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Abstract The Peruvian Amazon-Andes basin corresponds to about 10% of the total Amazonian basin and is
characterized by sparse rainfall data, particularly over the lowland zone (rainforest). We compare the 3B43
product of the Tropical Rainfall Measuring Mission (TRMM) with raingauge data over two sub-basins
(Urubamba and Tambo) in the Ucayali basin located in the Peruvian Amazon-Andes basin. The spatial
distribution of the 3B43 product is 0.25° x 0.25° (approx. 27.8 x 27.8 km) and data are at a monthly scale.
The period of comparison between on-site rainfall and 3B43 TRMM data is from January 1998 to December
2007. Comparison between on-site rainfall observations and 3B43 product is carried out using correlation
coefficient and relative error. Improvement of the TRMM rainfall data is then proposed based on on-site
rainfall data. After analysis of the 3B43 product, three sets of distributed rainfall data (in situ, TRMM and
on-sitt TRMM improved) were used as input in a GR2M monthly water balance model to simulate
discharge at Urubamba and Tambo. Classical statistical overcalibration and validation procedure show a
better accuracy in flow simulations, using only original TRMM data over Urubamba basin and improved
data over Tambo basin.
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INTRODUCTION

The Amazon Basin (AB) is the largest basin on the planet, with a drainage area of 6 200 000 km®
and mean annual discharge rate of 209 000 m’ s (~5% of all the above-water lands) (Molinier et
al., 1996; Marengo, 2006). AB is one of the regions with the highest rainfall in the world and a major
water vapour source (Espinoza et al., 2009). Also, over the AB it is possible to have extreme
events such as the dramatic drought observed in 2005 (Marengo et al., 2008; Zeng et al., 2008).

Rainfall stations over the Peruvian Amazon basin (~10% of total Amazonian basin) are poorly
distributed. Mean rainfall at basin scale over this region is mostly underestimated (Guyot, pers.
comm.). The Rainfall 3B43 product of the Tropical Rainfall Measuring Mission has been used
with good results over distinct parts of the world by e.g. Sorooshian et al. (2000), Adeyewa &
Nakamura (2003), Chiu et al. (2006), Dinku et al. (2007) and Islam & Uyeda (2007), who
compare or improve on-site rainfall land data. Introduction of TRMM rainfall products in
hydrological and water balance models has already been documented (see e.g. Wilk et al., 2006;
Collischonn et al., 2008; Su et al., 2008).

In Peru measurements of hydro-climatological variables over the Amazon basin are admini-
stered by the National Meteorology and Hydrology Service SENAMHI (http://www.senamhi.gob.pe).
Most of the hydrometeorological data are related to climate variables (rainfall, temperature, etc.).
Since 2001, the HYBAM project (http://www.ore-hybam.org) has carried out flow measurement
missions over the largest Amazon-Andes rivers in the Peruvian territory (Yerren et al., 2004;
Lavado et al., 2009¢). Results of flow measurements along with meteorological observation from
SENAMHI have, for the first time, allowed the development of a complete database over the
Peruvian Amazon-Andes region (PAB) which has been used in this study. This complete database
has enabled monthly hydrological models to be developed for the first time in the Peruvian
Amazon zone (Lavado er al., 2009a,d). This paper compares on-site rainfall data with 3B43
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TRMM rainfall data. Improvements of the original 3B43 TRMM data are also compared. The
assimilation of these three data sets of rainfall in the GR2M monthly water balance models was
evaluated.

AVAILABLE DATA AND METHODS

Two sub-basins (Urubamba and Tambo) in Ucayali basin were used in this study (Fig. 1 and
Table 1). Watershed boundaries were plotted at base from Maldonadillo and Tambo hydrological
gauging stations. Watershed subdivisions were made using the Digital Elevation Model (DEM)
provided by the US National Aeronautics and Space Administration (NASA) through the Shuttle
Radar Topography Mission, SRTM (http://www?2.jpl.nasa.gov/srtm).

Weather stations used in this work are part of the Peruvian National Meteorology and
Hydrology Service, SENAMHI (http://www.senamhi.gob.pe) network: 24 rainfall stations were
used (Fig. 1). Rainfall and temperature data (mean, maximum and minimum) are available at the
monthly scale and include the period from January 1998 to December 2007.
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Fig. 1 Location of the study region. Basins boundary takes as a base the Tambo and Maldonadillo
gauging station. Circles are rainfall stations, stars are temperature stations.

Table 1 Flow stations, locations, drainage area (Dr. Ar.) and flow record used in this study.

Flow Station River Latitude Longitude Altitude Dr. Ar. R E F

°S) (°W) (mas.l) (km?) (mm year') (mm year") (m’s™)
Maldonadillo Urubamba 10.74  73.71 287 60301 985 996 2289
Tambo Tambo 10.85  73.71 290 135252 754 1020 1824

R: Rainfall; E: Evapotranspiration; F: Flow.
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Lavado et al. (2009b) presented a satisfactory relationship between the FAO Penman-
Monteith and Hargreaves-Samani (HE) methods (Hargreaves & Samani, 1985); the modified
Hargreaves-Samani method (HEm) is used for our region of study, given by:

_00023(T +17.8)(T max—T min)’° Ra 0
A

HEm = 0.6484HE +1.146 2)

where HEm is evapotranspiration (mm d™); 7 is mean temperature (°C); Tmax is maximum
temperature (°C); Tmin is minimum temperature (°C); and Ra is extraterrestrial radiation
(MJ m? d"). The formula to compute Ra is given by Allen ef al. (1998) and A is latent heat of
vaporization (MJ kg™); A in this study is assumed as 2.45 MJ Kg™' (Allen et al., 1998).

In order to work with soil data, we have used the methodology described by Dieulin et al.
(2006), based on the data from the Digital Soil Map of the World (FAO/UNESCO, 1981). Soil
water holding capacity is named WHC in this study.

Spatial distribution of the 3B43 TRMM product is at 0.25° x 0.25° (~ 27.8 x 27.8 km) and is
at monthly scale since January 1998. The period of comparison between measured point rainfall
and 3B43 TRMM product is from January 1998 to December 2007.

Improvement of TRMM rainfall data was made from on-site rainfall stations, using the
following equations (Collischonn, 2006):

P'(x;, yi) = P(xi, yi) — Pu(xi, 1) 3)
where P'(x;, y;) is the fluctuation of TRMM with on-site rainfall; P(x;, y;) is on-site rainfall estimate
located over the cell (x;, y;); Pu(xi, ¥:) is the rainfall estimate from TRMM over the cell (x;, ).
Conceptually, the methodology interpolates values of P’, instead of on-site rainfall P(x;, y,),
because we consider that the variability of the first is lower than the second. Thus:

HE

Pay)=3 4 P'(x,. ) @)

i=1

where ﬁ'(x, y) is the fluctuation (or residual) interpolated in the cell (x, y). For any (x, y) location,
TRMM rainfall is improved using the following equation:

P(x,y)=P, (x,y) + P'(x,) (5)

In summary, three sets of rainfall data were used for our analysis: on-site rainfall (Obs.R);
TRMM rainfall data (TRMM); and improved rainfall (Obs.R TRMM).

The GR2M model version used in this study is described by Niel et al. (2003), and is based on
GR2M (Edijatno & Michel, 1989; Kabouya, 1990), and reviewed by Makhlouf & Michel (1994);
this model is a two-reservoir conceptual model.

Rainfall and evapotranspiration are spatially interpolated over cells from 0.25° x 0.25° (~ 27.8
x 27.8 km), based on the kriging method. The soil water holding capacities from the Digital Soil
Map of the World (FAO/UNESCO, 1981) were interpolated over our region of study to obtain
values at 0.25° x 0.25° grids, following the methodology given by Dieulin et al. (2006).

In this study, an automatic calibration is carried out using the Shuffled Complex Evolution
Metropolis algorithm (SCEM-UA) that is a modified version of the original SCE-UA global
optimization algorithm (Duan ef al., 1992) using the Metropolis Hastings strategy (Metropolis et
al., 1953; Hastings, 1970), for detailed description of this method see Vrugt et al. (2003).

In hydrological modelling two tests are commonly used: Nash-Sutcliffe efficiency (Nash;
Nash & Sutcliffe, 1970) and relative volume error expressed in percent (%)), where Q,; is the

observed value; QO

o

is the mean of the observed values; O, the model simulated values; and n the

number of data points:
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RESULTS

In order to compare TRMM rainfall (3B43 product) and on-site rainfall data from 1998 to 2007,
the statistics: Pearson correlation coefficient and relative error ((TRMM — Obs.R)/Obs.R) between
both sets of data were compared (see Fig. 2).

In general, similar interpolated maps were estimated using both data sets considering the
mean multi-annual for the 1998-2007 period over the two basins analysed. However, under-
estimation of rainfall are observed using TRMM data mostly in the lower zones of the Urubamba
basins (region with sparse distribution of rainfall stations, see Fig. 1). Correlation coefficients are
mostly significant (¢ = 0.05) with better values over the boundary region of the two basins
analysed.

(a) Observed Annual rainfall (mm/year)
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Fig. 2 (a) Interpolated mean multi-annual (1998-2007) for on-site rainfall data; (b) as in (a) but using
TRMM rainfall data (1998-2007); (c) Pearson correlation coefficients between on-site and TRMM
monthly rainfall data (January 1998—December 2007); and (d) as in (c) but by relative error statistic.
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Fig. 3 Top: Comparison of mean monthly rainfall data sets interpolated over Maldonadillo basin.
Bottom: Comparison of mean monthly rainfall data sets interpolated over Tambo basin. Black line is
on-site rainfall data, dashed line is TRMM rainfall data and dotted dashed line is improved observed
rainfall TRMM data.

Underestimation from using TRMM data shows in the interpolated relative error as well;
negative values are located mostly over the western zone of the two basins analysed. Figure 3
shows comparison of the mean areal value of the three data sets of rainfall used over the
Maldonadillo and Tambo basins; on average, good estimations were exhibited for Maldonadillo
basin and underestimations were evident over Tambo basin. Nevertheless, improved rainfall data
(Obs.R TRMM) show good relationships with on-site rainfall data.

Table 2 shows statistical Nash and %/ for the two basins analysed as well as for the three sets
of rainfall data. Figures 4 and 5 show parameter samples and hydrographs during the

Table 2 Comparison of Nash and relative volume error (%V) for the three sets of rainfall data used. Better
values are shown in bold.

Rainfall set Statistic Maldonadillo: Tambo:
Cal. Val. Cal. Val.
Obs.R Nash 0.80 0.87 0.92 0.92
%V 0.57 3.90 0.01 8.83
TRMM Nash 0.84 0.81 0.57 0.40
%V 2.22 7.38 12.23 32.35
Obs.R TRMM Nash 0.92 0.92 0.86 0.82

%V 0.66 8.04 1.35 5.31
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Fig. 4 Calibration and validation procedure for GR2M model over the Maldonadillo basin: (a) Using
on-site rainfall data set: 1: histograms of parameters in the model and evolution of the Gelman and
Rubin scale reduction. 2: hydrograph prediction uncertainty for the calibration period (01/1998 to
12/2004) and monthly observed (Qobs) and simulated flows (Qsim). 3: hydrograph prediction
uncertainty for the validation period (01/2005 to 12/2007) and monthly observed (Qobs) and simulated
flows (Qsim). (b) as in (a) but by TRMM rainfall data. (c) as in (a) but for improved observed rainfall
TRMM data. Observed flows are represented by the black line. The grey line denotes simulated flow.
The dark shaded area denotes the prediction uncertainty that results from parameter uncertainty. The
light shaded area denotes the additional prediction uncertainty that results from model and
measurement uncertainty.

calibration and validation procedures. In summary, introduction of TRMM rainfall data without
improvements into the GR2M model over Maldonadillo basin gave good results in simulating
monthly flow (Nash = 0.84 and %) = 2.22 during the calibration procedure), but un-acceptable
results over Tambo basin (Nash = 0.57 and %V = 12.23 during the calibration procedure). Using
improved rainfall data (Obs.R TRMM) led to good results for both basins.

CONCLUSION

TRMM data and its improved data (Obs.R TRMM) appear to describe well the hydrological
regimes over sparse regions in the Peruvian Amazon-Andes, but on-site rainfall data are
indispensable for validating and improving rainfall data sets. Future work in this region will focus
on improving the TRMM daily-data (3B42 product) using observed information as well as
hydrological models at the daily time scale.
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Fig. 5 Calibration and validation procedure for GR2M model over the Tambo basin; details as Fig. 4.
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