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[1] In an attempt to validate the Tropical Rainfall Measuring Mission (TRMM)
precipitation radar (PR) over Brazil, TRMM PR estimates are compared with rain gauge
station data from Agéncia Nacional de Energia Elétrica (ANEEL). The analysis is
conducted on a seasonal basis and considers five geographic regions with

different precipitation regimes. The results showed that TRMM PR seasonal rainfall is
well correlated with ANEEL rainfall (correlation coefficients are significant

at the 99% confidence level) over most of Brazil. The random and systematic errors of
TRMM PR are sensitive to seasonal and regional differences. During December to
February and March to May, TRMM PR rainfall is reliable over Brazil. In June to August
(September to November) TRMM PR estimates are only reliable in the Amazonian

and southern (Amazonian and southeastern) regions. In the other regions the relative RMS
errors are larger than 50%, indicating that the random errors are high.
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1. Introduction

[2] Seasonal and interannual climate variability in the
tropics is mainly determined by the precipitation variability.
Brazil is a vast country of continental dimensions with
various regimes of precipitation. The northwest of the
Amazon basin is characterized by high precipitation rates
(of the order of 3000 mm a~'); abundant rain occurs along
the coastline of the easternmost part of Brazil (2000 mm
a~ '), while some parts of the northeast region receive
meager precipitation, including the region known as the
“drought polygon”, where the annual precipitation can be
lower than 400 mm a~'. The prevailing regimes in southern
and southeastern Brazil exhibit a large spatial variability.
Precipitation in Brazil also shows a temporal variability,
with different rainy seasons for different regions [Rao
and Hada, 1990]. These general characteristics are well
documented by various textbooks on climatology [e.g.,
Trewartha, 1961; Ratisbona, 1976; Hastenrath, 1991].

[3] Precipitation variability has a great impact on
agricultural productivity and water and energy resources.
A Dbetter knowledge of climate and climate variability is
essential to improve climate prediction as well as to give
important information to minimize the impact of adverse
climate conditions. There are some studies on climate
variability over Brazil that attempt to understand its
effects on precipitation regimes. For this purpose reliable
information on precipitation is required. The lack of
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reliable information about rainfall over Brazil is due to
the absence of a dense rain gauge network, mainly over
the Amazon region and central Brazil. Satellite-based
sensors provide rainfall information on a global scale,
but remote-sensing methods used to estimate rainfall
from spaceborne instruments are prone to errors. Apart from
rain gauges, radar is one of the most powerful tools to detect
and quantify rainfall. The launch of the Tropical Rainfall
Measuring Mission (TRMM) satellite on 27 November 1997
provides a unique opportunity to examine rainfall char-
acteristics in the tropics in regions that have low density
of observations, such as Amazonia and central Brazil.
TRMM precipitation radar (PR) is the first spaceborne
radar that was designed to capture a more comprehensive
structure of rainfall that any previous spaceborne sensor.
TRMM PR provides information on the three-dimensional
structure of rainfall over the tropics and subtropics
[Simpson et al., 1988; Kummerow et al., 2000].

[4] The objective of the present study is to validate
TRMM PR data over Brazil on a climatic scale. For this
purpose we compare TRMM PR mean seasonal rainfall
estimates with rain gauge station data from Agéncia
Nacional de Energia Elétrica (ANEEL). We attempt to
investigate the TRMM PR errors compared to ANEEL
data for the five geographic Brazilian regions, which are
characterized by different precipitation regimes. The val-
idation of TRMM PR data will permit the usage of these
data in the future in regions of sparse rain gauge stations.
In section 2 we give a brief description of the precipi-
tation data sources used in the study, their inherent
errors, and the methodology for the analysis; the regional
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Distribution of the ANEEL stations over the five geographic regions of Brazil. The dashed

lines represent the contours of the five selected regions where the 2.5° x 2.5° ANEEL precipitation data
series for the period December 1997 to November 2000 are at least 15 months long.

characteristics of validation are presented in section 3;
and section 4 contains the conclusions.

2. Data and Methodology
2.1. Data Sources

[s] TRMM satellite data are available from December
1997. In the present study we use the accumulated monthly
rainfall time series from the TRMM PR level 3 (version 5),
which is designated as 3A25G2 (available at ftp://helios.corc.
jaxa.jp/pub/TRMM/L3 data/). These data are available at a
high-resolution grid (0.5° x 0.5°, latitude by longitude).
The TRMM PR scanning width of about 220 km measures
the rainfall rate from the Earth surface to 20 km altitude
with a horizontal resolution of 4.3 km at nadir and a vertical
resolution of 0.25 km [Kummerow et al., 1998]. The rainfall
rates are calculated from radar reflectivity with corrections
for attenuation on the basis of the method given by Iguchi
and Meneghini [1994], Iguchi et al. [2000], and Meneghini
et al. [2000]. TRMM PR is a Ku band radar with a
frequency of 13.8 GHz. Since the PR attenuates more at
that frequency compared to C band (5 cm) and S band

(10 cm) radars, the PR algorithm has to use an attenuation
correction, which is done using a hybrid technique based on
both the Hitchfield-Borden theory and the surface reference
technique (SRT). The PR also has issues with nonuniform
beam filling (NUBF), resulting in the application of another
correction in addition to attenuation for cases of NUBF.
This correction is particularly important in convective cases
in association with large reflectivity gradients across the PR
field of view [Meneghini et al., 2000]. TRMM PR provides
information on the three-dimensional structure of rainfall.
Besides the rainfall intensity, TRMM PR also contains
information on rain types, including stratiform and convec-
tive types. Several papers give detailed descriptions of
TRMM PR products and applications [Adler et al., 2000;
Fu and Liu, 2001, 2003; Fu et al., 2003; Kummerow et al.,
2004; Zheng et al., 2004].

[6] Rain gauge station data for Brazil from ANEEL are
available for the period 1979-2000 for a large number of
stations (Figure 1). The data were checked for consistency
(deleting unreasonable values from a climatological view-
point) and are available at http://hidroweb.ana.gov.br.
Although there is a dense concentration of stations in the
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Figure 2. Mean seasonal rainfall from ANEEL versus the rainfall estimates from TRMM PR for the
five regions of Figure 1 during (left) DJF and (right) JJA.
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Figure 3. Dispersion intervals of the mean 3 month precipitation over regions Ry, R,, R3, Ry, and Rs for
the period from December 1997 to November 2000. The intervals around the mean value are —1 £ 1
standard deviation. The small white rectangles represent the mean value of the 3 month precipitation.

northeast, the data are sparse in the north and central regions
of Brazil.

[7] In order to obtain spatial homogeneity in the present
study, the values of rainfall obtained from TRMM PR are
extrapolated to 2.5° x 2.5° (latitude by longitude) intervals,
and the rainfall data from ANEEL are averaged at each
2.5° x 2.5° grid. Since ANEEL data are available only up to
2000, monthly means for the period December 1997 to
November 2000 are considered for the two precipitation
data sources. PR’s minimum detectable signal during the
study period was about 17—18 dbZ. Ground radars typically
have a much lower minimum detectable signal. The PR
consequently has problems observing very light rainfall,
especially from high cirrus clouds (e.g., precipitation from
anvils). The TRMM satellite underwent a boost in altitude
in August 2001 from 350 to 402 km. However, the analysis
in the present study only includes data prior to the boost
since ANEEL data are only available up to 2000.

2.2. Data Source Errors

[8] Monthly rainfall estimates from the TRMM satellite
contain errors due to discrete temporal sampling and remote
spaceborne rain retrievals. As the TRMM satellite is a low
Earth orbiting satellite, its rain sensors sample the regional
atmosphere only at discrete time intervals. Sampling fre-
quency is a function of latitude, with more samples collect-
ed per month at higher latitudes. Monthly estimates are then
generated on the basis of the arithmetical mean of the
observations collected at the standard gridding resolution.
Many studies have shown that the range of temporal

sampling errors is from +8 to +12% per month relative
to the mean rainfall [Shin and North, 1988; North and
Nakamoto, 1989; Bell et al., 1990]. The sampling errors in
TRMM monthly estimates are associated with the sampling
frequency of the satellite and the coverage area of the
sensor. In the case of Brazil, the standard deviations (SDs)
(for the period 1998—-2005) are less in the northeast region
(1-2 mm h™"). SD values are around 2—3 mm h™' in the
central and southeast regions of Brazil and 3—4 mm h™ ' in
Amazonia. The largest values occur in the southern region
(4-5 mm h™") (see http://daac.gsfc.nasa.gov/precipitation/
TRMM_README/TRMM 3A25 readme.shtml). Another
error source for the TRMM PR is related to the attenuation
correction, especially where the SRT is not as reliable (the
SRT works best over the ocean where there is a relatively
stable and homogeneous surface). The nonuniform rain
distribution within the radar resolution cell might become
a large source of error when the attenuation is severe.
Details of the errors due to the attenuation issue are given
by Iguchi et al. [2000] and Meneghini et al. [2000].

[v] TRMM PR and TRMM Microwave Imager (TMI)
suffer from regional sampling errors. Since the PR has a
narrower swath width (220 km) compared to the TMI
(758.5 km) [Kummerow et al., 1998], the expected sampling
error is greater (around 30%). However, the TMI retrieval
error exceeds retrieval error for PR by about a factor of 2
[Fisher, 2007]. Because of their larger swath width, the use
of TMI data generally creates a superior overview of the
synoptic rainfall events but comes at the expense of a
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Figure 4. Secasonal variations of (a) correlation coefficient obtained between TRMM PR rainfall
estimates and ANEEL rain gauge data and (b) % MBE for the five regions of Figure 1.

decrease in the resolution [Stano et al., 2002]. PR produces
more reliable estimates of precipitation near the surface than
passive microwave does. The use of radar for the measure-
ment of precipitation allows the detection of rain occurring
at brightness temperatures greater than those used in passive
techniques. Moreover, much of the light and heavy rainfall
is missed by passive microwaves because of its small scale
and/or its nature (for example, “warm rain’’). In both cases
PR is more able to measure and quantify the precipitation
than TMI [De Angelis et al., 2004].

[10] Compared to TRMM PR estimates, rain gauge meas-
urements are more or less continuous in time but with very
small coverage in area, whereas radar views irregularly
shaped volumes of the atmosphere at frequent but noncon-
tinuous intervals of time. Rain gauges are subject to system-
atic errors related to losses due to the aerodynamic effects.
For example, gauges have a tendency to underestimate
rainfall in high-winds conditions (see http://radarmet.atmos.
colostate.edu/~snesbitt/research/nesbitt_jampaper.pdf).
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Table 1. Mean Seasonal Values of the Correlation Coefficient,
Relative Root-Mean-Square Error, Relative Mean Bias Error, and
Relative Absolute Error for the Five Regions of Brazil in Figure 1
for TRMM PR Compared to ANEEL

Relative

Root Relative Relative
Number of Mean Mean Mean

Data Correlation Square Bias Absolute

Region Points Value (%)  Error (%)  Error (%)  Error (%)

December to February
R1 60 74.8 39.4 1.6 31.2
R2 46 61.6 315 -89 252
R3 21 76.3 31.2 -54 26.0
R4 34 47.8 31.1 -99 24.7
RS 32 84.8 31.9 -7.2 22.1
March to May
R1 60 89.6 423 -19.8 30.6
R2 45 61.1 37.8 -10.7 28.1
R3 19 48.0° 36.2% —4.5° 29.4%
R4 31 41.8* 36.8° 1.1* 28.0°
R5 31 36.7° 36.7° -25.2% 29.1°
June to August
R1 59 84.0 104.8 —47.8 55.6
R2 43 60.6 79.8 —13.6 51.8
R3 19 45.3° 42.8° 17.0° 36.3°
R4 26 39.1% 106.5% —10.4* 75.4%
RS 32 84.6 23.8 -0.6 19.7
September to November

R1 59 75.7 54.8 -59 39.0
R2 43 15.6° 44.2° 0.5 34.7°
R3 19 80.9 118.1 75.4 87.3
R4 26 47.0* 64.5% 443" 52.6"
R5 32 49.0 40.6 16.4 34.6

“The region and period where the CC is not significant at the 99%
confidence level by a two-tailed Student’s 7 test.

The region and period where the CC is not significant at the 95%
confidence level by a two-tailed Student’s 7 test.

2.3. Processing Methods

[11] The data coverage for this study is for 3 years
(December 1997 to November 2000). The seasonal analyses
are based on 3 month averages: December to February
(DJF), March to May (MAM), June to August (JJA), and
September to November (SON). We concentrate our anal-
yses on the five geographic regions of Brazil: the north,
northeast, central, southeast, and south, as shown in Figure 1.
A tropical rain forest climate lies in the northern region; the
northeastern and southern regions are characterized by a
semiarid and temperate climate, respectively; savanna and
cerrado are found in central Brazil, while southeastern
Brazil is a transition region between semiarid and temperate
climates. The ANEEL ground stations are distributed very
heterogeneously in the country, as shown in Figure 1. On the
basis of the location of the ANEEL stations and the available
rainfall data measured during the period December 1997 to
November 2000, five areas were chosen inside the five
geographic regions (R;, Ry, R3, Ry, and Rs in Figure 1). The
averaged precipitation data series for each 2.5° x 2.5° grid
cell inside these areas are at least 15 months long. The
criteria used for averaging the data over a 2.5° x 2.5° grid
cell are based on the number of the rain gauges for ANEEL
and on the number of data at 0.5° x 0.5° (latitude by
longitude) for TRMM PR. For each region, mean bias error
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(MBE), absolute error, and root-mean-square error (RMSE)
are calculated for TRMM PR rainfall estimates. The refer-
ence is to ANEEL rain gauge data. The mean bias corre-
sponds to the difference between the mean of rainfall
estimates (TRMM PR) and the mean of observations
(ANEEL). The root-mean-square error corresponds to the
square root of the average of the squared differences
between the rainfall estimates and the observed rainfall.
The mean absolute error is the average of the absolute
differences between rainfall estimates and observations. It is
a more robust measure of the accuracy of rainfall estimates
than mean square error that is sensitive to large rainfall
estimates errors (see http://www.nws.noaa.gov/oh/rfcdev/
docs/Glossary Verification Metrics.pdf).

[12] The percentage or relative MBE (% MBE), relative
absolute error (% AE), and relative RMSE (% RMSE) are
also calculated for each region. In the analysis, % MBE and
% RMSE are used to ascertain the systematic and random
components of the error in the TRMM PR data, respectively
[Adeyewa and Nakamura, 2003]. The parameter % RMSE
is used to evaluate the reliability of each data source in the
different regions of Brazil. When the RMSE of a rainfall
estimate is less than 50% of the measured rainfall amount,
that estimate is reliable. On the other hand, when the RMSE
is equal to or higher than 50% of the magnitude of the
reference rainfall, the estimate is considered unreliable for
the region and particular season. The errors are calculated
only when the data are available at a particular grid point for
both data sources. Scattergrams of mean seasonal precipi-
tation of ANEEL rain gauge versus TRMM PR rainfall
estimates are plotted in Figure 2 for the five Brazilian
regions.

3. Results

[13] In Figure 2 the mean seasonal (DJF and JJA) rainfall
from ANEEL is plotted against the rainfall estimates from
TRMM PR for the five regions (R}, R,, R3, R4, and Rs) of
Figure 1. The best agreements between TRMM PR and
ANEEL are obtained for the tropical rain forest (Rs) in DJF
and for the semiarid (R,) and tropical rain forest (Rs) in JJA,
and the poorest agreement occurs in the savanna and
cerrado regions (R4) for both DJF and JJA. Figure 3 shows
the dispersion intervals of the mean 3 month precipitation
over regions R;, R,, Rz, Ry, and Rs for the period from
December 1997 to November 2000. As can be seen, there is
a good agreement between the mean precipitation values
and their dispersion around the mean for the two data
sources, mainly for DJF and JJA. During MAM, over
region Rs, and SON, over region R;, the TRMM PR mean
and dispersion values are very different from ANEEL values.
Over region Rs, the mean precipitation is underestimated,
although the dispersion is about the same compared to
ANEEL, and over region Rj, the mean and dispersion are
overestimated. During SON, the TRMM estimates show
mean and dispersion values larger than ANEEL values over
all the regions except R;.

[14] The correlation coefficients (CCs) between TRMM
PR and ANEEL for each season are shown in Figure 4a and
Table 1. It can be noted that seasonal values of CC between
TRMM PR and ANEEL are high (significant at the 99%
confidence level by a two-tailed Student’s ¢ test) for most of
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Figure 5. Seasonal variations of the (a) relative (%) absolute error and (b) % RMSE for TRMM PR data

for the five regions of Figure 1.

the regions. The highest values occur in the semiarid region
(Ry) during MAM (89.6%) and JJA (84%) and during DJF
and JJA (>84%) in the tropical rain forest (Rs). The values
of CC are not significant only in the temperate region (R3)
during JJA and in the transition region (R;) during SON.
Figure 4b shows the seasonal variation of the % MBE for
the five regions of Figure 1 for TRMM PR. As can be seen,
the % MBE for TRMM PR is negative in most seasons for
all regions. Positive % MBE is obtained for the temperate
region (R3) in JJA and SON and for the savanna and cerrado

(R4) and tropical rain forest (Rs) regions in SON. The
absolute value of the % MBE for TRMM PR is, in general,
lower than 25%. The highest value of the % MBE (75%)
occurs in the temperate region (R3) in SON.

[15] Figure 5a shows the seasonal variation of the % AE
for the five regions of Figure 1 for TRMM PR. As can be
noted, the % AE for TRMM PR is, in general, lower than
50% in most seasons for all regions. The lowest values
occur in DJF and MAM for the five regions, while the
highest values occur in the savanna and cerrado region (Ry)
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Table 2. Seasonal Values of the Mean Precipitation, Mean Bias
Error, and Root-Mean-Square Error in the Five Regions of Figure 1*

Region
R; R, R, R4 Rs
December to February
Mean precipitation 117.4 200.3 185.4 200.9 167.3
MBE 1.8 —17.8 —10.1 —20.0 —12.1
RMSE 46.2 63.0 57.9 62.5 53.5
March to May
Mean precipitation 124.8 84.7 158.7 107.7 264.5
MBE —24.7 -9.0 -7.2 1.2 —66.7
RMSE 52.8 32.0 57.4 39.6 97.1
June to August
Mean precipitation 42.1 22.7 132.0 19.8 202.0
MBE —20.1 -3.1 224 —2.1 —1.2
RMSE 44.1 18.1 56.6 21.1 48.1
September to November
Mean precipitation 64.5 118.9 129.2 100.6 123.8
MBE —3.8 0.6 97.4 445 20.3
RMSE 353 52.6 152.5 64.9 50.3

“Mean precipitation values are given in mm and come from ANEEL.
Bias and RMSE come from TRMM PR and are given in %.

in JJA and SON and in the temperate region (R3) in SON.
Figure Sb shows the seasonal variation of the % RMSE for
the five regions of Figure 1 for TRMM PR. As can be seen,
the % RMSE values for TRMM PR are <39% for the all the
regions in DJF and MAM. However, in JJA they are higher
than 50% in the semiarid (R;), transition (R;), and savanna
and cerrado (Ry4) regions. In SON, values of % RMSE are
also higher than 50% in the semiarid (R;), temperate (R3),
and savanna and cerrado (R4) regions. The mean seasonal
values of the CC, % MBE, % AE, and % RMSE for the five
regions of Figure 1 for TRMM PR are summarized in Table 1.

[16] The results in section 3 showed that the seasonal CC
values between TRMM PR and ANEEL rainfall are high
(significant at the 99% confidence level) in most of the five
regions of Figure 1. The results indicated that the precipi-
tation product of TRMM PR is reliable for the five regions
of Figure 1 in DJF and MAM since the values of the %
RMSE and % MBE are low in these areas. In JJA the
TRMM PR estimates are only reliable in the temperate (R3)
and tropical rain forest (Rs) regions. In the other regions the
TRMM PR precipitation product is unreliable because the
inherent error in its estimation generally exceeds 50% of
the reference rainfall amount (% RMSE > 50%). Thus, one
can conclude that the random error is high in these regions
during this period. In SON the TRMM PR rainfall estimates
are only reliable in the transition region (R;) and in the
tropical rain forest (Rs). In particular, in the temperate (R3)
and savanna and cerrado region (R4) both the % RMSE and
% MBE are high. It therefore can be concluded that in this
season the random and systematic errors are high in these
regions. Thus, TRMM PR rainfall estimates are reliable in
some regions and seasons and not in others. In general, the
TRMM PR is reliable where the mean precipitation is high.
From Table 2 it can be seen that in DJF and MAM the mean
precipitation is high in all the regions, which leads to low
values of % MBE and % RMSE. The period JJA corre-
sponds to the dry season over most of Brazil. Although the
values of the bias and RMSE are low, in general, the mean
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precipitation is also low, so the % MBE and % RMSE are
high. However, in the temperate region (R3) and in the
tropical rain forest region (Rs) the mean precipitation is
high, leading to low values of % MBE and % RMSE, and
consequently, TRMM PR is reliable in these regions. The
period SON corresponds to the onset of the rainy season
over central and southeastern Brazil. The mean precipitation
is high in the transition region (R,) (southeastern Brazil),
which leads to low values of the % MBE and % RMSE.
However, in the savanna and cerrado region (R4) (which is
in central Brazil) although the mean precipitation is high,
the values of the bias and RMSE are also high, so TRMM
PR is not reliable. This also occurs in the temperate region
(R3). Thus, the reliability of TRMM PR depends on both the
seasonal and regional values of the RMSE and the mean
precipitation.

4. Conclusions

[17] In this study the potentialities and limitations of
TRMM PR data over Brazil were evaluated, comparing
the characteristics in these data with rain gauge station data
from ANEEL. The precipitation data for a 3 year period
(December 1997 to November 2000) were used. The
analysis was conducted on a seasonal basis and considered
five Brazilian geographic regions, which have different
climatic characteristics and precipitation regimes. The CC,
mean bias errors, absolute errors, and RMSE for TRMM PR
with respect to ANEEL rain gauge data were computed.

[18] The results showed that the TRMM PR seasonal
rainfall is well correlated with ANEEL rainfall (CC is
significant at the 99% confidence level by a two-tailed
Student’s ¢ test) in most of the five regions. However, the
random and systematic errors are sensitive to seasonal and
regional differences. During DJF and MAM the precipita-
tion product of TRMM PR is reliable for the five regions of
Brazil. In JJA the TRMM PR estimates are only reliable
in the Amazonian and southern regions. In the other regions
the TRMM PR precipitation product is less reliable because
the inherent error in its estimation generally exceeds 50%
of the reference rainfall amount (% RMSE > 50%). Thus,
one can conclude that the random error is high in these
regions during this period. During SON the TRMM PR
rainfall estimates are only accurate in the Amazonian and
southeastern regions. In the particular cases of the southern
and central regions the random and systematic errors are
high. The present systematic study of validation will permit
usage of remotely sensed rainfall data in regions of sparse
rain gauge stations, knowing the potentialities and limita-
tions of satellite rainfall estimates.

[19] Acknowledgments. The third author was supported by Fundagao
de Amparo a Pesquisa do Estado de Sao Paulo. Thanks are due to the
reviewers for the useful suggestions.
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