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Key Messages & Recommendations

1) Given its tropical location enclosed by the An-
des, its huge spatial extent (approximately 7.3
million km?), and extensive forest cover, the
Amazon River basin is one of the most critical el-
ements of the Earth’s climate system. It exerts a
strong influence on atmospheric dynamics and
circulation patterns, both within and outside the
tropics. It produces rainfall that results in the
planet’s largest river discharges, with a mean
rate of 220,000 m?/s, or 16-22% of the world’s
total river discharge.

2) The Amazon basin is mainly characterized by
lowlands with a warm and rainy climate. The up-
per part of the basin includes the eastern slope
of the Andes, characterized by a wide variety of
mountain climates (cloud forest, Pdramos,
Yungas, Punas, etc.).

3) The El Nifio-Southern Oscillation (ENSO) is the
main cause of interannual variability in rainfall.
El Nifio is typically (but not exclusively) accom-
panied by droughts in the Amazon, with severe
droughts in recent years resulting in low river
water levels and increased risk of fires. In addi-
tion to ENSO, Atlantic and Pacific sea surface
temperature (SST) variability influences the cli-
mate of the Amazon at interannual and interde-
cadal time-scales, including extreme events.

4) In the last 15 years, the Amazon has witnessed
several climate extremes: droughts in 2005,
2010, and 2015-16; and floods in 2009, 2013,
2014, 2017 and 2021. Some of these have been
classified as "once-in-a-century" events (see

Chapter 22). Historical records show previous
droughts in 1926, 1964, 1980, 1983, and 1998;
and floods in 1953, 1988, and 1989.

5) Preserving and restoring the Amazon forest is
essential to maintaining regionally-important
processes, including convection, evapotranspi-
ration (ET), mesoscale circulations, and land
surface processes.

Abstract This chapter reviews the main features
and large- to mesoscale mechanisms that contrib-
ute to the Amazon’s climate, its interannual and in-
terdecadal variability, and extreme drought and
flood events. It examines the effects of extreme
events on vegetation and the partitioning of precip-
itation into evapotranspiration, runoff, flow season-
ality, and floodplain dynamics; and describes the
floodplain "s role in the biogeochemical cycle.

Main characteristics of the Amazon’s climate

Spatial distribution of temperature, atmospheric circula-
tion, and rainfall Due to high, relatively constant in-
coming solar radiation, air temperatures in the Am-
azon are also relatively constant, with little variation
throughout the year except in the southern Amazon
(Rondobnia, Mato Grosso, the Bolivian Amazon, and
the southern Peruvian Amazon). Annual average
temperatures exceed 27-29°C in the central equato-
rial region. The seasonal thermal amplitude is 1-
2°C, and average values range from 24°C to 26°C.
Near the Andes, the maximum monthly mean tem-
perature in Santa Cruz de la Sierra, Bolivia, is 26.1°C
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Figure 5.1 Schematic of the main climatological features in South America. The blue and red lines represent June-July-August (JJA)
and December-January-February (DJF), respectively. The annual cycle of rainfall (bars, in mm) is shown for measurement stations
located across the Amazon (indicated by dots). Abbreviations: CL, Chaco Low; BH, Bolivian High; ITCZ, Intertropical Convergence Zone;
MCS, mesoscale convective system; SACZ, South Atlantic Convergence Zone; SALLJ, South American low-level jet. Sources of rainfall
data: INMET and ANA (Brazil), SENAMHI (Peru), SENAMHI (Bolivia), INAMHI (Ecuador). Adapted from of Cai et al (Figure 1)2. Clima-

tology of the period 1961-2010.

in September and 20°C in June. Despite small sea-
sonal fluctuations, large temperature oscillations
are typical of the diurnal cycle in this region, in as-
sociation with that of rainfall.

Atmospheric circulation in the Amazon is driven by
the annual cycle of solar radiation. Near the Amazon
delta, maximum rainfall is observed during austral
summer to fall, and dry conditions prevail during
winter. This is due to the alternating warming of the
two hemispheres and to variations in the location of
the Intertropical Convergence Zone (ITCZ)!. Trade
winds coming from the tropical North and South At-
lantic converge along the ITCZ and are associated
with subtropical anticyclones in the North and
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South Atlantic. Monsoonal rain over the Amazon ba-
sin during austral summer provides moisture to es-
tablish an active South Atlantic Convergence Zone
(SACZ, Figure 5.1). The SACZ is characterized by a
convective band that extends northwest to south-
east from the Amazon basin to the subtropical South
Atlantic Ocean. The SACZ s northern edge merges
with the Atlantic ITCZ2. Heating in the Amazon basin
contributes to the formation of the Bolivian High
(BH) in the upper atmosphere?. At the regional scale,
moisture trans-port in and out of the Amazon basin
is critical for the rainfall regime, particularly during
the wet season. Moisture from the Amazon is ex-
ported out of the region via the South American Low-
Level Jet (SALLJ); when it arrives at the eastern edge
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of the Andes, it interacts with the Chaco Low (CL)
and drops precipitation over the La Plata basin?411,

Because it extends into both hemispheres, the alter-
nating warming of each hemisphere causes several
rainfall regimes in the Amazon. During a ‘normal’
year, rainfall in the region shows opposing phases
between the northern and southern tropics, with a
rainy season in austral winter in the North and aus-
tral summer in the South. In the southern Amazon,
rainfall peaks during austral summer; in the central
Amazon and near the delta, it peaks in austral au-
tumn; and north of the Equator, it peaks in austral
winter (Figure 5.1). The northwest equatorial region
experiences low rainfall seasonality, with wet condi-
tions throughout the year. The onset and demise of
the rainy season in the Amazon varies gradually
from south to north. The end of the rainy season is
more regular than its onset. The rainy season in the
southern Amazon ends in April, while in the north-
ern part, it ends in September. SST anomalies in the
Pacific or Tropical Atlantic play a dynamic role in
controlling the beginning and end of the rainy sea-
Son12,13_

The Amazon Convection Alternating warming of the
two hemispheres modulates seasonal displacement
of the ITCZ, including its Amazonian part and the as-
cendant branch of the Hadley-Walker cells!, which
is associated with maximum rainfall over the equa-
torial Amazon Basin. At the peak of austral summer,
following the southward migration of the sun, heat-
ing and convective activity moves toward the sub-
tropical highlands. Rainfall peaks over the central
Andes and the southern Amazon Basin during this
season. Upward motion extends from near the sur-
face to above 5,500 meters (500 hPa), reaching the
level of free convection (LFC) where buoyant con-

vection begins. At the large-scale (> 1000 km), sea-
sonal changes in the thermal contrast between trop-
ical South America and the Atlantic Ocean modulate
wind circulation, which supplies the available en-
ergy and moist instability over the Amazon basin®.
These features provide the convective available po-
tential energy (CAPE), the gross moist instability,
and the rising motion essential to deep atmospheric
convection'*, At regional (100-1000 km) to local
(<100 km) scales, Amazon convection is also related
to the land surface wet-bulb temperature, generally
above 22°C'7, which is closely determined by sur-
face humidity and by sensible and latent heat fluxe-
sii, from the local land surface. Deep atmospheric
convection contributes about 80% of the total an-
nual precipitation in the Amazon basin, while only
20% of yearly rainfall is associated with local sys-
tems?®,

Seasonal changes in Amazon convection are related
to changes in the moistening of the planetary
boundary layer (PBL) and changes in the tempera-
ture at the top of the PBL'Y. However, in the north-
western Amazon, deep convection is particularly in-
tense year-round because the warmer land surface
provides highly unstable atmospheric profiles. In
addition, the concave shape of the Andes induces a
low-level convergence over the northwestern Ama-
zon basin, which causes the high annual rainfall
(>3000 mm) in this region?’. Because deep convec-
tion over the Amazon is related to a strong release of
latent heat, the Amazon basin is an important
source of energy and modulates regional atmos-
pheric circulation in South America??2,

The role of ENSO and other large-scale mechanisms The
El Nifio-Southern Oscillation (ENSO) is the main
cause of global interannual variability in water and
energy budgets. ENSO extremes represent a rever-
sal of the typical SST patterns in the Tropical Pacific,

IHadley and Walker cells are the two major circulation cells in the Earth s atmosphere. The Hadley is essentially meridional, i.e., north-
south winds, while the Walker cell is essentially zonal, i.e., east-west winds. In both cases, air rises near the Equator, but in the Hadley
cell it sinks at about 30°, while in the Walker cell it sinks at other zones near the Equator.

i Sensible heat flux is the transfer of heat caused by the difference in temperature between the surface and the air. Latent heat flux is
the transfer of heat from the surface to the atmosphere that is associated with evaporation of water at the surface and subsequent

condensation of water vapor in the atmosphere.
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Sources: adapted from Jimenez-Mufioz 4 3 2 1
et al 2019 (Anomalies EI Nifio);
WCS (Amazonia basin new limit)

Figure 5.2 Spatial patterns of precipitation anomalies during seasons (DJF, MAM, JJA, and SON) for the drought years of 2015-2016 in
the Amazon. Precipitation anomalies were obtained from the CHIRPSv2.0 dataset using the reference period 1981-2010. A black con-

tour marks the Amazon basin. Adapted from Jimenez-Mufoz et al?8.

El Nino (EN) and La Nifa (LN), when there is warm-
ing or cooling, respectively, in the eastern or cen-
tral-eastern tropical Pacific. EN is typically (but not
exclusively) accompanied by drought in the Amazon
region. In general, recent severe droughts over the
Amazon have resulted in low river water levels, in-
creased risk of forest fire, and impacts on natural
river ecosystems?. During drought and EN years,
subsidence anomalies appear over areas with nega-
tive rainfall anomalies, with convection and intense
rainfall over warm SST in the eastern Equatorial Pa-
cific region. There are different “types” of EN de-
pending on the location of anomalies over the tropi-
cal Pacific; the Eastern Pacific (EP) EN and Central
Pacific (CP) EN?® lead to different precipitation pat-
terns over South America®*?®. In addition to ENSO,
there are two other modes of interannual and inter-
decadal variability that influence the climate of the
Amazon: The Pacific Decadal Oscillation (PDO) and
the Atlantic Multidecadal Oscillation (AMO). They
represent changes in air-sea interactions that vary
at decadal scales and affect the sea surface, which in
turn affects circulation and rainfall in the Amazon.
Consistent with the ENSO (EN) positive phase, the
PDO and AMO's positive phases intensified reduc-
tions in rainfall in the Amazon towards the end of
2015, during the 2015-16 EN event2?¢, Positive
phases of the PDO are associated with an increase in
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precipitation in the central and northern parts of the
basin and a decrease in the southern regions?’. In-
fluenced by the Tropical North Atlantic, the drought
of 2005, however, was characterized by a weaker-
than-normal intra-seasonal oscillation, which fa-
vored drought conditions.

Extreme drought and flood events In the last 15 years,
the Amazon basin has witnessed climate extremes,
some of them characterized as ‘events of the cen-
tury’, including droughts in 2005, 2010, and 2015-
16 (Figure 5.228%%); and floods in 2009, 2012, 2014,
2017, and 202132, Historical records show previous
droughts in 1926, 1964, 1980, 1983, and 1998; and
floods in 1953, 1988, 1989, and 1999. These events
have been linked to modes of natural climate varia-
bility (EN and warm TNA anomalies) with strong im-
pacts on natural and human systems. Some of the
Amazon's main cities were flooded or isolated by ex-
tremely low river levels during these events. 1999
and other wet years (1988-89, 2007-2008, 2011-
2012) were LN years. It is worth mentioning that
droughts and floods are not synchronous and do not
affect the whole basin in the same way. Overall,
droughts affect the south-central Amazon, but the
spatial pattern differs from one EN event to another
and even from one drought to another.
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Spatial variability and seasonality of discharge. The dis-
charge of the main stem of the Amazon River and its
tributaries integrates hydrological fluctuations oc-
curring upstream. At the Tabatinga station, the
Amazonas-Solimdes River Basin spans 890,300
km?, of which ~ 40% are in the Andes. The mean an-
nual discharge at Tabatinga is estimated at 38,000
m?/s, with peak values around 51,000 m?/s from
April-May and the lowest discharge around 20,000
m?/s in September?!. These hydrological dynamics
show strong seasonality that lags behind the rainfall
cycle by a few months, with significant variations in
the timing and magnitude of discharge across the
Amazon’s tributary watersheds?2. The southern and
western reaches of the Amazon River usually flood
first, peaking between March and May. In the central
Amazon, river levels are controlled by northern and
southern tributaries, generally peaking in June.

Long-term discharge measurements recorded near
the central Amazon city of Obidos, for example, in-
dicate a peak discharge approaching ~250,000 m?/s
during the high-water period in June, and a mini-
mum discharge of ~100,000 m?3/s during the low-
water period in November?3. Because the northern
headwaters of the Amazon are near the equator,
their water levels fall between October and Febru-
ary, even as the Amazon River is rising due to con-
tributions from its large southern tributaries. In
contrast, most of the Amazon River’s southern trib-
utaries reach their highest levels in March or April
(at points >300 km upstream from their mouths)
and their lowest levels between August and Octo-
ber®3. For example, discharge at Itaituba in the Ta-
pajés River peaks at ~23,000 m?/s in March and
reaches its minimum (~5000 m?/s) in October. To its
west, the Purus River at Aruma-Jusante shows even
more variability, with a peak discharge of ~11,000
m?/s in April and a minimum discharge of ~1000
m?/s in September®*. The lower sections of these
southern tributaries are heavily influenced by a
backwater effect of the Amazon River itself, rising
and falling in response to changes in the main
Stem32'35'36.

Fluctuations in rainfall and river discharge drive
pronounced seasonal changes in the water level of
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large Amazonian rivers, causing them to overflow
their banks into adjacent floodplains. On a local
scale, flooding can also result from rainfall in areas
with poorly drained soils or rising groundwater lev-
els, as in the case of the Llanos de Mojos in Bolivia.
The periodic rise and fall of water levels — often re-
ferred to as the seasonal flood pulse — connects riv-
ers and their floodplains during part of the year, re-
sulting in heterogeneous habitat structure, rapid
recycling of nutrients and organic matter, and high
rates of biological production®’. Flooding on the Am-
azon River has an average height of 10 m near Ma-
naus, and ranges from 2 to 18 m depending on the
location and year®. The greatest fluctuations occur
in the southwestern Amazon, especially the Ma-
deira, Purus, and Jurua Rivers, while the smallest
changes happen in the east. Small streams in the
Amazon lowlands are more complex, with backwa-
ter effects causing less predictability®®. On average,
the lowland rivers of the Amazon are flooded for 6-7
months of the year, with southern tributaries flood-
ing from January to May and northern tributaries
from June to August. Conversely, the southern Am-
azon undergoes a pronounced dry season from Au-
gust to December, which generally coincides with
the low-water period. In the north, floods can last
until September®3. Seasonally inundated wetlands
cover an extensive area (17%) of the lowland Ama-
zon*,

Evapotranspiration About 50% of rainfall in the Ama-
zon returns to the atmosphere through evapotran-
spiration (water returned to the atmosphere from
the leaves of plants [transpiration] plus water evap-
oration from surfaces). The remainder recharges
groundwater, which ultimately ends up in streams
and rivers. The median value of evapotranspiration
(ET) is 1,220 mm/yr+15%.

Shuttleworth (1988)* found limited seasonality in
evapotranspiration (ET) in a forest reserve near Ma-
naus, with peaks in March and September that coin-
cided with net radiation extremes. In addition, ac-
tual ET rates were nearly equal to potentials
throughout the year, suggesting that plenty of water
was available even during dry periods. In the 1990s,
data analysis of eddy-covariance (EC) flux towers
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monitored by the Large-Scale Biosphere-Atmos-
phere project (LBA), revealed some seasonality de-
pending on the study site. Most sites showed a sea-
sonal pattern similar to that observed at Manaus
during the Amazon Region Micrometeorological Ex-
periment (ARME), where ET correlates with net ra-
diation (Rn), maintaining either a constant flux or
showing a slight increase during the dry period**’.
A few studies, mostly located in the southwestern
Amazon*® or at the boundary between Amazon for-
ests and cerrado savannas*’, observed higher ET in
the rainy season. Hasler and Avissar (2007)%° found
strong seasonality in ET at stations near the equator
(2°S-3°S), with ET increasing during dry periods
and decreasing during wet periods, both correlated
with Rn. In stations located further south (9°S-11°S),
ET and Rn did not present clear seasonality. These
studies found the best correlations between ET and
Rn during wet periods, but no correlation during dry
periods. The authors attributed this response to wa-
ter stress during dry periods, especially at the drier
southern sites. Costa et al. (2010)°* analyzed three
evergreen rainforest wet equatorial sites (2°S-3°S)
and two seasonally dry rainforest sites (~11°S) and
observed that ET was greater in the dry season. Fol-
lowing previous studies, they found that Rn was the
main controlling factor of ET in wetter sites, fol-
lowed by vapor pressure deficit and aerodynamic
resistance. They also found ET seasonality in sea-
sonally-dry forests was controlled by biotic parame-
ters (e.g. stomatal conductance), but in humid equa-
torial forests it was controlled by environmental
factors. (See Chapters 1 and 2 for more on links be-
tween groundwater, deep soil moisture, and the at-
mosphere.)

Conclusions The physical hydroclimate system of
the Amazon operates on several spatial and tem-
poral scales. Given its tropical location enclosed by
the Andes, its huge spatial extent, and vast forest
cover, the Amazon River basin is the largest and
most intense land-based convective center, exerting
a strong influence on atmospheric dynamics and
circulation patterns both within and outside the
tropics. It is a critical energy source for the atmos-
phere, removing latent heat from the surface
through evapotranspiration and releasing it to the
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atmosphere as condensation and cloud formation. It
produces rainfall that results in the largest river dis-
charges on Earth, 187,000-253.000 m?/s, or 16-22%
of the world’s total river discharge. ENSO is the main
cause of interannual variability in rainfall. EN is
typically (but not exclusively) accompanied by
droughts in the Amazon region, with recent severe
droughts producing low river water levels, in-
creased risk of forest fires, and ecosystem impacts.
In addition to ENSO, Atlantic and Pacific SST varia-
bility influences the climate of the Amazon at inter-
annual and interdecadal scales, including extreme
events. These events affect ecosystems and the car-
bon cycle, changing the balance in the southern and
eastern transition zones between forests and savan-
nas, and affecting biomass stocks by favoring soft-
wooded species vulnerable to disturbance.
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