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Extreme warming of Amazon waters in a changing climate
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Abstract: In 2023, an unprecedented drought and heatwave severely impacted Amazon waters,
leading to high mortality of fishes and river dolphins. Five of 10 lakes monitored showed
exceptionally high daytime temperatures (>37°C), with one large lake reaching up to 41°C in the
entire ~2-m deep water column, with up to 13°C of diel variation. Modeling show that high solar
radiation, reduced water depth and wind speed, and turbid waters are the main drivers of the high
temperatures. This extreme heating of Amazon waters follows a long-term increase of
0.6°C/decade revealed by satellite estimates across the region’s lakes between 1990 and 2023.
With ongoing climate change, temperatures that approach or exceed thermal tolerances for
aquatic life are likely to become more common in tropical aquatic systems.

Main Text:

The temperature of aquatic ecosystems is a fundamental variable that influences biogeochemical
and ecological processes and directly and indirectly affects aquatic life. In recent decades, many
lakes have warmed, averaging 0.34°C/decade globally (1), and maximum near-surface
temperatures of large lakes in Europe have warmed up to 0.58 °C/decade on average (2). This
increase is projected to continue under ongoing climate change, coinciding with more frequent
severe lake heatwaves (3, 4). Indeed, lakes are considered sentinels of climate change (5), but
most studies of warming lakes are from temperate to subtropical regions. This overlooks
potential impacts of climate change on tropical systems, where diel patterns in thermal
stratification and mixing as well as dissolved oxygen are often more pronounced than in higher
latitudes (6, 7). In shallow waters, diel variations in surface energy fluxes lead to strong vertical
thermal gradients during daytime heating, followed by vertical mixing during overnight cooling
(8-10). Amazon floodplain lakes also have large seasonal changes in water levels and in optical
properties, both of which strongly influence stratification and mixing patterns (11).

The year 2023 experienced major heatwaves across the globe with record-breaking air
temperatures and a prolonged heatwave in the Amazon region (12). Furthermore, in September
and October 2023, a record-breaking drought occurred in the Amazon, with the lowest river
water levels ever recorded (13). The unprecedented drought intensity has been attributed to
climate change, including widespread warming of the oceans, in particular of the North Atlantic,
in combination with a moderate-to-strong El Nifio event*315,

While heatwaves during 2023 were reported for air and marine temperatures around the globe
(14, 15), here we reveal extreme heating of tropical inland waters of the Amazon. We present
water temperature measurements during the 2023 drought for 10 Amazonian lakes and provide a
regional-scale perspective based on satellite observations of water temperatures. Hydrodynamic
simulations further reveal the drivers of lake warming. As a consequence of this extreme
drought-heatwave event, thousands of people living in riparian communities were isolated
without proper access to food, potable water and medicine. An unprecedented massive mortality
of Amazon river and tucuxi dolphins occurred, likely associated with extreme water
temperatures (16, 17). The measured temperatures, up to 41.0°C in the shallow waters of Tefé
Lake (0.5 to 2 m), are in the upper range of measurements reported in tropical inland waters.
These observations highlight the major threats that will likely affect the people and biodiversity
of the Amazon and other tropical waters in years to come.
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Extreme heating of Tefé Lake

Tefé Lake became the focus of national and international attention during the 2023 Amazon
drought (Fig. 1) because of massive, unprecedented mortality of freshwater dolphins (Inia
geoffrensis and Sotalia fluviatilis) between late Sep and Oct 2023, leading to 209 carcasses found
in a short interval (17). Between Sep 24 and Oct 26, the lake’s surface area decreased by 75%
from 379 to 95 km2 (see satellite images in Fig. 1a), with large portions of the lake less than 0.5
m deep over an 8-km reach (Fig. 1b). Spatial and temporal measurements of water temperatures
were made beginning on Oct 1 (Fig. 1a; Methods).

Tefé Lake is a ria lake (also known as blocked fluvial valley (18)), a common geomorphology in
the central Amazon formed by backflooding of tributaries close to their confluences with the
Amazon River (19). Tefé Lake is around 60 km long and is normally more than 7 km wide close
to the city of Tefé. Our measurements detected a maximum water temperature of 41.0°C on Oct
18 (at site 2; Fig. 1b), and a high diel variation of up to 13.3°C (from 41.0°C on Oct 18 15h30
local time to 27.7°C on Oct 19 at 7h00), associated with intense nocturnal cooling. Afternoon
temperatures reached more than 37°C in parts of Tefé Lake on 19 days in October (Fig. 1c).
Along the 9-km channel that drains the lake into the Amazon River, temperatures decreased from
the lake to the confluence (Fig. 1c). A survey on Oct 2 found a change from 37.4°C in the
upstream part of the channel to 31.3°C in the Amazon River (Fig. S1), and temperatures
decreased from 40°C to 36°C in a distance of less than 3 km on Oct 18 (Fig. 1c).

To examine environmental drivers of the extreme temperatures, we performed a set of numerical
simulations with a well-calibrated hydrodynamic model developed at a similar Amazonian lake
(Fig. 2; Supplementary Text; Zhou et al. (11)) — lack of enough in situ data precludes the
development of such a model for Tefé Lake. When simulating conditions similar to those
observed in the 2023 heatwave, the modelled temperatures reached up to 42°C due to a
combination of factors, including shallow and turbid water, clear skies with high sunlight, low
wind speed, and slightly elevated air temperature. All these factors occurred in Lake Tefé in the
2023 drought: reduced water depth (less than 0.5 m along more than eight km of the lake), high
solar radiation (a sequence of 11 days without clouds, Fig. S2 and Fig. S3), and very turbid
waters (Secchi disk depth less than 0.15 m; Fig. S4). Consequently, afternoon peak water
temperatures in Tefé Lake increased each day over the consecutive clear-sky days as the lake
gained heat (Fig. S5).

High air temperatures were recorded at weather stations across the central Amazon, breaking
records, including at Tefé (maximum surface air temperature in Tefé was 39.1°C on Sep 28; Fig.
S6). However, significant heat was not gained by sensible heat exchange (Fig. 2 and
Supplementary Text). Advection of heat from the lake to its outlet channel led to extreme
temperatures along the channel (where most of the dolphins died). Water temperatures gradually
decreased due to heat dissipation as water flowed along the 9-km channel at velocities up to 0.7
m s and discharge of ~50 m3 s (Fig. 1e) toward the channel’s confluence with the Amazon
River (Fig. 1c and Fig. S1).

From mid-November onward, continuous water level and temperature measurements (site 4; Fig.
1b) enabled monitoring of the lake’s return to more normal water temperatures. As the depth
increased, diurnal thermal stratification of the water column occurred (Fig. S5). After water
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levels increased more than 1.5 m (by Nov 21) above the minimum water level (reached on Oct

23), the diel variation of water temperature was reduced, with a maximum observed range of
29.5-34.5°C at 0.3 m and 29.5-31.7°C at 2 m after Dec 20.
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Fig. 1. Major drought and heating of Tefé Lake waters in 2023, reaching more than 40°C in
the whole water column. (a) Changes in lake surface area from early Sep to (b) Oct 2023 in
Tefé Lake, based on Planet satellite imagery. (c) Aerial photograph of the lake in October. (d)
Water temperatures and level changes (location of sensors in panel b) in Tefé Lake during the
2023 drought show the extreme values. (e) Lake bathymetry and (f) profile of surface water
temperatures for a survey on Oct 18 reveal the longitudinal gradient of temperature along the
channel. (g) Photos of the drought in Tefé Lake show a dead Amazon River dolphin and (h) a
surface scum of the phytoplanktonic Euglena sanguinea.
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Fig. 2. Numerical simulations enlighten the drivers of large heating of an Amazonian lake
during drought conditions. (a) Incoming shortwave radiation (SWin) and longwave radiation
(LWin); (b) air temperature (Tair) 20% higher than measured values (black), and measured
relative humidity (RH); (c) wind speed (WS) reduced to 30%; (d) simulated temperatures, with
surface water values exceeding 40°C around noon within three days of starting the simulation.

Heating of Amazonian lakes in 2023 was widespread

Water temperatures measured in situ during the drought in 10 central Amazon lakes, as well as in
a reach of the lower Amazon River (Fig. 3a and Fig. S7), revealed high values in most cases,
with temperatures above 37°C measured in five lakes. In Coari Lake, which is similar to Tefé
Lake in size and geomorphology, water temperatures exhibited high diel variation (Fig. S8). The
maximum temperature was 37.5°C, but measurements (Nov 3-28) were made after the heatwave
peak so temperatures had likely reached higher values in the preceding weeks. Surveys of water
depth during the drought found shallow waters (less than 0.5 m) over extensive areas. Coari
Lake’s larger watershed area and higher outflow discharge could explain the less extreme water
temperatures in comparison to Tefé Lake.



10

15

20

25

30

35

40

45

For the other lakes sampled in Nov 2023, high water temperatures were also observed, though
measurements started after the peak heatwave in October. A few ria lakes, such as Amané Lake
(Fig. 3a), remained deeper and cooler during the drought. In comparison to Tefé and Coari lakes,
continuous water temperature measurements available for two other smaller floodplain lakes in
the vicinity showed lower average water temperatures and diel ranges (Fig. 1d and 3b), although
diel ranges increased markedly during the heatwave. These lakes were disconnected from the
main river during the drought and had water depths over 1 m.

Water temperatures measured in the lower Amazon River in 2021 and 2023 provide further
evidence for the unusual heating of the river system in Sep-Nov 2023, with surface temperatures
consistently higher than in 2021 (Fig. S7). In the lower Negro River, in the Anavilhanas
archipelago, surface water temperature higher than 37°C was also measured (N. Filizola, pers.
comm.) — in this area, backflooding by the Amazon River waters causes a reduction in flow
velocity.

Our findings are remarkable in three aspects. First, temperatures approaching or higher than
40°C in large waterbodies are rare even for tropical systems. This is much higher than the
systems’ usual temperatures: average surface water temperature in tropical lakes are typically
around 29-30°C (20); for instance, an average of 30.4°C was obtained for a total of 322 samples
obtained in 24 different Amazon floodplain lakes between 1995 and 2011 (data from SO Hybam
network; available at: <https://hybam.obs-mip.fr/documents/field-campaign-reports/brazil/>).
Monthly measurements in Tefé Lake from 2004 to 2020 showed a maximum near-surface
temperature of 33.3°C in 2012 (long-term average of 29.1°C). In Amazonian forest streams,
temperatures usually range between 25 and 28°C (21), whereas a maximum value of 31°C has
been reported for the Negro River, a major tributary of the Amazon River (22). The 2023
observations in Tefé Lake exceeded maximum water temperatures recorded in Lake Curuai, a
floodplain lake in the lower Amazon, during low water (36.6°C in 2005; temperatures above
35°C were also observed in 2004 and 2010). Water temperatures in shallow, vegetated waters of
the Pantanal wetland in Brazil rarely exceeded 35°C over the course of a year (6). Temperatures
in a slowly flowing, unshaded tropical river in northern Australia ranged from 28-38°C over 24
hours (6).

Second, although near-surface temperature can sometimes reach values as high as 40°C during
diurnal stratification in tropical lakes, temperatures usually decrease with depth, but they
remained high throughout the shallow water column of Tefé Lake. Measurements over two years
at a series of depths in open water in Janauaca Lake on the central Amazon floodplain ranged
from 27.5-35.5°C, but reached 40°C in near-surface waters within floating plant stands (Zhou et
al. (11); J. Melack and S. Macintyre, unpublished data). In Cedrinho Lake on the floodplain of
the Purus River (a tributary of the Amazon River), near-surface water temperature reached 41°C
in December 2016, but decreased to around 30°C (max. 32.6°C) at a depth of 0.3 m (E. Martins,
unpublished data). In contrast, during the 2023 drought, in the shallow water of Tefé Lake (up to
2 m deep in some locations) when temperatures as high as 40°C were being measured, no cooler
water was present at depth to provide a refuge from high temperatures.

Third, the high diel temperature range in Tefé and Coari lakes are at the upper limit of the values
reported by a recent synthesis of 100 lakes, although none were in the tropics (23). The highest
average diel amplitude reported was 7°C for small lakes, with a maximum value of around 15°C
near surface in a very small temperate lake (Jekl Bog; surface area 2500 m?). In the much larger
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Tefé Lake, we observed a 13.3°C diel range along the entire water column (as deep as 2 m at
some points).
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Fig. 3. Widespread heating in Central Amazon lakes. (a) In situ measurements show high
water temperatures in 10 central Amazon lakes during the 2023 drought. The number of
monitoring sites per lake is shown at the top, and the location of the lakes is presented in the map
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of Figure 4. (b) Water levels, water temperature, and air temperature (hourly resolution) in two
central Amazon floodplain lakes within the Mamiraua Sustainable Development Reserve near
Tefé show increases in temperatures (both magnitude and diel variation) during the low water
period when the heatwave occurred.

Long-term water temperature trends at the regional scale

In recent decades (1990-2023), the mean surface-water temperature in central Amazon water
bodies has increased by 0.6°C/decade based on Landsat satellite observations of 24 large lakes
(Fig. 4; see Methods and Fig. S9). All assessed lakes have significant positive trends (P<0.05),
with Tefé and Coari lakes showing an increase of 0.7°C/decade, and maximum trends of
0.8°C/decade for Tapajds, Badajos and Amana lakes (Fig. S9). Positive surface water
temperature anomalies were more frequent over the last decade (2013-2023), with a sequence of
positive anomalies observed since 2018 (Fig. 4b). Other studies have reported increasing water
temperature trends for lakes across the globe (24), although the trends we report here are higher
than those reported by O’Reilly et al.(1) The trends reported here may be higher because in the
Amazon region cloud-free days for multispectral images occur mostly during the dry (warmer)
season (72% of available images were from Jun-Oct).

Our remote sensing estimates of average surface water temperature across the 24 lakes clearly
depict the high water temperatures in 2023 (Fig. 4a). During the 2023 heatwave, the surface
water extent was reduced in the whole region, with some lakes falling to less than 10% of their
usual open-water area (Fig. 4c). Tefé Lake was reduced in area by 75%, and the largest change
was observed for Badajos Lake (92%). This large reduction in water surface extent occurred due
to reduced river levels, and the shallow depths coincided with the exceptional heating of the
water bodies. Remote sensing estimates provide further evidence that Tefé Lake water
temperatures were higher than in most other large lakes in the central Amazon (red pixels in the
detail of Fig. 4a).
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Fig. 4. (a) Long-term heating of Central Amazon lakes, and major warming in 2023.
Landsat observations of water temperatures during the 2023 drought in the central Amazon show
positive anomalies for many water bodies (Sep-Oct 2023 anomaly map in relation to the 1990-
2023 Sep-Oct average), and details are shown for four lakes. The numbers in parentheses refer to
the lakes with in situ data in Fig. 3. (b) Anomalies of long-term mean monthly temperature for
24 lakes in the central Amazon show a positive trend of 0.6°C/decade. (c) Decrease in lake
surface water during the 2023 extreme drought.

Socio-ecological implications

While impacts of climate change on increasing water temperatures have been reported in detail
for certain biomes, such as lakes at northern latitudes (20, 25) and marine ecosystems including
coral reefs (26), the ecological consequences of increasing water temperatures in tropical and
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subtropical freshwaters have received much less attention. On the day 39.5°C was first measured
in Tefé Lake (Sep 28), 70 carcasses (59 Amazon River dolphins and 11 tucuxi dolphins) were
found in the lake; the whole mortality event, during less than two months, led 209 dolphins to
die, an unprecedented observation in the Amazon, and a high percentage of the estimated dolphin
population in Tefé Lake. The reasons why the dolphins stayed in the overheated water are
unclear, since the lake’s channel had a longitudinal decrease in water temperatures towards the
Amazon River, which could have been accessed by the animals. Perhaps neurological effects of
the high temperatures caused the animals to not move toward the cooler downstream waters (27).
The mortality of these animals attracted national and international attention because they are
charismatic, and the event was of an unusual nature, whereas the impacts of the heatwave on
other freshwater fauna received much less attention.

The exceptionally low water level caused numerous problems for local human inhabitants who
use the river and floodplain lakes for transportation and fishing. In particular, major fish
mortality was also observed in some Amazonian reservoirs and lakes during the 2023 drought.
Drainage of many large floodplain lakes connected to the river must have displaced fish
populations into the major rivers, whose volume was also diminished, and the fate of those fish is
unknown, though mortality likely ensued. Tropical ectotherms, like Amazon fishes, have narrow
thermal tolerance ranges, so even relatively small increases in temperature can result in high
mortality 3*. Among tropical species assessed in a laboratory setting, Amazonian fishes seem
particularly sensitive to warm temperature®’, and declines in survival have been observed in most
of 13 Amazonian fishes exposed to > 33°C over 10 to 30 days (28). The direct effects of warm
temperature on fish can be exacerbated by the reduction in dissolved oxygen in warm waters*,
as hypoxia tolerance is reduced in Amazonian fishes after short and long-term exposure to >
33°C (28). The heatwave during the 2023 drought also impacted aquaculture of tropical fish,
with one instance where 3,000 fish died in one aquaculture pond (29). Indeed, warming in the
near future may impair the farming of Colossoma macropomum that is responsible for a large
fraction of Amazonian aquaculture production (30, 31).

Existing compilations of global lake water temperature seldom include in situ data for
Amazonian lakes, and tropical systems are underrepresented in global networks of lake
observations (32, 33), even though recent global studies based on satellite data did include
tropical lakes (34-36). The development of consistent, long-term environmental monitoring of
vulnerable lake ecosystems such as Tefé and Coari lakes is imperative for them to be effective
sentinels of climate change and to develop management strategies of value to the inhabitants of
the region. Such long-term monitoring will enable us to assess the vulnerability of Amazonian
water bodies — and other freshwaters across the tropics — to climate change, including the
associated warming and alterations to the hydrological cycle that lead to extreme drought and
heatwaves. Climate models project increasing air temperatures across the globe, yet the impact
of climate change on tropical waters remains largely unknown. A better understanding of how
freshwater biodiversity and the provision of ecosystem services may change in a warming world
is essential to inform science-based actions to protect and adaptively manage these vulnerable
ecosystems.
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Materials and Methods

Field data collection. Water temperatures were measured in several Amazonian lakes during the 2023 drought. In
Tefé Lake, six Hobo Pendant MX2201 water temperature loggers were suspended on a line at different depths
depending on total water depths (including 0.3 and 2 m, if possible, see locations in Figure 1e). From Sep 28 to Nov
9, water temperature, conductivity and pH were measured daily around 16h local time with a Hannah HI 98194
multiparameter probe at the surface, 50% of the water column depth, and near the bottom. Secchi disk depth (19 cm
diameter) was measured at the same sites. At site 4 (Figure 1e), a pressure transducer (Solinst Levelogger 5) was
installed at the bottom to measure water depth and water temperature; water level measurements were compensated
for atmospheric pressure with a Solinst Barologger 5) installed at the same site.

Temperature loggers were installed in nine other lakes across the central Amazon (Table 1): three floodplain lakes in
the Mamiraud Sustainable Development Reserve (Samaumeirinha, Cedrinho and Bud-Bud); Amana Lake, a ria lake
to the north of Tefé in the Amand Sustainable Development Reserve; Coari Lake, a ria lake around 200 km
downstream from Tefé along the Amazon River which also faced dolphin mortality; and four other floodplain lakes
near Manaus (Janauaca, Miriti, Calado and Castanho). Hobo Pendant MX2201 sensors have an estimated accuracy
of £0.5°C, Solinst Levelogger of £0.05°C, RBRsolo of £0.002°C, and Hannah probe of £0.15°C — the locations
where they were deployed are presented in Table 1.

A long-term environmental monitoring program (since 2004) at Tefé Lake has been conducted by the Mamiraua
Institute, sampling monthly downstream 1 km from the urban area of Tefé. A Hannah HI 98194 multiparameter
probe was normally used to take measurements at 0.1, 0.5, 1.0, 2.0 and 3.5 m depths).

Longitudinal profiles of near-surface water temperatures in the Tefé Lake channel were acquired with a hull-
mounted Garmin Echosounder Echomap Plus 42 cv, which includes a temperature sensor. The same equipment was
used to map Tefé Lake’s bathymetry in the downstream portion of the lake, covering an area of around 30 km?, as
depicted in Figure 1d. Water velocities and discharge in the Tefé Lake channel were measured at locations 1, 3 and
4 (see map in Figure 1e) with an acoustic Doppler current profiler (SonTek RiverCat). In the lower Amazon, two
campaigns (in 2021 and 2023; Figure S8) were conducted to estimate longitudinal profiles of near-surface water
temperature using the Garmin Echosounder Echomap Plus 62 cv.

Table 1. Locations and other information about in situ measurements of water temperatures.
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Lake Coordinate | Gaug | Sampling Data Depth of Lake depthat | Sensor type
name s (Lat/Lon) | e rate collection | measureme | the site during

numb period nt (m) the 2023

er drought (m)

Tefé |-3.341620, |1 1 min 03/10/20 | 0.3 0.8 HOBO Pendant
- 23 - MX2201
64.730401 25/11/20 Temperature
9 23
-3.334398, |2 1 min 18/10/20 | 0.3 1.2 HOBO Pendant
-64.72372 23 - MX2201

31/10/20 Temperature
23
-3.338512, | 3 1 min 03/10/20 | 0.3 25 HOBO Pendant
- 23 - MX2201
64.716747 03/11/20 Temperature
9 23
- 4 10 min 01/10/20 | 0.3 5.0 Solinst levelogger 5
64.703285, 23
-3.335440 -
04/06/20
24
- 4 10 min 11/10/20 | Bottom 5.0
64.703285, 23
-3.335440 -
04/06/20
24
- 5 1 min 11/10/20 | 0.3 4.0 HOBO Pendant
3.3338320, 23 - MX2201
- 11/12/20 Temperature
64.697812 23
9
- 5 1 min 03/11/20 | 2 4.0
3.3338320, 23 -
- 11/12/20
64.697812 23
9
- 6 1 min 03/10/20 | 0.3 3.0 HOBO Pendant
3.3531440, 23 - MX2201
- 04/06/20 Temperature
64.677223 24
9
Coari -4.029051, |1 10 min 03/11/20 | 0.3 0.5 HOBO Pendant
-63.22943 23 - MX2201
28/11/20 Temperature
23
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Coari -4.08089, - 10 min 03/11/20 | 0.3 1.0 HOBO Pendant
63.150354 23 - MX2201
28/11/20 Temperature
23
Cedrin | -2.804494, 1 hour 10/03/20 | Lake 1.3 Solinst levelogger 5
ho -65.089030 23 - bottom
23/01/20
24
Bua- -2.893348, 1 hour 20/01/20 | Lake 1.0 Solinst levelogger 5
Bua -64.978020 23 - bottom
12/01/20
24
Samau | -2.81686, - 5 min 31/10/20 | Lake 1.0 HOBO Pendant
meirinh | 65.03215 23 - bottom MX2201
a 13/12/20 Temperature
23
Amanad | -2.68111, - 10 min 17/10/20 | 0.3and 2.0 | 5.0 HOBO Pendant
64.620414 23 - MX2201
Temperature
Janauac | - One date of | 10/10/20 | O (surface) | 0.2-0.6 YSI Professional
a 3.3840277 sampling 23 Plus Multiparameter
78, - only; five Probe
60.229388 locations
89 of
measureme
- nts
3.4096944
44, -
60.262277
78
3.3994722
22, -
60.277166
67
3.3876111
11, -
60.295361
11
3.4141388
89, -
60.249916
67
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3.3878888
89, -
60.239416
67
Calado | - - 15 min 23/11/20 | O (surface) | 0.5 RBRsolo
3.2779364, 23-
- 18/12/20
60.580000 23
77
Miriti - - 15 min 23/11/20 | O (surface) | 4.5 RBRsolo
3.2626915, 23-
- 18/12/20
60.927834 23
6
Castan | - - 15 min 22/11/20 | O (surface) | 4.8 RBRsolo
ho 3.8260412, 23-
- 19/12/20
60.365148 23
0

Climate data. Meteorological data were obtained from reanalysis datasets from ECMWF and ERA-Land for surface
air temperature, relative humidity, and rainfall using the Google Earth Engine platform (Gorelick et al., 2017). In
situ weather data (rainfall rates, sunlight hours, wind speed and air temperature) were obtained from the Brazilian
National Institute of Meteorology (available at: <https://portal.inmet.gov.br/>) for the following central Amazon
stations: Benjamin Constant (INMET code 82410); Tefé (82317) and Manaus (82331). For the Tefé Lake analysis,
in situ lake water level and rainfall data during the 2023 drought were obtained from the monitoring network
maintained by the Mamiraud Institute, which includes a water level gauge (combined Solinst Levelogger 5 and
manual rule, both georeferenced to EGM2008 datum) and a DualBase automatic tipping bucket rainfall gauge
(https://www.dualbase.com.br/produtos/sensores/precipitacao-pluviometrica).

Surface water extent. The surface water extent was calculated for each lake using multispectral data from Landsat
Collection 2. Data were acquired using the Google Earth Engine cloud computing platform for the Landsat 5
Thematic Mapper (TM), Landsat 7 Enhanced Thematic Mapper Plus (ETM+), Landsat 8 Operational Land Imager
(OLI) and Thermal Infrared Sensor (OLI/TIRS), and Landsat 9 OLI-2 and TIRS-2. The Landsat data are available at
https://developers.google.com/earth-engine/datasets/catalog/landsat. We used the Normalized Difference Water
Index (NDWI) to estimate the water mask for each Landsat scene, considering only pixels greater than zero as water
surface, using Eq. 1.

NDWI = Pgreen ~ Pswir1 (1)

Pgreen t Pswir1

Where pgreen and pgyirq are the green (0.52-0.60 and 0.53-0.59 um ranges, respectively, for Landsat 5/7 and 8/9)
and shortwave infrared bands (1.55-1.75 and 1.57-1.65 wm ranges, respectively, for Landsat 5/7 and 8/9).

Satellite water surface temperature. Landsat images were used to obtain water surface temperature (WST)
anomalies for Amazonian lakes at 30 m spatial resolution. Data from Landsat 5, 7, 8 and 9 from the Landsat
Collection 2 were acquired using the Google Earth Engine (available at https://developers.google.com/earth-
engine/datasets/catalog/landsat). Landsat Collection 2 images are provided with an atmospheric correction: USGS
Land Surface Reflectance Code (LaSRC) version 1.5.0 (derived from NASA LaSRC version 3.5.5), for OLI/TIRS,
and USGS Landsat Ecosystem Disturbance Adaptive Processing System (LEDAPS) Surface Reflectance algorithm
version 3.4.0 (derived from the February 2011 version of NASA LEDAPS code) for For TM and ETM+.
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Pixel quality attributes were used to filter cloud cover and presence of water (based on NDWI, see Equation 1).
WST was estimated with Landsat images according to Equation 2%

WST = % )

D]

where &, is the narrow band emissivity obtained from NDVI**. The K; and K, are constants obtained from image
properties for each Landsat product (K; is equal to 607.76, 666.09, 774.8853 and 774.8853 W-m™2-srX-um™ and K,
is equal to 1260.56, 1282.71, 1321.0789 and 1321.0789 W-m2-sr 1-um2, respectively, for Landsat 5, 7, 8 and 9).
R, is the corrected thermal radiance from the surface (W-m~2-sr*-um™?), computed according to Equation 333%;

R —-R
R, = oAp a- SNB)Rsky (3)

TNB

where Ry, is the thermal radiation at the top of atmosphere (W-m=2-sr*-um™?), which was obtained by the
brightness temperature from Landsat data. R,, is the path radiance (0.91 W-m=2.srt-um™), Ry is the narrow band
downward thermal radiation from a clear sky (1.32 W-m2-sr*-um™?) and 7 is the narrow band transmissivity of
air (0.866 pm)*.

Regarding the accuracy for different Landsat missions, Barsi et al.*® showed that Landsat 7 is calibrated for no
residual gain or offset error for the lifetime to within £ 0.55 °C and Landsat 5 is calibrated to within £ 0.67 °C.
Moreover, Vanhellemont*® evaluated the performance of the Landsat 8 WST in cloud-free conditions with in situ
measurements and founded an RMSD of 0.7-1 °C and low bias of <0.3 °C. Considering the comparison of different
thermal sensors and algorithms, Meng et al.*! showed that the Landsat 9 LST presented absolute differences from
MODIS LST (MOD11 and MOD21) in a range of 0.01 to 2.50 °C. Hulley et al.*? found that the LST from the
Moderate Resolution Imaging Spectroradiometer (MODIS) MYD21 LST and the Visible Infrared Imager
Radiometer Suite (VIIRS) VNP21 have a small bias of less than 0.5 °C.

Landsat data have been used to investigate lake WST patterns in several studies®-38, Sharma et al.3* compared
global estimates of satellite-derived WST using the Advanced Very High Resolution Radiometer (AVHRR) and the
Along Track Scanning Radiometer (ATSR) imagery with in situ observations and found an RMSE of 1.15 °C for
summertime mean values and a RMSE of 0.72 °C for interannual anomalies.

Here, the results for central Amazon lakes are assessed as anomalies, which reduces error due to bias. A total of 24
lakes were selected in the central Amazon, and are representative of the region’s largest water bodies. The Landsat
thermal infrared datasets have special resolution of 120, 60 and 100 m for Landsat 5 TM, Landsat 7 ETM+, Landsat
8 TIRS/Landsat 9 TIRS-2, respectively. The images were resampled to 30 m with a cubic convolution method. Only
pixels with water were selected using a mask based on NDWI (i.e., NDWI > 0); the criterium was successfully
validated with visual inspection with visible satellite observations of the lakes’ dry areas.

WST is measured in the field usually at depths of a few centimeters below the surface*. This differs from satellite-
derived WST, also called radiometric skin temperature, which represents an extremely thin layer of the water
surface (less than 1 mm thick)*. The skin and sub-skin lake surface temperature often differs in the order of 0.2 °C,
varying due to meteorological conditions (e.g. wind speed)*. Landsat data acquisitions in the analyzed Amazonian
lakes occur in mid-morning (equatorial crossing at about 9:30 am local time). Thus, the skin temperatures reflected
morning conditions.

Landsat scenes with cloud cover (Landsat filter) higher than 20% were disregarded. Hence, most of the available
images are representative of the period from June to Oct (dry season). The number of Landsat scenes used per year
were, on average and considering all lakes, 85 for the period from 1990 to 1998 (only Landsat 5), 132 from 1999 to
2020 (both Landsat 7 and 8) and 185 after 2021 (with both Landsat 8 and 9). Moreover, WST was limited to a range
between 15-45°C to avoid erroneous under- and overestimation. Trend analysis using monthly average water
temperature revealed anomalies based on the mean for each month over the entire period of analysis (1990-2023).
Increasing or decreasing trends were evaluated using the Mann-Kendall Test.

Numerical modeling of extreme water temperatures. To demonstrate that changes in ambient meteorology and
decreases in the transparency of the lake water could lead to the extreme temperatures observed in Tefé Lake in Oct
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2023, we used the 3-Dimensional coupled Hydrodynamic-Aquatic Ecosystem Model (AEM3D) developed to model
stratification and mixing in a similar lake on the Amazon floodplain. Prior to these simulations, Zhou et al. (2024)
rigorously evaluated AEM3D’s ability to simulate temperature and density structure over diel periods in Janauaca
Lake (3.38°S, 60.3°W) using field measurements of water-column temperatures and meteorological data spanning
two hydrological years. Simulated patterns of diel stratification and mixing matched measurements well. The
hydrodynamic module of AEM3D uses a z-coordinate Cartesian grid allowing non-uniform spacing in three
directions and solves the unsteady Reynolds-averaged Navier-Stokes equations for momentum under the Boussinesq
approximation, the continuity equations for incompressible fluids, and the transport equation for scalars. AEM3D
was configured with a domain of 100 x 100 m mesh grids in the horizontal and 0.1 m layers in the vertical, and a
time step of 30 s.

Meteorological measurements (wind speed and direction, air temperature, relative humidity) were made with sensors
deployed on a floating platform in Janauaca Lake. Incoming shortwave and longwave radiation were measured in
the open about 1 km from the region where simulations were conducted. The diffuse attenuation coefficient (kq4) of
photosynthetically available radiation (PAR, 400 to 700 nm) was based on underwater PAR measurements in the
lake; the highest value of 8.2 m™ occurred when the water level was shallowest. Model details are fully explained in
Zhou et al. (2024).

To understand the main factors that explain the observed heating of the floodplain lakes in 2023, we conducted a
series of simulations for Janauaca Lake using various combinations and modifications of environmental conditions
that were reasonable with respect to conditions in Oct 2023 in the central Amazon. AEM3D simulations were
initialized with a temperature profile measured at Janauacéa Lake when the water column was well mixed as water
temperature varied by less than 0.02°C from surface to 6 m. The initial salinity profile was set to 0.0472 psu from
surface to bottom based on CTD data measured at the lake. We made comparisons for clear and cloudy skies, air
temperatures which were similar to measurements (x1) and 20% higher (x1.2); wind speed equivalent to
measurements (x1) and 60% and 30% of measurements (x0.6, x0.3); a range of kq (2.5, 6, 10 m%); and with water
depths from 1 to 4 m.
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Supplementary Text 1

Simulation of exceptional water temperatures in a central Amazon lake

To demonstrate that changes in ambient meteorology and decreases in the transparency of the lake water could lead
to the extreme temperatures observed in Tefé Lake in Oct 2023, we used the 3-Dimensional coupled Hydrodynamic-
Aguatic Ecosystem Model (AEM3D) developed to model stratification and mixing in a similar lake on the Amazon
floodplain. The simulations showed that the exceptional water temperatures observed in Tefé Lake are expected
when skies are clear, wind speeds are reduced, air temperatures are increased, and the turbidity of the water is high.
Heat budgets for lakes include incoming and outgoing shortwave and longwave radiation, sensible heat flux
(conduction), latent heat flux (evaporation), and advection. The clear skies and turbidity of the water led to increased
absorption of solar radiation, the primary driver of the exceptionally high temperatures. Air temperatures were not a
significant factor. The simulations also indicated that as water temperatures increased, greater heat losses via
sensible heat exchange, latent heat exchange, and net longwave radiation occurred, as evidenced by the large diel
variations in water temperature. The lower wind speeds were also a key contributor to warming by decreasing the
sensible and latent heat fluxes, resulting in reduced heat losses from the water column.

Within three days of the start of simulations, water temperatures had increased to a maximum of 42.5°C for the case
of low wind speed, increased air temperature, increased kg, and clear skies at the site (Fig. 2). The maximum
temperature reached in the simulated domain was 42.8°C (Fig. S10). As is typical for tropical lakes, the data
illustrate a pattern of diurnal heating and nocturnal cooling with accompanying vertical mixing.
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Fig. S1. Longitudinal profile of near-surface water temperatures along the Tefé Lake channel to
its confluence with the Amazon River, as surveyed on Oct 2 afternoon. Background from Planet
satellite imagery from Oct 18.
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Fig. S2. Weather variables (solar radiation, air temperature, relative humidity, and wind speed)
in the city of Tefé, derived from ERA5-Land hourly reanalysis data depict the 2023 drought. The
top four charts show 2023 values compared to the minimum and maximum range (1954-2023).
The driest and hottest day of 2023 was observed on Oct 9, when incoming radiation was also
near the peak. The bottom four charts present the 2023 correspondent percentile for each day of
the year (DOY). Solar radiation stayed above 70% between July and November, while wind
speed was above the median (50%) for the same period. Extreme values were observed for air
temperature and relative humidity during September and October 2023.
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Fig. S3. The maximum sequence of clear-sky days in September-October in Tefé Lake based
MODIS MYDO09GA (bitmask algorithm).
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Fig. S4. Water quality parameters in Tefé Lake during the 2023 drought: water temperature and
pH (measured with Hannah HI 98194 probes) and Secchi disk depth. All measurements are for
the near surface; measurements from deeper depths were similar. Location of sites P1 to P4 is
presented in the map.
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Fig. S5 (a) Water temperature at two different depths (0.3 m and 2 m) in Tefé Lake in 2023,
showing the well-mixed water column during the drought, and larger differences between
surface and 2-m deep waters after water levels started rising. (b) Consecutive days with high
incoming solar radiation led to heat storage and progressively higher water temperatures.
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Fig. S6. Monthly surface air temperatures across the central Amazon from three in situ weather
stations from Brazilian INMET.
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Fig. S7. Near-surface water temperatures along the Lower Amazon River for 2021 and 2023.

Data presented only for afternoon hours.
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Fig. S8. Changes in water level and temperature in Coari Lake during the 2023 drought. Water
temperatures were measured (10-min resolution) at the two sites depicted in the Fig.. Satellite
image from Planet imagery shows the low Coari Lake on Oct 18, 2023.
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Fig. S9. Water temperature long-term trends (1990-2023) for each Amazonian lake analyzed in
Fig 1. All lakes had significant positive trends at p< 0.05 (Mann-Kendall test). Long-term trend
(°C per decade) is presented as a label for each lake.
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Fig. S10. A snapshot of simulated near-surface temperatures (day 3, 12:59). Wind speed and
direction marked by the black arrow in lower left corner of the plot where blue and red circles
mark wind speeds of 1.0 m s-1 and 2.0 m s-1, respectively.
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