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Fig. S4. 
Observations of the potentially enhanced nutrient supply in recent years in both Central 
West Atlantic and Central East Atlantic. (A) The total Amazon forest loss since 1970. (Data 
only include the Brazilian Amazon, based on estimates provided by the Brazilian National Institute 
of Space Research and the United Nations Food and Agriculture Organization, downloaded at 
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Recent intensification of Amazon flooding extremes
driven by strengthened Walker circulation
Jonathan Barichivich1,2*, Emanuel Gloor3, Philippe Peylin4, Roel J. W. Brienen3,
Jochen Schöngart5, Jhan Carlo Espinoza6, Kanhu C. Pattnayak3

The Amazon basin is the largest watershed on Earth. Although the variability of the Amazon hydrological cycle has
been increasing since the late 1990s, its underlying causes have remained elusive. We use water levels in the Amazon
River to quantify changes in extreme events and then analyze their cause. Despite continuing research emphasis on
droughts, the largest change over recent decades is a marked increase in very severe floods. Increased flooding is
linked to a strengthening of the Walker circulation, resulting from strong tropical Atlantic warming and tropical
Pacific cooling. Atlantic warming due to combined anthropogenic and natural factors has contributed to enhance
the change in atmospheric circulation. Whether this anomalous increase in flooding will last depends on the evolu-
tion of the tropical inter-ocean temperature difference.

INTRODUCTION
The Amazon basin and its extensive tropical rainforests sustain one of
the major centers of deep atmospheric convection and heavy rainfall
on the planet. Changes in the water cycle in this region both affect and
respond to the global Hadley and Walker circulations and also have
major impacts on the global carbon cycle through variations in the
carbon balance of the rainforests (1). There is mounting evidence that
the hydrological cycle of the basin has intensified since the late 1990s,
with more frequent hydrological extremes causing major human
suffering and disturbance to the rainforest ecosystems (1–4). In partic-
ular, strong and extensive droughts in central and southern Amazonia
in 2005, 2010, and 2015 have raised concerns that drying trends ex-
pected as a consequence of deforestation (5, 6) or projections by some
climate models under scenarios of climate change may have begun to
be realized (4, 7, 8). However, despite recent research emphasis on
droughts, an even more prominent feature of change in Amazon hy-
drology is the recent occurrence of severe floods (2–4). Severe floods
have become a recurrent disaster in northwestern Amazonia and
along the Amazon River and some of its tributaries from 2009 onward
(9–11). While a number of studies have documented concurrent
changes in the tropical climate system, the mechanisms and ultimate
cause of the intensification of the hydrological cycle in the basin and,
particularly, the increase in the occurrence of very severe floods re-
main unclear (3, 4). Here, we first document and quantify long-term
changes in hydrological extremes in Amazonia and then identify their
main driving mechanisms and discuss the implications for Amazonian
climate over the next decades.

RESULTS
To document and attribute the changes in hydrological drought and
flood characteristics, we use continuous daily records of water levels
from the Negro River at the historic port of Manaus from 1903 to

2015 and the Amazon River at Óbidos from 1970 to 2015 (fig. S1), as
well as precipitation and atmospheric reanalysis data (seeMaterials and
Methods). Long-term precipitation records are scarce in this vast trop-
ical region, but these high-quality gauging records integrate precipita-
tion and runoff across most of the basin and are the most suitable series
for analysis of long-term changes in hydrological extreme events along
the upper and lower sections of the Amazon River (5, 12). Precipitation
data during recent decades, with better station coverage, show a general
tendency for wet seasons to get wetter and dry seasons to get drier, a
pattern that is highly consistent with the observed increase in amplitude
between peak andminimum flows of the Amazon River since the 1990s
(fig. S2) (2). It is known that despite differences in catchment size and
timing of the flood pulse, water levels at the Manaus station on the
Negro River measure fluctuations of the Solimões-Amazon main
stem (fig. S1) due to the so-called backwater effect (12, 13). To verify
this hydrological feature, we tested whether water levels on the Negro
River at Manaus and water levels on the Amazon River downstream of
Óbidos showed a similar pattern of variability during the period of
overlap. As expected, variations in minimum and maximum seasonal
water levels are highly correlated at the two gauging stations (r = 0.98
and 0.93, respectively; fig. S2). However, starting around 2006, the in-
crease in maximum seasonal water levels has been slightly stronger at
the downstream station of Óbidos because of the additional contribu-
tion of recent flooding in the Madeira River (10, 11). The good agree-
ment between the two gauge records enables us to use the long record
of Manaus to quantify changes in hydrological extreme events in the
Amazon River over the last century (Fig. 1A).

Mean daily water levels at the Manaus Port show a significant (P <
0.01) increasing trend of about 1 m (5% of the mean) during the
113 years of records (Fig. 1A).We used the critical river levels from the
Geological Survey of Brazil (CPRM) to identify severe droughts
(15.8 m) and floods (29.0m) inManaus and characterize their frequen-
cy, duration, and severity (see Materials and Methods). These river
levels are critical for the functioning of the port and are used to declare
emergency status in the city.We found 14 severe hydrological droughts
and 14 severe floods since 1903 (Fig. 1A). A time-varying return period
analysis (see Materials andMethods) indicates that the frequency of se-
vere floods steadily increased since around 1970, leading to exception-
ally high levels of flood hazard in recent years (Fig. 1B). We estimate
that, over the study period, flood frequency has experienced a significant
fivefold increase (P = 0.007, Cox-Lewis test for the null hypothesis of
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The great Atlantic Sargassum belt
Mengqiu Wang1, Chuanmin Hu1*, Brian B. Barnes1, Gary Mitchum1,
Brian Lapointe2, Joseph P. Montoya3

Pelagic Sargassum is abundant in the Sargasso Sea, but a recurrent great Atlantic
Sargassum belt (GASB) has been observed in satellite imagery since 2011, often
extending from West Africa to the Gulf of Mexico. In June 2018, the 8850-kilometer
GASB contained >20 million metric tons of Sargassum biomass. The spatial distribution
of the GASB is mostly driven by ocean circulation. The bloom of 2011 might be a result
of Amazon River discharge in previous years, but recent increases and interannual
variability after 2011 appear to be driven by upwelling off West Africa during boreal
winter and by Amazon River discharge during spring and summer, indicating a possible
regime shift and raising the possibility that recurrent blooms in the tropical Atlantic
and Caribbean Sea may become the new norm.

T
he Sargasso Sea is named after the floating
mats of Sargassum seaweed, first reported
by Christopher Columbus in the 15th cen-
tury. These seaweed attract fish, shrimp,
crabs, birds, and turtles (1–3), providing

essential habitats and serving as hotspots for
biodiversity and productivity. Two species of
Sargassum, S. fluitans and S. natans, are the
most abundant in the Sargasso Sea and the Gulf
of Mexico (1, 4), which are notably connected by
ocean currents.
Large quantities of Sargassum have recently

been reported in the central Atlantic Ocean and
the Caribbean Sea (5–14), accompanied by fre-
quent beaching events that have caused serious
environmental, ecological, and economic prob-
lems (15, 16). Numerous workshops have been
held to develop strategies to respond to Sargassum
inundations (17, 18). A critical question is whether
a regime shift in the atmospheric and/or oceanic
climatic conditions has led to the recent changes.
Several hypotheses have been proposed concern-
ing the relative roles of warming temperatures,
climate change, and nutrient enrichment (19–23),
but the lack of large-scale Sargassum data has
prevented investigators from reaching a solid
conclusion.
We attempt to address this question using long-

term satellite data, numerical models, and field
measurements. The 19-year record of observations
from the Moderate Resolution Imaging Spectro-
radiometer (MODIS) satellite instrument reveals
a recent, recurrent Sargassum belt extending
across the Intra-Americas Sea and the tropical
Atlantic (Fig. 1). The environmental and field
data, along with numerical models, help us to
understand the formation of this great Atlantic
Sargassum belt (GASB), the connectivity be-
tween different regions, as well as the mecha-
nisms behind the tipping point in 2011 and
interannual variations in subsequent years.

The entire monthly sequence of Sargassum
abundance distributions (movie S1) shows that
from 2000 to 2010, the central Atlantic showed
very low abundance (5, 6, 12, 13), with occa-
sional small quantities near the Amazon River
mouth from August to November. The first mas-
sive Sargassum bloom in the central Atlantic
started in 2011 (6), and in later years the bloom
developed to a GASB extending fromWest Africa
to the Caribbean Sea and into the Gulf of Mexico
(Fig. 1 and movie S1).
The GASB formed in the summer months

(Northern Hemisphere in this paper) of 2011–2018
except in 2013 (Fig. 1C). In 2015 and 2018, the
GASB showed the highest coverage, extending
>8850 km and carrying a wet biomass of >9 mil-
lion tons (>20 million tons in June 2018) (24).
Once reaching the Gulf of Mexico, the belt fol-
lowed the Loop Current andGulf Stream to enter
theNorth Atlantic Ocean. Some Sargassumwere
transported directly into the North Atlantic from
the central west Atlantic following the Antilles
Current (Fig. 1C).
Although multiple sources of Sargassum may

exist, the shape of the GASB is consistent with
advection by the ocean circulation patterns in
the tropical Atlantic. Through particle-tracking
numerical experiments that account for both
physical transport and biological growth, the
July GASB patterns were well reproduced by for-
ward tracking of simulated Sargassum particles
for 6 months (fig. S1). This holds true even when
a uniform particle distribution is used to initial-
ize the model, although a more realistic initial-
ization usingMODIS observations led to improved
model performance in reproducing the GASB pat-
terns in July (25, 26) (fig. S1, A and B). Further-
more, after accounting for biological factors under
various scenarios, Sargassumdensity in the tropics
could be captured even more accurately (fig. S1).
In both July and January, most of the sim-

ulated Sargassum particles in the central Atlantic
are traced back to the same region, with a very
weak connection to West Africa and almost no
connection to the North Atlantic or Caribbean
Sea (fig. S2) (25). This suggests that the major
blooms in the central Atlantic likely developed

locally rather than from seed populations in the
Sargasso Sea. The weak connection betweenWest
Africa and the central Atlantic (fig. S2B) indicates
that some Sargassum may enter the central At-
lantic from West Africa and bloom there. These
observations match well with previous modeling
work emphasizing the role of North Equatorial
Recirculation Region (NERR) as a potential source
region (19–21, 27) and other modeling efforts on
the regional connections (28, 29). Field measure-
ments of species compositions (30) also suggest
that the Sargasso Sea is unlikely to be the main
source of the blooms in the central Atlantic.
It is natural to ask, then, what conditions in

the central Atlantic triggered the first Sargassum
bloom in 2011? Small amounts of Sargassum
existed in the central Atlantic in previous years
(movie S1), representing the seed populations.
In 2009, higher-than-usual nutrients from the
Amazon River discharge (31) (Fig. 2B and figs.
S3A and S4C), as well as from upwelling in the
eastern Atlantic (Fig. 2D, fig. S4D, and table S2),
could stimulate Sargassum growth (32, 33), al-
lowing massive blooms to occur. A related ques-
tion is,whydid amassive bloomnot occur in 2010?
We suggest that thiswas due to higher-than-usual
sea surface temperatures (hereafter, SSTs) in 2010
(Fig. 2D), which, according to laboratory experi-
ments (34) (fig. S5) and our analyses of satellite-
derived Sargassum change rates (26), would
suppress Sargassum growth. In 2011, the SSTs
were more suitable for Sargassum growth and
the recycled nutrients from previous years and
new nutrients from the current year would have
created the correct conditions to initiate amassive
bloom. Also, the low salinity induced by a large
freshwater input from2009 and 2010would likely
hinder Sargassum growth (34). A reasonable sce-
nario of the 2011 bloom is therefore that nutrient
accumulations from 2009 due to stronger upwell-
ing in the eastern Atlantic and excessive Amazon
Riverdischarge in thewesternAtlantic provided the
initial conditions, whereas high temperature and
low salinity in 2010 delayed the bloom until 2011.
After 2011, the Sargassum abundance in the

central Atlantic showed similar seasonality as
in the Gulf ofMexico, with increased abundance
from January to June and decreased abundance
from July to December (Fig. 3B and fig. S6).
Considering the weak seasonality in insolation
in the tropics, this seasonalitymight be the result
of an innate biological clock (circannual rhythm),
as exists in other brown seaweeds (35), combined
with the seasonal nutrient supply (26). Such a
mechanism is discussed further in the supple-
mentary materials.
In 2012, a Sargassum bloom first developed in

spring and summer, but decreased rapidly from
August to December. The earlier growth could
have been a result of higher nutrient supply from
upwelling processes and lower SSTs in the cen-
tral east Atlantic fromwinter 2011 to spring 2012,
whereas the rapid decrease after August could
have been due to the overall lower nutrient sup-
ply from the Amazon River during 2010–2011
and the relatively higher SSTs after late summer.
By January 2013, most Sargassum disappeared
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