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ABSTRACT

This work provides an initial overview of climate features and their related hydrolog-
ical impacts during the recent extreme droughts (1995, 1998, 2005 and 2010) in the
upper Solim~oes River (western Amazon), using comprehensive in situ discharge and
rainfall datasets. The droughts are generally associated with positive SST anoma-
lies in the tropical North Atlantic and weak trade winds and water vapor transport
toward the upper Solim~oes, which, in association with increased subsidence over
central and southern Amazon, explain the lack of rainfall and verylow discharge
values. But in 1998, toward the end of the 1997-98 El Ni~no event, the drought is
more likely related to an anomalous divergence of water vapor in the western Ama-
zon that is characteristic of a warm event in the Paci�c. During the austral spring
and winter of 2010, the most severe drought since the seventies has been registered
in the upper Solim~oes. Its intensity and its length, when compared to the 2005
drought, can be explained by the addition of an El Ni~no in austral summer and a
very warm episode in the Atlantic in boreal spring and summer. As in 2005, the
lack of water in 2010 was more important in the southern tropical tributaries of the
upper Solim~oes than in the northern ones.

||||||||||||
Key{Words : Amazon Basin, Solim~oes River, Andes, 2010 drought, Peru, Atlantic
SST.



1 Introduction

Extreme hydrological events have been increasing since the end ofthe 1980s in the
Amazon River [Espinoza et al 2009b]. They cause inundations, as in 1999, 2006 and
2009, or very low water stages, as in 1998, 2005 and 2010, which are harmful to
people living nearby the watercourse and damaging for agriculture and ecosystems
[e.g. Saleska et al., 2007; Phillips et al., 2009; Asner and Alencar, 2010,Lewis et
al., 2011; Xu et al., 2011]. While interannual rainfall and discharge variability are
related to the El Ni~no Southern Oscillation (ENSO) in the northeastern Amazon
[e.g. Marengo et al., 1998; Uvo et al., 1998; Williams et al., 2005], no clear ENSO
impact is documented in the western part of the basin [Ronchail et al.,2002; Poveda
et al., 2006; Espinoza et al., 2009a,b]. However, high Tropical North Atlantic (TNA)
SST, which are associated with an anomalous northward position of ITCZ, cause
dry conditions in the southern and western Amazon [Marengo, 1992; Uvo et al.,
2000], which are particularly severe during austral winter and spring [Ronchail et
al., 2002; Espinoza et al., 2009b; Yoon and Zeng, 2010]. For instance, the dramatic
2005 drought, which was particularly intense in the southwestern Amazon, has been
attributed to warm SST over TNA [Zeng et al., 2008; Marengo et al., 2008; Cox et
al., 2008].

In this study, we aim to document the recent droughts in the Peruvian Solim~oes
basin and their relationship with atmospheric circulation, paying special attention
to the recent 2010 drought. The upper Solim~oes River has a huge drainage (750
000 km2) half of which is in the Andes, above 500 m (Fig. 1a). The long term
mean discharge at Tamshiyacu (the most upstream gauging stationon the Solim~oes
River, Fig. 1a) is 32 000 m3/s, about 16% of the Amazon discharge at the estuary
[Espinoza et al., 2006, 2009b]. Moreover, when analyzing mean annual rainfall and
discharge at Tamshiyacu station, a negative trend was documented in both variables
for the 1970-2004 period and frequent droughts have been observed since the end
of the 1980s [Espinoza et al., 2009b]. Among them, the 2010 droughtwas partic-
ularly severe and it led the authorities to declare a state of public calamity in the
Peruvian Amazon due to problems in 
uvial transport and food supply to popula-
tion (SENAMHI-Peru press release No076-2010). Finally, it is particularly relevant
to focus on this region of the Amazon as it is still poorly documented interms of
climate and hydrology.

2 Data Description

Mean monthly river discharge data are available in seven gauging stations located in
the Peruvian Amazon, most of them during the 1989{2009 period. In Tamshiyacu
station (Fig. 1a), discharge values are extended to the 1970{2010 period using their
correlation with the water level data measured in the nearby Iquitos hydrometric
station [Espinoza et al., 2006]. Requena on the Ucayali River and San Regis on the
Mara~n�on River, which permit analysis of the southern and northern rivers contri-
butions (Fig. 1a), have short time series for the 1997{2010 and 1999{2010 periods,
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Figure 1: A) Hydrological and rainfall stations used in this study are represented by
red triangles and blue circles, respectively. The names of the main rivers are indicated.
B) Interannual variability (1963{2010) of annual rainfall (black line), annual runo� (blue
line) and minimum runo� (red line) at Tamshiyacu station. Th e red vertical lines show the
extreme drought years analyzed in this study. C) Mean (1970{2010) hydrological cycle
at Tamshiyacu station (black line). The red dashed lines represent the maximum and
minimum discharge values. The blue line represents the 2010discharge.

respectively. For more details about the stations and their annualcycle, see Supple-
mental material and Fig. 6. Observed rainfall data are available at monthly time
steps for 234 stations for the 1963{2008 period (Fig. 1a) [Espinoza et al., 2009a].

Climate variability is analyzed using the global monthly SST data [Reynolds
and Smith, 1994], which comes from the CPC-NOAA. We also examine the 2.5 x
2.5 degree resolution horizontal and vertical winds, geopotentialhigh and humidity
data from NCEP-NCAR reanalysis [Kalnay et al., 1996] to describe theatmosphere
characteristics during the driest episodes of the 1970{2010 period. These data were
obtained from the NOAA data server. The vertically integrated water vapor 
ux is
derived from the speci�c humidity and the horizontal wind between the ground and
300 hPa [Peixoto and Oort, 1992].

3 Hydrological Impacts During
The Extreme Droughts

Interannual variability of total rainfall, mean and low-
ow runo� at Tamshiyacu
station are displayed in Fig. 1b. The selected extreme drought events are character-
ized by monthly low 
ow runo� below the tenth percentile (� 500 mm or� 12000
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m3/s). They occurred in 1995, 1998, 2005 and 2010, which happen tobe transition
years between El Ni~no (EN) and La Ni~na events (LN) of di�erent strengths, with the
exception of 2005. During these years, mean rainfall in the Tamshiyacu basin was
generally below normal in January-February, except in 1997-98, and, later on, from
April or June to August (Fig. 2b, d and f). In 2010, the rainfall de�cit was already
observed in October-November, and it became very strong duringthe autumn and
winter, as shown by the observations (Fig. 4) and by TRMM rainfall data [Lewis et
al., 2011]. As a consequence, the Solim~oes discharge at Tamshiyacuis regularly low
from January or February (October in 2010) to September (Fig 2a, e and Fig. 1c),
with the exception of 1998 when the discharge de�cit only began in June (Fig. 2c).
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Figure 2: Maximum (upper red dashed lines), mean (black lines) and minimum (bottom
red dashed lines) monthly discharge values (1970-2010 mean) and 1995, 1998 and 2005
values at Tamshiyacu (blue lines) (2A, 2C and 2E respectively). Mean monthly rainfall
at Tamshiyacu (black line, 1963-2009 period) and 1995, 1998and 2005 monthly rainfall
(2B, 2D and 2F respectively). Maximum (upper red dashed lines), mean (black lines)
and minimum (bottom red dashed lines) monthly discharge values (1970-2010 mean) and
annual values (blue lines) at Requena, San Regis and Tamshiyacu in 2005 (2G, 2H and 2I
respectively) and 2010 (2J, 2K and 2L respectively).

Comparing the two most severe droughts, we note that in 2005, below normal
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discharge was reported since February in both the southern and northern tributaries
of the upper Solim~oes (Fig. 2g, 2h). In 2010, the discharge de�citwas important
since March in the northern Mara~n�on River at San Regis, but the lowest observed
values in this station were not reached (Fig. 2k). In the southern Ucayali River
at Requena, the discharge de�cit was already observed in October-November and it
was close to the lowest multiannual values from January to August (Fig. 2j). In the
station of Tamshiyacu, the discharge of which combines the southern and northern
rivers contributions, both the 2005 and 2010 droughts seem to becomparable, with
weak negative anomalies in summer (with the exception of November-December in
2005, December in 2010) and autumn and very low values from May toSeptember
(Fig. 2i, l). On the 5th of September 2010, the discharge of the upper Solim~oes at
Tamshiyacu station was estimated at 8 300 m3/s which represents -51% of the his-
torical September mean discharge; this is the lowest value registered in the Solim~oes
River since 1970.

4 Climate Features During The Extreme Drougths

Since dry conditions are often observed in austral summer beforethe droughts, we
shall principally show results of our analysis of the ocean and atmosphere patterns
during the April-August period, which corresponds to the rainfall recession period
and to the annual low 
ow period in the upper Solim~oes (Fig. 2).

The di�erent drought events have some speci�c features in common. SST is
higher than normal in the tropical and mid-latitude regions of northern Atlantic
(Fig. 3a, d, g, j). The mean April-August SST over the tropical north Atlantic
(0-30oN and 20{60oW) was especially strong in 2010, surpassing 24.5o and reaching
26o in September (Fig. 3m). It is remarkable that SST in this region has been
increasing during the study period (Fig. 2m) and that the Atlantic Multidecadal
Oscillation (AMO) index, a mode of multidecadal variability of northern Atlantic
surface temperatures, entered a warm phase in the 1990s [Knightet al 2005]. Some
particular SST features are noticeable: in 1995, the warm SST anomalies were more
pronounced in the eastern subtropical Atlantic, o� the African and Spanish coasts
(Fig.3a) and in 1998 they were relatively weak in the tropical and subtropical At-
lantic (Fig. 3d). Warm temperatures were also observed in the southern tropical and
subtropical Atlantic but the anomalies were less accentuated thanin the northern
part of this ocean. In the Paci�c Ocean, there is no systematic anomaly. In April-
August 1998 moderate positive SST anomalies (+2oC) in the eastern equatorial
Paci�c characterized the ending of the strong 1997 { 98 EN (Fig. 2d), distinguished
by positive anomalies as high as + 4oC at the peak of the event (December-January-
February). In April-August 1995 and 2010, negative SST anomaliesappeared in the
eastern Paci�c, featuring the outbreak of the 1995{96 and 2010{11 LN that followed
the 1994{95 and 2009{10 EN (Fig 3a, 2j).

The geopotential height at 850 hPa is characterized by signi�cant anomalies in
the northern Atlantic. Generally, below normal heights (< 20 m) are observed over
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the western subtropical and mid-latitude Atlantic (Fig. 2b, e, h, k), associated with
ascent anomalies, as demonstrated by a composite of the verticalwind anomaly (Fig.
5c) and increasing rainfall. Over the equatorial Atlantic, weak positive geopotential
height anomalies prevail, except in 1995. In the Paci�c, the geopotential height
anomalies change from one event to another; they were positive in the equatorial
Paci�c in 1998 and 2010, at the end of the 1997{98 and 2009{10 EN and they were
very weak in 1995 and 2005 (Fig. 3b, e, h and k). In association with the low-
pressure in the northwestern Atlantic, convergence, ascendance and convection are
accentuated and rainfall is higher than normal in this region (Fig. 5a).
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Figure 3: April to August mean SST (oC, left), 850 hPa geopotential height (m, centre)
and vertically integrated water vapor 
ux anomalies (vectors, kg m� 1 day� 1) and positive
divergence standardized values (contours, without unit) between the ground and 300 hPa
(right) in 1995 (3A, 3B and 3C), 1998 (3D, 3E and 3F), 2005 (3G,3H and 3I) and in 2010
(3J, 3K, 3L). Only values higher than 1 x standard deviation are plotted (2 x standard
deviation for SST data). M) Mean April-August SST in the 20 o{60oW and 0o{30oN region
and N) Mean April-August meridional water vapor 
ux between 0o and 15oS at 75oW.

The reduced Subtropical High and the increased geopotential height over the
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equatorial Atlantic are consistent with the slowdown of the trade winds (Fig. 5b), a
decreased water vapor transport over the Atlantic and northern South America and
an increase in water vapor 
ux divergence over western Amazon especially over the
Peruvian Amazon basin in 2010 (Fig. 3 c, f, i, l). From April to August (1970{2009),
the mean meridional humidity 
ux between 0o to 15oS at 75oW and the average SST
in the 20o-6-0oW and 30oN-0o region are signi�cantly correlated (r=0.68; p< 0.001).
During warm events in the TNA, the de�cit of water vapor transport at 75oW and
between 0oN and 15oS is as low as -56% in 2010, -29% in 2005, -14% in 1998 and
-20% in 1995 (Fig. 3m and n). The de�cit of water vapor transport,the divergence
and the enhanced subsidence (Fig. 5c) contribute to reduced rainfall over the upper
Solim~oes (Fig. 2, 4 and 5a). On the contrary, the eastward watervapor anomaly
tends to maintain water vapor over the ocean and northern SouthAmerica around
10oN. That anomaly, combined with the enhanced ascent (Fig. 5c), favors rainfall
over northern South America (Fig. 5a). In 1998, an anomalous andintense moist

ux divergence was observed in the western Amazon (Fig. 3f), consistent with the
EN that produces abundant low-level jet episodes [e.g. Marengo etal., 2004].

Details about the 2010 event show that during October 2009-March 2010, posi-
tive SST anomalies over the equatorial Paci�c (� 2oC) were predominant (Fig. 7a
and b), corresponding to the 2009-10 EN. A typical southeastward moisture trans-
port was observed in October-December in the central and southern part of the
Peruvian Amazon, taking away water vapor out of the basin and favoring early
drier than usual conditions in Tamshiyacu (Fig. 1c). The SST were near normal
in the equatorial Paci�c during April-June and they became negativein winter at
the beginning of the 2010{2011 LN (Fig. 7d). As mentioned before,the northern
Atlantic SST were particularly high since the boreal winter and the SST anomalies
encompassed wide regions in the tropical Atlantic and North of 40oN (Fig. 3g, j).
The occurrence of an EN in 2009{10 is a notable di�erence in comparison with the
2005 drought when no SST anomaly was observed in the Equatorial Paci�c [Marengo
et al., 2008]. It seems that, whereas 1998 experienced a strong ENand 2005 a warm
north Atlantic event, both these types of warm episodes a�icted the end of 2009
and 2010, combining their hydrological consequences.

5 Concluding Remarks

Four intense and recent droughts (1995, 1998, 2005 and 2010) produced the weakest
low-
ow discharges of the last forty years in the upper Solim~oes River, the headwa-
ters of the Amazon basin. In 1995, 2005 and 2010, these droughts were associated
with higher than normal SST in the northern Atlantic in April-August, with the
slowdown of the trade winds and reduced water vapor transport toward the western
Amazon basin. Consequently, rainfall was lower than usual and extreme low-stage
discharge was observed in the upper Solim~es, especially in the southern tributaries
close to a center of increased divergence and subsidence.

During the 1998 El Ni~no, the reduced water vapor in April-Augustwas caused by
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an anomalous divergence over the western Amazon. The intensity and length of the
2010 drought, when compared to the former ones, can be relatedto the successive
occurrences of a moderate El Ni~no in austral summer, and a very warm tropical
north Atlantic in the boreal spring and summer. The 2010 drought has also been
dramatic in the northwestern Brazilian Amazon as recently reported by Xu et al.
(2011) about the water levels of the Manaus station.
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Supplemented material

Genesis of the hydrological cycle in the upper Solim~oes

Discharge data analyzed in this work is provided by the Hydrogeodynamics of the
Amazon Basin Observatory (ORE-HYBAM, www.ore-hybam.org), while the rain-
fall dataset comes from the Peruvian and Ecuadorian hydro-meteorological services
(SENAMHI www.senamhi.gob.pe and INAMHI www.inamhi.gov.ec, respectively).
Discharge data in Tamshiyacu station are originally available for the 1983{2010
period. As the relationship between discharge at Tamshiyacu and water level at
Iquitos is strong (r2=0.996, at the monthly time step and r2=0.988 at multiannual
time step, for the 1983{2010 period), Tamshiyacu discharge has been extended for
the 1970{1982 period, using water level from the nearby Iquitos station. When con-
sidering the original 1983{2010 period or the extended 1970{2010period, it appears
that the four cases analyzed, those with a runo� lower than 500 mm( 12000 m3/s),
are well individualized.

Mean annual rainfall and runo� at Tamshiyacu station are 1750 mm and 1380
mm, respectively, and they are strongly correlated (r=0.91, Fig. 1b). The historical
lowest values are 850 mm and 720 mm for rainfall (1963{2008) and runo� (1970{
2010), respectively. In this station, the hydrological cycle runs from September to
October for rainfall and there is around 1.5 month lag when considering discharge
[Espinoza et al., 2006; 2009b]. The hydrological cycle of the upper Solim~oes is the
result of several rainfall regimes coexisting in this region (i.e. Ucayali, Huallaga and
Mara~n�on rivers; Fig. 1a) [Espinoza et al., 2009a]. A southern tropical regime char-
acterizes the Southern part of the Peruvian Amazon, where rainfall is concentrated
during the austral summer in relation with the South America MonsonSystem
(SAMS) [Zhou and Lau, 1998; Vera et al., 2006]. It produces high 
ows in February
and March in the southern stations, Pucallpa on the Ucayali River and Chazuta on
the Huallaga River (Fig. 6a and b). Northward, an equatorial-type rainfall regime
causes a better discharge repartition during the year with a small maximum in May,
as observed at Borja station on the upper Mara~n�on River (Fig. 6c). Further north,
the discharge maximum occurs still later, in July, as in the Bellavista station on the
Napo River (Fig. 6d). Requena (Ucayali River) and San Regis (Mara~n�on River)
combine the di�erent regimes of their respective upper basins (Fig.6e and f) and
downstream, at the intersection of the two rivers, Tamshiyacu presents a resultant
hydrological cycle with low-
ow in September and high 
ow in April-May (Fig. 6c).
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Figure 4: 2010 rainfall anomaly (mm) in tropical South America in A) Ap ril-May-
June and B) July-August-September. Precipitation data comes from NCEP, Climate
Prediction Center USA; they are available at the IRI/LDEO cl imate data library
(http://iridl.ldeo.columbia.edu/)

Figure S2 

A B C 

Figure 5: April to August anomaly composite for (A) mean rainfall in 19 95, 1998 and
2005 (mm/day) and for (B) 850 hPa total wind during 1995, 1998, 2005 and 2010 (m/s).
Only wind anomalies higher than 1 x standard deviation are plotted. Rainfall data
comes from the GPCP Laboratory for Atmospheres, NASA Goddard Space Flight Center
(http://precip.gsfc.nasa.gov/). C) June to August compos ite anomaly for the 500 hPa ver-
tical wind velocity (Pa/s) in 1995, 1998, 2005 and 2010. Dataare from the NCEP/NCAR
Reanalysis.
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Figure 6: Hydrological cycles in the main stations of the upper Solim~oes Basin (m3/s)
from January (1) to December (12). Hydrological and rainfall stations are represented by
red triangles and blue circles, respectively. The names of the main rivers are indicated.
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Figure 7: Anomalies of Sea Surface Temperature (oC, left) and of vertically integrated
water vapour 
ux (kg m � 1 day� 1) between the ground and 300 hPa (right) during the
2010 hydrological year for October to December (S4A and S4E), January to March (S4B
and S4F), May to June (S4C and S4G), July to September (S4D andS4H).
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