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Six different satellite rainfall estimates are evaluated for a 24-hour accumulation period at 12 UTC with a
0.25 degree resolution. The rain gauge data are obtained from a dense inter-institutional station network for De-
cember 1, 2008 to November 30, 2010 over South America. The evaluated satellite rainfall products are the Trop-
ical Rainfall Measuring Mission 3B42 V6, V7 and RT, the NOAA/Climate Prediction Center Morphing technique
(CMORPH), Hydroestimator (HYDRO) and the Combined Scheme algorithm (CoSch). The validation and inter-
comparison of these products are focused on southern South America. The performance improves in the “blend-
ed” estimates by includingmicrowave observations and surface observations in the adjustments, i.e., 3B42V6, V7
and CoSch; however, large overestimations are detectable in CMORPH, principally for extreme values over plains
areas. The estimates based on parameters associated with infrared images only (HYDRO) underestimate precip-
itation south of 20° S and tend to overestimate the warm precipitation to the north. The inclusion of observed
precipitation data is convenient from monthly (3B42 V7 and V6) to daily scales (CoSch) and improves the esti-
mates. The estimates that include microwave observations show a strong tendency to overestimate extreme
values of precipitation over 70mm. This effect is strongly evident in northern and central Argentina and southern
Brazil. A deeper assessment is necessary, particularly over the Central Andes, where effects of topography prin-
cipally associated with solid precipitation correspond to the persistence of majorly overestimated precipitation.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Precipitation plays a fundamental role in regulating the climate
system. The knowledge of the areas where precipitation occurs en-
ables management of water resources, the prevention of natural di-
sasters and, consequently, better developed human activities. For
this reason, accurate precipitation measurements provide important
information for decision making by multiple users (Kucera et al.,
2013).

Precipitationmeasurement is a major challenge due to the high spa-
tial and temporal variability. The knowledge of the structure of precipi-
tation requires observing networkswith very high spatial and temporal
resolutions, which are difficult to implement in areas covered by de-
serts, mountains, and oceans and in large areas with low population
densities. This issue also presents a challenge for developing countries
O UBA-FCEN/UMI3351-CNRS-
- 2° Piso Ciudad Universitaria
in South Americawhere themaintenance of these networks is extreme-
ly expensive.

Rain gauges are the principal source of direct precipitationmeasure-
ments in South America and are necessary for calibrating and validating
precipitation estimates obtained from indirectmeasurements – radar or
satellite – and numerical models. However, observations over South
America are insufficient and unevenly distributed. Their temporal reso-
lution is low, i.e., the accumulation periods are 24 hours or, occasionally,
6 hours.

The introduction of meteorological satellites in the 1970s made it
possible to perform hemispheric observations of cloudiness. This en-
couraged scientific research onmultiple satellite-based remote sens-
ing technique of meteorological variables. However, estimates of
precipitation based on radiometric observations are an ongoing chal-
lenge. The first techniques used visible (VI) and infrared (IR) wave-
length data to infer precipitation based on cloud reflectivity and
cloud top temperature, respectively (Arkin and Meisner, 1987;
Scofield and Kuligowski, 2003 and all of the papers cited therein).
Non-precipitating clouds with cold tops can be easily misinterpreted
as highly precipitating systems if IR data are used. However,
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precipitation is not necessarily associated with cold clouds; in some
cases, precipitation develops fromwarm and relatively low clouds as
observed in the development stage of deep convection and in tropi-
cal areas (Houze, 1994).

Introducing passive microwave (PM) measurements on satellite
platforms made it possible to develop algorithms that explain the in-
ternal structure of cloudiness based on the analysis of the attenua-
tion of the PM field generated by cloudiness. These algorithms
generally provide more accurate estimates of instantaneous precipi-
tation than the algorithms based on VI or IR data on the global scale
(Ebert et al., 1996; Smith et al., 1998; Ebert et al., 2007). However,
the advantage of using IR equipment onboard geostationary satel-
lites to generate precipitation estimates is the finer spatial and tem-
poral resolutions and nearly global coverage compared to the PM
observations of polar-orbiting satellites where only one image is re-
trieved every three hours from a large range of orbits of different
satellites.

Precipitation products derived from combining IR observations
(higher spatial and temporal resolution) with PM observations (high
quality), known as “blended techniques,” perform better in the global
context (Ebert et al., 2007). A large number of IR-PMalgorithmswas de-
veloped using different strategies to optimally include both estimates
(Huffman et al., 2001; Xu et al., 1999; Miller et al., 2001; Kidd et al.,
2003; Sorooshian et al., 2000; Kuligowski, 2002; Joyce et al., 2004)
and to consider surface information in the calibration procedure
(Huffman et al., 2007; Vila et al., 2009; Kidd and Levizzani, 2011). Anup-
dated list of the available estimations is presented in Table 2 in Tapiador
et al. (2012).

The performances of products over South America have recently
been assessed and present several challenges. South America, a re-
gion that experiences some of the most intense mesoscale convec-
tive systems (MCSs) on Earth (Zipser et al., 2006), has areas of
complex topography (i.e., the Andes cordillera), snow-covered sur-
faces, and heavy precipitation from warm clouds in areas such as
northeastern Brazil and the Amazon (Liu and Zipser, 2009). Su
et al. (2008) validated the daily TRMM Multi-satellite Precipitation
Analysis (3B42; Huffman et al., 2007) version 6 for La Plata Basin
and found that it performed well on the monthly scale and that per-
formance decreased on the daily scale, mainly at the highest precip-
itation thresholds. In addition, results of inputting 3B42 V6 data into
hydrological models show the ability of the method to capture
flood-related events and the seasonal and interannual variability
of river streamflow; thus, it is a potential tool for hydrological fore-
casting in the region. When verifying this method on the daily scale,
Ruiz (2009) found that although the CPC MORPHing Technique
(CMORPH; Joyce et al., 2004) captures precipitation events ade-
quately and despite the good relationship in the relative intensity
of each of those events, the technique tends to overestimate mean
precipitation over eastern Argentina, Uruguay and in the area close
to the border of Paraguay in Brazil. Vila et al. (2009) and Rozante
et al. (2010) assessed the performance of the Combined Scheme
(CoSch; Vila et al., 2009) for summer and winter estimates over
South America; De Vera and Terra (2012) applied a similar method-
ology for Central Uruguay. The results showed that over areas with a
high density of rain gauge observations, this technique is equivalent
to averaging rain gauge data over the available grid points, while in
areas where the observation network is coarser, the results are bet-
ter and indicate the potential of this product. Dinku et al. (2010a,
2010b) validated seven satellite precipitation estimates on daily
and 10-day time scales in an area of complex topography in
Colombia. The best results were obtained for the plains area in east-
ern Colombia, and the product performance was markedly worse on
the Pacific Coast. In this case, CMORPH performed well compared
with the other analyzed products.

The previously described examples show that progress is needed
to determine the quality of these products for South America and to
provide an adequate evaluation for different users. The studies men-
tioned explore individual estimates for an area of interest, but a thor-
ough study assessing the performance of multiple estimates using
high spatial density rain gauge networks is lacking over these
areas. This study focuses on assessing the performance of satellite
rainfall estimates available over the area, particularly southern
South America, by validating the data using available 24-hour infor-
mation over a dense rain gauge network. The data and methodology
are described in Section 2. The results of the product intercompari-
son are presented in Section 3. Lastly, the discussion and conclusions
are provided in Section 4.

2. Data and methodology

2.1. Rain gauge information

The present study was conducted over a period of 2 years, from
December 1, 2008 to November 30, 2010. The period was selected
based on the availability of rain gauge information. An extensive
rain gauge network that covers Argentina, Bolivia, Brazil, Chile,
Paraguay, and Uruguay was used in this study. Fig. 1 shows the num-
ber of rain gauges available in 0.25° latitude by 0.25° longitude
boxes. A total of 5414 stations are available during the selected peri-
od. Data were interpolated to a 0.25° resolution grid by averaging the
available data over each 0.25° × 0.25° area and assigning the mean
value to the center of the grid. This methodology had been applied
by Liebmann and Allured (2005). The methods used to grid the ob-
servations for matching rain gauge and satellite data have several
problems, and many studies show that there is no single algorithm
outperformance in all conditions (Ebert et al., 2007; Porcu et al.,
2014). In areas with not equally distributed and sparse rain gauges,
the different rain gauge analysis will provide similar results. In this
case, data were interpolated to a 0.25° resolution grid by averaging
the available data over each 0.25° × 0.25° area and assigning the
mean value to the center of the grid. This methodology had been ap-
plied by Liebmann and Allured (2005), who obtained good results for
the region. In the same way, DeMaria et al. (2011) indicated that the
impact of the interpolation method does not have an effect on the re-
sults of a similar study over southeastern South America. The avail-
able network is unevenly distributed over 3881 grid points. To
achieve the most representative and consistent data for verification,
only grid points that have information for at least 70% of the days
were taken into account.

It is important to emphasize that the observation network used in
this study is composed of numerous networks that are not available
in real time to any of the institutions in charge of adjusting precipita-
tion estimates; thus, this database is the subject of a major assess-
ment. In turn, for a correct validation, data retrieved from the
Global Telecommunication System were excluded from the data
set. This study considers 24-hour accumulated precipitation at 12
UTC.

Data were provided by the following institutions: Dirección Gen-
eral de Aguas — Chile, Servicio Meteorológico Nacional — Argentina;
Administración Provincial del Agua — Chaco, Argentina;
Subsecretaría de Recursos Hídricos de la Nación — Argentina;
Universidad de La Punta — San Luis, Argentina; Autoridad
Interjurisdiccional del Agua — Neuquén, Argentina; Instituto
Nacional de Tecnología Agropecuaria — Argentina; Bolsa de
Cereales — Argentina; Dirección Nacional de Meteorología —

Uruguay; Dirección de Meteorología e Hidrología — Dirección
Nacional de Aeronáutica Civil — Paraguay; Comisión Técnica Mixta
Salto Grande; Centro de Previsão de Tempo e Estudos Climáticos —
Brazil; National Oceanic and Atmospheric Administration — USA.

At the database development stage, a thorough quality control
was performed on the observations; it mainly consisted of analyses
of extremes, contiguous values and days without precipitation.



Fig. 1. Available observational network interpolated to a 25 km resolution grid over South America; gray areas indicate that more than 70% of the information is available in the selected
period. Shading denotes the number of stations available in the 0.25 degree grid box. Countries and geographical areas mentioned in the text are also shown. The regions considered are
southern South America (SA), northeastern Argentina (NE), Central Argentina and Uruguay (CE), Central Andes (CA), and southern Brazil (SB).
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Extreme events were analyzed on a case-by-case basis to identify in-
correct data. Days with no precipitation records in the observed or
estimated grids were not considered in the sample.

2.2. Precipitation estimates

Four of the available satellite-derived precipitation estimates
products using microwave fields were analyzed in this study:
CMORPH, 3B42 in its operational version RT, and versions 6 (3B42
V6) and 7 (3B42 V7). All estimations have 0.25° spatial resolutions
and 3-hour temporal resolutions. There are methodological differ-
ences among the mentioned algorithms. CMORPH uses infrared
measurements from geostationary satellites to estimate the motion
of cloud systems, while 3B42 RT compares IR and microwave fields
and adjusts the accumulated precipitation field. The 3B42 V6 algo-
rithm combines all available microwave estimates through the “his-
togrammatching” technique, converts the brightness temperature of
the infrared channel into precipitation rates based on calibrated mi-
crowave data, and obtains calibration curves frommonthly observed
precipitation data to recalculate 3-hourly accumulated data on the
grid to obtain instantaneous precipitation rates. Improvements
were introduced to the 3B42 V7 algorithm, specifically, the consider-
ation of microwave moisture soundings and uniformly reprocessed
input data (Huffman and Bolvin, 2013). The consideration of the
3B42RT algorithm is essential due to its important role for operation-
al activities in the region. The Combined Scheme (CoSch) following
the technique proposed by Vila et al. (2009) is also used in the inter-
comparison of 24-hour accumulated data at 12UTC. CoSch adjusts
3B42 RT data with ground observations available through the Global
Telecommunication System and other regional networks with 24-
hour accumulated data using a technique to remove the bias be-
tween observed and estimated data. Hydroestimator (HYDRO; Vila
et al., 2002; Scofield and Kuligowski, 2003) is one of the estimates
based on brightness temperature from 4th channel retrieved from
geostationary orbit satellites and correction factors from numerical
model information. Due to the rapid updates of IR information from
geostationary satellites, including values valid at operating times,
HYDRO is widely used in the region. The version used in this study
is available from the Centro de Previsão de Tempo e Estudos
Climáticos — Brazil; the data are available every 30 minutes with a
spatial resolution 4 km. The most recent version of this algorithm
over South America uses the CPTEC/ETA Regional Model output to
improve the performance of this technique; precipitable water be-
tween the surface and 500 hPa is used for adjusting the power-law
relation between cloud-top temperature and precipitation rates,
while surface relative humidity is applied for adjusting the final
rain rates. These adjustments decrease rainfall rates in very dry envi-
ronments and increase them in very moist environments. Low-level
winds and a digital elevation model are also used for improving rain-
fall over complex terrain (Vila et al., 2002; Vicente et al., 2001).

Taking into account the spatial resolutions of the different esti-
mates and the rain-gauge network available for the present work, a
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resolution of 0.25° is used for all estimates. This resolution is detri-
mental to some estimates with higher resolutions, but most of the
areas have only one station in the 0.25° grid box (Fig. 1) and a valida-
tion with higher resolution is not suitable.

2.3. Intercomparison methodology

The validation of satellite-derived precipitation estimates was
mainly focused on the subtropical region of South America, which
encompasses a wide range of precipitation regimes. Therefore, to
take into account the different regimes within the region, the do-
main was divided into homogeneous areas in terms of density of ob-
servations and climate conditions (Fig. 1). Moreover, the differences
that arise between warm and cold seasons must also be considered.
During winter, the precipitation over large areas of subtropical
South America is associated with the passage of weather systems,
while the summer precipitation maintains a convective nature. A
more suitable verification can be achieved by dividing the domain
into seasons and regions according to their climate regimes.

The analysis considers a vast area in South America south of 20° S
(SA) and four subregions within SA with different characteristics in
terms of the amount, intensity and duration of precipitation: north-
eastern Argentina (NE), southeastern Brazil (SB), central-eastern
Argentina and Uruguay (CE), and the complex topographical region
of the Central Andes (CA). A humid subtropical climate dominates
in NE and SB and is characterized by warm and rainy summers and
winters with frequent intrusions of polar fronts and the passage of
Fig. 2.Mean 24-hour accumulated precipitation (mm) from
weather systems. The area is divided into two sections, given that
precipitation data are much denser in SB. Fig. 2 shows the annual
24-hour accumulated precipitation in which SB exhibits a peak that
does not extend to NE. The region called CE has a humid subtropical
climate in the east and a mid-latitude dry continental climate in the
west; tropical continental air is present in summer and polar conti-
nental air is present in winter. The peak precipitation south of the
Central Andes (CA) mainly occurs in winter. A more complete de-
scription of the climate and precipitation regimes of each region is
provided by Strahler (1969) and Schwerdtfeger (1976).

The verification was performed annually and seasonally using the
root mean square error, which provides a measure of the mean value
of estimate errors; the bias represents the systematic error of the esti-
mates. Both statistics were normalized by the daily precipitation rate
of the analyzed period to achieve comparable values for different sea-
sons and regions following the methodology used by Su et al. (2008).
The normalized root mean square error (NRMSE), the percent bias
(BIAS%) and the correlation coefficient (CORR) are defined as follows:

NRMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼1

Pe−Poð Þ2

NXN
i¼1

Po

N

vuuuuuuuuuuut
ð1Þ
the available observational network over South America.



Fig. 3.Mean 24-hour accumulated precipitation (mm) in the study period of the different precipitation estimations considered in the present study. Ocean areas were masked.
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BIAS% ¼
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CORR ¼
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� �2

vuut
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ð3Þ

where Pe and Po are the estimated and observed precipitation, respec-
tively, and N is the sum of grid points that were considered in the anal-
ysis of the corresponding period. The overline indicates the sample
mean.

Categorical statistics, such as bias score (BIASS), equitable threat
score (ETS), probability of detection (POD) and false alarms (FAR) are
used for determining the quality of the estimates at the different precip-
itation intervals. These statistics are defined as follows:

BIASS ¼ H þ F
H þM

ð4Þ
ETS ¼
H− H þMð Þ H þ Fð Þ

N

H þM þ F− H þMð Þ H þ Fð Þ
N

ð5Þ

POD ¼ H
H þM

ð6Þ

FAR ¼ F
H þ F

ð7Þ

where a hit (H) corresponds to a precipitation value observed and
estimated above a threshold, a miss (M) corresponds to precipitation
observed above a threshold but estimated below and a false alarm
(F) corresponds to precipitation estimated above a threshold but ob-
served below. BIASS measures the relationship between frequencies
of an estimated event regarding frequencies of an observed event,
the perfect value is 1. POD describes howmany events were estimat-
ed correctly, the perfect value is 1. FAR complements the POD as it
measures what fraction of an estimated events did not actually
occur, perfect value is 0. ETS measures the fraction of observed
and/or estimated events that were correctly predicted considering
different thresholds. Multiple precipitation thresholds have been
considered to calculate the statistics: 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10,
12, 15, 20, 30 and 50 mm.



Fig. 4. Absolute frequency of events is showed in a two-dimensional histograms of 24-hour accumulated precipitation of observations vs. precipitation estimates over the whole grid in
South America.
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The statistics were analyzed within the areas previously described
for the entire period under study. Box plots for those statistics were
also plotted to assess similarities between the distributions of estimates
and observations in terms of symmetry and dispersion for the purpose
of determining the existence of extreme values (Ebert et al., 2007;
Sapiano and Arkin, 2009).

In addition, the probability distribution of precipitation volumes
(PDF, Amitai et al., 2012) was calculated for the different regions. PDF
(Eq. (8)) considers the relative contribution of each precipitation inter-
val to the total precipitation volume.

PDF Rið Þ ¼

ZRiþ0:5

Ri−05

R P Rð Þ dR

Z∞

0

R P Rð Þ dR

ð8Þ

where R represents the amount of rainfall inmmand P is the rainfall de-
tection probability. These PDFs have the advantage of being less sensi-
tive to limitations in detecting weak precipitation (associated with a
small fraction of the total precipitation) compared with PDFs of occur-
rence and are good for comparing surface observations with estimates
derived from algorithms and instruments with different detection
limits.
3. Results

3.1. Spatial analysis

To perform a preliminary qualitative analysis and identify the re-
gions with maximum and minimum precipitation in South America,
Fig. 3 presents the mean 24-hour accumulated precipitation calculated
by the different estimates.

Based on a comparison with Fig. 2, the estimates are able to iden-
tify the regions of maximum and minimum observed precipitation.
Two peak areas with daily rates above 6 mm/day are observed
near the equator and in southeastern Brazil. All data overestimate
the peak in the equatorial region. Estimates that are not corrected
by observations present greater overestimations. The peak in South-
east Brazil is also overestimated, except that of HYDRO, which un-
derestimates the precipitation rate over that region and over
central-eastern Argentina. A smaller peak is observed over the
Andes between 38° and 42° S. None of the estimates represents
this peak; HYDRO is the only estimate that represents the peak,
but it is weak.

The two-dimensional histograms displayed in Fig. 4 better depict
the different estimates over the whole domain. CoSch, 3B42 V6 and
7 are clustered more closely about the 1:1 line, which is evident in
the high correlation coefficient obtained by these estimates.
HYDRO shows a strong tendency to overestimate values higher
than 4 mm; this tendency is also present in 3B42 RT, but the signal
is lower. All estimations show a tendency to overestimate small
values.



Fig. 5. BIAS% calculated for the study period of the different precipitation estimations considered in the present study.
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To perform a quantitative spatial analysis of the deviations over
the entire study region, spatial BIAS% maps were plotted (Fig. 5).
For these fields, the BIAS% was calculated at the grid points with ob-
servations. The greatest biases appear in central and northern
Argentina, where all of the estimates overestimate precipitation
with BIAS% values above 50%. HYDRO presents completely opposite
behavior and underestimates the precipitation of the whole region
south of 20° S.

In general, CoSch performs better; the behaviors of 3B42 RT, V6 and
V7 are similar, with greater BIAS% in those areaswhere CoSch fails. Ver-
sions 6 and 7 are able to improve the operational estimate usingmonth-
ly precipitation observations calibrations. CoSch, considering a daily
calibration, was able to improve a major overestimation that 3B42
RT maintains in southeastern Brazil. CMORPH presents the greatest
positive BIAS% values over central and northeastern Argentina and
indicates that precipitation is largely overestimated, which is also
seen in northern and northwestern Brazil. In southeastern Brazil,
the result is opposite, i.e., underestimations are produced. Lastly,
HYDRO behaves differently to the south and north of the band be-
tween 25° S and 20° S; major precipitation underestimates occur in
the subtropical area and positive BIAS% occurs over nearly the entire
tropical region, except southeastern and eastern Brazil where the es-
timates remain below the observed precipitation. Unfortunately, the
area associated with the maximum occurrence of large MCS (Salio
et al., 2007; Zipser et al., 2006; Liu and Zipser, 2009) is centered at
approximately 28° S–58° W, where the observation network density
is low. However, there is a tendency of overestimation by all of the
estimates, except HYDRO, where underestimation becomes evident
in the surrounding area.

At the grid points located in the Central Andes region, all of the
estimates show negative BIAS% over the windward mountain slopes;
HYDRO, Cosch and 3B42 V7 perform better. These results are similar
to those obtained by Ebert et al. (2007) and Gochis et al. (2009) for
the Rocky Mountains. In any case, one has to consider that in com-
plex mountainous areas, precipitation estimate errors may be relat-
ed to the evaporation of precipitation before it reaches the surface
and to errors associated with the difficulty of microwave algorithms
in estimating precipitation over surfaces covered by snow (Ebert
et al., 2007).

The precipitation regime in this area is extremely different be-
tween summer and winter; for this reason, Figs. 6 and 7 show the
BIAS% in CA for austral summer and winter, respectively. Fig. 2
shows that the precipitation peak over this area occurs at approxi-
mately 40° S–72° W. The peak corresponds to winter, and it extends
northward during this season; however, when the peak is near 35° S,
the annual accumulated precipitation is below 100mm and is mainly



Fig. 6. BIAS% calculated over the Central Andes for austral summer (December–January–February) by the different precipitation estimations considered in the present study.
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caused by incoming cold fronts and occasional rain episodes below
the freezing level (Garreaud, 2013). The high mountain area has a
marked snow regimewith an important winter component. Unfortu-
nately, no data are available above 3500m that allow for observation
of this cycle, but operational stations will be installed in the high
mountains areas in the coming years. In contrast, leeward of the
Andes, precipitation is restricted to summer and is associated with
storms (García-Ortega et al., 2009; De la Torre et al., 2004). Estimate
performance over this area is low because it is very difficult for algo-
rithms to capture the presence of snow or the warm storms below
the freezing level. This poses a major challenge to the development
of new algorithms over mountainous areas and may be addressed
by future satellite constellations, such as the Global Precipitation
Measurement Mission — GPM.

Although CMORPH underestimates precipitation on the annual
scale, when precipitation tends to have a convective nature and oc-
curs leeward of the Andes in summer, it fails by overestimating
values. The algorithms associated with 3B42 (RT, V6, V7 and
CoSch) present accurate results for the area leeward of the Andes
in summer, and the performance of the algorithms that include sur-
face stations is better. In winter, 3B42 V7 tends to underestimate
precipitation in areas close to the coast and overestimate precipita-
tion in the high mountains. This behavior is notable between 32° S
and 35° S, which evidence the modifications introduced to the algo-
rithm in this version. For different regions of the world, research has
been conducted to evaluate rainfall satellite estimates in mountain-
ous regions. The complex terrain represents an additional challenge
for estimates and results in the worst performances in these regions
(Dinku et al., 2007, 2010a, 2010b; Hirpa et al., 2010; Habib et al.,
2012).

3.2. Statistical analysis by region

As mentioned previously, the performance of precipitation esti-
mates varies across regions and seasons. Therefore, statistics – which
depend on the number of precipitation events, their genesis and inten-
sity –were calculated for the regions described in Section 2. In general,
the precipitation rate over South America is greater during the warm
seasons, summer (DJF) and spring (SON). In the area located south of
40° S and in Central Chile, winter is the rainy season (JJA) and estimates
generally underestimate the amount of rainfall that occurs during those
months. Autumn (MAM) is a transition season in all of the selected
areas.

Fig. 8 shows the NRMSE and BIAS% in box SA considering the dif-
ferent seasons. The performance of the estimates depends on the
season, which indicates the need for considering the different



Fig. 7. BIAS% calculated over the Central Andes for austral winter (June–July–August) by the different precipitation estimations considered in the present study.
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precipitation regimes when performing the analysis. Region SA
shows an increase in the errors in the season with less precipitation.
The BIAS% of estimates of CoSch, 3B42 V6, 3B42 V7, 3B42 RT and
CMORPH shows an overestimation of precipitation; extreme BIAS%
corresponds to CMORPH, which is in agreement with previous re-
sults, although estimates have negative bias in winter. On the other
hand, the bias of HYDRO is negative throughout the year. Estimations
associated with IR data, which is HYDRO in the present study, show a
persistent negative bias for the total precipitation over the area and
may be due to the method's reliance on cloud top temperatures. In
the current version, all cloud systems with temperatures above
241 K have no associated rain, while some stratiform rainfall in this
region is associated with higher cloud top temperatures. On the
other hand, the maximum rainfall value is also capped at 35 mm/h
for heavy rain systems (i.e., MCSs). These limitations produce under-
estimations all year.

Fig. 9 shows the box plots for BIAS% in the study period in region
SA. The analysis of the mean values reveals that 3B42 V6, V7 and RT
estimates, as well as CMORPH, produce positive values when the
entire time interval is considered; CMORPH and RT yield higher
overestimates of precipitation, which are in agreement with previ-
ous results. In turn, CoSch produces the best precipitation esti-
mates in the region with a BIAS% closer to zero, a symmetrical
distribution and low dispersion; in addition, the absolute values
of the atypical values are not as large, unlike CMORPH. In HYDRO
estimates, both the mean and the median indicate that this method
underestimates rainfall over SA; in addition, the distribution of ex-
tremes is biased towards negative values. On the other hand, scat-
tering and extreme values (i.e., distinct differences) are smaller in
3B42 V7 than in RT.

Focusing on the results obtained for the entire study period and
the SA region, Fig. 10 assesses the quality of precipitation estimates
based on the BIASS, ETS, POD and FAR indices as a function of the se-
lected thresholds. In this region, the BIASS is greater than one at low
thresholds for all of the estimates, except HYDRO, and indicates that
they overestimate weak precipitation events. Then, for moderate
precipitation events – thresholds of 5–20 mm – the bias of all esti-
mates is close to one, while HYDRO underestimates precipitation
to a larger degree with an increasing precipitation threshold. Lastly,
at high thresholds, both CMORPH and all of the versions of 3B42
considerably overestimate precipitation. CoSch achieves a better
performance at all thresholds after the correction with surface ob-
servations is introduced, as described above. Notably, of the opera-
tional precipitation estimates available (3B42 RT, CMORPH and
HYDRO), 3B42 RT provides a better result for this index, which is a
measure of systematic errors of the estimates.



Fig. 8. a) Normalized root mean square error and b) BIAS% calculated for the different seasons in southern South America (SA). DJF stands for December, January and February, MAM is
March, April and May, JJA is June, July and August and SON is September, October and November.
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The analysis of ETS adds sensitivity to errors associated with the
location and the timing of precipitation systems considering the ran-
dom chance of success. Again, CoSch performs better relative to the
other estimates, mainly at low thresholds, and reaches a value slight-
ly higher than 0.4 for the 2 mm threshold. The spatial and temporal
performances of estimates worsen with increasing thresholds and
indicate the limitations in the accuracy of estimates of extreme pre-
cipitation events. In turn, the worst result associated with this index
is produced by HYDRO, and the remaining estimates have similar in-
termediate behaviors.
Again, the POD and FAR indices (Fig. 10c and d, respectively) show
that CoSch is more capable of detecting precipitation over the study re-
gion. CoSch also presents a low proportion of false alarms compared
with other estimates. HYDROperforms theworstwith a decreased qual-
ity in precipitating system detection and no marked difference in false
alarms. The strong dependence of the estimate ability on the precipita-
tion threshold is evident. For instance, in the case of CoSch, the de-
tection probability decreases from approximately 80% for low
thresholds to almost 40% for thresholds above 30 mm. In agreement,
the false alarm ratio increases with higher thresholds. An interesting



Fig. 9. Boxplot of BIAS% calculated for the different seasons over southern South America (SA). The circles show the mean over all grid points in the region obtained from daily accumu-
lations. Each box represents the 25th and 75th percentiles of the BIAS%, and the lines in themiddle of the box represent the median value (50th percentile). The “whiskers” extend to the
farthest outlying values that are no more than 1.5 times the interquartile range (difference between the 75th and 25th percentiles) away from the upper or lower limit of the box. The
crosses beyond the whiskers denote observed BIAS% values falling farther than 1.5 times the interquartile range from the upper or lower limit of the box.
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result is that CMORPH seems to perform better than 3B42 estimates
at low thresholds if only the POD index is analyzed. However, when
considering the results of the BIASS index, it is evident that although
it detects the precipitating systems, the amount of rain that is attrib-
uted to them is incorrect. Consequently, several indices providing
combined information need to be examined to achieve an adequate
verification.

To extend the result in the climatic areas, the PDFs were calculated
over the study period (Fig. 11). These probability functions indicate the
percentage of precipitation contributed to the total by each of the precip-
itation thresholds and make it possible to understand which threshold
contributes the most to the total precipitation in each region. Moreover,
Table 1 includes the ratio between the total estimated accumulated pre-
cipitation in the study period and the total observed accumulated pre-
cipitation. A ratio greater than 1 indicates that observations are
overestimated; when it is below 1, underestimates are produced. In
NE, SB and CE, there is clear overestimation by all versions of 3B42
and CMORPH at thresholds above 70 mm, while thresholds between
10 and 70 mm are underestimated. Similar results were found by
Demaria et al. (2011); using an object-based verification method, they
revealed the existence of systematic errors in 3B42 V6 and CMORPH
during MCSs events over the SB region.

On the other hand, the curves obtained from HYDRO and CoSch are
similar to the observations at all thresholds, although the analysis of
total precipitation in Table 1 reveals that HYDRO clearly underestimates
precipitation over the entire area, as shown previously.

The regime in CA is characterized by the presence of windward
precipitation, mainly snow, in Chile and in the high mountains in
winter. In summer, precipitation occurs mainly on the Argentinean
side where severe storms are able to produce precipitation and
large hail (Sanchez et al., 2011). All estimates tend to overestimate
small values and underestimate large values, except for those of
HYDRO whose behavior is opposite. All values underestimate the
total precipitation to a large degree in this region; CMORPH yields
the largest underestimations. Although these results show trends
of the estimates in areas of complex topography, a deeper under-
standing of the structure of precipitation over these areas, the condi-
tions that favor precipitation development and the type of
precipitation (solid or liquid) according to the season is needed.
The values in Table 1 show that CA is the area where changes intro-
duced in 3B42 V7 had the greatest impact; although it underesti-
mates the total precipitation, the behavior is better than that of V6
and RT.

Figs. 12 and 13 show the NRMSE and BIAS%, respectively, for the
different regions, similarly to Fig. 8 for SA. The NRMSE is always
greater in the season when the lowest precipitation rate is recorded.
As mentioned, SB and NE are highly affected by MCSs that mainly
occur in SON and DJF, a characteristic feature of the precipitation
regime. In winter, much less precipitation occurs, which is generally
associated with the presence of frontal systems with less convective
development (Siqueira and Toledo Machado, 2004). Unfortunately,
observational networks are very scarce on the eastern slope of the
Andes in northern Argentina and southern Bolivia. Despite being a
region of high interest in terms of the onset of convective systems
(Romatschke and Houze, 2013), it has not been studied separately
due to the lack of observations. The precipitation regimes in NE and
SB present very similar characteristics, although the winter dry sea-
son is more pronounced in NE. SB, which has the highest precipita-
tion rates, i.e., daily rates above 3 mm in all seasons, has the
smallest error estimates. The error in SB CoSch estimates decreases
markedly given the great number of observations used for adjusting
the estimate. Although in most cases CoSch yields the best results,
the error decrease is not as important in the other regions. The anal-
ysis of the BIAS reveals that all estimates perform better in SB. In NE,
all of the estimates overestimate precipitation, except HYDRO, which
has negative BIAS in all seasons. This shows that the estimates based
on parameters associated with IR underestimate precipitation; in-
clusion of microwave data improves the ability to capture convective
precipitation, although it generates large overestimations, as seen
with CMORPH.

Fig. 14 shows the BIAS% box plots for the different regions in South
America. The box plots for NE and SB show strongly contrasting results,
although the mean BIAS% indicates that precipitation is overestimated
in both cases. Overestimation is much larger in NE than in SB, mainly
by those estimates that were not calibrated with surface values (3B42
RT, CMORPH and HYDRO). However, themedian is near zero for almost
all cases in both regions. CoSch provides smaller extreme values in SB,
which is the area with the largest number of observations. CA presents
large errors, primarily in summer when precipitation is convective, but
large errors can be observed due to the presence of snow on the surface
of highmountains. Precipitation is underestimated throughout the year
in the region, as was shown in the previous section. Again, the 3B42 V7
BIAS% box plots reveal a reduction in the error dispersion. Although
progress has been made in characterizing estimates in the Central
Andes – an area of complex topography – more precipitation observa-
tions are needed at altitudes above 3500 m to validate the results.

In summer, the CE region may be affected by the onset of MCSs and
smaller spatial scale convection (Salio et al., 2007); however, in winter,
the region is strongly affected by frontal systems. The increase in the
error for winter is remarkable and is related to cold tops associated
with cold fronts that produce low precipitation, while in the warm sea-
son, the error decreases. Again, HYDRO underestimates precipitation,
while the rest of the estimates tend to overestimate precipitation. The
BIAS% boxplot shows that 3B42 V7 is able to reduce the interquartile
range compared with the other estimates, although the tendency for
overestimation persists.



Fig. 10. a) Bias score, b) equitable threat score, c) probability of detection and d) false alarm ratio for the different precipitation estimations over southern South America.
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4. Conclusions

Estimates of precipitation derived from remote sensors provide cru-
cial information in areas where observational networks are sparse and
irregular; these estimates are very useful for numerous users. Although
this study advances the assessment of such estimates, more ground ob-
servations undoubtedly are needed to establish an appropriate rain
gauge network in South America for time scales shorter than 24 hours.
Regional integration of existing networks in South American countries,
aswell as inter-institutional information exchange, needs to be fostered
to deliver real-time products to users. Developing and expanding a net-
work of hourly observations in the region is a priority given the scarcity
of operational radars. Progress is also needed in the region in the reali-
zation of intensive observation field experiments, such as those con-
ducted under the Global Precipitation Measurement Mission —

Ground Validation. The CHUVA experiments developed in various
places in Brazil are an example of these types of field experiments
(Machado et al., 2014).



Fig. 11. Distribution of rain volume probability for northeastern Argentina (NE, upper left panel), southern Brazil (SB, upper right panel), Central Andes (CA, lower left panel) and Central
Argentina and Uruguay (CE, lower right panel).
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The results analyzed in the present study indicate that the perfor-
mance of precipitation estimate products that includemicrowave infor-
mation is remarkable. The performance improves further by including
surface observations in the adjustments, as in 3B42 V6, V7 and CoSch.
However, a deeper assessment is necessary, particularly regarding the
effects of topography and solid-precipitation areas, in viewof thepersis-
tence of major overestimations of precipitation. Statistical results over
regions that are strongly affected by convective systems, such as north-
ern Argentina and southern Brazil, still showa tendency to overestimate
precipitation, principally for extreme values higher than 70mm. Blend-
ed techniques perform better for convective regimes around the globe,
but mesoscale convective systems in South America are associated
with large stratiform and convective areas that produce a significant
amount of precipitation; in these cases, overestimates occur. Further re-
searchmust be performed over the area to determine the origin of these
differences.
Table 1
Total volumetric precipitation accumulated during the entire study period in each selected regi
total observed precipitation. NE: northeastern Argentina, CE: Central Argentina and Uruguay, C

Pixels Obs CoSch CMORPH HY

NE 241 344 509 422 241 (1.23) 579 441 (1.68) 30
SB 766 2 151 295 2 195 848 (1.02) 2 459 468 (1.14) 1 9
CA 244 400 685 256 505 (0.64) 151 360 (0.38) 24
CE 522 726 841 910 221 (1.25) 1 062 695 (1.46) 61
HYDRO, which is associated with IR data, shows a persistent nega-
tive bias for total precipitation, possibly because thismethodology relies
on cloud top temperatures. In the current version, all cloud systems
with temperatures above 241 K have no associated rain, while some
stratiform rainfall in this region is associatedwith higher cloud top tem-
peratures. On the other hand, themaximum rainfall value is also capped
at 35 mm/h for heavy rain systems. These limitations produce underes-
timations all year.

These results show the importance of integrated multi-satellite
products that could combine MW and IR retrievals, tracking algo-
rithms and surface observation calibrations to provide real-time
products to different users in the area. Future work should focus on
different regimes that generate precipitation (warm or convective
regimes) to fully understand the discrepancies between the esti-
mates and to provide more insight into the physical reasons why
measurements differ.
on. Numbers in parentheses represent the ratio between total estimated precipitation and
A: Central Andes (CA) and SB: southern Brazil.

DRO 3B42 RT 3B42 V6 3B42 V7

0 401 (0.87) 480 696 (1.40) 425 194 (1.23) 422 649 (1.23)
06 844 (0.89) 2 382 971 (1.11) 2 351 075 (1.09) 2 346 715 (1.09)
9 649 (0.62) 205 778 (0.51) 207 909 (0.52) 297 007 (0.74)
7 761 (0.85) 1 019 338 (1.40) 926 732 (1.28) 869 842 (1.20)



Fig. 12.Normalized rootmean square error calculated for the different seasons in southern SouthAmerica. The regions considered are northeasternArgentina (NE, upper left panel), south-
ern Brazil (SB, upper right panel), Central Andes (CA, lower left panel) and Central Argentina and Uruguay (CE, lower right panel). DJF stands for December, January and February,MAM is
March, April and May, JJA is June, July and August and SON is September, October and November.
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