= cov(rs,rg) [-1,1] 1
OrgOrg
RMSE mm-month™* n [0, +0) 0
RMSE=, |13 (8;-G;)
i=
ME mm-month™* z —00, +00 0
ME=13(S,-Gy) ( )
i=1
MAE mm-month ™ n 0, +o00 0
MAE=1%"|S;- G| [ )
i=1
BIAS % S50 [~100, +o0) 0
BIAS= =1 X100
> (@)

Note: G;, gauged observation (e.g. IDEAM); n, number of samples; rg, rank variable of the gauge observation; rs, rank variable of the satellite
precipitation; S;, satellite estimation (e.g. 3B43 V7); o,, and o,,, SDs of the rank variables.
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differences between the regions, not only in the rainfall more than 800 mm month™". It is followed by the Ama-

rates but also in the seasonality of the annual cycle. The zon and Orinoco regions albeit with significantly lower

Pacific region is the rainiest of the country and arguably = rainfall amounts. The Caribbean and Andes regions are
of the world (Poveda and Mesa, 2000; Yepes et al., 2019), the driest (Alvarez-Villa et al., 2011). It is also remarkable

with pixels reporting monthly mean precipitation rates of ~ that the Andes, Caribbean and Pacific regions exhibit a
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bimodal annual cycle, with wet (dry) seasons in MAM
and SON (JJA and DJF), while the Orinoco and Amazon
regions exhibit unimodal annual cycles with a single dry
season during DJF (Figure 2e-i). These spatiotemporal
patterns can be explained by the meridional migration of
the ITCZ which has been identified as the main modulat-
ing mechanism of intra-annual variability over Colombia
(Poveda, 2004; Poveda et al., 2006), but also by the
dynamics of diverse large-scale phenomena that influ-
ence the moisture transport and precipitation regime of
each region, mainly the three low-level jets present in the
country: (a) the Caribbean Low-Level Jet (CLLJ)
(Amador, 1998, 2008; Amador and Magana, 1999;
Wang, 2007), which is active from northern South Amer-
ica to the Greater Antilles; (b) the Chocdé Low-Level Jet
(Choco Jet) acting over the far eastern Pacific (Poveda
and Mesa, 1999, 2000; Rueda and Poveda, 2006;
Sakamoto et al., 2011; Poveda et al., 2014; Bedoya-Soto
et al., 2019; Yepes et al., 2019) and (c) the Corriente de
los Andes Orientales (CAO) Low-Level Jet or Eastern
Andes Low-Level Jet (Montoya et al., 2001; Torrealba and
Amador, 2010; Bedoya-Soto et al., 2019), also recently
identified as Orinoco Low-Level Jet (Jiménez-Sanchez
et al., 2019), which constitutes the northernmost leg of
the South American Low-Level Jet (Berbery and Col-
lini, 2000; Marengo et al., 2004; Vera et al., 2006). These
mechanisms, together with complex soil-atmosphere
interactions over the Andes and the Amazon and Ori-
noco River basins, contribute to the regional particulari-
ties that are evidenced in Figure 2 (Mejia et al., 1999;
Poveda, 2004). Despite the differences, it is worth noting
that DJF is the driest season all over the country, which
can be explained by the southern migration of the ITCZ
and the weakening of the Choco Jet.

The variability of the precipitation regime over the
major natural regions of Colombia can be examined on a
pixel-by-pixel basis. Figure 3 presents the superposition
of 18-year mean annual cycles of rainfall intensities and
cumulative mass curves at monthly resolution, from June
to June according to the hydrological year in Colombia,
estimated using IDEAM and 3B43 V7 databases. Panels
(a) to (z) show the results for 24 representative validation
pixels, selected proportionally to the density of rain
gauges of each natural region of the country.

Regarding when it rains, it is worth noting that 3B43
V7 is able to capture, equally precise, the phase of both
the unimodal and bimodal annual cycles of mean precipi-
tation at monthly resolution that coexist all over Colom-
bia (Poveda et al., 2006; Urrea et al., 2019), not only on
the pixels shown in Figure 3 but on the 427 validation
pixels (not shown). This capability seems to be unaffected
by the particularities of each region such as topography,
climate, land cover and vegetation, among others. The

outstanding performance of 3B43 V7 concerning these
temporal patterns was expected, considering the large
land-based data set assimilated by 3B43 V7 over Colom-
bia during the period 2001-2005 (Becker et al., 2013), but
also because the inter-annual variability of the annual
cycle is reflected into changes in its amplitude but not in
its phase (Poveda et al., 2001, 2011). For these reasons,
from here onwards, we only validate the rainfall rates.

In terms of how much it rains, from Figure 3 it is evi-
dent that the mountain topography is a challenging fea-
ture for the performance of 3B43 V7 over Colombia when
capturing the amplitude of the annual cycle of mean pre-
cipitation. It can be noticed that in the Orinoco and Ama-
zon, low-lying and mostly plain regions, 3B43 V7
estimates coincide, almost exactly, with in situ measure-
ments. As an example, Figure 31,n,p,s,t,v,z shows that the
satellite product manages to capture both the average
intensity of each month and the amount of rainfall accu-
mulated during the hydrological year. On the contrary,
over the Andes and the Caribbean regions, the spatial
behavior seems to be correlated with the altitude of the
pixel. Both overestimation and underestimation errors
are present, but the discrepancies are larger at the highest
altitudes (Figure 3j,0,q,w) and tend to decrease (Fig-
ure 3b,d,h) reaching a good performance in the inter-
Andean valley (Figure 3c,g).

4.2 | Spatial and temporal patterns of
the metrics’ scores

The spatial distribution of errors of 3B43 V7 provides
information about its performance dependence on spe-
cific physical and geographical features. Figures 4 show
maps of the error metrics of 3B43 V7 against IDEAM
over Colombia. According to these results, in the Carib-
bean, Orinoco and Andes (Amazon and Pacific) regions,
there is a predominance of seasonal overestimation
(underestimation) errors. Specifically, there are underes-
timation errors in the rainiest areas of the country, those
with more than 3,000 mm of rainfall per year (Poveda
et al., 2007; Alvarez-Villa et al., 2011) such as the south-
eastern part of the Amazon region, the eastern piedmont
of the Eastern Andes, the Pacific region and the Mompox
depression region located between the Central Caribbean
and the Northern Andes regions. Conversely, over-
estimation errors are found in the driest places of the
country, with annual average rainfall between 300 and
1,500 mm, like the mountain tops of the Western and the
Eastern Andes and most of the Caribbean region. How-
ever, not only the precipitation regime dominates the
spatial patterns of the studied metrics, but the mountain
topography also constitutes a great challenge for remote



VALLEJO-BERNAL ET AL. International Journal MetS 9
of Climatology —

(a) 6.375 °N, 76.125 °W (b) 8.625 °N, 75.875 "W (c) 9.625 °N, 74.625 °W (d) 12.125 °N, 71.375 °W
40 300 25 250 20 200

300

200

200 0.5
1 -

100
100

0JJASONDJ FMAMJO'0 0J.JASONDJ FMAMJO'0 0JJASONDJ FMAMJO'0 oJJASONDJ FMAMJO'0

(€) 7.375 °N, 77.125 °W (f) 5.875 °N, 75.375 °W (9) 7.125 °N, 73.875 °W (h) 8.125 °N, 73.125 °W
500 5.0 400 3.0 500 4.0 300 25

2

200

Sy AsoNDJ Fmam s %Sy AsoNDJ Fmam s
(i) 5.375 °N, 76.625 °W (i) 6.125 °N, 72.375 °W
1000 10.0 N 300 25
A1 12°9
800 _ & 180 )
600 Pe.o Caribbean 200
- Sea
400 < 4.0 .
—- 10°4 100
200r ~° 2.0
PR
%Sy AsonNDJ Fmam 0 Venezuela ST AsoNDJ Fmam s
(k) 3.875 °N, 76.375 °W 81 (1) 5.125 °N, 70.875 °W
300 3.0 500 4.0

400
4
6° 300

200
100

100

40

Pacific Ocean

0JJAS ONDJ FM AM JO‘O

(m) 3.125 °N, 77.125 °W

0JJAS ONDJ FM AM JO'O

(n) 4.875 °N, 68.375 °W

1500 12.0 600 4.0
20 < 500
1200 9.0 1
200 400
1 M. 300

600

. . — 50 O 200
Pl Altitude 100

Py N PN [mas.l] Brazil Py N PN

JJASONDJ FMAMJ 5667 JJASONDJ FMAMJ
(0) 1.125 °N, 77.375 °W -20 (p) 3.625 °N, 69.375 °W
250 2.0 500 0

3000
2000
1000

200 Peru

150 300

404 L
100 T T T T T T 200
-78° -76° -74° -72° -70° -68°
1 1
%0 Annual cycle Mass curve 00
0y AsSONDJ FMamM S A— IDEAM =—3843V7 | — — IDEAM —-—- 3B43V7 Oy UAsoNDJ Fmam
(q) 2.375 °N, 76.375 °W () 3.125 °N, 74.375 °W (S) 3.875 °N, 72.875 °W (t) 0.875 °N, 71.125 °W
300 25 700 50 500 40 600 50
- -
Sy asonNnDJ FMaM I %o asonDd Fuam s %S asonbpy FMamJ®® % U asonNDJ Fuam 20
(u) 1.125 °N, 76.625 °W (v) 0.375 °S, 73.625 °W (W) 4.875 °N, 73.875 °W (2) 1.375 °S, 70.875 °W
600, \6.0 600 50 400 25 500 —140
z
500 | 50 500 :
K ) 500 20 400 50
400 | 40 400 | A
1 H15 300
300 430 300 200 - 20
o z
200 - 20 200 4 p1o 200 Phed
- 100 . 1.0
100 51/ 1.0 100 R P
O T AsoNDJ FMAM I % i asonDJ FMam s O i asonoDy FmMaAmM I T ASONDY FMaAmM %0

FIGURE 3 Annual cycle and mass curve of 18-year mean precipitation at monthly resolution for 3B43 V7 and IDEAM. The mean
monthly rainfall rates are shown in mm-month™" (left axis), and the accumulated precipitation is shown in meters (right axis) [Colour figure
can be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com

10 International Journal

RMets

VALLEJO-BERNAL ET AL.

of Climatology

1.00
0.75
(]
=)
©
>
Q
005 4
2
0
0.017 ¥
-80°  -76°  72°  -68°-80°  -76°  -72°  -68°-80°  -76°  -72°  -68°-80°  -76°  -72°  -68°
(e) Amazon (f) Andes (g) Caribbean (h)  Orinoco (i) Pacific
1.0
c : : : : ! :
$ | ‘ I
.g .
S o8
'S
5
= 06
=]
2
£
2 04
a
g
= 02
c
£
o0
00 025 050 075 1000 025 050 075 1.000 025 050 075 1000 025 050 075 1000 025 050 075 1.0

KS test p value

JUA

SON

DJF MAM

FIGURE 4 Spatial distribution of p, RMSE, ME, MAE and BIAS of 3B43 V7 against IDEAM over Colombia. The pixels marked with
diamonds are those with assimilated IDEAM rain gauges. All the shown values of p are significant at a level « = 0.05 [Colour figure can be

viewed at wileyonlinelibrary.com]

sensors. Note that although the Central Andes and the
two adjacent inter-Andean valleys have an annual aver-
age rainfall of less than 1,500 mm and a bimodal annual
cycle, there are overestimation errors over the inter-
Andean valleys and underestimation errors over the top
of the Central Range of the Andean Mountains.

Figure 5 shows scatter plots and Table 2 presents the
scores of the error metrics for 3B43 V7 product during dif-
ferent seasons over the major natural regions of Colombia.
The values of ME and BIAS lead to the conclusion that in
the Amazon and Pacific (Andes and Caribbean) regions,
3B43 V7 underestimates (overestimates) the rainfall rates
all year long. It can be noticed that these spatial patterns
are persistent during all the seasons since the intra-annual
variability of both the ME and the BIAS are due to changes
in the magnitude but not in the sign of the metric. In the
Orinoco region, there is underestimation during all the sea-
sons except in DJF, when the significant overestimation
may be due to the severity of the dry season there. In all
regions, the magnitude of RMSE and MAE is the lowest
during DJF, confirming the best overall performance of

3B43 V7 during the driest season, in terms of capturing
both the average and the large rates of precipitation. Also,
these two metrics have higher (lower) scores during the wet
(dry) seasons in the regions with higher (lower) rainfall
rates, which is a clear spatiotemporal pattern of worse per-
formance in wet conditions. Although the Spearman rank
correlation does not show such a clear temporal pattern, it
exhibits an evident spatial pattern with higher (lower)
values in the drier (wetter) regions. Over the Amazon and
Orinoco regions, p also has a periodicity with higher (lower)
values during dry (wet) seasons. Such a significant warm-
season-based error structure has also been observed else-
where (Chen et al., 2013a, 2013b; Mantas et al., 2015; Yong
et al., 2010).

4.3 | Probabilistic analysis of seasonal
precipitation

The two-sample KS test is a nonparametric method to
tests the null hypothesis that two empirical distribution
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functions are the same. It quantifies the maximum dis-
tance between the distributions and is sensitive to differ-
ences in both location and shape. The KS test result is
based on the comparison of the pvalue, that can be inter-
preted as a measure of the strength of the evidence
against the null hypothesis provided by the data (Wasser-
stein et al., 2016), and the significance level @, which is

the probability of rejecting the null hypothesis given that
it is true, and for our purposes was taken equal to .05. If
p < a, the null hypothesis is rejected because there is evi-
dence of statistical incompatibility with the data. Con-
versely, when p > a and the test fails the rejection, we do
not obtain any meaningful information about the verac-
ity of the null hypothesis and therefore we cannot have
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TABLE 2
pixels of each natural region of Colombia

Metrics' scores obtained for the regional and seasonal validation of 3B43 V7 precipitation estimates, using all the validation

Metric Season Amazonn =43 Andesn =212 Caribbean n =88  Orinocon =50 Pacific n = 34
JJA 32.56 74.06 64.77 58.00 82.35
SON 39.53 70.28 63.64 44.00 76.47
DIJF 23.26 57.55 60.23 26.00 58.82
KSRR (%) MAM 32.56 69.81 44.32 24.00 61.76
JJA 0.49 0.70 0.85 0.42 0.61
SON 0.37 0.69 0.70 0.49 0.72
DIJF 0.77 0.73 0.74 0.83 0.63
Spearman (p) MAM 0.49 0.66 0.85 0.79 0.58
JJIA 131.78 108.23 87.44 137.57 290.59
SON 105.48 111.34 95.96 108.34 309.12
DIJF 99.70 83.59 51.23 49.59 253.52
RMSE (mm-month ™) MAM 143.16 107.01 71.39 117.34 259.12
JJA —28.44 11.24 7.08 —-12.60 —-103.55
SON —8.35 10.44 1.88 —2.56 —119.36
DIJF —-4.07 9.69 —0.38 5.41 -90.26
ME (mm-month™) MAM —16.56 13.48 7.65 -14.30 —58.60
JJA 95.64 77.77 60.54 101.34 212.48
SON 79.32 81.20 71.20 82.59 213.18
DIJF 67.11 56.67 27.81 31.58 175.96
MAE (mm-month ™) MAM 103.25 79.07 48.71 85.08 184.20
JJA -8.31 6.73 4.05 -3.60 —20.65
SON —3.33 4.69 0.94 —1.05 —22.13
DIJF -2.11 7.84 —0.84 9.06 -20.41
BIAS (%) MAM —4.49 6.28 6.27 —5.03 —11.75

Note: All the reported values of p are significant at a level @ = .05.

statistical certainty about any conclusion (Aberson, 2002).
Having all this in mind, we present the correct interpreta-
tion of the probabilistic validation of 3B43 V7.

Figure 6 shows the results of the KS test for the null
hypothesis that the seasonal precipitation time series of
3B43 V7 and IDEAM are from the same empirical distribu-
tion function. Panels (a) to (d) show the spatial distribution
of the seasonal p values over Colombia. Panels (e) to (i)
show the empirical distribution function of the p values.
The dotted lines at p = .05 and p = .75 are, respectively, the
upper bound of the critical region (or rejection region) and
the lower bound of the region with less evidence against
the null hypothesis. Given that the only question that the
KS test can answer is whether the data contain enough evi-
dence to reject the null hypothesis, we have a special inter-
est in p values very close to zero (values of p < .017) that
allow us to conclude, with statistical certainty, that the
empirical distribution functions are different, and p values

very close to one (values of p > .75) where the evidence
against the null hypothesis is the weakest possible.

From Figure 6 and Table 2, it can be seen that in the
Amazon region, during all seasons, the null hypothesis is
not rejected for most pixels, with DJF (SON) being the
season with the lowest (highest) KSRR, 23.26% (39.53%).
In the Orinoco region, the null hypothesis is not rejected
for most pixels during all the seasons but MAM, which is
the wet season and the KSRR reaches a value of 58.00%.
On the contrary, the null hypothesis is always rejected
for most pixels of the Pacific and Andes regions, in
greater (lower) proportion during JJA (DJF) with KSRR
of 82.35 and 74.06% (58.82% and 57.55%), respectively.
Finally, in the Caribbean region, the null hypothesis is
rejected for most pixels during all the seasons but MAM,
when the KSRR decreases to a value of 44.32%. These
results exhibit the same spatial and temporal patterns of
the other metrics, with better (worse) scores during the
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dry (wet) season, better performance over the low-lying
and mostly plain regions and significant difficulties over
regions with complex topography or intense rainfall
regimes. Regarding the statistical significance, although

there are regions and seasons with a non-rejection
rate greater than that of rejection, in all cases the
p values greater than .75 occur in less than 20% of
the wvalidation sites. Those p values correspond to
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the pixels with the highest compatibility between the
data and the null hypothesis and constitute the
minority of non-rejection cases. It is remarkable that
in the Pacific region, dark green pixels are almost

there is a high statistical uncertainty for the case of
null results over the entire country. Conversely, most
of the pixels where the null hypothesis is rejected
are light pink and have p values less than or equal

nonexistent during all seasons. This implies that to .017, which means that the rejection of the null
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hypothesis is concluded with strong statistical cer-
tainty and that 3B43 V7 has difficulties capturing
both the location and the shape of the distribution
function of rainfall rates.

4.4 | Probability distributions by
occurrence

PDFs can be used to validate the rainfall amount distri-
bution and the error dependence on the precipitation rate
for satellite estimates (Tian et al., 2010; Chen et al., 2013b).
Figure 7 shows the PDF by occurrence as a function of
monthly precipitation for each season and over the major
regions of Colombia. At this temporal timescale, rainfall
records are always greater than zero for both 3B43 V7
and IDEAM, therefore all the validation pixels were used
to compute the PDF. As shown in Figure 7, the 3B43 V7
is able to capture the location and shape of the distribu-
tion in the Amazon, Caribbean and Orinoco regions,
with better performance during DJF. Over the Andes
region, the satellite product captures the shape but
always overestimates the location, while in the Pacific
region the performance of 3B43 V7 is very poor all year
long, especially because the distribution of gauged rain-
fall rates has a heavy tail that is not captured by the satel-
lite product. In all the studied regions the frequency of
rainfall is overestimated, between rates from 350 to
550 mm-month™' for the Pacific and 200 to
400 mm-month™" for the other regions. In the Amazon
and Orinoco, there is also frequency underestimation for
rainfall rates more than 500 mm-month™" during the wet
seasons. In the Pacific, this underestimation of heavy
rainfall frequency is more significant all year long and
occurs for exceptionally large rates between 650 and
1,200 mm-month™. Underestimation of frequency for
light rainfall with rates less than 50 mm-month™ is sig-
nificant over the Andes and Pacific regions and increases
during the dry seasons. These results show that the over-
all underestimation (overestimation) observed in the
Andes (Pacific) region can be primarily attributed to the
inability to detect very frequent light rainfall events and
less frequent but very heavy storms.

5 | DISCUSSION

5.1 | Uncertainty sources

We have performed a regional validation of 3B43 V7
product over Colombia, a country with very complex
topography given the branching of the Andes mountain
range and very diverse precipitation regimes due to the

of Climatology

multiple climatic drivers involved in the rainfall produc-
tion. The Pacific region is the rainiest place of Colombia
and arguably of the world (Poveda and Mesa, 2000), with
pixels reporting monthly mean precipitation rates of
more than 800 mm-month™". It is followed by the Ama-
zon and Orinoco regions albeit with significantly lower
rainfall amounts. The Caribbean and Andes regions are
the driest (Alvarez-Villa et al., 2011). The seasonal vari-
ability of precipitation in Colombia is mainly modulated
by the meridional migration of the ITCZ. The Andes,
Caribbean and Pacific regions have a bimodal annual
cycle, with wet (dry) seasons in MAM and SON (JJA and
DJF), while the Orinoco and Amazon regions exhibit
unimodal annual cycles with a single dry season during
DJF. Despite the differences, it is worth noting that DJF
is the driest season for all regions of the country, which
can be explained by the southern migration of the ITCZ
and the weakening of the Choco Jet.

Concerning the phase of the annual cycle of mean
precipitation, the performance of 3B43 V7 product is out-
standing, which has been credited to the incorporation of
gauge information during processing at monthly time-
scale (Su et al., 2008; Scheel et al., 2011; Mantas
et al., 2015). Regarding the amplitude of the annual cycle,
over the entire country the scores of the error metrics are
better (worse) during the dry (wet) season. In general,
3B43 V7 captured the spatial patterns of regional variabil-
ity, however, there is an evident underestimation (over-
estimation) in precipitation amounts over the Pacific
(Andes) region. This dependence of TMPA products per-
formance on rainfall intensity has been widely observed
for every timescale. In particular, over regions of South
America with similar climatic features, it is well known
that satellite products underestimate (overestimate) pre-
cipitation in areas of high (low) rainfall rates during wet
(dry) seasons (Dinku et al., 2010b; Condom et al., 2011;
Mantas et al., 2015; Erazo et al., 2018; Palomino-Angel
et al., 2019).

Specifically, there are overestimation errors in the dri-
est places of the country, with annual average rainfall
between 300 and 1,500 mm, such as the tops of the West-
ern and the Eastern Andes and most of the Caribbean
region. TMPA products overestimation over the dry areas
of South America has been attributed to subcloud evapo-
ration (Dinku et al., 2010b; Erazo et al., 2018). In Colom-
bia during DJF, the overestimation gets more severe in
the Caribbean and Orinoco regions. This result along
with the dramatic decrease in rainfall rates during this
season supports the hypothesis of the subcloud evapora-
tion as the cause of the overestimation (Dinku
et al., 2010b, 2011; Erazo et al., 2018).

Conversely, underestimation errors are found in the
rainiest areas of the country, those that have rainfall
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regimes of more than 3,000 mm per year (Poveda
et al., 2007; Alvarez-Villa et al., 2011) and are covered by
tropical rainforests or located on wetlands, such as the
southeastern part of the Amazon region, the eastern pied-
mont of the Eastern Andes, the Pacific region and the
Mompox depression region located between the central
Caribbean and the Northern Andes regions. Most of the
rainfall in these areas is driven by orography and convec-
tion, which tends to be deeper where land-atmosphere
interactions occur. For example, the warm rainfall in the
Eastern and the Western piedmonts of the Andes is the
result of the orographic uplift of the CLLJ and CAO, and
the Choco low-level jets, which bring the moisture from
the Amazon Basin and the Pacific Ocean, respectively
(Poveda et al., 2014; Bedoya-Soto et al., 2019). Over these
slopes, 3B43 V7 exhibits a significant underestimation
(Figure 3m,r,u) that can be attributed to the well-docu-
mented limitations of the PR to capture the rainfall rates
of intense convective warm precipitation (Iguchi
et al., 2000; Dinku et al., 2010b; Condom et al., 2011; Ras-
mussen et al., 2013; Mantas et al., 2015; Erazo et al., 2018).
However, it is remarkable that the underestimation is
much more significant in the Western piedmont than in
the Eastern piedmont. This is because the convective
clouds are higher in the Pacific region and the VIRS,
which provides information of cloud-top height, has a
better performance correlating the low-level short con-
vection with the ground precipitation (Erazo et al., 2018).
These difficulties of the sensors with the deep convection
may be the main reason for the exceptionally high scores
of the error metrics in the Pacific region.

On the other hand, mountainous regions are espe-
cially challenging for remote precipitation measure-
ments. Even though the Central Andes and the two
adjacent inter-Andean valleys have an annual average
rainfall of less than 1,500 mm and a bimodal annual
cycle, there are overestimation errors over the inter-
Andean valleys and underestimation errors over the top
of the Central Range of the Andean Mountains. This
behavior can be understood considering that the TMPA
algorithm estimates rainfall through an inverse approach
from the brightness temperature at the cloud top
(Levizzani et al., 2002). The presence of complex topogra-
phy affects the processing scheme of microwave and IR
data seen from space, which are strongly dependent on
the surface type (Mitzler and Standley, 2000; Scheel
et al., 2011; Mantas et al., 2015). The highly heteroge-
neous terrain with varying brightness temperatures over
the Andes causes a strong scattering of the electromag-
netic waves emitted by the PR, which constitutes a large
source of error for rainfall estimations (Mourre et al., 2015;
Satgé et al., 2016). Moreover, rain retrieval algorithms
misidentify cold surfaces and ice cover over the

mountain-tops of the Colombian Andes as raining
clouds, contributing to the overestimation errors (Dinku
et al., 2010a).

However, the accuracy of satellite estimates also
depends on the skill of the sensors to capture the fre-
quency of different precipitation intensities (Tian
et al., 2010; Chen et al., 2013b). Our results show that the
overall underestimation (overestimation) observed over
the Andes (Pacific) region can be primarily attributed to
the inability to detect very frequent light rainfall events
and less frequent but very heavy storms. Underestimation
of large precipitation rates frequencies has also been
observed in the Peruvian Andes, the Continental United
States and mountainous regions of China (Yong
et al.,, 2010; Chen et al., 2013a; Mantas et al., 2015).
Underestimation of light rainfall frequencies has also
been reported in semiarid basins and mountainous
regions of China (Yong et al., 2010; Chen et al., 2013a).
These difficulties to detect the occurrence of precipitation
events have been attributed to the discrete sampling and
the small swath width of PR that cause the light and
heavy rainfall of short duration to be missed from space
(Condom et al., 2011).

Finally, the magnitude of the errors is also related to
the discrete temporal sampling of satellite instruments
and the scale differences between precipitation data sets
used for validation. Many theoretical studies have shown
that there are errors ranging from +8% to +12% in the
monthly estimations due to the discrete temporal sam-
pling (Shin and North, 1988; North and Nakamoto, 1989;
Bell et al., 1990). Also, Yong et al. (2010) reported that
when gridded products are directly compared with point-
scale gauged data, the spatial-scale differences contribute
to the evaluation errors.

5.2 | Related approaches in the
literature

A large number of studies have been carried out to vali-
date TMPA products, especially in places with complex
topography or in regions under the influence of the same
macro climatic features of Colombia. See Table 3 for a
review of the most relevant ones, which have validated
precipitation estimates using the same error metrics con-
sidered in this paper, at the same temporal resolution. If
a seasonal or regional validation was performed, the
worst score of the metric is reported for comparative pur-
poses. All these previous studies have concluded that the
temporal variability of mean rainfall is properly captured
by the TRMM satellite products. This is, the phase of the
annual cycle coincides since the wet and dry months are
the same, both in the rain gauges and the satellite
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TABLE 4

Metrics' scores obtained for the seasonal and regional validation of 3B43 V7 precipitation estimates, using only the pixels

with assimilated IDEAM rain gauges of the Andes and Caribbean regions

Season
JJA
SON
DJF
MAM
JJA
SON
DJF
MAM
JJA
SON
DJF
MAM
JJA
SON
DJF
MAM
JJA
SON
DJF
MAM
JJA
SON
DJF
MAM

Metric

KSRR (%)

Spearman (p)

RMSE (mm-month ™)

ME (mm-month ™)

MAE (mm-month™")

BIAS (%)

Note: All the reported values of p are significant at a level @ = .05.

databases. However, the rainfall amounts are under-
estimated (overestimated) during dry (wet) seasons. Also,
the dependence of the performance on precipitation
intensity was observed everywhere, with overestimation
(underestimation) of heavy (light) rainfall events. Like all
the previous studies in South America, our results report
underestimation errors along the South American Pacific
coast, whereas overestimation over the Andes and better
performance on the Amazon rainforest. When compared
to studies in mountainous regions, there is a persistent
result of better performance at low elevations. However,
in terms of the metrics' scores, in Colombia the 3B43 V7
product reaches the lowest p and the highest RMSE, and
arguably the worst performance of the entire globe. In
the Colombian Pacific coast, the RMSE is greater than
253.52 mm-month™" and p is less than 0.72. In the
Colombian Andes, the RMSE is higher than
83.59 mm-month™" and p is lower than 0.73. These bad
scores can be attributed to the special physical and

Andes n = 106 Caribbean n = 19

80.19 68.42
74.53 63.16
60.38 36.84
74.53 36.84

0.71 0.74

0.72 0.63

0.75 0.80

0.68 0.84
95.62 71.64
92.24 7547
71.41 34.48
92.92 53.17
21.98 16.71
25.25 591
18.34 2.95
24.44 10.32
71.24 54.28
70.13 58.68
50.22 21.59
71.39 39.15
15.64 9.45
13.11 2.98
15.90 7.09
12.49 8.34

climatic characteristics of the country, namely, the
greater complexity of the topography over the Colombian
Andes caused by the branching of the mountain range
and the aforementioned exceptionally high rainfall
regime of the Colombian Pacific region.

5.3 | Non-independent pixels validation

Table 4 reports the scores of the error metrics (Table 1)
for 3B43 V7 pixels with assimilated IDEAM rain gauges,
over the Andes and Caribbean regions, where most of
such pixels are located. The improvement in p, RMSE
and MAE score is evident. However, the increase of ME
and BIAS score implies a greater overestimation over the
non-independent pixels. These results indicate that in the
non-assimilated rain gauges of the Andes and Caribbean
regions, the bias correction with GPCC gauge analysis
decreases the standard deviation of the errors due to a
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magnitude reduction of the large biases in the precipita-
tion estimates, albeit no improvement is observed in the
estimation of the mean rainfall rate, which was
expected given the high spatial variability of the pre-
cipitation. In terms of the rejection rate of the KS test,
over the non-independent pixels of the Amazon and
Caribbean regions, the bias correction with GPCC
gauge analysis improves the estimation of the shape
but increases the bias in the location of the distribu-
tion function of rainfall rates, which results in worse
scores for the KSRR metric.

6 | CONCLUSIONS

In this study, we have validated precipitation estimates of
the 3B43 V7 satellite product with respect to in situ mea-
surements of monthly rainfall at 1180 rain gauges over
Colombia, at monthly and seasonal timescales, during
the 1998-2015 period. The principal findings are summa-
rized as follows:

1 The 3B43 V7 satellite product is able to capture the
phase of the annual cycle of mean precipitation at
monthly resolution, both for unimodal or bimodal
regimes over the five major regions of Colombia.
However, regarding the amplitude, we identified sig-
nificant discrepancies, with persistent spatial and
temporal patterns that seem to be strongly related to
the topography and climatology of each region of
the country. In general, underestimation (over-
estimation) errors have been found in the rainiest
(driest) areas of the country, whit considerable mag-
nitudes over the Andes (Pacific) region. The discrep-
ancies between satellite estimates and gauged data
are larger at the highest elevations over the Andes
region and tend to decrease reaching a notable
agreement over the low-lying and mostly plain Ori-
noco and Amazon regions.

2 The temporal discrete sampling technique and the
small swath width of some instruments on board
TRMM satellite have caused difficulties to detect the
occurrence of short-duration precipitation events. In
particular, we have found that 3B43 V7 product misses
very frequent light rainfall events and less frequent but
very heavy storms, which contribute to the overall
underestimation (overestimation) observed over the
Andes (Pacific) region.

3 Due to the assimilation of gauge information at
monthly timescale during the processing of 3B43 V7,
temporal patterns in the metrics' scores exhibit the
same seasonality of the annual cycle of mean precipita-
tion of each region. In general, the performance of the

of Climatology

satellite product over Colombia gets worsened
(improved) during the wet (dry) seasons.

4 These spatial and temporal patterns have been
reported over regions all around the globe, where the
climatic or topographic features are similar to Colom-
bia. However, in terms of the metrics' scores, over
Colombia 3B43 V7 exhibits the worst performance.
This can be attributed mainly to the greater complexity
of the Colombian Andes caused by the three branches
of the mountain range and the exceptionally high rain-
fall regime in the Colombian Pacific region. This par-
ticular coexistence of very especial topographic and
climatic features amplifies the well-documented limi-
tations of VIRS and PR when sensing intense convec-
tive warm precipitation caused by complex land-
atmosphere interactions over highly heterogeneous
terrain.

5 The error characteristics identified and quantified in
this study will have significant implications for hydro-
logical applications and techniques of remote rainfall
sensing. Our results suggest that the gauge-based bias-
correction of the research quality version products of
TMPA V7 is not sufficient to assess the well-docu-
mented limitations of the sensors used to estimate pre-
cipitation from space. Not even when a dense network
of gauged data is assimilated to produce monthly scale
estimates, as in the case of 3B43 V7 product over
Colombia. Our findings constitute a warning about the
major challenges faced when complex climatic and
physiographic features are present in the same area
and can contribute to improving the algorithms of
future rainfall missions
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