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Projected phenological shifts in
stratification and overturning of ice-
covered Northern Hemisphere lakes
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The seasonal cycle of vertical mixing is crucial for lake ecosystems, yet its future under climate change
remains uncertain. While lake stratification shifts have been widely studied, the annual overturning
duration changes are less clear. Using sub-daily simulations from a fully coupled numerical Earth
system model, we assess phenological changes in stratification and overturning in Northern
Hemisphere ice-covered lakes. We find the total stratification duration (comprising both summer and
winter phases) is projected to decrease by 0.7, 4.6, and 6.9 days in 2029, 2067, and 2096, respectively,
under global temperature increases of 1.5 °C, 3 °C, and 4.5 °C.Conversely, the duration of overturning
is expected to increase by 0.7, 4.2, and 8 days annually. Notably, these changes are asymmetrical,
with most of the overturning extension occurring in the fall, following the peak growing season. This
extended overturning could affect lake ecosystems, particularly through enhanced ventilation of
bottom layers and altered nutrient cycling.

Profound thermodynamic alterations of lakes under global warming have
already been identified in observations1–6, with consistent behavior having
been identified inmodels7,8. These rapid changes encompass several facets of
lake thermodynamics, including changes in ice cover phenology9, shifts in
open water thermal habitat10,11 and alterations in the seasonal cycle of ver-
tical mixing12–16. Rising lake temperatures are expected to drive more fre-
quent and intense algal blooms17 and perturb CO2 flux exchanges between
lakes and the atmosphere18. Lakes can also experience deoxygenation of
hypolimnetic waters due to the combined effects of reduced ventilation and
active respiration19. Notably, the phenology of lake thermodynamics,
encompassing the duration of ice cover7,20–22 and vertical stratification6,
proves to be highly sensitive to the effects of climate change.

The timing of ice cover onset and breakup, and the duration of thermal
stratification, play pivotal roles in shaping the life cycles of organismswithin
lakes. For example, phytoplankton blooms are often tied to the early spring
ice breakup23. Rapid changes in the phenology of thermal stratification and
mixing can lead to mismatches in crucial phenological events for aquatic
species24. Studies have demonstrated a strengthening of summer stratifica-
tion with an increasing temperature difference between surface and sub-
surface layers25,26. In tandem with changes in the strength of stratification,
the phenology of lakemixing is also changing.High-resolution observations
fromLakeMichigan, for instance, indicate an extendedduration of summer
stratification and a delayed timing of fall overturning1. Numerical models

predict that the mixing regimes of lakes will change by the end of the 21st
century, with some lakes transitioning from experiencing seasonal stratifi-
cation to becoming permanently stratified8. In contrast to the alterations
anticipated during thewarmer seasons, the strength and duration of inverse
stratification during the colder seasons, which impacts nutrient cycling
under ice and cascades into subsequent seasons12,14, is diminishing27. While
prior studies have separately documented changes in the duration and
strength of stratification in warm and cold seasons, the shifts in the phe-
nology of stratification, encompassing both summer and winter stratifica-
tion, have remained underexplored. The effect on the total number of
overturning days, which influences the ventilation of the hypolimnion and
nutrient supply efficiency to the epilimnion, remains uncertain.

Results
Spatial patterns of Northern Hemispheric stratification and
overturning in ice-covered lakes
Our analyses of the LISSS simulations in the CESM2 Large Ensemble
indicate notable variability in the climatological mean duration of stratifi-
cation and overturning along latitudinal gradients during the period from
1850 to 1860 (Figs. 1 and 2). The total duration of stratification increases
from the equator towards the poles, with zonal mean stratification duration
reaching approximately 240 days annually at 30°N. Northward of 30°N, the
rate of increase lessens, and the zonal mean duration is more than 250 days
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in Arctic regions. However, in regions north of 30°N, the duration of
summer stratification and inverse stratification shows rapid latitudinal
changes. The zonal mean duration of summer stratification decreases to
near 0 days from 30°N to the pole. Conversely, inverse stratification
becomes more pronounced north of 30°N, where lake ice cover persists
during winter. Latitudinal variations in the duration of summer stratifica-
tion and inverse stratification are clearly shown in Fig. 1b, c. In the Arctic,
the annual duration of inverse stratification exceeds 250 days. Figure 2
suggests that the zonal mean duration of summer stratification and inverse
stratification exhibits a linear correlation with the annual mean surface air

temperature, and they all vary almost linearly along latitudes. In contrast to
the latitudinal variation in total stratification, the duration of overturning
decreases from the equator to the poles, with the longest duration occurring
in tropical regions (Fig. 2). Lakes in Alaska and eastern Siberia exhibit the
shortest duration of overturning events, with less than 40 days of over-
turning each year (Fig. 1d). Our simulations illustrate that overturning
primarily occurs during the Fall season, spanning from September to
November (Supplementary Fig. S4).

Surface air temperature plays a pivotal role in influencing the duration
of stratification and overturning. The spatial pattern and seasonal variation

Fig. 1 | Ensemble mean of climatological mean stratification phenology of
Northern Hemisphere lakes over 1850–1860. Panel a shows the total number of
stratification days annually, which is the additive duration of summer stratification

(b) and inverse stratification (c) for individual grid points. Annual duration of
overturning is shown in d. All results are based on a 90-member ensemble mean
from the CESM2 large ensemble.
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of inverse stratification (Supplementary Fig. S5) are determined by ice cover
duration (Supplementary Fig. S6), which is in turn shaped by surface air
temperature. Additionally, wind speed, depth, and surface area are other
important contributors. For example, large and deep lakes such as Lake
Superior and Great Slave Lake have shorter durations of overturning but
longer durations of total stratification than adjacent lakes (Fig. 1a, d) due to
their higher thermal inertia.

Projected future changes in the duration of stratification and
overturning
Our simulations suggest that future projected changes in the duration of
total stratification vary considerably across lakes (Fig. 3). In the region
surroundingHudsonBay, particularly theQuebec-Labrador Peninsula, and
the coastal area of the Barents Sea and the Kara Sea, the ensemble mean
annual duration of total stratification is expected to increase by 4.5, 8.4, and
10 days in 2029, 2067, and 2096, respectively. Conversely, other Northern
Hemisphere ice-covered lakes, mainly categorized as Northern
Temperate28, will experience a remarkable reduction in the annual duration
of total stratification, decreasing by 5.8, 14.9, and 24.1 days, respectively. On
average, Northern Hemisphere ice-covered lakes (categorized as lakes
experiencing ice cover in 1850–1860) will experience a decrease in total
stratification duration of 0.7, 3.6, and 6.9 days, respectively. It’s important to
note that the changes in the duration of summer stratification and winter
inverse stratification are asymmetrical, and it is this asymmetry that
determines whether the total stratification in a lakewill increase or decrease.

In our simulations, the duration of summer stratification is anticipated
to increase in ice-covered lakes across the Northern Hemisphere (Fig. 3).
This extension of summer stratification is attributed to the increased sta-
bility of the water column, a consequence of rising surface water tempera-
turesunder future globalwarming.Additionally, a reduction in surfacewind
speed (referred to as “stilling” of the planetary boundary layer, see Fig. 4)
during the Northern Hemisphere’s warming seasons serves as another
significant factor in the extension of summer stratification6. Despite the
moderate changes in simulated near-surfacewind speed during summer, its
contribution to stratification dynamics is disproportionately important
since momentum flux scales with the square of surface wind speed. Con-
versely, the duration of inverse stratification decreases in ice-covered lakes
(Fig. 3). This shortened inverse stratification is primarily driven by changes
in momentum flux input due to ice loss in the future. In winter, when ice
cover is present, ice prevents the transmission of momentum flux from the
air to the water, rendering momentum flux input equal to 0. Figure 4

illustrates a substantial increase in momentum input due to the loss of lake
ice during the cold seasons. Our projections indicate that the spatial pattern
of monthly changes in lake ice cover (Supplementary Fig. S7) duration
determines the pattern of monthly changes in inverse stratification (Sup-
plementary Fig. S8).Consequently, increasedmomentumflux input leads to
a reduction in the duration of inverse stratification.

Our simulations indicate an increase in the annual duration of over-
turning (see Fig. 3) in Northern Temperate lakes. On average, this increase
amounts to 4.3, 11.5, and 18.2 days in 2029, 2067, and 2096, respectively. In
Northern Hemisphere ice-covered lakes, the duration of overturning is
projected to increase by 0.7, 4.2, and 8 days, respectively. Our simulations
further suggest that the duration of overturning will decrease in summer
(Supplementary Fig. S9). This decrease is attributed to increased water
column stability due to rising surface water temperatures and the global
stilling effect (Fig. 4). However, the duration of overturning is expected to
increase significantly during the cold season (Supplementary Fig. S9)
induced by increased momentum flux input due to ice loss. The pro-
longation of cold season overturning duration outweighs the decrease in
summer overturning duration, resulting in a net increase in the number of
overturning days.

It is noteworthy that in the vicinity of Hudson Bay and the coastal
regions of the Barents Sea and the Kara Sea (as indicated by pink dots in
Supplementary Fig. S10’s inset), lake water columns will transition from
mixed to stratified systems throughout the summer. This transition is likely
a consequence of the anomalous summer warming projected in these
regions (Fig. 3 in ref. 21). The extension of summer stratification (Supple-
mentary Fig. S11) surpasses the contraction of inverse stratification in cold
seasons (Supplementary Fig. S8), culminating in a net increase in total
stratificationduration for these regions.Conversely, inNorthernTemperate
lakes, the drastic reduction in inverse stratification due to the loss of lake ice
prevails over the lengthening of summer stratification, resulting in a
decrease in total stratification but an increase in overturning duration. The
extension of overturning is particularly pronounced in lakes at the southern
periphery of the ice-covered lake distribution area (marked by green dots in
Supplementary Fig. S10’s inset), where the enhancement of overturning is
projected to persist throughout the winter.

Asymmetrical shifts in the phenology of summer stratification
and overturning
Our analysis has quantified shifts in the phenology of summer stratification,
indicating a prolongation of summer stratification at both its onset and

Fig. 2 | Latitudinal variation of the ensemblemean
of total stratification days (i.e., the additive
duration of summer stratification and inverse
stratification), summer stratification days, inverse
stratification days, overturning days, and annual
mean surface air temperature. The y-axis label to
the left represents the zonal mean of duration (in
days), and the y-axis label to the right represents the
zonal mean of annual mean surface air temperature.
The zonal mean values are averaged over all 90
ensemble members and all grid points with lakes
present in 1° latitude intervals.
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termination (Supplementary Fig. S12). This implies that stratification will
commence earlier in spring and continue for a longer duration into fall.
Nevertheless, the shifts in the onset and termination dates are asymmetrical.

The negative values in the first row of plots in Fig. 5 suggest that, for most
ice-covered lakes in the Northern Hemisphere, the spring advancement of
stratification exceeds the fall prolongation. This pattern is reversed for lakes

Fig. 3 | Changes in the ensemble mean duration of stratification and overturning
in 2029, 2067, and 2096, corresponding to global warming levels of 1.5 °C, 3 °C,
and 4.5 °C, respectively. Shown are changes in additive duration of summer stra-
tification and inverse stratification in the first row, duration of summer stratification

in the second row, duration of inverse stratification in the third row, and duration of
overturning in the fourth row. The global warming levels are quoted relative to the
climatologicalmean of the pre-industrial era, which is calculated from themean over
1850–1860 in the CESM2-LE.
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in the ScadinavianPeninsula, Baffin Island, andNortheastern Siberia,where
the fall delay of stratification is more pronounced than the spring
advancement. Noticeably, this asymmetry intensifies in tandem with the
increasing levels of global warming. At a global warming level of 1.5 °C, this

asymmetry is considered negligible. It becomes prominent when
global warming reaches 4.5 °C. For instance, this asymmetry could reach
up to 20 days for lakes in the Tibetan Plateau and southern East Eur-
opean Plain.

Fig. 4 | Changes in ensemble mean monthly mean of surface wind speed in 2096 which corresponds to the global warming level of 4.5 °C relative to pre-industrial
conditions. As lake ice cover impedes momentum transfer into the water column, wind speed driving water mixing is set to zero when there is ice cover present.
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The asymmetry in overturning phenology changes is also evident.
SupplementaryFig. S10a illustrates that the alterations inoverturning events
are considerably more pronounced in fall and winter compared to spring.
The pattern of asymmetry is further emphasized in the second and third
rows of Fig. 5. The projected trend indicates a decrease in overturning
duration during spring and summer, in contrast with an increase during fall
and winter. In spring, the loss of ice does not significantly amplify over-
turning events (Supplementary Fig. S9) but rather leads to an advanced
onset of summer stratification (Supplementary Fig. S12). This advancement
is attributed to the ice albedo feedback mechanism, which is triggered by
earlier ice loss29, resulting in additional spring warming and, consequently,
enhanced stratification.Conversely, in fall andwinter, while globalwarming
extends summer stratification into fall, the delayed initiation of ice forma-
tion extends the open water period, thereby increasing the overturning
duration. Consequently, the overturning duration is anticipated to shorten

in thewarm seasons, namely spring and summer, but to lengthen in the cold
seasons, namely fall and winter.

The ice albedo feedback plays a crucial role in driving the asymmetry of
projected phenological shifts in summer stratification. The spatial dis-
tribution of ice loss (Fig. 1c in ref. 21) closely aligns with the pattern of this
asymmetry (the first row’s plots in Fig. 5). While the onset and termination
of lake ice cover appear symmetric (Fig. 1a, b in ref. 21), the feedback’s
influence on lake water warming is not. The absorption of shortwave
radiation due to ice albedo feedback is substantial in the spring butminimal
in late summer and fall (refer to the fourth column of plots in Fig. 3 in
ref. 21). Consequently, lakes experiencing rapid ice loss, such as those
around Hudson Bay, show a marked advancement in spring stratification
driven by the strong ice albedo feedback, resulting in a greater shift in spring
compared to fall. In contrast, for regions such as the Scadinavian Peninsula,
Baffin Island, and Northeastern Siberia, where lake ice loss is less

Fig. 5 | Projected asymmetrical changes in the phenology of summer stratifica-
tion and overturning. Panels in the first row depict the projected asymmetrical
shifts in onset and termination dates of summer stratification, so as to highlight the
earlier onset in spring versus the delayed termination in fall. Here, negative values
indicate that the spring advancement of stratification exceeds the fall prolongation,

with positive values indicating the opposite. The panels in the second row
show projected changes in overturning duration during spring and summer,
spanning from April to September. Likewise, the third row presents overturning
duration changes in fall and winter, spanning from October to March of the
following year.
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pronounced, the spring advancement of stratification is weaker. For these
lakes, the prolongation of stratification in fall outweighs the earlier onset in
spring.

Discussion
Global warming exerts opposing effects on lake mixing across warm and
cold seasons, complicating the evaluationof its impact on the vertical cycling
of nutrients, water, and energy in lake ecosystems. In this study, using lake
model output from theCESM2-LE,we investigated projected changes in the
duration of stratification and overturning in Northern Hemisphere ice-
covered lakes in 2029, 2067, and 2096, respectively. Our results indicate that
summer stratification in 2096 (corresponding to a global warming level of
4.5 °C) will increase by 38.2 ± 4.9 days (quoted uncertainties represent the
standard deviation of the large ensemble members, Supplementary Note 1)
relative to the preindustrial era. We also project that inverse stratification
will decrease by 45.1 ± 5.4 days by 2096. These quantities are in the range of
estimations (i.e., 33.3 ± 11.7 days and 53.9 ± 19.9 days, respectively) under
an RCP8.5 concentration pathway in refs. 6, 27 which uses the lake-climate
model ensemblemean in the Inter-Sectoral ImpactModel Intercomparison
Project phase 2b (ISIMIP2b).

Of particular interest here is the similarity in the uncertainties identi-
fied for our study and those of refs. 6, 27, as the sources of uncertainty are
very different. The uncertainties derived from refs. 6, 27 represent model
uncertainty stemming from a difference in parameterizations and model
design. Such uncertainty can be reducible in that future model develop-
ments with improved process representation may be expected to lead to
convergence of simulated model states. The uncertainty emphasized in our
study, on the other hand, derives from natural variability in the climate
system, and is thereby intrinsically irreducible. Viewed more broadly, our
results indicate that within the context of shared community goals of
improving projection skill with lakes embedded in ESMs, modeling com-
munity projections in the future can be expected to benefit substantially
from future model development, but nevertheless that natural variability in
the system means that uncertainty will always be an important part of
projections in lake conditions.

Our findings reveal that the total stratification duration in themajority
of ice-covered lakes in theNorthernHemisphere is projected to decrease. In
tandemwith this, the annual overturning duration is expected to increase by
an average of 8daysby2096.However, adistinct pattern emerges for lakes in
the vicinity ofHudsonBay and the coastal regions of theBarents Sea and the
Kara Sea, where the annual overturning duration is anticipated to decrease,
yet the stratification duration will increase. Unlike other ice-covered lakes
where stratification intensifies in spring and late summer, these lakes will
experience heightened stratification throughout the summer, attributed to
the significantly increased buoyancy flux input due to anomalous warming
in these areas (refer to the second column of plots in Fig. 3 in ref. 21). It is
important to note that the changes in overturning and stratification exhibit
asymmetry within the annual cycle. The increase in overturning events
predominantly occurs in fall, post the peak growing season formost species.
Moreover, stratification extends during the growing season, yet its expan-
sion is asymmetric at both the onset and termination. In regions experi-
encing rapid lake ice loss, such as around Hudson Bay, the spring
advancement of stratification is projected to surpass its prolongation in fall,
owing to the robust ice albedo feedback. The implications of these changes
in overturning and stratification on nutrient supply and ventilation within
aquatic ecosystems remain a topic for future research, particularly through
the integration of biogeochemical models with physical models30,31.

As a consequence of a lack of a universal definition of lake
stratification8,32–35, we have categorized stratification based on temperature
differences between the bottom and surface layers. Using an empirical
methodwith a singlemetric introduces a potential element of uncertainty to
the calculation of lake stratification. Nevertheless, consistency in the change
patterns of total stratification and overturning, which is defined in an
objective way (full water columnmixing) consolidates the robustness of our
results. As a 1-dimensional thermal dynamic model, the wind-driven eddy

diffusion scheme may result in an overestimation of stratification when
simulating deep lakes, as discussed in our evaluation of simulated Lake
Michigan water temperatures. It is important to bear these uncertainties in
mind when interpreting the simulation results. While this study evaluated
stratification changes driven by atmospheric factors, it is essential to
acknowledge that other factors, such as water depth and transparency, can
also contribute to stratification changes36–40. In our simulation, we employed
amodel by area-weighting lake properties (e.g., depth, transparency) within
individual grid cells. Although this method cannot capture the within-grid
variability due to variations in lake properties, it is advantageous in robustly
identifying large-scale patterns of climate-induced changes. In this context,
ourwork plays a crucial role in a “hierarchy ofmodels” approach to evaluate
and comprehend how lakes respond to climate change. To address biases
stemming from the lack of resolution at critical scales, future simulations
conducted with three-dimensional models41–43 and high-resolution config-
uration data (e.g., transparency and bathymetry) are needed. Such endea-
vors fall beyond the scope of this study and will require collaborative efforts
within the research community in the future44,45. Despite the inherent
uncertainties and biases, this study provides invaluable insights into the
potential future changes in Northern Hemisphere lake ecosystems, with
significant implications for the ecological services provided by these lakes.

Methods
Lake model simulation
To elucidate forced changes in the phenology of lake stratification, we
employed the results of the Lake, Ice, Snow, and Sediment Simulator46

(LISSS), which is a 1-dimensional thermodynamic lakemodel embedded in
the CESM2 earth system model47. This lake model is fully coupled to the
atmospheric module with a 30-min integration time step and a horizontal
resolution of 0.9° × 1.25°. LISSS’s heat balance involves solar radiation
absorption, longwave radiation exchange, and sensible/latent heat flux
between the lake and atmosphere, with conduction transferring heat within
layers. The model uses non-vegetated surface formulations with aero-
dynamic resistances for the heat fluxes calculations. It is capable of simu-
lating vertical heat diffusion in the water column, the growth and decay of
lake ice cover, and represents snow superposed on ice cover. The water
mixing scheme includes wind-driven eddy diffusion, convective mixing,
molecular diffusivity, and enhanced eddy diffusivity in deep lakes. The
model takes the area-averaged depth of all known lakes48 as the modeled
water depth in individual grid cells and applies 10 vertical layers to represent
the water column in conjunction with representing 0-5 snow layers. When
ice cover is present, the wind stress driving water mixing is set to zero to
eliminate wind-driven mixing beneath the ice. This adjustment does not
affect the snow sublimation processes. Our simulation was conducted as
part of the CESM2 large ensemble project49, which represents the Earth
system evolution over 1850–2100 CE for 100 realizations (i.e., 100 mem-
bers) and is forced with an SSP370 emission scenario during the period of
2015–2100 CE (Supplementary Note 1). The range of variability of the
individual members is taken to represent the range of possible outcomes of
the Earth system, and the ensemble mean calculated for each timestep is
taken to represent the trajectory of the forced changes in the Earth system.
Thus, our simulations are particularly valuable in clarifying the role of
anthropogenic-induced climate change in the seasonality changes of lake
thermodynamics by deconvolving natural variability from anthropogenic
signal from local to global scale.

Categorization of stratification and overturning
In this study, a water column is classified as experiencing overturning if at
least one instance of full-column convection is detectedwithin any of the 48
half-hour time steps throughout the day. This categorization is based on a
diagnostic variable that tallies the number of layers affected by convection.
Complementing this process-based approach, we also utilized an empirical
method, as outlined by ref. 8, to assess lake water column stratification. This
method relies on daily mean lake water temperatures, which are accessible
within a 90-member subset of the CESM2 large ensemble project dataset.
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The water column is categorized as having summer stratification when the
surface is 1 °C warmer than the bottom and as having inverse stratification
when the bottom is 1 °C warmer than the surface of unfrozen layers.
Employing a 1 °C threshold for classifying lake stratification ensures that
all days not characterized by overturning are designated as stratified,
leaving no days uncategorized. We calculated the climatological mean of
the annual duration of stratification (i.e., the additive duration of summer
stratification and inverse winter stratification, hereafter referred to as
total stratification) and overturning in 1850–1860 when anthropogenic
forcing impacts on the Earth’s climate are minimal and we treated this as
representing the pre-industrial state. Subsequently we considered per-
turbations relative to the pre-industrial state for the cases where global
mean surface temperature reached 1.5 °C, 3 °C, and 4.5 °C, with these
warming levels being reached for the ensemble mean in 2029, 2067, and
2096, respectively.

Validation of lake simulation results
We evaluated the simulated ice phenology and lake surface temperature in
theCESM2 large ensemble (2001–2020) against satellite-based observations
(Supplementary Fig. S1). Since our model is embedded in a fully coupled
earth climate system, that means our model does not necessarily follow the
actual climate change trajectory due to natural variability of the climate
system. Therefore, we evaluated our results based on the climatological
meanof both simulation results andobservations.We identifymodel skill in
simulating the duration of ice cover (Supplementary Fig. S1a), the date of ice
on (Supplementary Fig. S1b), and the date of ice off (Supplementary
Fig. S1c) for a collection of 3102 ice-covered lakes in the Northern Hemi-
sphere covering the period from 2001-2020 (ref. 50). The three ice phe-
nology metrics have correlation coefficients larger than 0.9 between
simulations andobservations. The validation basedonobserved lake surface
temperature in summer (i.e., July, August, and September) from 1267 ice-
covered lakes in the Northern Hemisphere51 (Supplementary Fig. S1d) also
demonstrates the model’s simulation skill for lake temperature during the
ice-free season, with a correlation coefficient equal to 0.93 and a root mean
square error of 2.2 °C for the period of 1995–2012. The LISSS model’s
performance is on par with the most proficient lake models featured in the
ISIMIP2bdataset (Supplementary Fig. 7 in ref. 52; ref. 53). TheLISSSmodel
demonstrates a similar level of accuracy in predicting surface and subsurface
lake water temperatures (Supplementary Fig. 5 in ref. 52) when compared
to, for example, the Simstrat-UoGmodel. The Simstrat-UoGmodel, which
incorporates a turbulence closure scheme for lakemixing, has beenvalidated
against in-situ summer temperature observations (Supplementary Fig. 6
in ref. 52).

The LISSS model’s accuracy in simulating lake temperatures
throughout the year and at various depths in Lake Michigan (Supple-
mentary Fig. S2) and Sparkling Lake (Supplementary Fig. S3) was
assessed. Despite their size and depth differences, both lakes showed
simulated mixing layer depths close to observations during summer. In
autumn, Lake Michigan’s simulated mixing layer was slightly shallower
than observed, but the stratification and mixing states were accurately
captured. This discrepancy might be due to the model’s simplified wind-
driven mixing and lack of three-dimensional processes in large lakes.
Sparkling Lake’s observed fall overturning was accurately simulated, as
was Michigan’s winter overturning from January to April. Sparkling’s
winter inverse stratification was also well simulated. In spring, LISSS
effectively simulated Sparkling’s temperature profile, while Michigan
showed an earlier surface warming, leading to slightly stronger stratifi-
cation in May. This could affect projections of stratification duration.
Overall, LISSS accurately simulated the annual cycle of stratification and
overturning in both lakes, suggesting its appropriateness for global lake
stratification projections.

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

Data availability
Thedataset supporting thefigures in this study is publicly accessible and can
be retrieved from Zenodo at the following link: https://zenodo.org/records/
14209772 (ref. 54). The outputs of CESM2-LE are available at: https://www.
cesm.ucar.edu/projects/community-projects/LENS2/data-sets.html. The
satellite-derived lake surface temperature (ARC-Lake v3; Merchant and
MacCallum, 2018) used for the validation are accessed from https://
researchdata.reading.ac.uk/186/. The satellite-derived lake ice phenology
data50 used for the validationare accessed fromhttps://figshare.com/articles/
dataset/Global_annual_lake_ice_phenological_dataset_1861-2099/
19424801. The in-situ lake temperature data for Lake Michigan were
obtained from theNOAANational Centers for Environmental Information
Archives, with the accession ID 0190726. The in-situ lake temperature data
for Sparkling Lake were obtained from the Environmental Data Initiative
data portal55.

Code availability
The analysis and visualization codes are available from https://github.com/
geohuanglei/Lake_stratification_phenology and https://zenodo.org/
records/14209772 (ref. 54).

Received: 10 April 2024; Accepted: 4 December 2024;

References
1. Anderson, E. J. et al. Seasonal overturn and stratification changes

drive deep-water warming in one of Earth’s largest lakes. Nat.
Commun. 12, 1688 (2021).

2. Arhonditsis, G. B. et al. Effects of climatic variability on the thermal
properties of LakeWashington. Limnol. Oceanogr. 49, 256–270 (2004).

3. Austin, J. & Colman, S. A century of temperature variability in Lake
Superior. Limnol. Oceanogr. 53, 2724–2730 (2008).

4. Coats, R. J. et al. The Warming of Lake Tahoe. Clim. Change 76,
121–148 (2006).

5. Livingstone, D. M. Impact of Secular Climate Change on the Thermal
Structure of a Large Temperate Central European Lake.Clim. Change
57, 205–225 (2003).

6. Woolway, R. I. et al. Phenological shifts in lake stratification under
climate change. Nat. Commun. 12, 2318 (2021).

7. Grant, L. et al. Attribution of global lake systems change to
anthropogenic forcing. Nat. Geosci. 14, 849–854 (2021).

8. Woolway, R. I. & Merchant, C. J. Worldwide alteration of lake mixing
regimes in response to climate change.Nat.Geosci.12, 271–276 (2019).

9. Sharma, S. et al. Loss of Ice Cover, Shifting Phenology, and More
Extreme Events in Northern Hemisphere Lakes. J. Geophys. Res.
Biogeosci. 126, e2021JG006348 (2021).

10. Cohen, A. S. et al. Climate warming reduces fish production and
benthic habitat in Lake Tanganyika, one of the most biodiverse
freshwater ecosystems. Proc. Natl Acad. Sci. 113, 9563–9568 (2016).

11. Kraemer, B. M. et al. Climate change drives widespread shifts in lake
thermal habitat. Nat. Clim. Change 11, 521–529 (2021).

12. Hampton, S. E. et al. Ecology under lake ice.Ecol. Lett.20, 98–111 (2017).
13. Jansen, J. et al. Winter Limnology: How do Hydrodynamics and

Biogeochemistry Shape Ecosystems Under Ice? J. Geophys. Res.
Biogeosci. 126, e2020JG006237 (2021).

14. Kirillin, G. et al. Physics of seasonally ice-covered lakes: a review.
Aquat. Sci. 74, 659–682 (2012).

15. Swann, G. E. A. et al. Changing nutrient cycling in Lake Baikal, the
world’s oldest lake. Proc. Natl Acad. Sci. 117, 27211 (2020).

16. Winder,M. &Schindler, D. E. Climatic effects on the phenology of lake
processes. Glob. Change Biol. 10, 1844–1856 (2004).

17. Hou, X. et al. Global mapping reveals increase in lacustrine algal
blooms over the past decade. Nat. Geosci. 15, 130–134 (2022).

18. Finlay, K. et al. Decrease in CO2 efflux from northern hardwater lakes
with increasing atmospheric warming. Nature 519, 215–218 (2015).

https://doi.org/10.1038/s43247-024-01953-z Article

Communications Earth & Environment |           (2024) 5:773 8

https://zenodo.org/records/14209772
https://zenodo.org/records/14209772
https://www.cesm.ucar.edu/projects/community-projects/LENS2/data-sets.html
https://www.cesm.ucar.edu/projects/community-projects/LENS2/data-sets.html
https://researchdata.reading.ac.uk/186/
https://researchdata.reading.ac.uk/186/
https://figshare.com/articles/dataset/Global_annual_lake_ice_phenological_dataset_1861-2099/19424801
https://figshare.com/articles/dataset/Global_annual_lake_ice_phenological_dataset_1861-2099/19424801
https://figshare.com/articles/dataset/Global_annual_lake_ice_phenological_dataset_1861-2099/19424801
https://github.com/geohuanglei/Lake_stratification_phenology
https://github.com/geohuanglei/Lake_stratification_phenology
https://zenodo.org/records/14209772
https://zenodo.org/records/14209772
www.nature.com/commsenv


19. Jane, S. F. et al. Widespread deoxygenation of temperate lakes.
Nature 594, 66–70 (2021).

20. Adrian, R. et al. Lakes as sentinels of climate change. Limnol.
Oceanogr. 54, 2283–2297 (2009).

21. Huang, L. et al. Emerging unprecedented lake ice loss in climate
change projections. Nat. Commun. 13, 5798 (2022).

22. Magnuson, J. J. et al. Historical Trends in Lake and River Ice Cover in
the Northern Hemisphere. Science 289, 1743 (2000).

23. Salmi, P. & Salonen, K. Regular build-up of the spring phytoplankton
maximum before ice-break in a boreal lake. Limnol. Oceanogr. 61,
240–253 (2016).

24. Jeppesen, E. et al. Climate change impacts on lakes: an integrated
ecological perspective based on a multi-faceted approach, with
special focus on shallow lakes. J. Limnol. 73, 88–111 (2014).

25. Hampton, S. E. et al. Sixty years of environmental change in the
world’s largest freshwater lake – Lake Baikal, Siberia. Glob. Change
Biol. 14, 1947–1958 (2008).

26. Pilla, R. M. et al. Deeper waters are changing less consistently than
surface waters in a global analysis of 102 lakes. Sci. Rep. 10, 20514
(2020).

27. Woolway, R. I. et al. Winter inverse lake stratification under historic
and future climate change. Limnol. Oceanogr. Lett.7, 302–311 (2022).

28. Maberly, S. C. et al. Global lake thermal regions shift under climate
change. Nat. Commun. 11, 1232 (2020).

29. Li, X. et al. Earlier ice loss accelerates lake warming in the Northern
Hemisphere. Nat. Commun. 13, 5156 (2022).

30. Bruggeman, J. & Bolding, K. A general framework for aquatic
biogeochemical models. Environ. Model. Softw. 61, 249–265 (2014).

31. Janssen, A. B. G. et al. Exploring, exploiting and evolving diversity of
aquatic ecosystem models: a community perspective. Aquat. Ecol.
49, 513–548 (2015).

32. Boehrer, B. & Schultze, M. Stratification of lakes. Rev. Geophys. 46,
RG2005 (2008).

33. Gray, E. et al. Wide-spread inconsistency in estimation of lake mixed
depth impacts interpretation of limnological processes.Water Res.
168, 115136 (2020).

34. Read, J. S. et al. Derivation of lake mixing and stratification indices
from high-resolution lake buoy data. Environ. Model. Softw. 26,
1325–1336 (2011).

35. Wilson, H. L. et al. Variability in epilimnion depth estimations in lakes.
Hydrol. Earth Syst. Sci. 24, 5559–5577 (2020).

36. Heiskanen, J. J. et al. Effects of water clarity on lake stratification and
lake-atmosphere heat exchange. J. Geophys. Res.Atmos. 120,
7412–7428 (2015).

37. Kraemer, B. M. et al. Morphometry and average temperature affect
lake stratification responses to climate change. Geophys. Res. Lett.
42, 4981–4988 (2015).

38. Magee, M. R. et al. Trends and abrupt changes in 104 years of ice
cover and water temperature in a dimictic lake in response to air
temperature, wind speed, andwater clarity drivers.Hydrol. Earth Syst.
Sci. 20, 1681–1702 (2016).

39. Read, J. S. et al. Simulating 2368 temperate lakes reveals weak
coherence in stratification phenology. Ecol. Model. 291, 142–150
(2014).

40. Rueda, F. & Schladow, G. Mixing and stratification in lakes of varying
horizontal length scales: Scaling arguments and energy partitioning.
Limnol. Oceanogr. 54, 2003–2017 (2009).

41. MacKay, M. D. et al. Modeling lakes and reservoirs in the climate
system. Limnol. Oceanogr. 54, 2315–2329 (2009).

42. Wahl, B. & Peeters, F. Effect of climatic changes on stratification and
deep‐water renewal in Lake Constance assessed by sensitivity
studies with a 3D hydrodynamic model. Limnol. Oceanogr. 59,
1035–1052 (2014).

43. Zamani, B., Koch, M. & Hodges, B. R. A potential tipping point in the
thermal regime of a warmmonomictic reservoir under climate change

using three-dimensional hydrodynamic modeling. Inland Waters 11,
315–334 (2021).

44. Balsamo, G. et al. Satellite and In Situ Observations for Advancing
Global Earth Surface Modelling: A Review. Remote Sens. 10, 2038
(2018).

45. Hamilton, D. P. et al. A Global Lake Ecological Observatory Network
(GLEON) for synthesising high-frequency sensor data for validation of
deterministic ecological models. Inland Waters 5, 49–56 (2014).

46. Subin, Z. M., Riley, W. J. & Mironov, D. An improved lake model
for climate simulations: Model structure, evaluation, and
sensitivity analyses in CESM1. J. Adv. Model. Earth Syst. 4,
M02001 (2012).

47. Danabasoglu, G. et al. The Community Earth SystemModel Version 2
(CESM2). J. Adv. Model. Earth Syst. 12, e2019MS001916 (2020).

48. Kourzeneva, E. External data for lake parameterization in Numerical
Weather Prediction and climate modeling. Boreal Environ. Res. 15,
165–177 (2010).

49. Rodgers, K. B. et al. Ubiquity of human-induced changes in climate
variability. Earth Syst. Dynam. 12, 1393–1411 (2021).

50. Wang, X. et al. Continuous loss of global lake ice across two centuries
revealed by satellite observations and numerical modeling.Geophys.
Res. Lett. 49, e2022GL099022 (2022).

51. Merchant, C. &MacCallum, S. LakeSurfaceWater TemperatureARC-
Lake v3 (1995-2012) (University of Reading, 2018). Dataset. https://
doi.org/10.17864/1947.186.

52. Huang, L. et al. Emergence of lake conditions that exceed natural
temperature variability. Nat. Geosci. 17, 763–769 (2024).

53. Frieler, K. et al. Assessing the impacts of 1.5 °C global warming—
simulationprotocol of the Inter-Sectoral ImpactModel Intercomparison
Project (ISIMIP2b). Geosci. Model Dev. 10, 4321–4345 (2017).

54. Huang, L. Phenological changes in stratification and overturning of
Northern Hemisphere ice-covered lakes [Data set]. Zenodo. https://
doi.org/10.5281/zenodo.14209772 (2024).

55. Magnuson, J. J., et al. North Temperate Lakes LTER: High Frequency
Water Temperature Data - Sparkling Lake Raft 1989 - current ver 24.
Environmental Data Initiative. Dataset. https://doi.org/10.6073/pasta/
52ceba5984c4497d158093f32b23b76d (2023).

Acknowledgements
This work was supported by the National Natural Science Foundation of
China (Grant No. 42201049), the Open Research Fund of TPESER (Grant
No. TPESER202204), and a UKRI Natural Environment Research Council
(NERC) Independent Research Fellowship awarded to RIW [Grant No. NE/
T011246/1]. A.T., K.R. were supported by the Institute for Basic Science
(project code IBS-R028-D1). K.R. was also supported by the World
Premier International Research Center Initiative, MEXT, Japan. The
CESM2-LE simulations presented here have been conducted through a
partnership between the Institute for Basic Sciences (IBS) Center for
Climate Physics (ICCP) in South Korea and the Community Earth System
Model (CESM) group at the National Center for Atmospheric Research
(NCAR) in the US, representing a broad collaborative effort between sci-
entists from both centers. The simulations were conducted on the IBS/
ICCP supercomputer “Aleph”. L.H. acknowledges Sun-Seon Lee’s com-
ments on the manuscript and contribution to the post-processing of lake
model outputs.

Author contributions
L.H., R.I.W., A.T. initiated the project. L.H. provided the model projections.
K.R., and A.T. were instrumental in producing the large-scale simulations.
L.H. led the data analysis, the design of visualizations, and the writing of the
manuscript. All authors participated in discussions, revisions, and the final
production of this manuscript.

Competing interests
The authors declare no competing interests.

https://doi.org/10.1038/s43247-024-01953-z Article

Communications Earth & Environment |           (2024) 5:773 9

https://doi.org/10.17864/1947.186
https://doi.org/10.17864/1947.186
https://doi.org/10.17864/1947.186
https://doi.org/10.5281/zenodo.14209772
https://doi.org/10.5281/zenodo.14209772
https://doi.org/10.5281/zenodo.14209772
https://doi.org/10.6073/pasta/52ceba5984c4497d158093f32b23b76d
https://doi.org/10.6073/pasta/52ceba5984c4497d158093f32b23b76d
https://doi.org/10.6073/pasta/52ceba5984c4497d158093f32b23b76d
www.nature.com/commsenv


Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s43247-024-01953-z.

Correspondence and requests for materials should be addressed to
Lei Huang.

Peer review information Communications Earth & Environment thanks
Zach Feiner and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work. Primary Handling Editor: Alireza Bahadori. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to thematerial. If material
is not included in thearticle’sCreativeCommons licenceandyour intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2024

https://doi.org/10.1038/s43247-024-01953-z Article

Communications Earth & Environment |           (2024) 5:773 10

https://doi.org/10.1038/s43247-024-01953-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/commsenv

	Projected phenological shifts in stratification and overturning of ice-covered Northern Hemisphere lakes
	Results
	Spatial patterns of Northern Hemispheric stratification and overturning in ice-covered lakes
	Projected future changes in the duration of stratification and overturning
	Asymmetrical shifts in the phenology of summer stratification and overturning

	Discussion
	Methods
	Lake model simulation
	Categorization of stratification and overturning
	Validation of lake simulation results
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




