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ABSTRACT: Rainfall variability in the Amazon basin (AB) is analysed for the 1964-2003 period. It is based on 756
pluviometric stations distributed throughout the AB countries. For the first time it includes data from Bolivia, Peru,
Ecuador, and Colombia. In particular, the recent availability of rainfall data from the Andean countries makes it possible
to complete previous studies. The impact of mountain ranges on rainfall is pointed out. The highest rainfall in the AB is
observed in low windward regions, and low rainfall is measured in leeward and elevated stations. Additionally, rainfall
regimes are more diversified in the Andean regions than in the lowlands. Rainfall spatio-temporal variability is studied
based on a varimax-rotated principal component analysis (PCA). Long-term variability with a decreasing rainfall since the
1980s prevails in June—July—August (JJA) and September—October—November (SON). During the rainiest seasons, i.e.
December—January—February (DJF) and March—April-May (MAM), the main variability is at decadal and interannual
time scales. Interdecadal variability is related to long-term changes in the Pacific Ocean, whereas decadal variability,
opposing the northwest and the south of the AB, is associated with changes in the strength of the low-level jet (LLJ) along
the Andes. Interannual variability characterizes more specifically the northeast of the basin and the southern tropical Andes.
It is related to El Nifio-Southern Oscillation (ENSO) and to the sea surface temperature (SST) gradient over the tropical
Atlantic. Mean rainfall in the basin decreases during the 1975-2003 period at an annual rate estimated to be —0.32%.
Break tests show that this decrease has been particularly important since 1982. Further insights into this phenomenon will
permit to identify the impact of climate on the hydrology of the AB. Copyright © 2008 Royal Meteorological Society
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1. Introduction (16%), Bolivia (12%), Colombia (6%), Ecuador (2%),

The Amazon basin (AB) extends between 5°N and 20°S aniiH?/ et:;u'ela and fGt ;yana .(1%)' ith the hishest rainfall
and from the Andes to the Atlantic Ocean, covering ¢ 15 one ot the regions wi ¢ fughest raina

approximately 6 000 000 km?. Its fresh water contribution in the world e}nd a major water. vapour source (John-
to the global ocean is 15% and its average discharge son, 1976; Ratisbona, 1976; Salati et al., 19785 Figueroa
at the delta is 209000 m’/s (Molinier ef al., 1996). The 2nd Nobre, 1990). Also, it can undergo dramatic drought
basin is divided into three great morphological units: 2 observed in 2005 (Marengo er al., 2008; Zeng et al.,
44% of its surface belongs to the Guyanese and Brazilian 2008).- Nonetheless, owing to a lack of information,
shields, 45% to the Amazon plain, and 11% to the Andes. few studies describe the spatio-temporal rainfall vari-

This basin covers seven countries: Brazil (63%), Peru ability in the AB countries, except for Brazil. Cooper-
ation programmes between Institut de Recherche pour le
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countries, highlighting a group of pluviometric stations
unavailable so far, specially in the Amazon regions
of the Andean countries (Bolivia, Peru, Ecuador, and
Colombia). Nevertheless the need to consider compre-
hensive data set is important in the Andean regions.
Rainfall tends to decrease with altitude, but the wind-
ward or leeward exposure of the stations to the dominant
moist wind makes it difficult to find a simple relation-
ship between rainfall and altitude (Johnson, 1976; Roche
et al., 1990; Guyot, 1993; Pulwarty et al., 1998; Buy-
taert et al., 2006; Ronchail and Gallaire, 2006; Laraque
et al., 2007). On the contrary, in Brazil, the spatio-
temporal rainfall variability has been more widely stud-
ied and published than in the Andean countries. The
highest values (3000—3500 mm/year) may be found in
the northwest of the basin, on the border with Brazil,
Colombia, and Venezuela, where the general large-scale
relief shape, like the large concavities of the Andes east-
ern slope, creates favourable conditions for air conver-
gence and large rainfall (Ratisbona, 1976; Salati et al.,
1978; Nobre, 1983; Salati and Vose, 1984; Figueroa and
Nobre, 1990). Abundant rainfall is also registered near
the Amazon River delta where the sea-breeze effect is
important (Salati et al., 1978). Salati et al. (1978) cal-
culated a mean of 2400 mm/year in the central region
of the AB and Marquez et al. (1980) and Fisch et al.
(1998) a mean 2300 mm rainfall for the Brazilian AB.
Different studies, for the whole AB, give values from
2000 to 3664 mm, with the greater part between 2000
and 2200 mm, as found by Marengo and Nobre (2001).
Callede et al. (2008) report a 2230-mm mean annual
rainfall for the AB down to Obidos (1.93°S 55.50°W,
800 km from the Amazon River delta), based on 163 rain-
fall gauges, including stations in the Andean countries,
for the 1943-2003 period.

Rainfall regimes in the Brazilian Amazon show an
opposition between the north and the south with rainy
months in austral winter and summer, respectively (Ratis-
bona, 1976; Salati et al., 1978; Kousky et al., 1984; Horel
et al., 1989; Figueroa and Nobre, 1990; Nobre et al.,
1991, among others). A rainy period is observed in MAM
in regions close to the Amazon River delta. A better dis-
tribution of rainfall over the year characterizes regions
towards the border of Peru, Colombia, and Brazil. Among
the limited number of studies devoted to the spatial vari-
ability of rainfall regimes in the Andean AB that of
Johnson (1976) is worth mentioning as this author analy-
ses the seasonal regime of 107 rainfall gauges in Bolivia,
Peru, and Ecuador. In Bolivia and southern Peru there
exists a rainy period in austral summer and a dry period
in winter, which is more intense in the west, inside the
Andes (Johnson, 1976; Roche et al., 1990; Guyot, 1993;
Aceituno, 1998). Laraque et al. (2007) complement the
work by Johnson (1976) and detail the wide variability
of regimes in the Ecuadorian AB based on 47 rainfall
gauges, with opposite regimes in nearby zones. A bet-
ter yearly rainfall distribution can be observed in the
lowlands in the northeast of Peru (Weberbauer, 1945;
Nicholson, 1948; Broggy, 1965).
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Interannual rainfall variability in the AB partially
depends on El Nifio-Southern Oscillation (ENSO; Kousky
et al., 1984; Aceituno, 1988; Marengo, 1992; Marengo
and Hastenrath, 1993; Moron et al., 1995; Uvo et al.,
1998; Liebmann and Marengo, 2001; Ronchail et al.,
2002, among others). In particular, below normal rainfall
is recorded in the north and northeast of the AB during
El Nifio events, whereas excess rainfall occurs during
La Nifia. This signal decreases towards the west and the
south of the basin, and an inverse and weak signal can be
observed in the Amazon plain of Bolivia (Ronchail, 1998;
Ronchail et al., 2002, 2005; Ronchail and Gallaire, 2006),
which may be related to the ENSO signal observed in the
southeast of South America (the south of Brazil, Uruguay,
and the northeast of Argentina). In the tropical Andes
of Bolivia and the southern Andes of Peru, rainfall is
below normal during El Nifio event (Francou and Pizarro,
1985; Aceituno, 1988; Tapley and Waylen, 1990; Rome
and Ronchail, 1998; Ronchail, 1998; Vuille et al., 2000;
Garreaud and Aceituno, 2001; Ronchail and Gallaire,
2006), and the glacier meltdown accelerates during these
years (Wagnon et al., 2001; Francou et al., 2003), while
no clear signal can be found during La Nifia events. In
the north of the Peruvian Andes, no clear signal is found
(Tapley and Waylen, 1990; Rome and Ronchail, 1998).
The rainfall anomaly is not so pronounced in Ecuador
(Rossel et al., 1999) with a slight rainfall increase during
El Nifio event for Ronchail er al. (2002) and Bendix et al.
(2003) and a deficit for Vuille et al. (2000). The signal
is also weak in the Colombian Amazon, where rainfall is
abnormally abundant during La Nifia events (Poveda and
Mesa, 1993).

Long-term variability in the AB has been extensively
reported in the literature. Chen et al. (2001) find a rainfall
increase in the AB countries since the 1960s using data
from Global Historical Climatology Network (GHCN).
This is in line with the increase in humidity convergence,
described by Chu et al. (1994) and Curtis and Hastenrath
(1999). Nevertheless, this trend is not valid for Callede
et al. (2004), who rebuilt a pluviometric series for the
period 1945-1998 based on 43 pluviometric posts, and
observe an slightly decreasing trend for the period, with
the exception of high values recorded from 1965 to 1975.
Marengo (2004) also finds this slight rainfall decrease
in Brazil for the same period using data from Climate
Research Unit (CRU), Climate Prediction Center Merged
Analysis of Precipitation (CMAP), and 300 pluviometric
stations from different local institutions. Also, Marengo
and Nobre (2001) and Marengo (2004) show an opposi-
tion between the long-term rainfall evolution in northern
and southern Amazon. In general, less rainfall has been
recorded in the north since the late 1970s, whereas the
opposite occurs in the south. These results are consis-
tent with Ronchail (1996), with respect to rainfall in
Bolivia and with Ronchail ef al. (2005), who show an
increase in the water level of the Madeira River during
the 1970s. These findings may also be observed at the
centre of Argentina (Agosta et al., 1999, among others),
and in the discharge of the Parand River in Paraguay
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(Genta et al., 1998; Robertson and Mechoso, 1998, etc.).
Marengo (2004) attributes the rainfall increase in the
southern Amazon to an intensification of the northeast
trade winds and to the increase in water vapour trans-
port from the tropical North Atlantic to the centre of the
Amazon. For a shorter period (1978—1998) using CMAP
data, Matsuyama et al. (2002) also present a decreasing
rainfall trend in the north and an increasing trend in the
south. Conversely, Zhou and Lau (2001) report a rain-
fall decrease as from 1986 to 1987 in the southwest of
the basin, and an increase in the north. To account for
this, the authors put forward the warming of the tropical
South Atlantic and the shift of the intertropical conver-
gence zone (ITCZ) to the south.

Rainfall variability is related to changes in the ocean
and the atmosphere as mentioned before. However, it
has also been linked to deforestation. In the AB, defor-
estation has been considered as virtually non-existent
till 1960 (Houghton et al., 2000), and the beginning
of the 1970s (0.34% of total land area being defor-
ested in 1976, Callede et al., 2008). A compilation of
the major works on the impact of deforestation on the
AB rainfall has been presented by D’Almeida et al.
(2007). It shows that the models developed at a macro-
scale (>105 km?) and simulating a general deforestation,
evaluate a 0.40-1.70 mm/day rainfall decrease (Nobre
et al., 1991; Henderson-Sellers et al., 1993; Dirmeyer
and Shukla, 1994; Polcher and Laval, 1994; etc). Defor-
estation also causes the dry season to extend (Shukla
et al., 1990; Nobre et al., 1991) and a strong rainfall
decrease during the dry season (Silva Dias et al., 2002).
Nevertheless, the present human activity in the AB gen-
erates an intense deforestation in the southern and eastern
basin principally and little deforestation in other regions,
in particular, in the NW (Le Tourneau, 2004). That is why
meso-scale deforestation models (102—105 km?) are rel-
evant. On the one hand, they point out a rainfall decrease
(Eltahir and Bras, 1994; etc), as well as a rainfall increase,
as a result of increased albedo and causing convergence
and convection in deforested zones (Chen and Avissar,
1994; Avissar and Liu, 1996; etc), particularly during the
dry season (Wang et al., 2000; Durieux et al., 2003).

The aim of this paper is to provide a comprehen-
sive study of spatio-temporal rainfall variability, using
a new set of enriched data mainly originating from Peru,
Bolivia, Ecuador, and Colombia. Likewise, it aims to
identify the trend and evolution with time of the average
annual rainfall in the basin countries. Within the frame-
work of the Hydrology and Geodynamics of the Amazon
Basin (HYBAM) programme, a rainfall variability analy-
sis has been developed to assess the impact on discharge
and sediment transport in the AB (Guyot, 1993; Gau-
tier et al., 2006). This article first presents the data and
the related spatial distribution, as well as an explana-
tion of the different methods applied. The first part of
the results focusses on spatial rainfall variability, then on
regimes. In both cases the analysis is more detailed for
Andean regions. Then, the space time interannual and
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pluriannual variability is analysed in relation to atmo-
spheric circulation and to regional modes of ocean and
atmosphere variability. Finally, the mean rainfall vari-
ability and trends are described for the whole AB during
the 1975-2003 period. Discussions and conclusions are
provided in the last section.

2. Data and methods

The HYBAM programme (http://www.mpl.ird.fr/hybam)
has elaborated a monthly rainfall database, from in situ
stations belonging to different institutions in charge of
the meteorological and hydrological monitoring: Agéncia
Nacional de Aguas (Water National Office — ANA,
Brazil), Servicio Nacional de Meteorologia e Hidrologia
(National Meteorology and Hydrology Service —
SENAMHI, Peru and Bolivia), Instituto Nacional de
Meteorologia e Hidrologia (National Meteorology and
Hydrology Institute — INAMHI, Ecuador) and Insti-
tuto de Hidrologia, Meteorologia y Estudios Ambien-
tales (Hydrology, Meteorology, and Environmental Stud-
ies Institute — IDEAM, Colombia). Brazilian data are
freely available at http://www.ana.gov.br. Data from
SENAMHI, IDEAM, and INAMHI are available on
request. The database made up of a total of 1446 pluvio-
metrical stations on a monthly basis has been submitted
to the regional vector method (RVM) (Hiez, 1977 and
Brunet-Moret, 1979) to assess its quality. Thus, for the
same climatic zone experiencing the same rainfall regime,
it is assumed that annual rainfall in the stations of the
zone is proportional in-between stations, with little ran-
dom annual variation as a result of rainfall distribution
in the zone. The basic idea of the RVM is as follows:
instead of comparing pairs of stations by correlation or
double mass, a fictitious station is created as some ‘sort of
average or vector’ of all stations in the zone, to be com-
pared with every station (Hiez, 1977; Vauchel, 2005).
To calculate this ‘Vector’ station, the RVM applies the
concept of extended average rainfall to the work period,
which is an estimation of the average possible value that
would have been obtained through continuous observa-
tions during the study period. On the basis of the above,
the least squares method is applied to find the regional
annual pluviometric indexes Z; and the extended aver-
age rainfall P;. This may be calculated by minimizing
the sum of Equation (1), where i is the year index, j the
station index, N the number of years, and M the number
of stations. P;; stands for the annual rainfall in the station
J, year i; P; is the extended average rainfall period of N
years; and finally, Z; is the regional pluviometric index
of year i. The series of chronological indexes Z; is called
‘regional annual pluviometric indexes vector’.

N
i=1

Two methods have been developed in parallel by
Brunet-Moret (1979) and Hiez (1977), the main dif-
ference being the way in which the calculation of the

M
L _z). 1
Zl<Pj (1)

Jj=

Int. J. Climatol. 29: 1574—1594 (2009)
DOI: 10.1002/joc



RAINFALL VARIABILITY IN THE AMAZON BASIN

extended average rainfall P; is carried out. The first one
considers that the extended average of a station is cal-
culated using the mean observed values, after deleting
outliers, i.e. data differing most from those of nearby sta-
tions for a particular year. The second one considers that
the extended average of a station is calculated on the basis
of the most frequent values (the mode) in accordance with
the neighbouring stations. Therefore, there is no need to
eliminate the data that differ considerably from the aver-
age, as it is carried out in the first method. In this study,
Brunet-Moret’s method has been applied, and the com-
parison with the other method has not yielded noticeable
differences. On basis of these concepts, it is possible to
analyse the data following an iterative process of station
selection within a specific climatic region. The selection
is supported by climatological maps and the description
of rainfall regimes, as reported in previous studies. The
iterative process calculates the vector, revises the results,
separates inconsistent stations, calculates the vector once
more, etc. Rejected stations close to the border of a region
may present the behaviour of a neighbouring region. As
a result, they are taken into account to calculate the vec-
tor of a new climatic region. Each resulting region is
associated with a ‘regional vector’ that represents the
interannual pluviometric variability in the region, and it is
also similar to the behaviour of all the stations which are
part of this region. Consequently, this vector is a good
indicator of the climatic variability in the region. Thus
for each year, this index requires data in at least five
stations, to find the longest analysis periods per region.
The application of the RVM in the AB led to 756 stations
(52% of the total) with data lasting more than 5-year con-
tinuous periods, and less probabilities of errors in their
series (Figure 1). On average, the data availability period
is from 1975 to 2003, but, in the Andean countries, the
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series are generally longer and started in 1960 in Peru
and in 1950 in Bolivia. In Colombia and Brazil, most
records started between 1975 and 1980, with very few
stations with data prior to 1965.

The seasonal variability is analysed by means of per-
centage of rainfall on a quarterly basis from Decem-
ber—January—February (DJF) to September—October—
November (SON). The seasonal variation coefficient
(sVC) is calculated using the mean monthly rainfall.
Likewise, the interannual variation coefficient (iVC) is
computed using annual rainfall values.

The different seasonal regimes are analysed based on
rainfall indexes that relate monthly rainfall to annual
rainfall. Thus, stations can be classified according to
their annual cycle and not on an amount of water.
Equation (2) is used to calculate this index, where I; is
the monthly index for the month i, PP; the monthly
rainfall for month i, and PP 4 the total annual rainfall.

PP,

I = TIE 2)

An ascendant hierarchical classification (AHC) is
applied to the monthly rainfall indexes to define the opti-
mum number of clusters. The Ward method is applied
to maximize inter-class variance. The K-means method
is then applied based on the number of groups found
through AHC. This method relies on consecutive iter-
ations permitting to decrease intra-group inertia and to
increase inter-group inertia. The number of iterations was
10, 15, and 25. Although groups can be created based on
AHC, K-means permits to obtain several classifications
and to identify stable and unstable stations (belonging
to different clusters in different iterations). Only those
stations belonging to the same cluster in every iteration
were used to define the regimes.

COLOMEBIA
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Figure 1. Limit of the Amazon basin (solid line) and of the Andean regions above 500 m (black and white line) and location of the rainfall
gauges approved by the regional vector method (756 stations with more than 5-year records). The 25 symbols represent the groups of stations
from which the 25 vectors were created.
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To measure the average rainfall in the basin and its
interannual evolution, the Kriging interpolation method
is applied. This method consists in establishing a vari-
ogram for each spatial point. This variogram evaluates
the influence of the 16 closest stations according to dis-
tance. The Kriging method is the only one to take into
consideration a possible spatial data gradient.

Spatial and temporal structures of interannual rainfall
variability are studied based on a varimax-rotated prin-
cipal components analysis (PCA) (Dillon and Goldstein,
1984) on the RVM pluviometric indexes. The use of the
RVM indexes rather than initial data allows long time
series (1964-2003) to be considered. The applied PCA
is of the varimax-type. It circumvents the exaggerated
influence of variables (vectors) with a high contribution
to the factors.

The analysis of rainfall trend relies on correlation
coefficients; the Pearson coefficient which is parametric
measures the lineal correlation among variables, whereas
Spearman and Kendal coefficients are non-parametric
and based on range and range probability of the data
occurrence order, respectively (Kendall, 1975; Siegel and
Castellan, 1988).

Breaks and changes in the series are evaluated through
different methods. The Bayesian Buishand method is
based on changes of the series average; the critical values
for the identification of breaks are based on Monte Carlo
method which remains valid even for variables with a
distribution different from normal (Buishand, 1982). The
Pettitt method is a non-parametric test based on changes
in the average and the range of the series subdivided into
sub-series (Pettitt, 1979). It is considered one of the most
complete tests for the identification of changes in time
series (Zbigniew, 2004). Lee and Heghinian Bayesian test
uses the average as an indicator of change thanks to an
a posteriori Student’s distribution (Lee and Heghinian,
1977). Finally, Hubert segmentation is based on the
significant difference of average and standard deviation
among periods; it is particularly well-suited to the search
for multiple changes in series (Hubert et al., 1989).

Geopotential, wind, and humidity data originates from
the European Center for Medium Range Weather Forecast
(ECMWF) (Uppala et al., 2005) reanalysis project. The
ECMWF ERA-40 reanalysis data used in this study has
been obtained from the ECMWF data server. Reanalysis
data result from a short-term operational forecast model
and from the observation of various sources (land, ship,
aircraft, satellite...). Data are provided four times a
day, on a 2.5° latitude X 2.5° longitude global grid,
at 23 pressure levels. The vertically integrated water
vapour flux is derived from the specific humidity and the
horizontal wind between the ground and 500 hPa (Rao
et al., 1996).

Several regional climatic indexes are used to charac-
terize the temporal patterns resulting from the analysis of
annual rainfall. The Southern Oscillation Index (SOI) is
the standardized pressure difference between Tahiti and
Darwin. The Multivariate ENSO index (MEI) monitors
ENSO in the Pacific using sea-level pressure, zonal and
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meridional components of the surface wind, sea surface
temperature, surface air temperature and total cloudi-
ness fraction of the sky (Wolter and Timlin, 1993). Both
indexes are from the Climatic Prediction Centre of the
National Oceanic and Atmospheric Administration (CPC-
NOAA:http://www.cdc.noaa.gov/). Sea surface tempera-
ture (SST) data are also from the CPC-NOAA. Monthly
SSTs (1950-2000) are provided for the northern tropi-
cal Atlantic (NATL, 5-20°N, 60-30°W) and the south-
ern tropical Atlantic (SATL, 0-20°S, 30°W-10°E).
The standardized SST difference between the NATL
and SATL is computed to feature the SST gradient
in this oceanic basin. The Pacific Decadal Oscilla-
tion (PDO) Index is defined as the leading component
of North Pacific monthly SST variability, poleward of
20°N for the 1900-1993 period (Mantua et al., 1997:
http://jisao.washington.edu/pdo/). When PDO is positive,
water is colder in the central and western Pacific and
warmer in the eastern Pacific; with a negative PDO,
the reverse is observed. This negative and positive PDO
‘events’ tend to last from 20 to 30 years. The PDO index
has been mainly positive since 1976.

The management of the pluviometric database, as well
as the application of the RVM and the calculation of
the average rainfall in the basin, has been carried out
using the HYDRACCESS software, developed within
the framework of the HYBAM programme (free down-
load at www.mpl.ird.fr/hybam/outils/hydraccess_en.htm;
Vauchel, 2005). The calculation of changes in the series is
made using the KHRONOSTAT software (free download
at www.mpl.ird.fr/hydrologie/gbt/projets/iccare/khronost.
htm; IRD, 2002).

3. Spatio-temporal rainfall variability in the
Amazon basin

Rainfall gauges approved by RVM display a heteroge-
neous spatial distribution in the AB countries (Figure 1).
In Brazil, stations are evenly distributed. However, as
the dense forest leads to poor access, the pluviometric
stations have been mainly located along the rivers and
highways. In the Andean countries there exists a great
number of stations, often featuring long series, especially
in mountainous regions, where access is easier than in
the lowlands. On the contrary, stations are few and far
between in the lowland regions of Peru, Ecuador, and
Bolivia, on the border of Peru and Brazil, and in the
northeast region of the basin, on the Brazilian border
with Guyana and Surinam (Figure 1).

3.1

Particularly rainy regions (3000 mm/year and more) are
located in the northeast, in the Amazon delta, close to the
Atlantic Ocean (Figure 2), exposed to the ITCZ and in the
northwest of the basin (Colombia, north of the Ecuado-
rian Amazon, northeast of Peru, and northwest of Brazil).
Rainfall is also abundant towards the southeast, close to
the average position of the South Atlantic Convergence

Spatial variability of annual rainfall

Int. J. Climatol. 29: 1574—1594 (2009)
DOI: 10.1002/joc



RAINFALL VARIABILITY

IN THE AMAZON BASIN 1579

05N

oo

055

105

155

208

Figure 2. Mean 1975-2003 annual rain (mm/year). The pluviometric stations mentioned in the text are indicated. Andean regions above 500 m
are limited by a black and white line.
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Figure 3. Relationship between altitude (m asl) and annual rainfall (mm) for the 391 stations of the Andean countries (Bolivia, Peru, Ecuador,
and Colombia). The stations mentioned in the text are indicated.

Zone (SACZ), established during austral summer from
the northwest of the Amazon to the Subtropical South
Atlantic. Rainfall decreases towards the Tropics reach-
ing more than 2000 mm/year in the southeast of Brazil
and less than 1500 mm/year in the Peruvian—Bolivian
plain and in the Roraima Brazilian state which is pro-
tected from the Atlantic humid flows by the Guyanese
shield. This distribution is consistent with the results
of Ratisbona (1976), Salati et al. (1978), Marquez et al.
(1980), Figueroa and Nobre (1990), Fisch et al. (1998),
and Marengo (2004), among others. However, our rainfall
map yields more information about the Andean countries.
Figure 2 clearly shows lower rainfall in the high Andes
regions, mainly in the centre and south. Figure 3 displays

Copyright © 2008 Royal Meteorological Society

the relationship between annual rainfall and altitude for
391 stations located in the Andes. Only a limited number
of stations are located over 2000 m asl with an excess of
1500 mm/year and, in general less than 1000 mm/year is
measured over 3000 m asl. The same situation is found
by Guyot (1993) and Ronchail and Gallaire (2006) in
Bolivia and by Laraque et al. (2007) in Ecuador. At low
elevation, abundant rainfall is related to the moist warm
air and to the release of high quantity of water vapour
over the first eastern slope of the Andes. The stations
registering more than 3000 mm/year are located at less
than 1500 m asl (Figure 3). As a result, rainfall dimin-
ishes with altitude. Nonetheless, the least rainy stations
such as Caracato (2650 m asl) in the Bolivian Andes with
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255 mm/year and Sondorillo in the Andes of northern
Peru, (1850 m asl) with 345 mm/year, are not the highest
(Figure 3). Indeed, the prevailing eastern direction of the
moist trade winds and the exposure of the stations on the
leeward side of the mountains, account for low precipita-
tion levels measured at low altitudes. For example, little
rain is registered in Jaén (620 m asl, 700 mm/year) which
is surrounded by high mountains mainly towards the east
(Figure 3). This is why a strong spatial variability is
observed under 2000 m asl where rainfall varies from 500
to 3000 mm/year (Figure 3). Extreme values approved
by the RVM analysis are in positions that favour strong
air uplift, as Churuyacu (500 m asl) in Colombia with
5500 mm, close to a steep slope and Reventador (1470 m
asl) in Ecuador with 6200 mm, located on a remote vol-
cano. Also there exists a very rainy zone in the southeast
of the Peruvian Amazon. For example, San Gaban station
(820 m asl) gets an average of 6000 mm (Figure 3), and
maximum values may be as high as 9000 mm/year (in
1967). It is located in a concavity in the Carabaya Moun-
tain Range (south of Peru), close to steep slopes. It should
also be mentioned that the RVM analysis has resulted
in the rejection of several stations, particularly in very
humid regions of the Andean countries. These stations
located in remote areas feature scree and mudslide. As a
result very scarce records have been kept. Thus, values
in excess of 5000 mm in Chaparé, east of Cochabamba,
as mentioned by Roche ef al. (1990) in Bolivia, have not
been included on the map (Figure 2).

Then, it is clear that the highest and lowest annual
rainfall values in the AB are registered in the Andean
region (Figures 2 and 3). Some cases illustrate the high
spatial rainfall variability. In Ecuador, the Reventador

J. C. ESPINOZA ET AL.

station (1470 m asl; 6200 mm) is 80 km from Oyacachi
(3200 m asl) whose annual rainfall is 1400 mm; the spa-
tial variation between both stations is thus 58 mm/km.
Also, between Puyo (960 m asl, with 4500 mm) on
the border of the Andes, and Alao (3200 m asl, with
1000 mm) situated in an embanked valley, at a distance
of 55 km, there is a 63 mm/km difference. In Peru, San
Gaban (820 m asl; 6000 mm) is 110 km from Paucar-
tambo (2030 m asl, with 530 mm). It is situated in a
valley behind the Carabaya Mountain Range. In this case
there is a 50 mm/km difference between both stations.
In Bolivia, Cristal Mayu (880 m asl, with 4000 mm)
is located 46 km away from Colomi (3280 m asl and
630 mm); the difference is still higher, 73 mm/km. The
preceding examples show the important role of relief in
determining the annual rainfall (Figure 3).

3.2. Seasonal cycle

The seasonal cycle is assessed with maps showing the
quarterly percentage of rainfall (Figure 4) and using the
AHC and K-means cluster analysis based on monthly
rainfall indexes (Figure 5). AHC analysis enables the
definition of an optimum number of nine clusters cor-
responding to nine regimes and the K-means technique
gathers together stations experiencing the same regime.
The seasonal cycle is also described using quarterly maps
showing the mean 1979-1998 geopotential height at
850 hPa and the vertically integrated water vapour trans-
port (Figure 6).

Figure 5(a) and (c) evidence a clear opposition between
the tropical northern and southern regions of the Amazon
in austral summer (DJF) and austral winter [June—July—
August (JJA)]. In JJA the percentage of annual rainfall

5
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100%

Figure 4. Quarterly percentages of rainfall (%) in (a) December—January—February (DJF), (b) March—April-May (MAM), (c) June—July—August
(JJA), and (d) September—October—November (SON). The Andean regions above 500 m are limited by a black and white line.
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Figure 5. (a)—(i) Annual regimes, resulting from AHC and K-means classifications on a monthly rainfall index in 756 stations. Each symbol on
the map corresponds to a regime. Each graph represents the average monthly rainfall of all the stations belonging to a class. (j) Annual regime
of the average 1975-2003 rainfall in the Amazon basin at the delta. This figure is available in colour online at www.interscience.wiley.com/ijoc

is over 50% in the northern region (north of Brazil and
Colombia), and below 20% in the south (south of Brazil,
Peru, and Bolivia). The opposite is true in summer (DJF).
Tropical regimes are also depicted in Figure 5(b) (North-
ern Hemisphere tropical regime) and in Figure 5(c)—(e)
(Southern Hemisphere tropical regimes). In the North-
ern Hemisphere, particularly in the State of Roraima
(Brazil), the rainfall peak in JJA is related to the warming

Copyright © 2008 Royal Meteorological Society

of the continent and of the tropical Atlantic and east-
ern Pacific Ocean surface temperature (Pulwarty et al.,
1998). To the south, the rainy season in austral sum-
mer is related to continent warming (Fu et al., 1999),
to a low geopotential height in the Chaco region and
to the onset of the South American monsoon (SAMS)
and the related low-level jet (LLJ) along the Andes
(Figure 6(a); Zhou and Lau, 1998; Saulo ef al., 2000;
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Figure 6. Mean 1964-2002 850 hPa geopotential height (m) and vertically integrated water vapour flux (kg/m/s) between the ground and
500 hPa wind in (a) January, (b) April, (c) July, and (d) October. The figures use ECMWF data. This figure is available in colour online at
www.interscience.wiley.com/ijoc

Marengo et al., 2004). On the contrary, the dry season
in JJA is related to high geopotential height values and
to the retreat of the SAMS (Figure 6(c)). In the south,
tropical regimes differ according to the length of the
dry season. In the tropical Andes, it lasts from May to
September (Figure 5(c)); only 5% of the annual rainfall
can be registered during this period. In the lowlands the
dry season is shorter, lasting from June to August. In the
Bolivian plain the dry season is rainier (Figure 5(d)) than
in the Mato Grosso (Figure 5(e)). This is because extra-
tropical perturbations skim through the Bolivian lowlands
during winter (Figure 6(c)) (Oliveira and Nobre, 1986;
Ronchail, 1989; Garreaud, 2000; Seluchi and Marengo,
2000).

In the northeastern AB, autumn [March—April-May
(MAM)] and spring (SON) are the most different sea-
sons (Figure 4(b) and (d), respectively); more than 50%
of annual rainfall can be measured in MAM, whereas less
than 10% occurs in SON. This ‘tropical maritime’ regime
involves a region from the Amazon delta to approxi-
mately 1000 km in the centre of the basin, at the con-
fluence of the Amazon and Madeira River (Figure 5(f)).
In this region, seasonality is mainly controlled by the
Atlantic Ocean. In particular, the precipitations peak in
austral autumn is related to the heating of the equatorial
Atlantic and to the southernmost position of the ITCZ (Fu

Copyright © 2008 Royal Meteorological Society

et al., 1999; Fu et al., 2001). On the contrary, in austral
spring, the dry season is associated with the northward
shift of warm waters and of the ITCZ.

In the northwest of the basin, in regions close to
the equatorial line, rainfall distribution over the year is
more uniform, with percentages close to 25% during
each quarter (Figure 4). In Ecuador, the very low rainfall
seasonality is related to deep convection on the always
warm surface (Fu er al., 1999) and to the geopotential
height that is very low from austral spring to austral
autumn (Figure 6(b)). However, two different regimes
can be highlighted from the upper Negro basin to the
lowlands of Ecuador; on the windward slopes of the
Andes, a unimodal regime with a slight peak at the end
of the austral autumn (Figure 5(a)) is due to enhanced
convection after the equinox and to a strong zonal water
vapour transport (Figure 6(b)) (Laraque et al., 2007). A
bimodal regime, with peaks near the equinoxes (April
and October) and a slight decrease in austral winter is
depicted in the intra-Andean basins in Peru and Ecuador,
and in the Amazon plain, on the border of Peru, Brazil,
and Colombia (Figure 5(h)). The semi-annual rainfall
cycle results from the zonal oscillation of the continental
ITCZ, associated with the semi-annual cycle of radiation
and temperature (Horel et al., 1989; Figueroa and Nobre,
1990; Poveda, 2004; Poveda et al., 2006).
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Figure 7. Seasonal variability coefficient (sVC): coefficient of variation computed on mean 1975-2003 monthly rainfall values. The Andean
regions above 500 m are limited by a black and white line. The rivers mentioned in the text are named.

Finally, transition regimes prevail between 5 and 10°S.
In the central and eastern regions of the basin, an
intermediate regime, between southeast (Figure 5(e)) and
northeast (Figure 5(f)), is characterized by a rainy period
from December to April (Figure 5(g)). In Peru, in the
plain and the Andes, an intermediate regime between
the southern tropical regime (Figure 5(c) and (d) and
the northern bimodal regime in the north (Figure 5(h)),
features a rainier season in March and a dry season from
June to September (Figure 5(i)).

These results are similar to those described in previous
studies for Brazil (Ratisbona, 1976; Salati ef al., 1978;
Kousky et al., 1984; Horel et al., 1989; Nobre et al.,
1991; Marengo, 1992; Zhou and Lau, 2001; Ronchail
et al., 2002). However new pieces of information are
provided for the Andean regions, which had remained
poorly documented.

The sVC (Figure 7) shows the important seasonal
variability of rainfall with values over 0.6 in inner and
tropical Andean regions, in the southern Andes of Peru
(in the region of Apurimac, in the upper Ucayali basin)
and in southwestern Bolivia (in the region of Sucre, in
the upper Mamore Basin). From the south of the Bolivian
lowland to southern Peru, in a corridor between the Andes
and the Brazilian shield, the relatively low seasonal
variability is due to winter rainfall related to extra-tropical
perturbations. A strong sVC may be noticed in other
tropical regions of the basin, particularly in the southeast
(Mato Grosso) and in the north of Brazil (Roraima). In
the northeast of the basin, close to the Amazon delta,
there is also a major seasonal variation with an sVC
value in excess of 0.5. Between 5°N and 5°S, a strong
decrease in sVC is observed from 60°W towards the
west, with values under 0.1, mainly in the lowland forests
of Peru and Colombia and in the west of the Brazilian
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Amazon (Figure 7). This evidences the constant presence
of rainfall in this region, confirming what is shown in
Figures 4 and 5(a) and (h). In the northern part of Peru,
there is an important east—west increase in sVC between
the Amazon plain and the regions close to the Andes, as
well as between the north and the south (throughout the
Ucayali basin).

The Amazon basin of Peru and Ecuador down to
Tamshiyacu (4.00°S and 73.16°W) extends over a sur-
face of 726 400 km?, with 53% over 500 m asl (Mialocq
et al., 2005 and Espinoza et al., 2006). It experiences
a high spatial variability of annual rainfall regimes
(Figure 8).

The southern part of the basin displays a clear south
tropical regime with a long dry season from May to
September, such as Antabamba station (14.37°S 72.88W;
3900 m asl, Figure 8(a)), with an annual cycle beginning
in August and a rainy period from December to March.
In the upper basin of the Huallaga and Ucayali Rivers, a
tropical humid regime at Quillabamba station (12.86°S
72.69°W; 1128 m asl, Figure 8(b)) features a much
longer and intense rainy period (from December to
May). At Pozuzo (10.05°S 75.55°W; 258 m asl) in the
north, at a lower altitude, a higher rainfall value and
a shorter dry period (JJA) is observed (Figure 8(c)). In
the north, in the upper Marafién River (Figure 8(d)), an
intermediate regime between southern Tropics and the
equator features a very rainy period from January to
April, as in Julcan station (8.05°S 78.50 °W; 3450 m asl).
In the regions close to the equatorial line, longer rainy
seasons are noticed; for example, the Gualaquiza station
(3.40°S 78.57°W; 750 m asl, Figure 8(e)) close to the
Andes presents a rainy season from February to July
and no dry period. Towards the east in Iquitos (3.75°S
73.25°W; 125 m asl, Figure 8(f)), a more uniform regime
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Figure 8. Rainfall regimes in eight stations in the Peruvian and Ecuadorian Amazon basin. Each symbol on the map corresponds to a regime as
in Figure 5. The main rivers are named.

is depicted with a slight rainfall decrease from June to
September, and a very weak sVC, as shown in Figure 7.

The spatial variability of rainfall regimes may be even
greater as shown in studies about Ecuador. Stations with
different regimes coexist in the same basin because of
their different exposures to the easterlies. For example the
minimum rainfall in Guaslan, in an intra-Andean basin,
coincides with the rainfall peak in Bafios, located on a
windward slope (Figure 8(g)). This is due to an increase
in the water vapour transport, in austral winter, which
causes rainfall peaks in windward stations (Laraque et al.,
2007; Bendix, Personal Communication).

The average monthly rainfall calculated for the whole
AB (Figure 5(j)) presents a rainy period from Decem-
ber to April (between 220 and 270 mm/month) and less
rainfall from July (105 mm) to August (95 mm). The
sVC (0.34) is low and shows the influence of the north-
west region, which, although not so extended, is very
rainy and exhibits a low seasonality (Figures 2 and 5).
Nevertheless, this rainfall cycle, with a drier season in
winter, also reflects the influence of the extended south-
ern tropical regions, from 5°S to the south of the basin,
characterized by a marked dry season around July and
August (Figure 5).

3.3. Interannual variability

The interannual rainfall variability resulting from the
iVC is particularly important in the mountainous regions
of the Andean countries (Figure 9(a)), in the Tropics
(Chaco and Roraima) and close to the Amazon delta.

Copyright © 2008 Royal Meteorological Society

High values of iVC are also found on the elevated
border of Peru and Brazil (Fitzcarrald Arch, 400-500 m
asl, upper Jurud and Purus Rivers, see Figure 9(a)).
Regions with lower interannual variability are situated
along the northwest—southeast axis of the AB, where
rainfall is abundant. Isolated high values may be related
to particular local conditions.

The interannual—seasonal variability ratio (iVC/sVC)
highlights a major uniformity of rainfall distribution
during the year in the western equatorial regions of
the AB (0°-05°S and 65°-77°W) (Figure 9(b)). In this
region, interannual variability is three times higher than
seasonal variability (iVC/sVC up to 3.0). On the contrary,
in the south and east of the Amazon, seasonal variability
exceeds interannual variability.

Interannual variability is also addressed using a
varimax-rotated PCA on rainfall index vectors resulting
from the RVM analysis. On the one hand, the advantage
of this procedure lies in the use of data summarizing
the interannual variability of homogeneous zones already
specified by the RVM. Thus, 25 different regions are
defined, from which 9 belong to the Brazilian Ama-
zon plain and 16 are located in the Andean countries
(Figure 1). In Brazil, regionalization is similar to that
found by Hiez ef al. (1991). On the other hand, the use
of annual pluviometric indexes from RVM allows the
analysis period to be extended to 1964-2003 (see Chap-
ter 2).

PCAs are computed on a quarterly rainfall, i.e. DJF,
MAM, JJA, and SON. The first three components of
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Figure 9. (a) Interannual variability coefficient (iVC): coefficient of variation of annual 1975-2003 rainfall. (b) Ratio between the interannual
variability coefficient and the seasonal variability coefficient. In the dotted rectangle is the region where the interannual variability is more
important than the seasonal variability. The Andean regions above 500 m are limited by a black and white line.

the PCAs generally summarize 45-50% of total rainfall
variability.

In JJA and SON, experiencing little rainfall except in
the northwest, the main variability is pluridecadal, with
a change at the end of the 1970s in JJA (Figure 10)
and the beginning of the 1980s in SON (not shown).
The first principal components (PCs) account for 26
and 18% of the explained variance in JJA and SON,
respectively. High rainfall is registered during the first
period in the whole AB. The signal is very strong in the
northwest, whereas it is weak in the south. Low rain-
fall characterizes the second period. We use the ERA-40
reanalysis to take into account the differences in atmo-
spheric circulation between both periods. Figure 11(a)
displays the differences in the 850 hPa geopotential
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height and wind between 1986—1997, the driest period,
and 1967-1976, the rainiest period. After the 1970s, an
enhanced geopotential height can be observed over the
western Amazon and the tropical Atlantic. Water vapour
diverges from these regions leading to a reduced rain-
fall. Interestingly, as a low geopotential height prevails
over eastern Brazil, water vapour converges towards this
region (Figure 11(b)). Given the fact that El Nifio events
are related to dryness in northern Amazon and that a
strong frequency of El Nifio events has been observed
since the end of the 1970s (Trenberth and Hurrell, 1994),
it is assumed that the rainfall decrease in the north of
the basin after that date can be attributed to the warming
of the tropical Pacific. The time series of the first PC
in JJA is negatively correlated with the JJA multivariate
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Figure 10. Spatial and temporal patterns associated with the first
principal component resulting from a PCA analysis on JJA rainfall
in 25 vectors (part 2).

ENSO index (MEI) and PDO indexes (r = —0.69 and
—0.66, respectively, both correlations being significant
at the 99% level; Figure 12). Partial correlations show
that both indicators combine to account for 65% of the
total rainfall variance. At an interannual time scale, pos-
itive MEI values are associated with very low rainfall
over the basin (1983, 1997), whereas negative MEI val-
ues are concomitant with high rainfall (1973, 1975). At a
pluriannual time scale, low PDO values during the 1960s
and 1970s are associated with high rainfall. The opposite
can be observed during the 1980s and 1990s. Marengo
(2004) and Marengo et al. (2008) already mentioned con-
nections between the long-term rainfall variability in the
AB and the PDO.

The aforementioned long-term variability is also
present in MAM and DJF seasons and but it is not
the main mode of variability. Pluriannual variability in
DJF and MAM, the rainiest seasons in many regions
(Figure 5), is observed at a decadal time scale. PC1 in
DIJF (27% of variance) and PC2 in MAM (16%) show
the same time space modes of variability. In MAM, rain-
fall is important (weak) in the northwest (southeast) of
the basin during the 1970s and 1990s, and the oppo-
site can be noticed from the beginning of the 1980s
till the beginning of the 1990s with a higher than nor-
mal rainfall in the southeast (Figure 13). The rainfall
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increase in southeastern Amazon at the end of the 1970s
is related to a negative geopotential height (Figure 14(a))
over southern Amazon where there is an intensification
of the northwest wind along the Andes and of the LLJ
and to the convergence of water vapour from the Atlantic
and northwest Amazon (Figure 14(b)). On the contrary,
stronger than normal geopotential height prevails over
northwestern Amazon where water vapour diverges. The
rainfall increase in northwestern Amazon during the last
decade is related to a reduced northwest wind and LLJ
and to an increased water vapour convergence over the
north (Figure 14(d)), promoted by a positive geopotential
anomaly over most of the continent south of the equa-
tor line (Figure 14(c)). In DJF and MAM, the PC load-
ings are very weakly correlated to the PDO (r = —0.38,
p > 0.95 in MAM). These results are consistent with
Ronchail (1996) who finds a similar pluriannual vari-
ability in Bolivia and with Marengo and Nobre (2001)
and Marengo (2004) who show opposite long-term evo-
Iutions in the north and south of the Brazilian AB. Also
Lau and Wu (2006) describe a similar spatio-temporal
pattern, with an increase in the annual rainfall along the
tropical Andes, whereas the annual rainfall decreases in
the eastern and southern parts of the Amazon, between
1979-1990 and 1991-2002. However, our study yields
some insights into the seasonality of the pluriannual rain-
fall evolution.

In DJF and MAM, an interannual variability repre-
sented by PC2 in DJF and PC3 in MAM accounts for 13
and 10% of rainfall variance, respectively (Figure 15).
Strong positive values are displayed during the 1970s,
in 1984-1985-1986, 1989, and 1995 (many of them La
Nifia years), and negative values in 1983, 1992—-1993,
and 1998 (most of them El Nifio events). An opposi-
tion is pointed out between, on the one hand, the south
of the Andean region (Peruvian and Bolivian Altiplano)
and the northeast (in DJF) and east (in MAM) of the
AB, and on the other, the southeast of the basin in DJF
(the southwest in MAM) and the northwest of the AB.
The two PCs are related to the interannual variability of
ENSO and of the SST gradient between the NATL and the
SATL (Figure 16). Correlation values between the DJF
and MAM PCs and the seasonal MEI are —0.55 (signif-
icant at the 99% level), indicating that during El Nifio
events, rainfall is less abundant in the tropical Andes and
in the east of the AB, as already described by Kousky
et al. (1984), Aceituno (1988), Marengo (1992), Marengo
and Hastenrath (1993), Moron ef al. (1995), Ronchail
(1998), Liebmann and Marengo (2001), and Ronchail
et al. (2002), among others. El Nifio events are associ-
ated with a rising motion over the eastern regions of the
equatorial Pacific Ocean and subsidence over the north-
ern AB (Kousky et al., 1984). Additionally, Garreaud and
Aceituno (2001) show that the northward position of the
Bolivian High during El Niflo events prohibits the uplift
of moist air towards the Altiplano, preventing rainfall in
this region. On the contrary, rainfall tends to be slightly
more abundant during El Nifio events in western and
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Figure 11. JJA differences between 1986—1997 and 1967-1976 in (a)
water vapour flux (kg/m/s) between the ground and 500 hPa. The

850 hPa geopotential height (m) and wind (m/s), (b) vertically integrated
figures use ECMWF data. This figure is available in colour online at

www.interscience.wiley.com/ijoc

southern Amazon, as reported by Ronchail (1998), Ron-
chail ef al. (2002, 2005), Bendix et al. (2003), Grimm
(2003, 2004), and Ronchail and Gallaire (2006).

The correlation between these PCs and the annual
difference between the northern and SATL SSTs is also
significant at the 99% level (r = —0.59 in DJF and r =
—0.48 in MAM). Figure 16 shows that when this gradient
is positive, i.e. when the north tropical Atlantic is warmer
and/or the south tropical Atlantic is colder than usual,
rainfall is less abundant in the northeast of the basin, as
previously pointed out and explained by Molion (1987,
1993), Marengo (1992), Moron et al. (1995), Nobre and
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Shukla (1996), and Ronchail ef al. (2002), among others.
Tropical Atlantic Ocean warming causes a rising motion
over this ocean and subsidence in the south of the AB,
a shift to the north of the ITCZ and less rainfall over
northeastern Amazon. The opposite can be noticed when
the Atlantic SST gradient is negative.

The partial correlations between, on the one hand, PC2
in DJF and SOI or MEI and NATL-SATL on the other,
are significant, indicating that both climatic indicators
are complementary to account for interannual variability.
Together they make up 50% of rainfall variability as
described by PC2 in DJF.
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Figure 13. Spatial and temporal patterns associated with the second
principal component resulting from PCA analysis on MAM rainfall in
25 vectors (part 2).

3.4. Mean rainfall in the basin

Mean interannual rainfall for the whole basin (Figure
17(a)) is of 2200 mm/year for a standard deviation
of 138 mm and a variation coefficient of 0.06. The
maximum value, as recorded in 1975 (during a La Nifa
year), is 2460 mm, whereas the minimum value, recorded
in 1992, is 1815 mm (during an El Nifio event).

Trend tests evidence a rainfall decrease during the
1975-2003 period (significant at the 95% level). The
Pearson’s, Spearman’s and Kendall’s coefficient values

Copyright © 2008 Royal Meteorological Society

are —0.47, —0.50, —0.33, respectively. This is con-
sistent with the negative trend reported by Marengo
(2004) in Brazil. The annual rainfall decrease percent-
age is —0.30%/year (—30% rainfall in 100 years). This
is lower than the average calculated in the Peruvian and
Ecuadorian Amazon: —0.83%/year for the 1970-1997
period (Espinoza et al., 2006). All break tests applied
to the mean annual rainfall agree with a change in
1982 (Table I), related to the time evolution of the
JJA and SON rainfall PCls (Figure 10) that shows
lower rainfall values since 1983 in the north of the
basin. The first period, before 1982, outlines an aver-
age of 2296 mm/year and the second one, after 1982, of
2160 mm/year. Another change is reported by the Buis-
hand and Pettitt tests in 1989 (with slightly lower values
after the break), in partial agreement with the rainfall
increase in the northwest observed in PC1 in DJF and
PC2 in MAM at the beginning of the 1990s (Figure 13).
The first period, before 1989, totals 2250 mm/year aver-
age and the second, after 1989, 2139 mm.

At a quarterly time scale, it clearly appears that rainfall
decreases in DJF, JJA, and SON during the 1975-2003
period, with trends being significant at the 95, 90, and
99% level, respectively (Figure 17(b)). In other words
annual rainfall decrease is due to the strong negative trend
observed in JJA and SON (Figure 10) in the extreme
northwest of the basin that remains rainy during these
seasons (Figure 5(a), (b), and (h)). At the end of the
century, a positive trend developed from 1992 to 2003 in
MAM (at the 95% significance level) which is consistent
with the MAM PC2 (Figure 13), whereas a weak negative
trend was found in SON and no trend in DJF and
JJA (Figure 17(b)). From a hydrological standpoint, a
major finding is the increasing rainfall amplitude which
has been observed between SON and MAM since 1992
(Callede et al. 2004; Espinoza et al., 2008).

4. Conclusions

For the first time, a database with in situ pluviometric
information gathers together 1446 original rain gauges
from five countries that form the better part of the
AB. Monthly rainfall data have been collected for the
1964-2003 period within the HYBAM programmes, in
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Figure 14. MAM differences between (a) 1980—1992 and 1970-1979 850 hPa geopotential height (m) and wind (m/s), (b) 1980-1992 and

1970-1979 vertically integrated water vapour flux (kg/m/s) between the ground and 500 hPa, (c) 1993-2002 and 1980-1992 850 hPa

geopotential height (m) and wind (m/s), (d) 1993-2002 and 1980-1992 vertically integrated water vapour flux (kg/m/s) between the ground and
500 hPa. The figures use ECMWEF data. This figure is available in colour online at www.interscience.wiley.com/ijoc

collaboration with the different institutions in charge of
the meteorological and hydrological monitoring in the
Amazonian countries. Rainfall data have been controlled
using the RVM. The resulting database (756 stations for
the 1964—-2003 period) shows that the main data con-
tribution is from the highlands of the Andean countries
(Peru, Bolivia, Ecuador, and Colombia). Additionally, the
stations are unevenly distributed, with a smaller number
of posts in the plain of the Andean countries because of
the remoteness of these regions.

In the Andean regions of the AB, very high and
low rainfall values (between 6000 and 250 mm/year)
are recorded in nearby stations, as observed in the
Himalaya chain by Dobremez (2001). The strong spatial
variability is due to rainfall decrease with altitude and
to the leeward or windward position of the stations.
The highest rainfall in the AB is observed in low
windward regions (over 6000 mm/year) and conversely,
low rainfall is measured in leeward and elevated stations
(under 530 mm/year). In the lowlands, the northwest and
northeast equatorial regions are the rainiest zones, with
values over 3000 mm/year. Less rainfall is measured in
the tropical regions. These results complement what is
shown in many studies about rainfall distribution in the

Copyright © 2008 Royal Meteorological Society

Brazilian Amazon and in particular a focus is given on
east—west and north—south rainfall gradients in Peru.

Rainfall regimes evidence the strong opposition bet-
ween the northern and southern Tropics, because of the
alternating warming of each hemisphere and to American
monsoons. Next to the Amazon delta, a MAM maximum
and a SON minimum are associated with seasonal
migration of the ITCZ. In the northwest equatorial region
there is a better rainfall distribution within the year
with quarterly percentages of rain close to 25%. In the
equatorial Andes, the distribution of rainfall regimes
is highly complex and associated with the stations
exposure: bimodal regimes in intra-Andean basins are
found close to unimodal regimes in windward stations.
This particular subject is more widely developed in
Laraque et al. (2007). Various intermediate regimes are
described between equatorial and tropical regions; a focus
on Peru is also proposed as very little information is
available to this day.

The RVM has supported not only the analysis of data
quality, but also the creation of homogeneous regions,
exhibiting the same interannual rainfall variability, and
computation of 25 indexes (vectors) that summarize the
pluviometric variability of 25 regions. PCA has been
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Figure 15. Spatial and temporal patterns associated with the second
principal component resulting from a PCA analysis on DJF rainfall in
25 vectors (part 2).

performed on quarterly indexes to identify the main spa-
tial and temporal rainfall patterns. Three main modes
of spatio-temporal variability have been defined and
the related spatial patterns are widely dependent on
the Andean country indexes. A long-term variability
characterizes rainfall evolution from June to Novem-
ber. It shows a rainfall decrease since the end of the
1970s—beginning of the 1980s, in the whole basin and
especially in the northwest. This change is due to the
long-term increase of the near surface geopotential height
over the western part of the Amazon. It is also associated
with the long- and short-term variability in the Pacific

J. C. ESPINOZA ET AL.

Ocean (PDO and ENSO). During the rainiest seasons,
DJF and MAM, the long-term variability is interrupted
at the beginning of the 1990s, featuring a clear NW-SE
opposition, with more rainfall in the NW during the 1970s
and 1990s and less rainfall during the 1980s; the opposite
occurring in the SE. This variability is driven by reduced
water vapour transport by the northwest wind along the
Andes and the LLJ during the 1990s, which promotes
rainfall in the northwest. The opposite conditions caus-
ing enhanced rainfall in the south are observed during
the 1980s. Finally, an interannual variability in DJF and
MAM is related to the Pacific and Atlantic interannual
variability. Rainfall is less (more) abundant in the north-
eastern AB during El Nifio (La Nifia) events and when
the SST gradient is positive (negative) in the tropical
Atlantic. Rainfall is also less abundant over the southern
tropical Andes during El Nifio, whereas, on the contrary,
it tends to be more abundant in the western and south-
ern AB.

The mean rainfall at the outlet of the basin exhibits an
average of 2200 mm/year for the 1975-2003 period. This
value is consistent with different results yielding values
between 2000 and 2200 mm for the AB (Marengo and
Nobre, 2001; Marengo, 2004; Callede et al., 2008). The
trend during this period is significantly negative and break
tests indicate changes in 1982 and 1989 with less rainfall
afterwards. The seasonal mean rainfall over the basin
shows different evolutions for the 1975-2003 period.
Rainfall diminishes dramatically during the drier seasons
(JJA and SON) and not so much in DJF and MAM.
Opposite trends appear after 1992; rainfall increases
in MAM, whereas it decreases in SON. The resulting
increase in rainfall amplitude is consistent with the
pluriannual variability shown by MAM PC2, i.e. with
high rainfall values in the NW and low rainfall values in
the south after 1992, and with the break detected in 1989
in the mean rainfall of the basin.

Rainfall decrease is related to changes in the ocean
and atmosphere as seen before. However, it may also be
associated with deforestation. Unlike what could have
been expected, a strong 1975-2003 rainfall decrease
is observed during the dry season in the north of the
basin, very rainy and undeforested, whereas it is weak
in the south which is the most deforested region. To
conclude, the assumed deforestation impact on rainfall
does not seem to have taken place as expected in the
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Figure 16. 1963-2003 time evolution of the second PC of a PCA analysis on DJF rainfall, DJF SOI index
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, and annual NATL-SATL index.
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Figure 17. (a) 1975-2003 evolution of the average annual rainfall (mm) in the Amazon basin at the delta and trend line (significant at the 99%
level). (b) 1975-2003 evolution of the average quarterly rainfall (mm) in the Amazon basin at the delta and trend lines DJF, JJA, and SON
have significant trends at the 95, 90, and 99% levels, respectively. In MAM there is no significant trend.

Table 1. Results of the break-detecting tests applied on the mean annual rainfall in the AB. ‘X’ indicates a break in the series.
Mean, Standard Deviation and Variation Coefficient are given for the 1975-1982 and 1983-2003 periods.

TEST 1975 1980

1985

1990 1995 2000 2003

BUISHAND

PETTITT

LEE ET HEGNINIAN
HUBERT

Mean rainfall (mm)
Standard Deviation (mm)
Variation Coefficient

alalalls

2158
59
0.03

X
X X

2015
112
0.06

most deforested areas. Nevertheless, this issue will have
to be further addressed in the future.

Our results are in line with those of Zhou and
Lau (2001) who reported interannual, decennial, and
interdecadal rainfall variability in South America during
the 1979-1995 period. Nonetheless, the introduction of
data from the Andean countries, where variability reaches
a peak, has a major impact on the spatial structure of
rainfall variability. In particular, our study complements

Copyright © 2008 Royal Meteorological Society

the north—south rainfall variability reported by Marengo
(1992, 2004).

The description of two modes of long-term rainfall
variability leads to a better understanding of runoff
evolution in the main stream of the Amazon River
(Callede et al., 2004, 2008, and Espinoza et al., 2008),
particularly with respect to the intensification of runoff
extremes, without taking into account the changes in land
use. These results make it possible to identify the location
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with the main spatial temporal rainfall variability in the
AB and as a consequence, highlight those regions where
future researches aiming to define the causes of rainfall
variability will be conducted. It will be done in order to
address such issues as that of knowing whether rainfall
variability is related to climate variability, or to climatic
change, or to changes in land use such as deforestation.
A better insight into regional rainfall variability is also
conducive to a greater understanding of the regional
runoff variability in the sub-basins of the Amazon, and
especially the frequent major floods and very weak low-
flows that have recently been observed (Marengo et al.,
2008; Zeng et al., 2008).
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