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Summary

An analysis of decadal and long-term patterns of rainfall
has been carried out using a combination of raingauge and
gridded rainfall datasets, for the entire Amazon basin and
for its northern and southern sub-basins. The study covers
the period 1929-98. Rainfall variability and variations in
circulation and sea surface temperature fields have been
analysed in more detail for the period 1950-98. Negative
rainfall trends were identified for the entire Amazon basin,
while at the regional level there is a negative trend in
northern Amazonia and positive trend in southern Amazo-
nia. Decadal time scale variations in rainfall have been
discovered, with periods of relatively drier and wetter
conditions, with different behaviour in northern and south-
ern Amazonia. Spectral analyses show decadal time scale
variations in southern Amazonia, while northern Amazonia
exhibits both interannual and decadal scale variations.
Shifts in the rainfall regime in both sections of the Amazon
basin were identified as occurring in the mid-1940s and
1970s. After 1975-76, northern Amazonia received less
rainfall than before 1975. Changes in the circulation and
oceanic fields after 1975 suggest an important role of the
warming of the tropical central and eastern Pacific on the
decreasing rainfall in northern Amazonia, due to more
frequent and intense El Nino events during the relatively
dry period 1975-98.

1. Introduction

The variability of rainfall in the Amazon basin
at decadal or longer time scales is the result

of many complicated interactions. Unravelling
these interactions to identify and understand the
causes of this variability is hampered by the
lack of adequate and continuous climate records
throughout the basin. The instrumental record of
surface hydrometeorological and upper-air vari-
ables in this region is fragmentary: the sparse
observations are often inaccurate, are irregularly
spaced, and there are very few climate records
going back as far as the beginning of the 20th
Century. To produce a consistent, long sequence
of climatological fields the observations must
be blended with model simulations such as the
reanalyses, produced by major numerical simula-
tion centres: the National Centers for Environ-
mental Predictions (NCEP), the European Centre
for Medium Range Weather Forecasts (ECMWF),
and the National Aeronautics and Space
Administration-Data Assimilation Office (NASA /
DAO) (see reviews by NRC, 1998; Kalnay et al.,
1996; and Zhou and Lau, 2001).

Observational studies based on time series of
rainfall and river streamflow data (Gentry and
Lopez-Parodi, 1980; Rocha et al., 1989; Chu
et al., 1994; Dias de Paiva and Clarke, 1995;
Marengo et al., 1998; Dettinger et al., 2000a, b;
IPCC, 2001; Matsuyama et al., 2002), or reanal-
yses data (Zhou and Lau, 2001; Costa and Foley,
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1999; Curtis and Hastenrath, 1999; Chen et al.,
2001) have produced conflicting results, showing
both positive and negative trends of rainfall and
river streamflow series. For instance, studies by
Costa and Foley (1999) have detected tendencies
for decreasing moisture convergence into the
Amazon Basin during the 1979-98 period, while
Curtis and Hastenrath (1999) used the same data-
sets and methodologies to find a positive trend
when analyzing the 1950-99 period. The differ-
ent tendencies may be in part due to the length of
different time series, the spatial data coverage,
the use of gridded or station data, or due to the
circulation features simulated by the reanalysis
in regions where assimilated observations are
scarce.

On an interannual time scale, previous studies
have documented some association between rain-
fall deficiency in the Amazon basin and the
occurrence of El Nino (Richey et al., 1989;
Marengo, 1992; Meggers, 1994; Uvo et al., 1998;
Fu et al., 1999, 2001; Liebmann and Marengo,
2001; Botta et al., 2002; and Foley et al., 2002;
Ronchail et al., 2002). In that sense, some of
these studies have shown that rainfall in northern
Amazonia is sensitive to the presence of circula-
tion anomalies associated with strong El Nino or
La Nina events. These anomalies are typified by
lower than average rainfall and drought with
consequently low river levels; examples are the
strong El Nino years, 1925 and 1983, and more
recently the strong El Nino event in 1998. With
the exception of Botta et al. (1992) and Foley
et al. (2002), all the studies referred to above
used observed raingauge data. Botta et al. and
Foley et al. used the Climate Research Unit
(CRU) gridded dataset, and found a 3-4 year
peak in Amazonian rainfall which was related
to the variability in El Nino. They also found a
24-28 year oscillation which has been discussed
previously by Marengo and Nobre (2001), and
Zhou and Lau (2001), and is indicative of a de-
cadal mode of variability.

The modes of variability on decadal time
scales for the Pacific and Atlantic Oceans have
been linked to variations of rainfall in regions in
northern South America, including Amazonia
and Northeast Brazil (Wagner, 1996; Nobre and
Shukla, 1996; Robertson and Mechoso, 1998;
Dettinger et al., 2000a; and Zhou and Lau,
2001). Zhang et al. (1997) and Mantua et al.

(1997) identify a relatively warm period in the
Pacific which started in 1976 and is thought to
have ended in 2000. This period had more
intense and frequent El Nino events compared
to the period before 1975. In southern Brazil
and northern Argentina, recent studies (Barros,
personal communication) have detected in-
creased rainfall and river discharge in the
region since the mid-1970s; these increases are
linked to changes in the regional circulation, i.e.
the southward displacement of the subtropical
Atlantic high. On the other hand the tropical
Atlantic exhibits decadal variation in the merid-
ional shifts in the position of the Atlantic
Intertropical Convergence Zone (ITCZ), as a
consequence of the SST contrast between the
tropical North and South Atlantic, affecting de-
cadal variations of rainfall in Northeast Brazil and
possibly northern Amazonia (Rao et al., 1996;
Nobre and Shukla, 1996; Wagner, 1996).

On longer time scales, Costa and Foley (1999)
have used the NCEP reanalyses to identify trends
in the regional atmospheric circulation showing a
statistically significant, decreasing trend in the
moisture transport both into and out to the Ama-
zon basin for the 1979-96 period. Furthermore,
Curtis and Hastenrath (1999) identified a statisti-
cally significant upward trend of lower tropo-
spheric moisture convergence and water vapour
transport over Amazonia using the same global
reanalyses and methodology, but for the 1958-97
period. This latter result is in agreement with the
increased trends in moisture convergence over
the whole Amazon region-Atlantic sector as
derived by NCEP and NASA/DAO reanalises
of the Amazon region as suggested by Chen
et al. (2001, 2003), Hastenrath (2001), and Zhou
and Lau (2001).

The present study explores the associations of
rainfall variability in the whole Amazon basin
and its northern and southern sub-basins with
decadal and long-term variability patterns identi-
fied in the Pacific (the climate shift in the mid-
1940s and 1970s), and tropical Atlantic (changes
in the moisture transport into the Amazon basin
and the latitudinal position of the ITCZ). The
major objectives are to investigate patterns of
decadal scale variability and trends in the large
scale circulation patterns in the Amazon basin,
and their associations with shifts in the rainfall
regime in the entire basin and its sub-basins.
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A combination of circulation fields derived from
the NCEP global reanalyses, as well as rainfall
observations from raingauge stations in Amazo-
nia and from different gridded rainfall datasets,
has been used as a way to investigate and explain
tendencies of circulation and the impacts on the
rainfall regime across the Amazon basin.

2. Data and methodology

2.1 Rainfall

For this study we have considered monthly rain-
fall data from almost 300 stations covering the
entire Brazilian Amazon for the period 1929-99,
drawing from a variety of sources (Fig. la, b):
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Fig. 1. Location of rainfall stations in the Amazon basin.
(a) Northern Amazon region, (b) Southern Amazon region.
Dots represent the location of the stations

ANEEL (Brazilian Agency for Electric Energy),
INMET (Brazilian National Institute of Meteo-
rology), CPTEC (Center for Weather Forecasts
and Climate Studies), also station data from the
GHCN (Global Historical Climatology Network,
Vose et al., 1992). In addition we used gridded
data from the CRU 0.5°-0.5° lat-long (Climate
Research Unit, New et al., 2000), and the CMAP
2.5° lat-long dataset (Xie and Arkin, 1997,
1998). The rainfall station data starts mostly dur-
ing the 1940s, and with 70% of the total of the
station records going back in time to the late
1970s and 40% of the total going back to the
late 1920s (mostly from ANEEL, INMET and
GHCN). After the early 1950s there is less miss-
ing data, so indices after that decade are more
representative.

Main basin rainfall is calculated for the entire
basin and sub-basins (domains shown in Fig. 1a,
b) with a weighted average applied to the gauged
data; the same procedure was applied to the
gridded data. Some of the gridded products
(CMAP, CRU) used interpolation techniques to
fill gaps in the gauge coverage. For instance, in
the CRU dataset the rainfall station data were
interpolated as a function of latitude, longitude
and elevation using thin-plate splines. The accu-
racy of the interpolation was assessed (New
et al., 1999) using cross-validation and by com-
parisons with other climatologies.

Indices representing regional aspects of rain-
fall in the basin have been implemented by
Marengo (1992): NAR (Northern Amazonian
Rainfall) and SAR (Southern Amazonia Rainfall)
were constructed to represent rainfall regimes in
the northern and southern sections of the basin.
These, with their domain and the rainfall stations
used from each region, are shown in Fig. 1a and
b. NAR’s domain includes northern and central
Amazonia including the mouth of the River
Amazon, and shows the season of maximum
rainfall: March—April. SAR’s domain includes
the southern part of the basin, and shows the peak
of the rainy season in January—April and a pro-
nounced minimum rainfall during June—August.
In both series, observed rainfall totals were sea-
sonalised from September to August, and then
mean and standard deviation were calculated.
The NAR and SAR rainfall indices are expressed
as absolute values (in mm) and also as departures
normalised by the standard deviation. These



82 J. A. Marengo

indices are updated and upgraded to include
more stations and extending their time coverage
to 1929-98 (the original indices by Marengo
(1992) were constructed for the period 1947-87).

From the nearly 300 stations initially available
for this study, 164 stations showing data from
1929 were used, with few gaps in the records.
An integration of NAR and SAR yields an all-
Amazon rainfall index. The new NAR and SAR
indices now include 78 and 86 stations, respec-
tively. For comparison with NAR, SAR and the
all-Amazon rainfall, indices for the same sub-
basins were derived from the above mentioned
gridded datasets (NCEP, CRU, CMAP).

Using the CRU dataset we have derived rain-
fall anomaly maps for South America for de-
cades with relatively drier and wetter conditions,
in support of the decadal scale rainfall analyses
identified by the NAR and SAR indices and the
circulation fields.

2.2 Atmospheric and oceanic datasets

SST and circulation anomaly fields were used
to investigate changes in global and regional
anomalies in the surface conditions and near sur-
face circulation over tropical oceans. The SST
fields were provided by NCEP (Reynolds and
Smith, 1994), and the sea level pressure, and
850hPa zonal and meridional winds were ex-
tracted from the NCEP reanalyses (Kalnay et al.,
1996). In addition, integrated precipitable water
from 1000 to 300 hPa was also calculated from
the NCEP reanalyses. The period used is 1950—
99 and the data is compiled on a 2.5° latitude/
longitude grid for the 30° N-30° S domains.

2.3 Correlation analysis

Correlation coefficients between rainfall anoma-
lies in northern and southern Amazonia and
various oceanic and atmospheric fields were
calculated for the 1950-98, 1950-75 and
1976-98 periods (see Section 3 for the choice
of these periods). Since the peak of the rainy
season in northern Amazonia occurs in March—
May, we have correlated the NAR with oceanic
and atmospheric fields in December, January,
February and March. The best correlations were
identified during January. For Southern Amazo-
nia, where the peak of the rainy season is in

January—March, we have identified the month
with the best correlation between SAR and atmo-
spheric and oceanic fields as November. The cor-
relation coefficients were tested for significance
at the five percent level for the entire tropical
Atlantic and Pacific oceans.

3. Results

The average Amazon basin rainfall of
8.1 mmday~' introduced by Chen et al. (2001,
2003) seems to be unrealistically high when
compared to our all-Amazon rainfall mean of
5.9 mm day‘l, and also with other estimates of
observed mean rainfall from observations
and gridded datasets in the Amazon Basin:
55mmday~! (Russell and Miller, 1990),
6.2mmday~! (Vorosmarty et al., 1989), 5.9 mm
day~! (Matsuyama et al., 1992), 7.9 mmday !
(Marengo et al., 1994), 5.0 mm day*1 (Xie and
Arkin, 1998), 5.9 mmday~! (Costa and Foley,
1998), 5.6 mm day*1 (Zeng, 1999), 5.9 mm day*1
from the CRU dataset, and 5.8 mm day*l from
the NCEP reanalyses.

3.1 Year-to-year and decadal variability
and trends of rainfall in Amazonia

From the time series in Fig. 2a, our raingauge
based estimates of rainfall as well as those areal
indices derived from other different datasets for
the entire Amazon basin show a weak positive
trend, but from the Mann-Kendall test this ten-
dency is not statistically significant (Fig. 2a). The
CRU and our all-Amazon rainfall show similar
weak positive trends, while the NCEP reanalyses
rainfall shows large positive trends after the
beginning of the 1960s.

The rainfall fields from the NCEP reanalyses
show a region with relatively low rainfall in
central Amazonia, as well as an overestimation
along the eastern flank of the Andes. This bias
is related to the deficiency of the spectral repre-
sentation of the orography and the associated
circulation. Moreover, the spurious precipitation
anomaly in this region was also found by Stern
and Miyakoda (1995) and by Marengo et al.
(2003) using global climate models; they men-
tion the Gibbs error associated with truncation
of steep orography as a possible cause. The
CMAP and GHCN trend is too short but these
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Fig. 2. Rainfall indices for the Amazon basin from differ-
ent data sources: Gauge rainfall (full lines), CMAP (thin
line with circles), NCEP reanalyses (broken line with
squares), GHCN (thin broken lines), and CRU (thin line
with circles). (A) Global Amazonia, (B) Northern Amazo-
nia, (C) Southern Amazonia. The periods are from Septem-
ber to August, from 1949/50 to 1998/99 for the gauge
rainfall CRU and NCEP reanalysis, from 1979/80 to
1998/99 for the CMAP and from 1960/61-88/89 for the
GHCN. Units are mm day !

still show weak positive trends. From the rain-
gauge and gridded datasets, the interannual vari-
ability linked to the strong El Nino in 1983, 1987
and 1998 is reflected in reduced rainfall in the
basin. Figure 2 shows different trends in the dif-
ferent datasets, and besides the CRU and the
raingauge-based rainfall indices (going back
from the late 1940s to the late 1990s), the GHCN
and CMAP datasets have records of less than 30
years long. Recent studies by Chen at al. (2003)
show that the GHCN dataset shows interdecadal
variations and a positive trend since the middle
1950s to the late 1990s. Inter-series correlations
have been calculated between CRU and the rain-
gauge based rainfall since they are based on
gauge observations and are available for the
same period 1929-1999. The results show posi-

tive and significant correlations (at the 5 percent
level) for the whole of Amazonia and its northern
and southern basins.

Given the possible regional discrepancies in
rainfall variability, northern and southern Ama-
zonia have been analysed separately. In northern
Amazonia, the NAR index shows that rainfall
exhibits a negative trend statistically significant
at 5% level for the period 1948-99 (Fig. 2b),
statistically significant at 5% from the Mann-
Kendall test. NCEP rainfall and the CMAP data-
sets show a positive trend. In southern Amazonia,
rainfall from gauge observation and from the
gridded datasets CRU, CMAP and the NCEP
rainfall show a positive trend also significant at
5% level. Long-term rainfall variability from our
raingauge based estimates is similar to those
derived from the CRU dataset. All rainfall
indices show the reduced rainfall during the
strong El Nino events during the 1980s and
1990s (Fig. 2c¢).

For the whole of Amazonia, Table 1 shows the
size of the trends over given periods, since it is
difficult to detect trends in Fig. 2. For the period
1929-99, the CRU and the raingauge-based
indices in Amazonia exhibit negative but signifi-
cant trends, while the CMAP shows a steep nega-
tive trend since the early 1980s, when it became
available. The positive trends in the NCEP
rainfall may be related more to assimilation of
observational and satellite data since the middle
1970s. The GHCN shows the positive trends
already discussed by Chen et al. (2001). At region-
al level, all indices show negative tendencies in
northern Amazonia regardless of the period of
the series, while in southern Amazonia the trends
are positive in the CRU, raingauge-based dataset,
while the CMAP dataset shows negative trends.

Perhaps the most remarkable feature in the
rainfall variability in northern and southern Ama-
zonia, is the presence of alternating periods of
relatively wetter and drier periods. These periods
are even more important than the unidirectional
trends detected in Fig. 2a—c. Figure 3a and b
shows the NAR and SAR indices normalized
rainfall departure series for the whole 1929-
1999 period. While they show opposite tenden-
cies, both indices exhibit the negative rainfall
departure during the intense El Nino events of
1982-84, 1986—87 and 1997-98. The NAR se-
ries exhibit relatively drier periods after the
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Table 1. Linear trends in rainfall indices in the entire Amazonia, and the northern and southern basins. The star (*) shows
significance at 5% level. Trends are represented in percentages of the mean, and in mmday~! per decade. The periods of the
time series are also shown

Index Mean Period Trend Trend (%)
(mm day~!) (mm day~! dec™!)
a) All Amazonia
GCHN** 8.3 1957/99 +0.46* +5.0*
NCEP 5.8 1950/99 +0.13 +11.0
CMAP 53 1980/99 —0.87 —20.0
CRU 5.5 1948/99 —0.16* —12.0*
RAIN 5.9 1948/99 —0.15* —17.0*
b) Northern Amazonia
NCEP 6.5 1950/99 —0.15 —11.0
CMAP 6.1 1980,/99 —0.52 ~16.0
CRU 6.7 1948/99 —0.16* —17.0*
RAIN 7.0 1948 /99 —0.19* —17.0*
¢) Southern Amazonia
NCEP 5.2 1950/99 +0.19 +18.0
CMAP 4.7 1980/99 —0.58 —23.0
CRU 5.1 1948 /99 —0.08 —08.0
RAIN 4.3 1948/99 +0.08 +09.0
** Chen et al. (2003)
3 [Northern Amazonia Rainfall Index (NAR) A middle 1940s and 1970s, with a relatively wet pe-
o b riod in between. This wetter period in the 1970s
i has also been reported in earlier publications
1 | ‘ ‘ ‘ | | based on observed rainfall and river data (Rocha
o bu |. L I| [ |n| | II " I | . ,,,,,, et al., 1989; Gentry and Lopez Parodi, 1980), and
|I|| II "" ||| | I |' | at the time this was considered as an indicator of
ol s increased rainfall in the basin. This drier period
oF after 1975 is consistent with the presence of
; stronger and more frequent El Nino events dur-
-3 e A A S T B ing 1983, 1987, 1991-93, and 1998 which tend
3 S 3 @ & 3 3 to produce less rainfall in northern Amazonia.
3 [Southern Amazonia Rainfall Index (SAR) B Southern Amazonia shows a period of relatively
o f drier conditions from the early 1940s to the mid-
dle 1970s, and wetter conditions after that. In this
1 case, transition periods are detected a bit earlier
ol (1940-45) from wetter to drier conditions and
during the middle 1970s. This is the opposite
- of the trends detected in northern Amazonia.
2 In order to explore whether rainfall changes
during the periods 1929-45, 1946-75 and
-38 “““““ s P s s A s 1976-99 are statistically significant, a “‘t-test”
e 2 2 2 2 2 2 was performed for the rainfall series in northern

Fig. 3. Rainfall indices in northern (NAR) and southern
Amazonia (SAR) from 1929/30 to 1998/99. Indices are
expressed as departures normalized by the standard devia-
tion, from the reference period 1949-1998

and southern Amazonia (Table 2). The analyses
using the mean and standard deviations of rain-
fall in each period in both northern and southern
Amazonia shows that in fact, the only significant
difference is between 1946-75 and 1976-99 in
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Table 2. Differences between 1929/25-1946/75 and 1946/75-1976-99 rainfall periods in northern and southern Amazonia.
Mean and standard deviations (STD) are shown. Differences among periods are between the calculated values of ““t”” and the ““t”

values obtained from tables for each period and region

Period Mean STD Differences Statistical
(mm day ") (mmday~') significance

a) Northern Amazonia

1929/45 201.1 16.1 1929/46 versus 1946/75 No

1946/75 226.5 17.6 1946/75 versus 1976/99 No

1976/99 188.7 21.6

b) Southern Amazonia

1929-45 147.2 16.6 1929/46 versus 1946/75 No

1946-75 137.5 8.8 1946/75 versus 1976/99 Yes (99%)

1976-99 164.9 15.5

southern Amazonia, where the increase of rain-
fall reaches statistical significance at the 99%
level.

Figures 2 and 3 show that southern Amazonia
exhibits excesses of rain during some EIl Nino
events (1982-83, 1991-92, 1997-98) during
the 1948-99 period. Ronchail et al. (2002) have
suggested that these excesses occur also during
austral wintertime, and so rainfall anomalies
in southern Amazonia could be attributed to
enhancement of the activity of extratropical per-
turbations during some El Nino years, and the
ENSO related rainfall anomalies in this region
are partly similar to those described in southeast
South America (Liebmann et al., 1999; Seluchi
and Marengo, 2000; Grimm et al., 1998, 2000).
Furthermore, recent work by Obregon and Nobre
(2003) have identified shifts in the rainfall
regime in the mid-1970s for northwestern Ama-
zonia and southern Brazil, with positive and sig-
nificant trends since 1973 for southern Brazil,
and with negative and significant trends since
1975 for northwestern Amazonia. Even though
Obregon’s analyses were performed using one
representative station in each region and for the
month with the peak rainfall, their results for
northwestern Amazonia resemble those from
northern Amazonia in Fig. 3a, with a shift in
the rainfall regime in 1975. Furthermore, their
conclusions for southern Brazil also seem to be
applicable to southern Amazonia, since both
regions show positive rainfall trends since
1973, as shown in Fig. 3b.

The observed rainfall shifts in the mid-1940s
and 1970s on the rainfall regime in Amazonia
detected by the NAR and SAR gauge-based

indices (Fig. 3a, b) are also detected in the nor-
malised time series rainfall indices based on the
CRU dataset for the same regions as shown by
Botta et al. (2002). The decadal scale variations
detected in Fig. 3 may be better studies using
spectral analyses. However, with a series of less
than 70 years it is hard to identify decadal scale
variations and these modes may appear only
twice in the NAR and SAR series. The power
spectra of the 1929-1998 NAR and SAR indices
show several preferred time-scales of variability:
NAR shows a mode of 13 and a short-term mode
of 5 years, while SAR shows preferred time-
scales of variability at 26, 17 and 8 years. Only
the 26-year peak at SAR shows significance at
90% level.

To study these variations more carefully, we
used the Singular Spectrum Analyses (SSA),
a data-adaptive filter that is appropriate for
short-term noisy series (Botta et al., 2002). SSA
decomposes a time-series into its orthogonal
basis functions; the eigenvectors with largest
eigenvalues represent the greatest variability in
the data. We performed SSA on the 1929-1998
NAR and SAR indices. For NAR, 15% of the
variance is explained by the 13-year mode, while
11% of the variance is explained by the 5-year
mode. SAR shows that the 26-year model
explains 22% of the total variance while the
17-year mode explains 11% of the variance.
From the analysis of Figs. 2 and 3, the short-term
or interannual mode (~5 years) in northern Ama-
zonia is associated with climate variability typi-
cal of the El Nino phenomenon, also shown in
previous studies (Richey et al., 1999; Marengo,
1992; Marengo and Hastenrath, 1993; Uvo et al.,
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1998; Fu et al., 1999; Botta et al., 2001). The 13
and 26 year modes for a NAR and SAR respec-
tively suggest decadal times scale variability.
Botta et al. (2001) found a peak at 24-28 years
in the entire Amazon Basin that explains 26%
of the variance of precipitation, using the CRU
dataset. It may be possible that this mode repre-
sents more the southern section of the basin as
compared to the northern basin, showing the lat-
ter similar contribution from both the decadal
and interannual mode.

Southern Amazonia is the region that exhibits
the largest deforestation rates (http://www.inpe.
br/amz.html) and if in fact we consider the
reduced rainfall patterns derived from numerical
models under regional deforestation, there is
some conflict between the reduced rainfall we
would expect due to increased deforestation
and the positive rainfall trends observed in this
part of the basin. In this regard, the effects of
Amazonian deforestation on the regional hydro-
logical cycle are still uncertain. Many modelling
studies have predicted that large-scale conversion
of the Amazonian rainforest into pasture, or
croplands will tend to increase temperature and
reduce both precipitation and evapotranspiration
(Lean and Warrilow, 1989; Shukla et al., 1990;

Nobre et al., 1991; Polcher and Laval, 1994a, b;
Sud et al., 1996a, b; Lean and Rowntree, 1997,
Hahmann and Dickinson, 1997; Costa and Foley,
2000). However, the rainfall trends in southern
Amazonia do not show any significant reduction
associated with increased deforestation or any
changes in land-use in this sub-basin. Therefore,
it seems that the climate shifts identified during
the middle 1940s and the middle 1970s are of a
climatic nature and not due to changes in land
use in the basin.

3.2 The 1975-76-shift regime
in the Pacific sector and its impacts
on Amazonian rainfall

In this study, we are able to identify the shifts in
rainfall regime in 1945—-46 and in 1975-77 in the
Amazon region. There is a prevalence of warm
El Nino events in the post-1976 era (Trenberth,
1990; Trenberth and Hurrell, 1994; Zhang et al.,
1997), with the past 25 years showing the two
biggest El Nino events on record (1982—83 and
1997-98), and the longest on record in 1990-94.
In addition, IPCC (2001) have identified a rela-
tively wet period in Northeast Brazil during
1946—75 and drier periods from 1976—99, while
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the tendencies in the Amazon basin are not
clear due to the lack of complete data cover-
age in the basin. The climate shift in 1975
has been identified and studied in previous
papers linking this variability to El Nino-like
conditions as represented by the 1975-99 posi-
tive Pacific Decadal Oscillation PDO phase
(Zhang et al., 1997). The phases of the PDO
have been linked to anomalously warm and
cold surface conditions in several parts of
the world and to changes in the volumes of
salmon catch on the Northwest coast of the
US (Mantua et al., 1997). Villalba et al. (1997)
analyze trends using tree-ring records at high
elevations in northern Patagonia, and they also
found an abrupt rise in temperature commen-
cing in 1977, consistent with North Pacific basin
warm climatic conditions while cool conditions
prevailed in the Central North Pacific, consis-
tent with the variations in the PDO. Their
reconstructions show that long-term intervals
of above average temperature have been pre-
viously recorded in the recent past.

Since 1976, such anomalies in Pacific Ocean
temperatures and in weather extreme events have
become more frequent, more intense, and longer
lasting than in the preceding 100 years, as indi-
cated in records kept since 1877. Widespread
agreement that a climate shift, with extensive
ecosystem impacts, occurred in the central
Pacific during 1976/77. The 1975-77-regime
shift appears to follow earlier shifts in 1925
and 1947 (IPCC, 2001). The climate shift in the
mid-1970s appears to have modified the ampli-
tude of the annual rainfall cycle and its spatial
distribution, as suggested by Obregon and Nobre
(2003). Figure 4a—c shows rainfall anomalies
during the periods 1929-45, 1946-75 and
1976-98, as derived from the CRU dataset, using
as reference the 1961-90 period, considering the
climate shifts from the mid-1940s and the mid-
1970s. The whole of Amazonia and northern
Northeast Brazil showed above normal rainfall
during 1946-75; while during 1976-98 only
the eastern section of the basin showed rainfall
above normal, while the rest of the Amazon
region exhibited negative rainfall anomalies. Fig-
ure 4c also shows the positive rainfall anomalies
in southern Brazil and northern Argentina, as
suggested by previous studies (Barros et al.,
1999; Obregon and Nobre, 2003).

3.3 Large-scale circulation change
in the 1975-76 period and rainfall
variations in Amazonia

Dettinger et al. (2000b), IPCC (2001) and several
references quoted therein have identified three
periods with changes in rainfall regime around
the world: the mid-1910s, 1940s and 1970s.
However, they did not mention any impact on
the behaviour of rainfall in the Amazon basin
during those periods. The current study shows
weak positive trends of basin-wide rainfall across
Amazonia, with shifts in the rainfall regime on
decadal time scales in the mid-1940s and 1970s,
and with contrasting tendencies in the northern
and southern sections of the basin.

Although a periodicity of 25-30 years of rela-
tively wetter and drier conditions in northern and
southern Amazonia may be apparent in Fig. 3,
such a cycle cannot be put forward on the basis
of this relatively short run of data, because the
series are not much longer than this cycle. Visual
inspection of Fig. 3 also does not entirely support
this contention. Chen et al. (2001, 2003) identi-
fied an increase in rainfall in the period 1978-98
as compared to the period (1958-77), and they
linked this tendency to interdecadal variations in
the global divergent circulation before and after
1977, with the circulation features derived from
the NCEP reanalyses. Their analysis suggests an
intensification of the near-surface branch of the
Walker cell, exhibiting an increase in low-level
moisture convergence over the entire basin, and
thus increasing rainfall trends in the basin during
the period 1978-98 as compared to 1959-77.
The fact that Chen and collaborators used more
raingauge stations south of 5°S (equivalent to
our SAR region) may suggest that the increasing
trends they found may be applicable to southern
Amazonia only. Trying to be consistent with the
analyses by Chen et al. (2001) before and after
1977, the maps of Fig. 5a, b show the NCEP-
derived low level circulation and integrated pre-
cipitable water in tropical South America during
December—January—February (DJF) and March—
April-May (MAM), which are the rainiest
months in southern and northern Amazonia,
respectively, for the periods 1950-75 and
1976-98. The wind and precipitable water cli-
matologies show the intense northeast trades
over the tropical North Atlantic flowing into the
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Amazon basin and then the deflection of the
winds towards southern Brazil due to the Andes
during DJF. In MAM, also observed are the
intensified northeast trades and the large amount
of precipitable water over central Amazonia and
northern Northeast Brazil, consistent with the
peak of the rainy seasons over those regions.
Similar features are found in the climatology
for the 1950-75 and 1976—98 individual periods
(Fig. 5c—f). However, the difference maps (Fig.
5g, h) show two main features: (a) the intensifi-
cation of the Northeast trades from the tropical
North Atlantic into the Amazon basin during
both DJF and MAM in 1976-98 as compared
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to 1950-75, and (b) the relative humidification
of the central Amazon basin associated with the
increased moisture transport from the tropical
North Atlantic into Amazonia and the increased
precipitable water in central Amazonia.

This tendency is consistent with the positive
trends in the NCEP derived moisture conver-
gence into the Amazon basin-tropical Atlantic
sector and rainfall over those regions, as sug-
gested by various studies using the reanalyses
(Chen et al., 2001, 2003; Curtis and Hastenrath,
1999; Hastenrath, 2001), and the positive trends
in all-Amazon rainfall from the NCEP reanalyses
as shown in Fig. 2a. This increased moisture
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Fig. 6. Correlation coefficients
between tropical SSTs (Novem-
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ber) and NAR and SSTs (January)
and SAR. (A) SST-NAR 1950/99,
(B) SST-NAR (1950/75), (C)
SST-NAR (1976/99), (D) SST-
SAR (1950/99), (E) SST-SAR
(1950/ 75), (F) SST-SAR (1976/
99). Contours are plotted for the
zero line (broken), and the
+0.3 and =£0.5 values. Signs
“4” and “—” in the maps indicate
the sign of the correlation coeffi-
cients. Statistical significance at

5% is shown in grey shaded areas
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transport from the tropical Atlantic into tropical
South America has been detected in previous stud-
ies by Wagner (1996) and Hastenrath (2001), and
to the observed positive trends observed in
Northeast Brazil since 1900 as reported in the
IPCC (2001) report, and in earlier publications
(Hastenrath and Greischar, 1993; Wagner, 1996;
Marengo et al., 1998).

Therefore, the circulation and moisture trans-
port field changes in the mid-1970s, derived
from the NCEP reanalyses, suggesting a ten-
dency for increased moisture transport and pos-
sibly rainfall over the whole of Amazonia after
1975/76. However, when considering the re-
gional rainfall indices trends in Figs. 2 and 3,

Fig. 6 (continued)

it seems that this humidification of the basin
derived from the analyses of circulation and
moisture might be linked to the positive trends
in southern Amazonia, while still not explaining
the observed slightly negative rainfall trends in
northern Amazonia.

However, conclusions from Fig. 5 and from
Chen et al. (2001, 2003) could be affected not
only by shifts in circulation regimes, but also
by changes in the way the NCEP reanalyses were
produced. With the inclusion of satellite data in
the late 1970s the reanalyses generally improved
for most regions of the globe. Prior to that time,
the analyses depend greatly on available radio-
sonde data. Given the sparse observational net-
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work over South America, most circulation
features are model dependent. The GCM that
was used in the reanalysis was a version of
NCEP’s operational medium range forecast
model, with a rather coarse resolution (approxi-
mately 2.5° x2.5° lat-long). So much of the
information on wind and moisture climatology
for the region based on the NCEP reanalyses
reflects the model climatology. According to
Kousky (personal communication), a couple of
problems occurred in the reanalysis that affect
the reliability of analyses over South America
on various time scales. The diurnal cycle was
poorly treated and there are many inconsistencies
in the related radiation, cloud, precipitation,
divergence and vertical motion.

3.4 SST and near surface circulation
changes linked to decadal scale
rainfall variability in Amazonia

Interdecadal changes in both northern and south-
ern Amazonian rainfall are studied in the context
of changes in oceanic and atmospheric condi-
tions in the tropical oceans. We calculate cor-
relation fields between SST, U and V during
January /November and the NAR/SAR rainfall
indices, respectively for the period 1958-98
and for the sub-periods 1950-75 and 1976-99.
The SST correlation map (Fig. 6a) shows that
during the 1950-99 period, deficient rainy sea-
sons in northern Amazonia are related to anom-
alously warm surface waters in the tropical

Fig. 7. Correlation coefficients be-
tween U and V components of
the wind at 850hPa and rainfall

s|.
uss

in Northern Amazonia. (A) U850-
NAR (1950/99), (B) U850-NAR
(1950/75), (C) U850-NAR (1976/
99), (D) V850-NAR (1950/99),
(E) V850-NAR (1950/75), (F)
V850-NAR (1976/99). Correlation
coefficient values appear on the col-
our bar on the lower side of each
panel. Contours are plotted for the
zero line (broken), and the +0.3
and £0.5 values. Signs “+” and
“—"" in the maps indicate the sign
of the correlation coefficients. Sta-
tistical significance at 5% is shown

in grey shaded areas
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central and eastern Pacific Ocean, the tropical
North Atlantic, the South Atlantic and Indian
Oceans during January, reaching field significant
at 5% over those regions. In southern Amazonia,
Fig. 6d shows that abundant rainy seasons in
southern Amazonia are consistent with anoma-
lously warm surface waters in the tropical south
Pacific, and East Atlantic and the Indian Ocean
in November, showing a contrasting pattern with
the SST correlations for rainfall anomalies in
northern Amazonia.

During the 1950-75 period (Fig. 6b) the
relatively deficient rainy seasons identified for
northern Amazonia during this period were
characterized by anomalously warm surface
waters in the tropical Atlantic north of the equa-
tor and in the central and eastern Pacific, while

6ow O Fig. 7 (continued)

during 1976-99 (Fig. 6¢) the deficient rainfall in
northern Amazonia is associated with anoma-
lously warm surface waters in the tropical north
Atlantic and to a lesser degree with warm surface
in the tropical Pacific. These SST patterns are
consistent with the deficient rainy seasons during
the El Nino in 1983, 1987 and 1998 where warm
surface water dominates most of the tropical and
equatorial Atlantic and the tropical North
Atlantic. For southern Amazonia (Fig. 6d—f) the
correlation fields indicate that abundant rainy
seasons in southern Amazonia are consistent
with warm surface water in the central Pacific
and on the tropical Atlantic between 0° and
20° S during 1950-99, while during the 1950-
75 and 1976-99 the correlations are low for the
tropical Pacific, the anomalously wet period of
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1950-75 is consistent with the positive correla-
tions in the tropical Atlantic south of the equator.
The circulation fields (Fig. 7a, f) show that dur-
ing the 1950-98 period, deficient rainy seasons in
northern Amazonia are characterized by weak-
ened northeast trades over the tropical Atlantic
and anomalous flow from the west along the
equatorial Pacific. For southern Amazonia (not
shown), deficient rainy seasons in northern Ama-
zonia were associated with weakened Atlantic
northeast trades over the region. During 1950-
75 (Fig. 7b, e), abundant rainy seasons in northern
Amazonia show larger negative correlation with
the U and V fields in the tropical North Atlantic
suggesting enhanced northeast trades into the
basin. However the correlations in the tropical
Pacific are not so revealing. On the other hand
during 1976-99 (Fig.7c, f), the U and V correla-
tion fields suggest a stronger impact of the tropical
Pacific, with stronger westerlies over the equato-
rial Pacific and reduced northeast flow typical of
weak rainy seasons in northern Amazonia. The
fact that these patterns resemble El Nino mode,
imply the presence of more frequent and intense
El Nino events in 1976-98 (with an active role of
the tropical Pacific), while during 1950-75 the
tropical Pacific was less active. Correlation fields
between rainfall in southern Amazonia and SST
(Fig. 6d—f) and circulation fields (not shown) do
not show a revealing pattern of circulation linked
to El Nino signal in the Pacific as they do in the
northern Amazonia, while the tropical Atlantic
shows similar circulation features linked to abun-
dant or deficient rainy seasons in southern Ama-
zonia similar to those of northern Amazonia.

4. Conclusions

To obtain accurate estimates of precipitation
rates across the Amazon basin is a significant
challenge, because it has few raingauge stations
in a region that is one of the rainiest on the
planet. The different estimates provide a general
pattern that may have a consistent tendency, but
with differences among datasets reaching up to 4
to 6 mm day .

In relation to tendencies, our study suggests
that for the entire Amazon basin, rainfall exhibits
downward trends based on the CRU, CMAP,
and our raingauge-based indices. However, the
GHCN and the NCEP rainfall analyses show

positive trends. In fact, the upward trends from
the NCEP rainfall are supported by circulation
changes that favour an increase of moisture
transport into Amazonia. When we “break’ the
Amazon region into the southern and northern
sub-basins, the negative trend is maintained for
northern Amazonia, while southern Amazonia
exhibits a slight positive trend, as shown by our
raingauge-based NAR and SAR rainfall indices,
and confirmed by the CRU rainfall. However,
more important than these trends are the decadal
scale changes in both sections of the basin, and
with a shift in the rainfall on both sides of the
basin during the middle 1940s and 1970s.

For northern Amazonia, the weak negative
rainfall trends are not consistent with the
increased moisture transport, suggesting that
moisture convergence flux may not be an effec-
tive means to maintain Amazonian rainfall. How-
ever, the fact that there are very few upper-air
stations in Amazonia, especially in the north
and centre (the wettest regions of Amazonia) to
report data to be assimilated into the NCEP
model that produced the reanalyses, introduced
some degree of uncertainty in the moisture
derived fields in this part of the basin.

The decadal analysis suggests shifts in Ama-
zonian rainfall regime in the mid-1940s and the
mid-1970s, where northern Amazonia had rela-
tively wetter conditions during the 1945 to 1975,
and relatively drier conditions between 1975 and
1998. This latter period was characterised by a
more active tropical Pacific, with more frequent
and stronger El Nino years, as compared to
before 1975 where strong El Nino events were
less frequent.

For the period between the mid-1940s and the
mid-1970s, rainfall in northern Amazonia was
above normal, while after 1976 rainfall tended
to be below normal. These tendencies, detected
with raingauge-based indices, are supported by
increases in the NCEP derived circulation and
moisture transport into Amazonia during the
1946 to 1976 period, as compared to 1976 to
1999. The negative trends detected for the entire
Amazon Basin seems to be more relevant to the
northern section of the basin, as compared to
the southern basin. The southern section of the
Amazon basin seems to show similarities with
observed rainfall changes in southern Brazil
and northern Argentina, where positive rainfall
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trends have been detected since the early
1970s. These trends are linked to increased activ-
ity of extra-tropical perturbations that are typical
of El Nino years, and have been more frequent
since 1975. Thus, rainfall in the Amazon basin is
impacted by El Nino: in the northern part linked
to austral summertime anomalies in the zonal
and meridional circulations with abnormal sub-
sidence in the region, and rainfall anomalies in
the southern part of the basin are linked to
springtime extra tropical circulation anomalies
(such as midlatitude extra tropical perturbations)
that normally affect southeast South America at
this time of the year. The proven associations
between SST anomalies in the tropical Pacific
and rainfall anomalies in northern Amazonia cor-
roborate the fact that in the decades with more
intense and frequent El Nino events, between
1976 and 1998, relatively less rainfall was
detected in northern Amazonia, as compared to
the period 1950-75. This is also supported by the
changes in the near surface circulation along the
tropical Pacific and Atlantic, where the correla-
tion fields between 1976 and 1999 contain fea-
tures of circulations typical of strong El Nino
years and drier conditions in northern Amazonia.
This tendency is not so obvious in southern Ama-
zonia, where decadal changes in rainfall anoma-
lies associated with changes in SST in the
tropical Pacific are not clearly identified. The
positive correlations in the tropical south Atlantic
show a pattern of warmer surface water and
increased rainfall in southern Amazonia before
1975. Thus, particular regions of the basin have
their own response to El Nino at interannual
scales, and at interdecadal scales there is a tele-
connection between the north Pacific climate
shift and the long-term rainfall variability all
across the Amazon basin.

In summary, these results provide observa-
tional evidence that depicts a complex picture
of long-term climate variability in the Amazon
basin, in which the Pacific and Atlantic oceans,
and rainfall across the Amazon basin vary at
interannual and decadal time scales. Variability
in the SSTs of the tropical Pacific and Atlantic is
likely to play an important role in driving the
interdecadal variability in Amazonia’s rainfall.

In the context of the Global Energy and Water
Balance Energy programme, GEWEX, work is in
progress to investigate the long-term variations in

the water balance components of the Amazon basin
and its possible connections with changes in land
use in the region, as well as to changes in large scale
circulation associated with changes in moisture
transport into and out off the Amazon basin. In
addition, we are also implementing comparisons
between observed and reanalyses precipitation
datasets, on interannual, decadal and long-term
modes of variability for other regions of the world.
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