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Persistent river heatwaves are emerging
worldwide under climate change
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Rivers and the organisms living within them are highly vulnerable to hot
thermal extremes. However, very little is known about river heatwaves, con-
secutive episodes of anomalously high temperature in rivers, and how they
may evolve under climate change. Here we show that river heatwaves will
become more intense and more persistent globally by the end of the 21*
century, with some tropical rivers reaching a persistent year-round heatwave
state in the early 21* century. Under the high-greenhouse-gas-emission sce-
nario (Representative Concentration Pathway 8.5), the average intensity of
river heatwaves will increase by -4.2-fold, and the average duration by ~95-fold,
relative to the baseline period (1976-2005). Nearly half of the world’s rivers are
expected to experience a year-round heatwave state by the 2090 s. Global
population exposure to river heatwaves will reach 16.8 billion person-weeks
annually, with a disproportionately heavier burden on vulnerable low-income
regions, such as the Congo River basin. Emerging persistent river heatwaves

may push river ecosystems and aquatic organisms to their resilience limits,
causing irreversible changes and widespread impacts.

Rivers provide an efficient network that links terrestrial and marine
ecosystems through the transportation of water, energy, and
nutrients'. River water temperature is a fundamental water variable
that regulates physical, chemical, and biological processes within river
systems®. Extremely high temperatures in rivers can affect water
quality and the survival, growth, and distribution of aquatic organisms,
impacting ecosystems and human societies’™*. Aquatic organisms are
susceptible to changes in river temperature, and rising temperatures
pose a severe threat to the survival of freshwater fishes’, which provide
a primary protein source for a large portion of the human population®.
The increasing exposure of these species to extreme high tempera-
tures may result not only in local extinctions but also threaten fisheries
that support the livelihoods of humans in many regions of the world’.
Higher temperatures reduce dissolved oxygen levels in rivers while
increasing the concentration of dissolved organic matter, micro-
pollutants, and pathogens®. These changes can degrade water quality
and metabolism’, posing risks to both human health and water

security'’. As climate change intensifies, river temperatures are likely
to rise further" ", Therefore, understanding the long-term dynamics of
river water temperatures has become critically urgent for developing
strategies to mitigate the risks to ecosystems and societies that
depend on river resources.

Previous studies on extreme high temperatures have primarily
focused on those in the atmosphere'®, oceans”, and lakes"*,
where positive trends in heatwave frequency and intensity have been
well-documented. There is growing evidence that river water tem-
peratures are increasing under climate change'>?., In comparison,
we know much less about heatwaves in rivers and how they might
evolve in a warming world®**, A river heatwave event can be
defined as a period when river water temperature exceeds a local and
seasonally varying 90" percentile threshold over the historical
baseline period (see “Methods” for more details), similar to atmo-
spheric and marine heatwaves" . The knowledge gap of river
heatwaves is of considerable concern, given the high vulnerability of
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rivers to heat extremes and the ecosystem goods and services that
they provide***,

In this study, we present a global assessment of river heatwaves
and explore their future changes under different Representative
Concentration Pathways (RCPs). We also estimate future population
exposure to river heatwaves by integrating projected population data
under different Shared Socioeconomic Pathways (SSPs). Our assess-
ment of the spatiotemporal changes in river heatwaves and their
potential impacts on humans across scenarios and sectors with dif-
ferent income levels is expected to offer valuable insights for adapting
activities and regulations in changing aquatic environments.

Results

Historical trends in global river heatwaves

The occurrences and characteristics of river heatwaves are analyzed
based on a global bias-corrected dataset of multi-model simulated
historical and future streamflow and water temperature at a five arc-
minute resolution (-10 km at the equator) from 1976 to 2099" (see
“Methods”). Using an additional reanalysis yields a similar historical
pattern of global river heatwaves (see Methods). For each river grid
cell, a river heatwave event is defined as a consecutive period during

which weekly river mean water temperature exceeds the 90" percen-
tile threshold (Supplementary Fig. 1), which is calculated over the 30-
year historical baseline period of 1976-2005 (see “Methods” for more
details). On average, global rivers experience 2.19 river heatwave
events per year during the historic period (Supplementary Fig. 2 and
Supplementary Table 1). These events exhibit an average intensity (i.e.,
temperature exceedance relative to the threshold) of 0.64 °C and an
average duration of 2.27 weeks (Fig. 1 and Supplementary Table 1).
The river heatwave characteristics vary across geographic and
climatic zones (Fig. 1 and Supplementary Fig. 3). The highest frequency
of river heatwave events occurs in arid and temperate regions (2.49
and 2.51 events per year, respectively), while cold climatic zones
experience the fewest river heatwave occurrences (1.79 events per
year). In terms of intensity, rivers in cold and arid zones exhibit the
highest temperature exceedances, with average river heatwave inten-
sities of 0.82 °C and 0.71 °C (Fig. 1a), respectively, likely due to stronger
temperature variations in the overlying atmosphere in these regions
(Supplementary Fig. 4). There is an increase in heatwave intensity with
an increase in absolute latitude. The average duration of river heat-
waves tends to decrease with increasing latitude (Fig. 1b), with rivers
around 5°N having more persistent river heatwaves (with an average
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Fig. 1| Historical mean state of river heatwaves. Spatial distribution of the
average duration per event (a) and average intensity (c) of global river heatwaves
during the historical period of 1976-2005. The density distributions are shown in
the embedded charts of (a and c), with black and red dashed vertical lines
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representing the mean values for arid and cold zones, respectively. Latitudinal
averages of river heatwave duration (b) and intensity (d), with blue scatter points
representing the averages for individual rivers. Basemaps in a and c are from Nat-
ural Earth (https://www.naturalearthdata.com).
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Fig. 2 | Historical trends in river heatwaves. Spatial distribution of the historical
trends in the average duration (a) and intensity (c) of global river heatwaves from
1976 to 2005, with their density distributions shown in the embedded charts of

(a, ¢). The historical long-term trends are estimated by Theil-Sen’s slope estimator.

Latitudinal averages of the long-term trends in river heatwave duration (b) and
intensity (d), with blue scatter points representing the trends for individual rivers.
Basemaps in a and c are from Natural Earth (https://www.naturalearthdata.com).

duration of ~3.20 weeks). These spatial patterns are somewhat similar
to those for atmospheric heatwaves (Supplementary Fig. 5), suggest-
ing a close relationship between river heatwaves and atmospheric heat
extremes?. River heatwaves also exhibit relatively long durations at
high latitudes (i.e., an average of 2.75 weeks in the north of 65°N),
similar to the latitudinal distributions of marine heatwaves”** and
atmospheric heatwaves in the permafrost Arctic®, which is partially
attributed to the shrinking of snow cover and sea ice’**, For different
basins, the mainstem river regions, such as the central Amazon basin,
exhibit more persistent heatwaves, whereas surrounding tributaries
show shorter durations. These differences in heatwave duration within
the same basin may be related to different river discharges®.

The average intensity of river heatwaves has increased during the
historical period, at a rate of 0.02 °C per decade (p-value < 0.01), and
their duration has prolonged by 0.09 weeks per decade (p-value <
0.01). Changes in the duration and intensity of river heatwaves are
closely linked to the increase in river water temperature (Supple-
mentary Fig. 6), which has increased at a rate of 0.20 °C/decade (p-
value < 0.01) from 1976 to 2005. The greatest increase in river heat-
wave duration appears in tropical low-latitude regions (Fig. 2a and
Supplementary Table 2). In contrast, the most pronounced increases in
the intensity of river heatwaves are seen at high latitudes, including the

Saint Lawrence, Columbia, Colorado, Rhine, and Danube river basins
(Fig. 2c and Supplementary Table 2), corresponding to higher rates of
river water temperature trends in these regions (Supplementary
Fig. 7). Among global major basins, the fastest prolonged trends in
river heatwave duration are seen in the Amazon, Nile, Danube, and
Congo river basins. The strongest increasing trends in heatwave fre-
quency are observed in the Rhine, Elbe, Amazon, and Congo river
basins (Supplementary Table 2).

Future trends in global river heatwaves

The duration, intensity, and frequency of river heatwaves are pro-
jected to increase from the historical (1976-2005) to future
(2006-2099) periods (Fig. 3 and Supplementary Figs. 8-9). Here,
future changes are evaluated under four greenhouse-gas-emission
scenarios (i.e., RCPs). Except for the low-emission scenarios (RCP
2.6), all scenarios show increasing trends in the river heatwave
metrics. The annual frequency of river heatwaves is projected to
decrease after 2060, suggesting that some river heatwave events
may last multiple years (Supplementary Fig. 9). The decreases in the
river heatwave frequency are the earliest and most pronounced
under RCP 8.5, reflecting a shift in river heatwaves towards fewer but
more prolonged events.
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Fig. 3 | Projected changes in river heatwaves. Temporal evolution of simulated
river heatwave duration (a) and intensity (b) under historical (1976-2005) and
future climate change (2006-2099) under RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5
scenarios. The bold curve represents the average across all examined rivers by
multi-model ensemble simulations. The shaded area indicates the corresponding
inter-model standard deviation. The dashed curve shows the inter-model spread of
the simulations. The boxplot illustrates the results over the period of 2070-2099,
with different symbols representing the average for each model. Changes in river
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heatwave duration (c) and intensity (d) in the future period (2070-2099) under
RCP 8.5 relative to the historical period (1976-2005). River heatwave duration (e; in
log(10) scale) and intensity (f) under historical (1976-2005) and future climate
scenarios (2070-2099) for RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5. Bars in different
colors represent climate zones, and error bars indicate the inter-model standard
deviation. Basemaps in ¢ and d are from Natural Earth (https://www.
naturalearthdata.com).

By the end of the century (2070-2099), river heatwaves are pro-
jected to become more severe across all RCPs, relative to the historic
period (Supplementary Figs. 10-12). In the future (2070-2099) under
RCP 8.5, the average duration of river heatwaves is projected to reach
216.35 weeks, and the average intensity will be 2.69 °C (Supplementary
Table 1). Thus, relative to the historical period, the duration of global
river heatwaves is expected to increase by ~95-fold by the end of the
century, and their intensity will increase by 4.2-fold. Among various
emission scenarios, RCP 8.5 is projected to cause the most substantial
increase in the river heatwave metrics, followed by RCP 6.0 and RCP 4.5.

In this study, river heatwaves are projected using the historical
90" percentile as a baseline. Considering that river water temperatures
are expected to warm considerably in the 21* century, we evaluate the
influence of mean river temperature change on river heatwaves by

repeating our analyses after removing the long-term warming trend
(Supplementary Fig. 13). The detrended river water temperatures still
lead to a projected increase in the intensity and duration of river
heatwaves by the end of the 21° century under RCP 8.5. However, these
changes are largely reduced compared with those calculated from the
original temperature series, that is, when the warming trend is inclu-
ded. We note that the choice of fixed or sliding baseline for detecting
river heatwaves depends on the application and should be considered
by future studies. A fixed baseline is more appropriate for under-
standing impacts on species that adapt slowly (such as at evolutionary
timescales), for example, to identify how river heatwaves may affect
local species/ecosystems in the future; whereas, if species can rapidly
adapt (such as at decadal timescales) to changing temperature, then a
sliding baseline might be more applicable.
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Our analysis suggests that the river heatwave intensification
based on a fixed baseline exhibits considerable regional differences
(Fig. 3c-d, Supplementary Figs. 10-12, and Supplementary
Tables 2-5). By the end of the 21* century (2070-2099) under all four
RCPs, the severity of river heatwaves is projected to increase in most
rivers worldwide (Supplementary Fig. 10). These increases are par-
ticularly pronounced in Africa, South America, Eastern Europe, and
North America. Tropical rivers in Africa and South America are
expected to experience the most intense heatwaves. For example,
the average duration of river heatwaves in the Amazon River Basin is
projected to increase 358-fold from 3.21 weeks to 1150.44 weeks, with
the intensity increasing 8-fold from 0.35 °C to 4.23 °C. Similarly, the
average duration of river heatwaves in the Congo Basin is projected
to increase from 2.47 weeks to 786.07 weeks (a ~-318-fold increase),
with the intensity rising from 0.39 °C to 3.43 °C (a ~9-fold increase;
Supplementary Figs. 10-12).

Future projections also suggest varying magnitudes of increasing
trends across different climate zones and basins (Fig. 3e-f and Sup-
plementary Tables 3-5). Among different climate zones, the tropical
zone is expected to experience the highest intensity of river heat-
waves, reaching 3.21°C in 2070-2099 under RCP 8.5, followed by
rivers in cold climate zones (2.57 °C). During 2070-2099, tropical
rivers will experience the longest heatwave duration, with an average
of 621.23 weeks, which is ~41 times of that estimated in the cold zone
(14.95 weeks). Under RCP 2.6, the global average intensity of river
heatwaves will be limited to 1.01 °C, and the average duration will be
11.20 weeks. In the tropics, the duration of river heatwaves is projected
to be 27.95 weeks, with heatwave intensity projected at 0.79 °C.

Surging persistent river heatwaves

The duration of river heatwaves is projected to increase considerably
by the end of the 21* century (Fig. 3 and Supplementary Fig. 12).
Under RCP 8.5, the average total duration of river heatwaves during
the warm season is projected to increase most rapidly (Supplemen-
tary Fig. 14), reaching an average of 16.89 weeks by the end of the
century (2070-2099). Meanwhile, river heatwaves during the cold
season are also expected to lengthen to 12.53 weeks. The global mean
annual total duration of river heatwaves will increase to 40.16 weeks
in 2070-2099, indicating a substantial extension of river heatwaves
throughout all calendar days of the year. This trend toward
longer durations suggests that some rivers will enter a year-round
heatwave state, which we define as when river water temperature
exceeds the same baseline 90" percentile threshold continuously
throughout the entire calendar year®™. The proportion of rivers that
reach this persistent heatwave state is expected to increase during
the 21* century (Fig. 4a). By 2070-2099, we estimate that a total of
49.20% of global rivers are projected to reach a year-round heatwave
state (Supplementary Table 7).

Tropical rivers, which support a rich ecological diversity, are
particularly vulnerable to the impacts of increasing water tempera-
tures. In low latitudes, the persistence of river heatwaves is more
pronounced, and areas that enter a year-round heatwave earlier tend
to experience longer durations (Fig. 4b and Supplementary
Tables 6-9). Many rivers (e.g., Congo and the Amazon) are expected to
experience a year-round heatwave state for more than 20 out of 30
years in the future (Fig. 4d). The Congo River basin is the most covered
(97.64% of its area) by a year-round heatwave state, followed by the

Nature Communications | (2026)17:94


https://www.naturalearthdata.com
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66868-5

Amazon basin (96.44%) (Fig. 4c). Additionally, rivers with larger flow
and depth typically exhibit longer heatwave duration. Their greater
thermal inertia increases their resistance to short-term climate fluc-
tuations but also limits their ability to recover quickly from extreme
conditions, which collectively lead to a more persistent and even year-
round heatwave state. We examine the top ten countries ranked by the
proportion of river area under a year-round heatwave state under
different emission scenarios (Supplementary Table 9). Under RCP 8.5,
rivers in parts of Guyana, Congo, D.R. Congo, Gabon and Burundi are
projected to experience nearly 100% year-round heatwave state by
2070-2099. Notably, even under the low emission scenario of RCP 2.6,
more than half of the rivers in Congo (65.08%) and Gabon (56.82%) are
projected to enter a year-round heatwave state. While these countries
have relatively low population densities, they are highly dependent on
their extensive river networks.

Worldwide surges of persistent river heatwaves suggest that
“extremes” in the traditional perspective that have influenced rivers in
the past periods will no longer be “extreme”. This surge may emerge as
agents of disturbance to riverine ecosystems in the future, which has
already been reported for atmospheric,c, marine, and lake
heatwaves>>"18, With the “new norm” of a possible year-round
heatwave state, some rivers (or parts of them) may no longer provide
livable environments for certain species (such as salmon fishes),
organisms, and even ecosystems>**¢, and the riverine ecosystems
that emerge might not operate and respond to warmer waters in ways
that can be expected®. The proportion of the examined rivers that
experience a year-round heatwave state would be substantially
reduced if low-emission scenarios such as RCPs 4.5 or 2.6 are achieved
(Supplementary Table 7). For example, the global percentage of year-
round heatwave state will be limited to 20.82% in 2070-2099 under
RCP 4.5 (which is only one third of that under RCP 8.5) and 9.32% under
RCP 2.6 (which is around one ninth of that under RCP 8.5).

Future population exposure to river heatwaves

In addition to increasing heat hazards faced by river ecosystems,
river heatwaves can also pose increasing exposure risks for humans
(Fig. 5). The population exposure is calculated as the product of
annual total river heatwave weeks and the population count in the
same grid cell (having a unit of person-weeks; see Methods), which is
likely to be directly affected by river heatwave events through the
impacts on water drinking, fisheries, and agricultural management.
By the middle of the 21* century under SSP1-RCP2.6, we project that
global annual population exposure to river heatwaves will increase to
7.2 billion person-weeks (Fig. 5b). This exposure is more than double
of that estimated in 2010 (3.5 billion person-weeks). Although river
heatwaves are expected to increase relatively modestly under SSP1,
population exposure is expected to decline by the end of the cen-
tury, as the population structure under SSP1 is anticipated to peak
and then decrease. In contrast, under SSP5-RCP8.5, annual popula-
tion exposure will increase at a rate of 1.9 billion person-weeks per
decade (p-value < 0.01) and is expected to reach 16.8 billion person-
weeks by the end of the century. This increase is notably greater than
that under the lower emission scenarios.

Considering the uneven distribution of river heatwaves and the
varying abilities of countries to mitigate extreme events”**, we assess
regional disparities in population exposure to river heatwaves (Fig. 5
and Supplementary Tables 10-11). Our analysis of the top ten countries
in terms of the highest population exposure by the 2090 s suggests
that hotspots of exposure are typically concentrated in densely
populated regions, such as western Europe, eastern China, northern
India, and central Africa (Fig. 5a and Supplementary Table 11). Under
SSP5-RCP8.5, India is expected to face an annual population exposure
of 3.1 billion person-weeks, largely due to its rapid population growth
during the 21* century. The assessment of population exposure across
major river basins indicates that the Ganges, Nile, Yangtze, Mississippi,

and Congo rivers are projected to have the highest population expo-
sure in the future (Fig. 5¢c and Supplementary Table 10). The Ganges
Basin alone is expected to face ~1.7 billion person-weeks of population
exposure. The increasing population exposure in these regions high-
lights not only the extended duration of heatwaves but also their
vulnerability to adapting to climate change. These results suggest that
river heatwaves will have profound impacts globally, affecting both
densely populated developed regions and economically under-
developed areas alike. Our findings also highlight the disproportionate
burden of river heatwaves on densely populated regions, emphasizing
the urgent need for targeted mitigation and adaptation strategies to
cope with increasing threats posed by these events.

We further evaluate the population exposure of countries with
different income levels (Fig. 5d). The results indicate that middle-
income countries generally face the lowest exposure risks, while low-
income countries experience the highest exposure, making them most
vulnerable to river heatwaves. This elevated risk in low-income coun-
tries is likely due to their higher population densities. For example,
under SSP5-RCP8.5 in the 2090, the population exposure in India and
low-income Sub-Saharan Africa is projected to reach 3.1 billion person-
weeks and 2.4 billion person-weeks, respectively. The total population
exposure in the EU15 countries and the United States under SSP5-
RCP8.5 is projected to reach 2.1 billion person-weeks and 1.4 billion
person-weeks, respectively. Although middle-income countries typi-
cally experience lower per-grid-cell exposure, countries such as China
exhibit relatively high total exposure, reaching 2.3 billion person-
weeks. Additionally, population exposure in some low-income coun-
tries under SSP4-RCP6.0 surpasses that under SSP5-RCP8.5, likely due
to higher population growth projections under SSP4.

Discussion

In this study, we provide a comprehensive global assessment of river
heatwaves under past and future climate change. Our assessment
suggests that the frequency, duration, and intensity of river heatwaves
have increased since the 1970s and will further intensify by the end of
the 21* century, particularly in the Congo and Amazon basins. These
intensifications of river heatwaves have profound implications for
socioeconomic systems**’, populations'®*, and ecosystems’**°, The
extent of these intensifications will largely depend on the emission
pathway followed. River heatwave increases are even more severe and
persistent under the high-emission scenario (RCP 8.5), with the aver-
age duration of river heatwaves expected to exceed 216.35 weeks, far
surpassing historical levels. In contrast, under low emission scenarios
(RCP 2.6), while the average intensity and duration of river heatwaves
increase, the change is relatively moderate. These findings suggest that
reducing greenhouse gas emissions can largely mitigate the intensifi-
cation of river heatwaves, thereby lessening their impacts on ecosys-
tems and human societies.

Regional disparities in population exposure to river heatwaves
will be particularly pronounced. Our results indicate that densely
populated areas such as Western Europe, Eastern China, Northern
India, and Central Africa will face higher exposure risks. These regions
will not only experience more frequent and severe river heatwaves but
also have large populations that depend heavily on river resources,
making them particularly vulnerable. River resources play a crucial role
in these areas, providing drinking water, agricultural irrigation, fish-
eries, and industrial water’>. For example, many cities and towns
depend on river infrastructure for energy production (such as hydro-
power or nuclear power stations equipped with cooling towers)**’.
The increase in river water temperature and deterioration in water
quality caused by river heatwaves will likely impact the effectiveness of
power generation and threaten local residents’ health, food security,
and economic stability. Although some parts of Central Africa and
South America have relatively low population densities, their high
dependence on river ecosystems means that the livelihoods and
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Fig. 5 | Future population exposure to river heatwaves. a Spatial distribution of
the population exposure to river heatwaves in 2090 under SSP5-RCP8.5.

b Temporal trends of global population exposure to river heatwaves under dif-
ferent scenarios, with shaded areas representing one standard deviation of the
inter-model spread. ¢ Ranking of population exposure in global major river basins
in 2090 under SSP5-RCP8.5, and error bars indicate the inter-model standard

deviation. d Population exposure in 2090 under SSP1-RCP2.6, SSP2-RCP4.5, SSP4-
RCP6.0, and SSP5-RCP8.5 across countries with different income levels. Each data
bin represents the average value over a decade (e.g., 2090 represents the average
population exposure from 2086 to 2095). Basemap in a is from Natural Earth
(https://www.naturalearthdata.com).

quality of life for residents will be severely impacted by increasing river
heatwaves. Communities in these regions often rely on rivers for
essential services such as agriculture, drinking water, and traditional
fishing activities*. The intensifying effects of river heatwaves will

directly disrupt these foundational activities, further exacerbating the
vulnerability of communities’**. This regional inequality in exposure
underscores the differentiated impacts of global climate change on
communities with varying socioeconomic backgrounds, highlighting
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the need for more targeted regional responses to ensure that adap-
tation strategies effectively protect the most severely affected
communities.

One of the most concerning projections of our study is the
emergence of persistent year-round heatwave conditions in certain
river basins, particularly in the Congo and Amazon basins. In the
Congo Basin, over 97.6% of the basin area is expected to reach a year-
round heatwave condition by the end of this century. Such persistent
heatwave conditions could cause lasting and possibly irreversible
damage to river ecosystems. This is a concern given that rivers have
disproportionately greater biodiversity compared to other habitats*
and are also among the most threatened globally*’. Many freshwater
species have quite narrow thermal tolerance ranges, and their core
ecological functions (such as detritus decomposition) are often
dominated by a limited number of functional groups, resulting in low
functional redundancy. If these thermally sensitive groups are
impaired, the loss of ecosystem functions or even ecological collapse
may ensue”*4,

It is essential to recognize that river heatwaves may not be solely
driven by global climate change®“¢, local factors such as human
activities'*” and regional hydrological characteristics***® also play a
significant role. For example, human activities can diminish the buf-
fering capacity of river systems against thermal stress*>*?°. Dis-
turbances such as channelization, dam construction, riparian
vegetation removal, and urban development increase river exposure
to solar radiation, reduce longitudinal, lateral, and vertical hydro-
logical connectivity, and simplify habitat structures, thereby weaken-
ing the self-regulation mechanisms of ecosystems>*°. The occurrence
of river heatwaves will vary depending on river flow, basin size, and
human activities'>***, More detailed monitoring data are urgently
needed to better understand the specific drivers of river heatwaves
across basins, particularly in cold and tropical regions where in situ
observations are extremely limited. While our research focuses on
global climate change, we acknowledge that human activities, parti-
cularly in urban areas, may exacerbate temperature changes in rivers
and alter local hydrological dynamics'*.

We notice that our model simulations tend to yield longer heat-
wave durations and larger intensities compared to the in situ obser-
vations (Fig. S22), and we suggest that absolute values should be
interpreted with caution, highlighting the influence of spatial scale on
heatwave event detection. This discrepancy largely stems from the
inherent difference in spatial representation between the datasets (i.e.,
in situ station observations versus grid-scale model simulations). In
particular, the simulations represent grid-cell averages (typically
spanning ~10 km), while the observational validation relies on local,
point-scale measurements. Because spatial aggregation tends to
smooth out short-term variability and dampen extremes, the detection
of heatwaves in gridded data often results in events that appear longer
in duration and higher in cumulative intensity compared to localized
observations, as noted in similar assessments for atmospheric and
marine heatwaves®*”". While the absolute values differ, the primary
focus of our study is on the relative changes in river heatwave char-
acteristics over time and across scenarios rather than the precise
reproduction of observed magnitudes. This relative comparison
remains robust because the same definition and detection algorithm
are applied consistently to all model outputs.

Our global investigation indicates that climate change will sig-
nificantly increase the intensity and duration of river heatwaves
worldwide, leading to the emergence of persistent river heatwaves,
particularly under high-emission scenarios. There are notable differ-
ences in river heatwave characteristics and exposure risks across dif-
ferent latitudes and regions, with tropical rivers being especially
vulnerable to prolonged heatwaves. To mitigate these impacts, it is
crucial to take early action to reduce greenhouse gas emissions and
develop targeted regional adaptation strategies to protect river

ecosystems and the human communities that depend on them. Our
investigation implies that changes in river heatwaves are expected to
spark future studies for advancing the understanding of all possible
drivers and consequences of riverine warming and its extremes in a
warming climate.

Methods

Datasets

We utilize water temperature data from the FutureStreams dataset”,
which is a global dataset of weekly average streamflow and water
temperature at a spatial resolution of 5 arcminutes (-10 km at the
equator). It covers historical simulations from 1976 to 2005 and future
projections from 2006 to 2099 under four Representative Con-
centration Pathways (RCPs): RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5.
This dataset uses global hydrological and water temperature models
(PCR-GLOBWB, DynWat) forced with climate data from five Earth
System Models (ESMs): GFDL-ESM2M, HadGEM2-ES, IPSL-CMS5A-LR,
MIROC-ESM-CHEM, and NorESMI-M from the Inter-Sectoral Impact
Model Intercomparison Project (ISI-MIP) collection, which have been
bias-corrected based on the WATCH Forcing Data (WFD) dataset™. For
each river grid cell, the model explicitly represents the largest river
channel, and smaller rivers that share the same grid may either be
excluded or lumped together within the larger river. The dataset has
been validated to match well with observed temperatures at 358
worldwide sites (R?=0.861)"**. The PCR-GLOBWB** model is dynami-
cally two-way coupled to the high-resolution water temperature model
DynWat* to simulate water temperature and flow time series under
different climate scenarios. For further details of the river temperature
data, see ref. 11.

We use the river polygons from the Global Self-consistent, Hier-
archical, High-resolution Geography Database (GSHHG)> to extract
weekly water temperature values of global major rivers (including
major rivers such as river-lakes, permanent major rivers, and additional
major rivers). In some grids with low flow, the model may produce
unrealistically high predictions due to strong water level fluctuations,
and the water temperature values above 350 K (in these systems, rivers
tend to become highly seasonal or disappear) are removed from the
analyses. We exclude the grid cells that have more than 10% missing
values, and for other cells with partial data gaps, missing values are
linearly interpolated prior to further analysis. We apply the quantile
delta mapping (QDM) method***” to correct for potential bias in the
modeled river water temperatures forced by five ESMs, by using the
river water temperatures from the E20 reanalysis dataset during
1979-2005 as a climatological basis, as suggested by ref. 11. The QDM
method maps the statistical differences in the simulations onto the
cumulative distribution functions of the reanalysis (or observational)
data’*”, and it has been widely used in the bias adjustment of climate
and hydrological variables™,

The future population counts from 2000 to 2100 have been
projected based on the Shared Socioeconomic Pathways (SSPs) and
are available from the US National Center for Atmospheric Research
(NCAR)®*“!, These population data are available every ten years,
depicting the number and distribution of the gridded population
counts under five different SSPs. To match heatwave events (see
below), we employ bilinear interpolation to aggregate the population
data to a 5 arc-minute grid.

River heatwave definition and metrics

A river heatwave is defined when weekly average temperature exceeds
the 90" percentile threshold for the same calendar week over the 30-
year baseline period from 1976 to 2005. The location-specific 90"
percentile threshold is calculated using a 3-week window for each week
over the baseline period (that is, a total sample of 3 x 30 =90 weeks).
The 90™" percentile provides an appropriate balance between extreme
events and sample size in trend analysis, while considering the
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significant impact that relatively moderate extreme events can have
when combined. This local-varying percentile aligns with what has
been widely used in detecting heatwaves in the atmosphere and
ocean®®®>%, We test the sensitivity of river heatwave patterns by using
different percentiles (95 and 99" percentiles; see Supplementary
Figs. 15-16) and different windows (5- and 7-week windows; see Sup-
plementary Figs. 17-19), which yield quantitatively similar means and
trends globally, demonstrating the robustness of our results. In this
study, we use weekly mean river water temperatures instead of daily
data, which have been used to define atmospheric heatwaves™',
because long-term daily river water temperature data are very limited
in both reanalysis products and in situ observations. It is also noted
that both daily and monthly data have been used in the literature to
define marine heatwaves"**, Further investigation can be conducted if
a global daily river water temperature dataset with in situ observations
of water temperature, as opposed to modeled estimates, is developed.

We examine three metrics of river heatwaves: average intensity,
average duration, and occurrence frequency. The intensity of an
individual river heatwave event is defined as the average temperature
exceedance relative to the 90™ percentile threshold over all weeks of
the event, and the duration of a river heatwave is defined as the con-
secutive number of weeks constituting the event. For each forcing
scenario, we first derive the heatwave metrics from each ESM and then
average these metrics across all models to obtain a multi-model
ensemble mean to reduce uncertainties arising from model
differences™®. The seasons during which river heatwaves occur are
also examined. In particular, we investigate river heatwaves in two
typical seasons: the extended summer and extended winter seasons.
The extended summer season is defined as May-September for the
Northern Hemisphere and November-March for the Southern Hemi-
sphere, while the extended winter season is defined as
November-March for the Northern Hemisphere and May-September
for the Southern Hemisphere. We note that river heatwaves in both
extended summer and winter seasons show increasing trends, which
are more profound under higher emission scenarios such as RCP 8.5
(Supplementary Fig. 14).

Evaluation of simulated river heatwaves
Due to the scarcity of long-term in situ daily water temperature data at
the global scale, the simulated metrics of river heatwaves worldwide
cannot be directly validated against observations. Nevertheless, the
ability of the ESMs in simulating river heatwaves can be evaluated by
comparing the simulations with those derived from an additional
reanalysis dataset, the European Union’s Seventh Framework Pro-
gramme (EU-FP7) Earth20bserve (E20), which provides weekly river
water temperature since 1979'°°, The evaluation of climatological river
heatwave patterns shows that the E20 and FutureStreams datasets
exhibit similar patterns for both the climatology and long-term trend
of river heatwaves during 1979-2005 (Supplementary Figs. 20-21).
Furthermore, for a specific region, we conduct an additional
evaluation of the bias-corrected simulations of weekly river water
temperature and river heatwave metrics against in situ measurements
from the United States Geological Survey (USGS)®’ (Supplementary
Fig. 22). We follow the methodology in ref. 22. to preprocesses the
USGS data. Specifically, we exclude sites affected by tidal influences or
located in lakes, discard water temperature values above 50 °C, correct
negative values to zero, and retain only those sites with more than 75%
valid data. For missing values, we apply linear interpolation if gaps are
fewer than two days; and for longer gaps, multiple linear regression
models are developed for each site using 1-km? daily climate data®®,
and retain the sites with a model fit of R? > 0.80%. This filtering leaves
76 USGS sites with continuous water temperature records spanning
1996 to 2023. We then compare river water temperature and river
heatwave metrics between observations at these sites and simulations.
There is a good agreement between the observations and simulations

of river water temperature and river heatwave metrics (Supplementary
Fig. 22), demonstrating the reliability of our weekly-resolution defini-
tion and river heatwave simulations.

Population exposure estimation
We integrate river heatwave metrics simulated under four Repre-
sentative Concentration Pathway (RCP) scenarios and the population
data based on four Shared Socioeconomic Pathways (SSPs). Con-
sidering the integrated impacts of socioeconomic factors and climate
change, we combine RCPs with SSPs to form four scenario combina-
tions: SSP1-RCP2.6, SSP2-RCP4.5, SSP4-RCP6.0, and SSP5-RCP8.5. For
each SSP-RCP scenario, we calculate the population exposed to river
heatwaves in person-weeks by multiplying the duration of river heat-
waves in weeks by the exposed population count®. Specifically, for
each 5 arc-minute grid cell in riverine areas, we calculate the annual
total weeks of river heatwaves and multiply it by the annual population
at the same grid cell to obtain the annual population exposure. The
population exposure to river heatwaves is thus expressed in the unit of
person-weeks (Eq. 1)°%:
Eiy=PiyxD;, @
where £; , represents the population exposure to river heatwaves at
the grid cell i in year y; P; ,, and D; , respectively denote the annual
population count and the annual total weeks of river heatwaves at the
same grid cell i in year y.

For each income-level region, the total population exposure to
river heatwaves is aggregated by summing the exposure of all river
grid cells located in the corresponding region. The region definition is
modified from the regions used in the SSPs database (https://tntcat.
iasa.ac.at/SspDb/dsd)’®, which includes 30 macro-regions (Supple-
mentary Fig. 23). These regions were further categorized into four
income levels: high-income, upper middle-income, lower middle-
income, and low-income’’.

Statistical analyses

The characteristics of river water temperature and river heatwaves are
examined based on annual time series over calendar years. The long-
term trends of the annual time series are evaluated using the Theil-Sen
slope estimator’?, and their significance is assessed by the Mann-
Kendall test method’>”*. These non-parametric methods are robust to
missing values and outliers, and have been widely applied in previous
climate change studies®”.

Data availability

Weekly river/stream water temperature data are obtained from the
FutureStreams and E20 dataset, available at https://geo.public.data.
uu.nl/vault-futurestreams/research-futurestreams%5B1633685642%
5D/original/waterTempy/. River vector data are sourced from the Global
Self-consistent, Hierarchical, High-resolution Geography (GSHHG)
dataset at https://www.soest.hawaii.edu/pwessel/gshhg/. Watershed
boundary data are acquired from the HydroBASINS dataset at https://
www.hydrosheds.org/products/hydrobasins. The Kdppen-Geiger cli-
mate classification maps (present and future) at 1-km resolution are
obtained from GloH20 at https://www.gloh2o0.org/koppen/. The
downscaled global gridded population projections at 1km resolution
are available from the US National Center for Atmospheric Research
(NCAR) at https://www.cgd.ucar.edu/sections/iam/modeling/spatial-
population. Regional classification follows a modified version of the
32-region scheme from the SSPs database: https://tntcat.iiasa.ac.at/
SspDb/dsd.

Code availability
All analyses were performed using Python. Codes can be assessed at
https://github.com/kTeTk/River-Heatwave.
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