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Lake heatwaves (extreme hot water events) can substantially disrupt
aquatic ecosystems. Although surface heatwaves are well studied, their

vertical structures within lakes remain largely unexplored. Here we analyse
the characteristics of subsurface lake heatwaves (extreme hot events
occurring below the surface) using a spatiotemporal modelling framework.
Our findings reveal that subsurface heatwaves are frequent, often longer
lasting but less intense than surface events. Deep-water heatwaves (bottom
heatwaves) have increased in frequency (7.2 days decade™), duration
(2.1days decade™) and intensity (0.2 °C days decade™) over the past

40 years. Moreover, vertically compounding heatwaves, where extreme
heat occurs simultaneously at the surface and bottom, have risen by

3.3 days decade™. By the end of the century, changes in heatwave patterns,
particularly under high emissions, are projected to intensify. These findings
highlight the need for subsurface monitoring to fully understand and
predict the ecologicalimpacts of lake heatwaves.

Lake heatwaves, prolonged periods of anomalously warm water events,
have recently become distinguishable features of lake temperature
variability. Studies have demonstrated that climate change has driven
anotableincreaseinthe frequency, duration andintensity of these hot
extremes'. Model projections suggest that, during the twenty-first
century, lake heatwaves are likely to intensify, become longer lasting
and their occurrence frequency is expected to increase'>. The rise
of unprecedented temperatures during a lake heatwave can benefit
some aquatic species by expanding their thermal habitat®, but can
be detrimental for others, particularly to those that live in regions
close to their thermal limit*”. Quantifying changes in lake heatwaves
is thus critically important to anticipate the likely impact of climatic
warming on lakes.

Previous studies investigating the impacts of climate change on
lake heatwaves have focused onsurface conditions”. Most notably, lake
heatwaves have been defined, like marine heatwaves®™", as periodsin
which surface water temperaturesincrease above a seasonally varying
90th percentile threshold'. This one-dimensional (temporal) approach
for describing a lake heatwave is important, not only for understand-
ing how extreme lake surface conditions respond to climate change,

butalso foranticipating the likelyimpact of these extreme heat events
on aquatic organisms that cannot or will not move. However, mobile
aquatic species can respond to environmental disruptions, such as
extreme surface temperatures, by relocating to favourable habitats™ ™,
Instratifying systems, bottom waters are often cooler than the lake sur-
face and, if other environmental factors are favourable, many aquatic
species could migrate to these deeper layersto escape surface thermal
stress”. Moreover, the thermal response of lakes to climate change can
differ considerably between surface and bottom waters, with the latter
often, although not always'®”, experiencing asomewhat muted climatic
response’® 2. In turn, cooler water at depth could provide a potential
thermal refuge for aquatic species as surface heatwaves become more
common and intense"**. However, unlike in marine systems*?, the
vertical dimension of lake heatwaves has not yet been considered, thus
limiting our understanding of how lake environments below the water
surface are responding to amore extreme world.

This study aims to fill this knowledge gap by investigating the
depth to which thermal anomalies associated with lake surface heat-
waves penetrate, as well as exploring how this has changed over the
historic period (1980-2022) and will probably change in the future
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(2080-2099). This study also introduces (1) the concept of subsurface
heatwaves, defined as periods inwhich depth-specific water tempera-
tures reach extreme levels and (2) the presence of a vertical thermal
escape, instances where aquatic species could theoretically move to
deeper water to escape the thermal stress of lake surface heatwaves.
By focussing on key metrics used to describe the severity of lake
heatwaves—their average duration, average intensity and cumula-
tive intensity—this study evaluates how these extreme events have
changed. A multimodel approach is followed to investigate changes
inlake surface and subsurface heatwaves. To quantify these changes,
simulated water temperature profiles available from ISIMIP2b® were
investigated, as well as lake temperatures simulated from a suite of
independently developed one-dimensional lake models. Moreover,
to capture changes in some of the largest lakes of the world, and to
investigate within-lake variations in heatwaves, the outputs from a
three-dimensional (3D) model of the Laurentian Great Lakes of North
America* was investigated.

Avertical thermal escape from lake surface
heatwaves

Over the past four decades, lake surface heatwaves have occurred
widely and exhibited a marked increase (Fig. 1 and Supplementary
Figs.1-4). These extreme hot events have occurred more frequently
(7.8 + 0.5annual days decade™) and experienced an increase in their
average duration (2.1 0.1 days decade™). They have also become
stronger with anincrease in their average (0.4 + 0.02 °C decade™) and
cumulative (5.8 + 0.4 °C days decade™) intensity (Fig. 1a-d and Supple-
mentary Fig.1). These lake surface heatwave metrics have undergone
evengreater change insomeindividual lakes (Supplementary Fig.3 and
Supplementary Tables 1-3), with prominent alterations in the Lauren-
tian Great Lakes (Supplementary Fig. 4). Lake surface heatwavesinthe
Great Lakes have occurred more frequently (7.5 £ 1.03 annual days
decade™), become longer lasting (1.4 + 0.36 days decade™) and
experienced anincrease in their average (0.01 + 0.03 °C decade™) and
cumulative (3.7 +1.05 °C days decade™) intensities.

Our study identified the presence of a vertical thermal escape
in lakes, described as instances where motile aquatic species could
theoretically move to deeper water to escape surface thermal stress.
Several lake surface heatwaves have occurred at times in which a verti-
calthermal escape could be found in deeper regions (where tempera-
tures at depth were below the 90th percentile temperature threshold
of lake surface heatwaves). From1980t0 2022, our analysis illustrates
anincrease (4.3 + 0.3 days decade™) in the annual total number of
lake surface heatwaves occurring without a vertical thermal escape
(Fig.1e), withevengreater changes in some lakes (Supplementary Fig. 5
and Supplementary Table 4). The numbers of no-escape eventsin the
studied lakes are greater (17.5 days) in water bodies that do not experi-
ence thermal stratification, compared to those that seasonally stratify
(7.0 days) (Fig. 1f,g and Supplementary Fig. 6). This is because vertically
mixed lakes lack the thermal gradient needed to separate warm surface
waters from cooler, deeper layers. Consequently, during heatwaves, the
entire water column warms uniformly, preventing the establishment
of cooler refuges. In mixed systems, the number of no-escape events
increases linearly with surface heatwave days (Extended Data Fig. 1a-d).
In stratifying lakes, the relationship is variable and is related to the
duration of thermal stratification (Extended Data Fig.1d). Our analysis
also suggests that changes to the number of no-escape events during
the historic period (1980-1999 versus 2000-2022) have been greater
inmixed (25.1 days) thaninstratified (8.0 days) systems, influenced by
the changeinthe frequency of surface heatwaves aswellasachangein
the proportion of stratified days (Extended DataFig. 1e,g).

Whenavertical thermal refuge exists in stratified lakes, our analy-
sisillustrates that the vertical distance that aquatic species must travel
to escape a lake surface heatwave (the escape depth) has increased
(0.9 +0.05 m decade™) (Fig. 1i). In the Laurentian Great Lakes, the

escape depth has increased ~1.5-fold, from 24.7 to 38.2 m, at a rate
of 4.2 +3.19 m decade™ (Extended Data Fig. 2). However, the escape
depth has remained unchanged in some lakes (Supplementary Fig. 7
and Supplementary Table 5). Theinterannual variability in the escape
depthis positively correlated (R? = 0.7) with the intensity of lake surface
heatwaves (Extended Data Supplementary Fig. 3a and Supplementary
Fig.8a-c).Onaverage, the escape depthisalso positively related to the
depth of the upper mixed layer (Methods) (Extended Data Fig. 3b and
Supplementary Fig. 8d).

Subsurface and lake bottom heatwaves

Subsurface heatwaves, instances of extreme hot thermal events at dif-
ferent depths relative to a depth-specific climatological seasonal cycle,
follow a clear vertical pattern of variability in stratified lakes (Fig. 2,
Supplementary Fig. 2 and Extended Data Fig. 4). The vertical structure
of subsurface heatwaves can differ seasonally (Extended Data Figs. 5
and 6), typically occurring more frequently, being more intense and
longer lasting during the warmer seasons (for example, April to June
andJuly to September inthe Northern Hemisphere). Annually, the total
number of heatwave daysis least at the surface andincreases with depth
(Fig.2a, Supplementary Fig. 2a,b and Extended Data Fig. 4b). The aver-
age duration of heatwaves is also shorter at the surface and increases
withdepth (Fig.2b, Supplementary Fig. 2c,d and Extended Data Fig. 4c).
In contrast, our analysis suggests that the average intensity follows the
opposite pattern (Fig. 2c, Supplementary Fig. 2e,f and Extended Data
Fig. 4d). Regarding their cumulative intensity, which is influenced by
boththe duration and intensity of lake heatwaves, there are less notable
relative changes with lake depth (Fig. 2d). Inthe Great Lakes, where the
rate of change in lake heatwave intensity with depthis far greater than
the change in duration, a decreasing pattern in cumulative intensity
from the surface to deep waters is estimated (Extended Data Fig. 4e).
These large systems also experience considerable spatial variations
in subsurface heatwave characteristics (Extended Data Fig. 4). Our
analysisillustrates that the vertical structure of subsurface heatwaves
has changed across all stratified lakes in our study (Fig. 2e,h).

Lake bottom heatwaves are defined as extreme hot events that
occur in the deepest regions of lakes. On average, the occurrence,
duration and cumulative intensity of bottom heatwaves are greater
than those of lake surface heatwaves (Extended Data Fig. 7). From
1980 to 2022, our analysis suggests that bottom heatwaves have
increased in frequency (7.2 + 0.6 days decade™), average duration
(2.1+£0.3 days decade™), average intensity (0.2 + 0.01 days decade™)
and cumulative intensity (5.0 + 0.5 days decade™). Similar changes
are calculated for the Great Lakes (Extended Data Fig. 8), which have
also experienced an increase (1.9 + 0.4% decade™) in the percentage
coverage of lake bottom heatwaves since the 1980s. Our analysis based
onindividual lakes also indicates an increase in the average intensity
(mean = 0.05°C; range = —0.3-0.5 °C) of bottom heatwaves (Supple-
mentary Fig. 3e). However, this is not always the case; in certain lakes
and depths, adecreasing patterninthe occurrence days and cumulative
intensity of bottom heatwavesis observed (Supplementary Fig. 3a,c,g).

It might be assumed that bottom heatwaves occurinlakes dueto
the presence of a surface heatwave. However, our analysis illustrates
thatbottom heatwaves can occur withoutalake surface heatwave (Sup-
plementaryFigs. 9 and 10 and Supplementary Table 6), the frequency
of which has increased since 1980 (4.3 + 0.3 days decade™) (Supple-
mentary Fig. 9). However, for deep lakes, it is important to note that
the level of synchrony between surface and subsurface temperature
anomalies varies with depth, meaning that there canbe alag (10 days)
between surface and bottom heatwaves, suggesting some causality;
thatis, thatbottom heatwavesreflect past surface heatwave conditions
(Extended DataFig. 9).

Our simulations project considerable changes to subsurface and
lake bottom heatwaves by the end of the twenty-first century (Extended
Data Fig. 10). Future changes to lake heatwaves are prominent at the
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Fig. 1| Lake surface heatwaves under climate change. a-d, Simulated changes
inoccurrence (a), duration (b), intensity (c) and cumulative intensity (d) of lake
surface heatwaves from 1980 to 2022. e-h, Changes in no-escape events for
aquatic species, including days without thermal escape (e), spatial variability
inevents (f), histogram comparisons between mixed and stratifying lakes (g)
and overall change in events (2000-2022 relative to 1980-1999) (h).i-1, The
vertical escape depth: temporal variability (i), spatial variability (j), histogram
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for stratified lakes (k) and overall change (I). Boxplots (n = 16,455) summarize
changes (blue/red: first/second periods), with the central mark indicating the
median and the bottom and top edges of the boxes indicating the 25th and 75th
percentiles, respectively. The whiskers extend to the most extreme data points
not considered outliers; shaded regions in the time series represent standard
deviation and the solid line represents the mean; trends are shown in the top-left
corners. Basemapsinf, h,jand I made with Natural Earth.

lake surface, with the magnitude of projected change then decreasing
with depth. Considerable changes are also projected in the number of
no-escape events, increasing by amedian of between17.3 and 92.5 days
(representative concentration pathways RCP 2.6 and 8.5, respectively)
andtheescape depthbybetween2.1and 3.2 m (Extended DataFig.10e,f).
Interms of lake bottom heatwaves, their occurrence (30.8-136.8 days),
average duration (10.8-81.2 days), average intensity (0.5t0 1.3 °C) and
cumulative intensity (27.9-334.5 °C x days) are projected to increase
in the future relative to the historic period (Extended Data Fig. 10).
Similarly, future heatwave projections for the Laurentian Great Lakes
are consistent with global trends, showing considerable increases
across all depths with large spatiotemporal variability among and within
lakes, particularly under RCP 8.5 (Supplementary Figs.11and 12).

Vertically compounding heatwaves
Instances where lake heatwaves occur at either the water surface or
at depth can influence ecosystem functioning. However, it could be

argued that instances where these events co-occur, which we define
as vertically compounding heatwaves, could have a greater impact.
We estimate that vertically compounding heatwaves, which are most
common during the coldest times of the year when many seasonally
stratifying lakes mix (Supplementary Fig.13) and most frequently occur
in mixed systems (Fig. 3a), haveincreased in frequency (3.3 + 0.3 days
decade™) since 1980 (Fig. 3b). Similarly, in the Great Lakes, the per-
centage of lake area experiencing these vertically compounding
extremes has also increased (1.2 + 0.13% decade™) (Supplementary
Fig.14). Furthermore, among other individual lakes studied, 47 out
of 48 lakes experienced a positive change in vertically compound-
ing heatwaves (Supplementary Table 7). By the end of this century,
vertically compounding heatwaves will become increasingly com-
mon in lakes, increasing by a median of between 16.8 and 119.1 days
(RCP 2.6 and 8.5, respectively), relative to historic conditions. Vertically
compounding heatwaves will become increasingly frequent in lakes
that remain vertically mixed (Fig. 3c-e).
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Fig.2|Subsurface evolution of lake heatwaves. a-d, The vertical variability of
each lake heatwave metric from 1980 to 2022, with the central line representing
the median and the shaded region representing the median absolute deviation
(MAD).Shown as the vertical profiles of total heatwave days (a), average
heatwave duration (b), average heatwave intensity (c) and heatwave cumulative
intensity (d). e-h, The interannual variability in each lake heatwave metric at

different depths (negative depths are below the lake surface), showing the
changes with depth in total heatwave days (e), average heatwave duration (f),
average heatwave intensity (g) and heatwave cumulative intensity (h). Here we
compare only the vertical profiles of each heatwave metric across lakes that are
shallower orequal to 10 m.

Discussion
Lake ecosystems are undergoing transformative changes withinawarm-
ing world. Our investigation further explores the thermal response
of lakes to climate change, focussing on the dynamics of heatwaves
across a depth gradient. Our investigation identified several findings
relating to (1) the decreasing potential of a vertical thermal escape
from surface heatwaves, (2) an increase in the vertical distance that
species should travel to escape a surface heatwave when a thermal
refuge exists, (3) considerable variability in the vertical structure of
subsurface heatwaves across lakes, (4) the increased occurrence of
bottom heatwaves with and without extreme surface conditions and
(5)anincreaseinthe frequency of vertically compounding heatwaves.
Previous studies have reported that lake surface heatwaves have
increased in intensity and duration in recent decades'>. The extreme
water temperatures that species must endure during a surface heat-
wave can often lead to severe consequences®’. However, previous
studies have also described that motile aquatic species can respond

to environmental disruptions, such as increasing temperatures, by
relocating to favourable habitats". Studies have suggested that many
aquaticspecies willneed to migrateto cooler water at higher elevation
orlatitude this century to maintain a preferred thermal habitat>*. How-
ever, aquatic species could also escape the thermal stress of surface
heatwaves by migrating to deeper regions withinalake. Our investiga-
tion demonstrates that, while there is often the potential for aquatic
speciestotravel vertically withinalake to reach cooler water, the pro-
portion of lake surface heatwaves without a thermal refuge in deeper
water hasincreased. This vertical expansion of lake surface heatwaves
highlights the dynamic nature of these extreme heat events, prompting
aquatic organismsto adjust their distribution patterns. As the effects of
lake surface heatwaves reachincreasingly deeper water, areductionin
sufficient habitat canresultin changes to species abundance and range.

Our understanding of lake heatwaves is dominated by extreme
conditions at the lake surface. However, our study demonstrates that
the subsurface layers of lakes can often exhibit heatwaves that are
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longer lasting and more severe. The extended duration and higher
cumulative intensity of heatwavesin deeper water presents anuanced
aspect of lake thermal dynamics. Moreover, a greater intensity of
bottom heatwaves implies prolonged exposure to elevated tempera-
tures in deeper waters, potentially posing challenges for demersal
organisms or bottom-dwelling fish inhabiting these regions. Another
important consideration, which was not investigated in this study, is
the potential for lake bottom heatwaves to influence the temperature
of lake sediments, with knock-on impacts on aspects such as GHG
production”. Studies in the marine environment have demonstrated
that sediment heatwaves often co-occur with pelagic heatwaves®, This
suggests that extremes in the overlying water column can propagate
into sediments. Future research should explore this connection in
freshwater systems to better understand the full ecological conse-
quences of lake heatwaves, including the effects on sediment-dwelling
species, nutrient cycling and biogeochemical processes.

Our analysis illustrated that subsurface heatwaves could occur
independently of surface heatwaves as a result of the thermal struc-
ture of lakes, which can lead to the accumulation of heat in deeper
layers, even in the absence of extreme surface warming. Subsurface
heatwaves can arise without a surface heatwave because of time lags
between surface and subsurface temperature responses. In the Great
Lakes, this delay is partly caused by a pronounced difference in tem-
perature seasonality at varying depths. While surface temperatures

inthe Great Lakes peak during the summer, deeper waters experience
their maximum temperatures in the autumn. It is also important to
note that surface heatwaves could strengthen the thermal stability
oflakes and subsequently lead to a shoaling of the upper mixed layer.
This increased stability could limit vertical mixing which can, in turn,
restrict the transfer of heat to deeper waters and potentially hinder
the development of subsurface heatwaves. However, our findings sug-
gest that, while surface heatwaves could stabilize the thermocline and
initially restrict heat transfer, prolonged periods of elevated surface
temperatures could lead to the penetration of heat into deeper layers,
facilitating subsurface heatwaves. To fully understand the implications
of surface heatwaves on thermocline stability and the subsequent
development of subsurface heatwaves, further research is needed.
Our study highlights that it is critical for resource managers
to consider shifts inlake temperature extremes, particularly below the
surface. We encourage that our analysis be expanded upon for indi-
vidual or groups of species by incorporating additional considerations,
including horizontal movements, physiology, additional essential
habitat properties and other restrictions on species distributions such
as the need to be near shore or specific breeding or nursing grounds.
When assessing the ecologicalimpacts of subsurface or vertically com-
pounding heatwaves, the significance of these events will vary depend-
ing on the specific biological context. For organisms that occupy the
entire water column, simultaneous surface and bottom heatwaves are
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particularly critical, as they can alter the thermal conditions across the
entire habitat. For species that primarily inhabit surface waters, the
absence of deep-water thermal refuges during surface heatwaves is of
concern, as these events create extreme conditions with no possibil-
ity for escape to cooler depths. It is also important to note that, while
some studies in the oceans have shown that marine heatwaves can
have a detrimental impact on the ecosystem?®, others have not shown
a dominant effect?. Thus, when anticipating the response of aquatic
species to subsurface lake heatwaves, it isimportant to consider that
not all species will respond in the same way and that single-species
responses’ do not suggest a net ecological effect.

The vertical expansion of heatwaves and the disparities in occur-
rence, duration and cumulative intensity provide valuable insights
into how climate change manifests in the thermal profiles of lakes.
These findings contribute to amore comprehensive understanding of
the multidimensional impacts of climate change. In terms of manage-
mentand conservation, our investigation advocates for anintegrated
approachthat considersthe diverse responses of surface and subsur-
face ecosystems to changes in extreme temperature. Protecting and
restoring thermal refuges in the lower layers of lakes may be crucial for
preserving biodiversity and ensuring the long-term sustainability of
these ecosystems. Our analysis offers a new perspective on the verti-
cal imprint of lake heatwaves, expanding our understanding of these
extreme events and their potential impacts.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41558-025-02314-0.
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Methods

Large-scale simulations of lake water temperature

Tosimulate the occurrence of surface and subsurface lake heatwaves,
we analysed daily lake temperatures provided by the ISIMIP2b lake
sector. The simulations used in this study include water temperature
simulations for 16,455 representative lakes worldwide, specifically
those situated between 60° S and <71° N. An in-depth explanation
of the ISIMIP lake sector is given by ref. 25. The ISIMIP2b lake sector
simulations have been used previously to investigate the impact of
climate change on lake heat budgets®, the timing and duration of sum-
mer stratification® and for attributing the anthropogenic influence
onlake ice and surface water temperature variations®. All ISIMIP lake
sector projections investigated in this study were simulated via a lake
model (see below) driven by an ensemble of bias-corrected climate
projections—GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR and MIROC5—
for historic and future periods, the latter under different RCPs. The
datausedtodrive the lake models in ISIMIP2b included projections of
air temperature at 2 m, wind speed at 10 m, surface solar and thermal
radiation and specific humidity, which were available at a daily reso-
lution. In this study, to obtain historic to contemporary (1980-2022)
lake temperature projections, we combine the historical simulations
(1980-2005) with the ‘future’ projections (2006-2022) under RCP 8.5
(refs.11,33,34). Future (2080-2099) lake temperature projections were
investigated under RCP 2.6 (low-emission scenario), 6.0 (medium-high)
and 8.5 (high). These pathways encompass a range of potential future
global radiative forcing from anthropogenic GHGs and aerosols, and
results span arange of potential impacts on lake temperature.

The 16,455 representative lakes investigated in this study were
simulated ata 0.5° x 0.5° grid resolution (the spatial resolution of the
climate projections) with the SimStrat-UoG model. The dataset used to
describe the size distribution of all lakes withineach 0.5° grid has a hori-
zontal resolution of 30 arcsec (refs. 35,36) and includes all known lakes
equal or greater than this size threshold. Given the one-dimensional
nature of the SimStrat-UoG model, we considered only lakes with a
depth of <60 m, removing any deeper representative lakes from the
ISIMIP2b globallake sector from the analysis. Furthermore, weincluded
only lakes that experienced at least 2 months of ice-free conditions
each year. In this study, we standardized the vertical resolution of
the water temperature profiles generated by SimStrat-UoG through
linear interpolation”. For the depth range from the surface down to
20 m, we applied aresolution of 0.1 mto capture fine-scale variations.
Between depths of 20 and 50 m, the resolution was set to 0.5 m to
balance detail with computational efficiency. For depths >50 m, we
used a coarser resolution of 1 m to reflect the generally more uniform
temperature patterns in this deeper range. This approach ensures a
consistent and accurate representation of the temperature profile
acrossdifferent lakes.

For these representative lakes, we compare only vertical profiles
of each lake heatwave metric (see below) across sites that are shal-
lower or equal to 10 min mean depth. These relatively shallow systems
contribute to >95% of the number of studied sites, which is consistent
with previous studies that have demonstrated that shallow lakes domi-
nate the global distribution of lake types. For example, the HydroLakes
dataset of ref. 38 suggests that ~98% of the 1.42 million lakes worldwide
are<10 minmean depth. While our study encompasses abroad range of
lakes with varying depths, itisimportant to note that~77% of the lakes
have a depth of 10 m. This depth distribution implies that most of our
findings, particularly those concerning deeper layers, are primarily
representative of lakes with a maximum depth of -10 m.

Selection of individual lakes

To evaluate subsurface heatwaves in individual lakes—providing a
morelocalized perspective than the broader ISIMIP global simulations
described above—we undertook a comprehensive analysis involv-
ing 53 lakes, each with finer-scale vertical temperature profiles. This

approach allows for a granular understanding of thermal dynamics
at a scale that reflects individual lake characteristics rather than
regional averages. Among these lakes, weincluded the five Laurentian
Great Lakes. Owing to their vast surface area and substantial depth,
temperaturesin the Great Lakes were simulated using a sophisticated
3D model, which captures the complex interactions between various
lake layers and provides a detailed depiction of thermal stratification
and mixing processes. This high-resolution modelling is crucial for
understanding the unique thermal responses of these large, deep lakes.
Inaddition, we examined 42 lakes predominantly locatedin Europe and
North America, for which temperature profiles were simulated using
three distinct one-dimensional lake models. These models, while less
complexthanthe 3D approach, arestill capable of capturing essential
vertical temperature variations and heatwave dynamics. The choice of
these models was influenced by the availability of historical data and
the specific thermal characteristics of these lakes. To further broaden
the geographic scope and improve the spatial representation of our
dataset, we included six additional lakes, some of which are situated
on the Tibetan Plateau. These lakes are characterized by unique cli-
matic and hydrological conditions, whichmay considerably influence
their thermal behaviour. For these lakes, temperature profiles were
simulated using lake-specific FLake models. The FLake model is well
suited for representing thermal profiles in diverse environments,
including high-altitude and remote regions, thereby enhancing the
overall robustness of our analysis. By incorporating these varied mod-
elling approaches and expanding our dataset to include lakes from
different geographic and environmental settings, we aimto provide a
more comprehensive understanding of subsurface heatwaves across a
range of lake types and locations. This multifaceted approach ensures
that our findings are not only reflective of individual lake characteris-
tics butalso contribute toabroader understanding of thermal dynam-
icsin freshwater lakes worldwide. Each of these additional modelling
approachesis described in detail within the following sections.

Three-dimensional model-simulated lake temperature
profiles for the Great Lakes

The water temperatures of the Great Lakes were simulated using
the second version of the Great Lakes-Atmosphere Regional Model
(GLARM)?*, which is a two-way 3D lake ice-atmosphere coupled
climate modelling system designed for the Great Lakes region. GLARM
is built upon a two-way coupling between the fourth version of the
International Centre for Theoretical Physics regional climate model
(RegCM4) which simulates land and atmospheric processes® and the
finite volume community ocean model (FVCOM) which simulates the
3D lake dynamics, thermal dynamics and ice dynamics of the Great
Lakes**"*2, In the two-way coupled framework of GLARM, the Great
Lakes surface temperature andice coverage are dynamically calculated
by FVCOM and are provided to RegCM4 as the lower boundary condi-
tion for the atmosphere over the Great Lakes. In turn, RegCM4 calcu-
lates and provides the surface meteorological forcing fields required
by FVCOM. This two-way coupling between RegCM4 and FVCOM is
achieved through the OASIS3-MCT coupler*’, and lake hydrodynamic
conditionsin FVCOM are configured to evolve and freely interact with
atmospheric conditions over the entire simulation.

GLARM was run for our historical study period (1980-2022) by
prescribing the lateral atmospheric boundary conditions for GLARM
through a combination of ERA-Interim** and ERAS (ref. 45) climate
reanalysis datafrom the European Centre for Medium-Range Weather
Forecasts. Thelateral atmospheric boundary conditions included the
6-hourly pressure and wind components, air temperature and mixing
ratio atall vertical model levels. Future (2080-2099) lake temperature
projections were investigated under RCP 8.5 (high emission) with the
lateral atmosphericboundary conditions provided by three general cir-
culationmodels (GCMs)—IPSL-CM5A-MR, MPI-ECM-MR and GISS-E2-H.
Thefuture projections presented in this paper are the ensemble average
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of the three downscaled projections. The three GCMs were selected
out of 19 GCMs on the basis of their performance in reproducing
the observed climate and projecting future warming trends over
North America?. GLARM modelling offers climate change projections
that incorporate both the Great Lakes basin and the changes within
the five Great Lakes, by integrating a two-way interaction between a
regional climate model and a 3D lake model. The configurationand per-
formance of the model, inreplicating historical lake conditions, select-
ing GCM for dynamical downscaling and projecting future climates,
arecomprehensively detailed inref. 46 and ref. 26. The comprehensive
comparisons of GLARM-simulated lake temperature against mooring
observation* temperatures and satellite-derived temperatures are
presented in Supplementary Fig. 15. The Great Lakes simulations are
available fromref. 48.

Ensemble model-simulated lake temperature profiles for

42 individual lakes

The ISIMIP2b lake sector provides lake-specific simulations from 42
lakes with detailed bathymetry and validation data. Lake temperatures
for these lakes were simulated by a suite of independently developed
lake models: (1) general lake model, (2) general ocean turbulence model
and (3) SimStrat. We conducted an analysis of these simulations with
the objective of studying individual lakes at a fine scale, ensuring a
diverse representation across climates and lake types. For all sets of
simulations, lake heatwave metrics were calculated independently
for each lake-climate model combination and then averaged across
the lake-climate model ensemble.

FLake-simulated lake temperature profiles for six individual
lakes

Focusing on the additional six lakes, we adopted the FLake model to
simulate characteristics of lake vertical heatwaves. FLake is a heat
transfer model that parameterizes the vertical temperature profiles of
two-layer water, including a vertically uniformupper layer and a stably
stratified lower layer consistent with self-similarity theory**~*'. When
thelake surfaceis covered by ice and snow, the model accounts for the
presence of these layers. Owing to the balance between computational
efficiency and simulation performance, FLake has been widely used
for accurately reproducing surface temperatures® and lake mixing
regimes®>** at regional and global scales.

The climate forcing variables used to drive the FLake model were
obtained from the hourly grid ERAS-Land product (1981-2020), with
data extracted from grid cells located at the designated lake centres.
Detailed initialization instructions for lake characteristics and other
model parameters required by FLake are outlined in our previous
work®2 In this study, to ensure the accurate simulation of vertical
thermal conditions, we first compiled vertical temperature observa-
tions from six lakes not included in the 42 lakes provided in ISIMIP2b
local simulations. These in situ observations were then leveraged to
determine the optimal model settings within FLake for individual lakes.
The parameters subjected to calibration in this study include snow
accumulation rate (kg (m™s™); ranging from 0.0000001t0 0.5), scale
and offset of lake depth (m; ranging from 0.75to 1.25 for scaleand 0-20
for offset), scale and offset of wind speed (U, m s™; ranging from 0.75
to 1.25 for range and O to 8 for offset), albedo for snow and white ice
(ranging from 0.6 t0 0.8), albedo for melting snow and blue ice (ranging
from 0.1to 0.6), light attenuation coefficient (Kd, m™; ranging from
0.1to 3), scale of solar radiation (ranging from 0.7 to 1.3) and scale of
surface air temperature (ranging from 0.9 to 1.1).

Note that the calibration objective aimed to satisfy several error
criteria, with all errors <2 °C and the minimum average of several error
criteriaserving asthe selection criterion of optimal parameter settings.
Theerror criteriaselected for evaluation include simulation errors at
various depths (full depth, surface layer, one-third depth, two-thirds
depth and bottom) and across seasons (spring, summer, autumn and

winter). The error metric used is the median absolute error (MAE) of
daily mean temperature simulations. The comprehensive evaluation
results of simulation performance for the six lakes are presented in
Supplementary Table 8 and Supplementary Fig.16. These simulations
areavailable fromref. 53.

Lake heatwave metrics

Using the daily simulated lake water temperatures, the occurrence,
average duration, average intensity and cumulative intensity of lake
heatwaves were estimated following the methods described by ref. 1.
Specifically, using the R package heatwave™, lake heatwaves were
defined as when daily lake temperatures were above a local and sea-
sonally varying 90th percentile threshold for at least five consecutive
days. Climatological mean of lake temperature was calculated for each
calendar day using the daily temperatures within an 11-day window
centred on the date across all years within a climatological period,
here defined as1991-2020 and smoothed by applying a 31-day moving
average.Inaddition, two events withabreak of <2 days were considered
asasingle event. The average duration of lake heatwaves is defined as
the difference between the start and end dates of aspecific heatwave;
the average intensity is the average temperature anomaly relative to
seasonal climatology averaged during an event; and the cumulative
intensity is calculated as the sum of the temperature anomaly dur-
ing the total duration of each lake heatwave. Lake heatwaves were
defined exclusively during theice-free season. Our primary focus was
onexamining changes in heatwave metrics on anannual (ice-free) scale,
acknowledging that ecologically critical events occur throughout the
year inlakes and are not limited to the warmer (for example, summer)
season. However, lake heatwave characteristics were also compared
across different seasons: January-March, April-June, July-September
and October-December. For each seasonal comparison, only lakes that
experienced aminimum of two ice-free months within the respective
seasonwere included. Subsurface heatwaves were calculated relative
to a subsurface lake temperature climatology, with this climatology
calculated from the temperature time-series data at specific depths.
For example, a bottom lake heatwave was calculated relative to the
bottom water temperature climatology.

Thethermal escape depth was estimated as the depthat whichwater
temperatures decrease below the 90th percentile threshold of a lake
surface heatwave. The escape depthis crucial for anticipating how sur-
face heatwaves might affect lake ecosystems. Surface heatwaves, which
create extreme temperatures in the upper layers of alake, can prompt
aquatic species to seek cooler refuges at depth. The thermal escape
depth, therefore, represents the boundary below which temperatures
remain conducive to aquatic life, offering a vital refuge during periods
of intense surface heating. The occurrence of vertically compounding
heatwaves, defined as timesin whichalake surface and bottomheatwave
occurred at the same time, was also calculated. The global heatwave
metrics calculated fromthe ISIMIP projections are available fromref. 56.

Lake stratification and mixing

Understanding lake stratification is essential for analysing vertical
thermal dynamics and the occurrence of subsurface heatwavesin lakes.
Inthisstudy, alake is defined as stratified if there is a temperature dif-
ference of >1°C between the surface and the bottom water” . Lakes
that do not meet this criterion are classified as mixed. In mixed lakes,
where the water column is relatively homogeneous and temperature
gradients between surface and bottom layers are minimal, surface
heatwaves typically reflect the thermal conditions throughout the
entire lake. Consequently, extreme temperature variations are gener-
ally uniformacross the water column. In contrast, stratified lakes usu-
ally exhibit distinct thermal layers during the summer, including the
epilimnion, thermocline and hypolimnion. In these lakes, the thermal
characteristics of the surface and bottom layers can be markedly dif-
ferent. Although the thermocline reduces the likelihood of extreme
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surface temperatures directly affecting the hypolimnion, long-term
trends and prolonged surface heatwaves can eventually contribute
to increased thermal stress in deeper layers over time. This study
compares subsurface heatwaves between stratified and mixed lakes
to understand these dynamics better. Additionally, in this study the
depth ofthe upper mixed layer was calculated by using Lake Analyzer®°.
For the Great Lakes, which are very deep dimictic lakes, the mixed
layer depth was calculated as the shallowest depth where the density
exceeded the surface density by 0.1 kg m~ (ref. 61).

Analysis

To explore potential temporal synchrony between the warming of the
surface and subsurface layers, Pearson’s correlation coefficients (R)
and lag between surface and subsurface intensities were estimated
on an event-by-event basis with P values as a measure of statistical
significance (P < 0.05). Correlations were calculated if a surface event
overlaps with a subsurface event within a 5-day margin at the start or
end of each event.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

ISIMIP local lake simulations are available from https://doi.org/
10.48364/ISIMIP.563533. ISIMIP global lake simulations are found at
https://doi.org/10.48364/ISIMIP.931371. Simulations of lake tempera-
ture profiles overindividual lakes generated in this study are available
at ref. 53. The mooring observations for the Laurentian Great Lakes
usedinthe model evaluationare available from https://www.glerl.noaa.
gov/data/#watertemp. The heatwave metrics calculated for the Great
Lakes are available atref. 48. Global heatwave metrics calculated from
the ISIMIP projections are available at ref. 56.

Code availability

Code used to reproduce the analysis and figures generated for this
paper are available at ref. 56. The source code for the FLake model is
accessible at http://www.flake.igb-berlin.de/.
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Extended Data Fig. 6 | Seasonality of subsurface heatwave characteristics in
the Great Lakes. Characteristics are shown for heatwave events that span asingle
season (al-d1) and two seasons (a2-d2). We show the seasonal variability in each
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