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Climate change is profoundly altering natural environments, 
with lake ice cover being one of the most affected phenomena 
[1]. These alterations manifest as a delay in ice formation, an ear-
lier occurrence of complete ice cover, and a shorter duration of the 
ice cover season [2]. As global warming proceeds, the duration of 
lake ice cover is significantly shortened, leading to extended 
ice-free periods. The increased exposure of lake surfaces to the 
atmosphere not only intensifies heat absorption, resulting in more 
pronounced water stratification, but also potentially alters water 
circulation and nutrient distribution, further impacting the lake’s 
ecological dynamics and biogeochemical processes [3]. These alter-
ations may also trigger earlier algal blooms, lead to water quality 
deterioration, and cause a restructuring of aquatic food webs [4]. 
The ecological and socioeconomic impacts of these changes are 
profound, with some potentially irreversible consequences under 
certain conditions [4]. In China, observations suggest a decrease 
in the duration of lake ice cover and an increase in the number 
of lakes that no longer freeze due to climate change [5]. This trend 
presents significant challenges to lake ecosystems and related 
human activities, including fishing, transportation, and tourism. 
In northern regions, where lake ice cover is of substantial cultural 
and economic importance, its reduction could adversely impact the 
livelihoods and traditional lifestyles of local communities [6]. 

While the phenology of ice cover in large lakes has received 
considerable attention, the intuitive spatial distribution of China’s 
ice lakes and their status over time remains unclear since we cur-
rently lack the ability to model ice phenology for all lakes [2]. Here 
we propose the concept of an ‘ice-lake line’ (ILL) to delineate the 
distribution of frozen lakes, marking the latitude below which 
lakes cease to freeze. The ILL is defined as the lowest latitudinal 
connection of frozen lakes in each longitude group. As an indicator 
and recorder of rapid climate warming, the ILL stands as a succinct 
and intuitive representation for discerning the icing status of lakes. 
In addition to providing a scientific basis for decision-making by 
lake management authorities, it can also offer easily accessible 
information for non-specialists [6]. It serves not only as a demarca-
tion line of natural geography but also of human geography, 
unveiling disparities in winter temperatures, transportation, cul-
ture, and recreation between the two sides of the ice line in China
[6]. Therefore, accurately revealing the changes in the structure
and pattern of ILL is of great significance in scientifically assessing
the response of lake systems to climate change. Nevertheless, there
remains an ambiguity regarding the historical changes in the ILL,
and their prospective evolution under climate change [2]. Consid-
ering the heightened vulnerability of lake ecosystems and the
invaluable ecosystem services they provide, this knowledge gap
presents a notable concern [6].

In this study, we quantified the historical variations in ILL, as 
well as ice phenology, across China’s lakes and projected future 
variations in both. We applied the methodology proposed by Lay-
den et al. [7] to define the ice-cover period for lakes as consisting of 
over 10 consecutive days with lake surface water temperature 
(LSWT) below 1 °󠇣C. The ‘ice-on date’ indicates the beginning of this 
period after July 1st, while the ‘ice-off date’ marks its conclusion. 
The threshold of 1 °󠇣C rather than 0 °󠇣C was adopted to take into 
account when the lake is partially frozen, in which case the average 
LSWT will be slightly higher than 0 °󠇣C. Lakes that met the criteria 
for ice formation, with LSWT down to 0 °󠇣C, were classified as com-
pletely frozen lakes for the year (Fig. S1 online). We analyzed 1705 
lakes with at least one year of ice cover between 1980 and 2021, 
defining those with at least 7 years of ice cover per decade as fro-
zen for that decade. 

The ILL of normally frozen lakes has experienced a noticeable 
shift between 1980 and 2021. Specifically, the average latitude of 
the Chinese ILL of normally frozen lakes shifted northward from 
32.10°󠇣N in 1980–1989 to 32.42°󠇣N in 2010–2019, i.e., it shifted 
northward by an average of 0.32°󠇣 (approximately 35.58 km) over 
the past 40 years (Fig. 1, Table S1 online). Our analysis demon-
strates that the ILL of normally frozen lakes tends to manifest at 
lower latitudes in the west and at higher latitudes in the east, 
and delineates different patterns of spatial variability across China. 
This is largely due to the effect of altitude, with the western part of 
China situated on the Tibetan Plateau, also known as the ‘‘Roof of 
the World”, while the eastern part is dominated by vast plains. 
Lake ice persists for a long time at high altitudes and is unlikely 
to transform from a frozen state in winter to an ice-free state dur-
ing historical climate change.
ing, and 
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Our analysis suggested that lake ice phenology varied consider-
ably from 1980 to 2021 in all studied lakes. Specifically, the date of 
ice-on has been delayed by 9.7 (2.0, 14.7) d, the date of ice-off has 
advanced by 12.7 (6.3, 12.3) d, and the ice duration shortened by 
20.7 (11.7, 34.7) d (Fig. S2 online). The statistics described here 
represent the median and interquartile range (25th and 75th per-
centiles) for all study lakes, rather than the mean and standard 
deviation, which were chosen to prevent lakes experiencing partic-
ularly dramatic phenological changes from skewing the results. 
Lake ice phenology has undergone rapid changes over the historic 
period, with rates of 1.1 (0, 1.9) d/(10 a) for the date of ice-on, 
1.9 ( 2.8, 1.0) d/(10 a) for the date of ice-off, and 3.5 ( 4.7, 
2.2) d/(10 a) for the duration of ice cover, with approximately 

39 studied lakes that froze in 1980–1989 no longer freezing three 
decades later in 2010–2019. These results demonstrated a remark-
able agreement with the lake ice phenology datasets from the Tibe-
tan Plateau and the Northern Hemisphere in previous studies 
(Fig. S3 online, refer to Supplementary Material online for details). 
Average humidity is the most crucial factor affecting lake ice thick-
ness and stability by influencing evaporation and condensation 
processes on the ice surface. In high latitudes, frequent cold air 
activity, high albedo, and average precipitation significantly impact 
the formation and melting rates of lake ice (Fig. S4 online). 

By the end of this century (i.e., 2090–2099), we predict that the 
number of lakes that freeze in winter will be approximately 3, 77, 
226, and 393 less than in 2020–2029 under emission scenarios 
SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5, respectively (Fig. 1). 
Correspondingly, the average latitude of the ILL of normally frozen 
lakes will move to 33.97°󠇣N, 34.72°󠇣N, 35.30°󠇣N, and 35.75°󠇣N, respec-
tively. This is a northward shift of 1.86°󠇣, 2.61°󠇣, 3.20°󠇣, and 3.65°󠇣 (ap-
proximately 206.82, 290.22, 355.82, and 405.86 km) compared 
with the average latitude of the ILL of normally frozen lakes in 
1980–1989, respectively. The ILL of completely frozen lakes will 
shift northward by 2.99°󠇣, 3.93°󠇣, 4.42°󠇣, and 4.86°󠇣 (approximately 
332.47, 437.00, 491.48, and 540.41 km) in 2090–2099 compared 
with that in 1980–1989 under the four emission scenarios, respec-
tively. The fact that the northward migration of the ILL of com-
pletely frozen will be more rapid compared with the ILL of 
normally frozen lakes suggests that there will be an increasing 
number of incompletely frozen lakes in the future. Under the high-
est emission scenario (SSP5-8.5), the ILL of normally frozen lakes 
and completely frozen lakes, in 2020–2099 will shift about 10.5 
and 12.3 times the distance and 2.9 and 3.7 times the speed of 
the historical period (11.81 km/(10 a) and 13.51 km/(10 a)), 
respectively. 

Future simulations suggest a further reduction in lake ice dura-
tion, with decreases of 7.0 (0, 13.7) d under SSP1-2.6, 17.0 (6.3, 
31.3) d under SSP2-4.5, 46.0 (22.7, 66.7) d under SSP3-7.0, and 
53.3 (23.3, 77.7) d under SSP5-8.5 compared with 2010–2019 
(Fig. S5 online). The rate of change in the date of ice-on would be 
about 2.8 (1.8, 5.2) d/(10 a), 4.1 ( 5.9, 1.5) d/(10 a) in the trend 
of the ice-off date, and 7.6 ( 10.4, 3.3) d/(10 a) in the trend of 
the ice duration under SSP5-8.5, approximately twice that of the 
historical period. 

Ice cover is an essential component of lake function and inter-
acts with numerous physical, chemical, and biological processes 
[8]. The loss of ice cover will decrease the reflectivity of the lake 
3

Fig. 1. Shifts of ice line across lakes in China under different scenarios. Spatial patterns 
grey line), and 2090–2099 under SSP1-2.6 (solid green line) (a), SSP2-4.5 (solid blue line) 
represents the ILL for completely frozen lakes in 2090–2099 for the corresponding scenar
2099, where the dots with bolded borders indicate lakes that did not freeze completely in
change in the number of normally frozen and incompletely frozen lakes per year from 1
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surface, allowing greater absorption of solar radiation. This 
increase in absorbed heat leads to higher LSWT and increased 
evaporation. As a result, these changes contribute significantly to 
variations in water storage in lakes [9]. Global annual lake evapo-
ration rates will increase by 27% under Representative Concentra-
tion Pathway (RCP) 8.5 [10]. In addition, thermal stratification in 
lakes that experience one or two mixing events per year may occur 
earlier and with greater stability [11]. The earlier release of nutri-
ents from sediments into the water column due to stratification 
can significantly alter the species composition and succession of 
the phytoplankton community. When coupled with warmer LSWT 
and increased dissolved oxygen, this shift often favors cyanobacte-
ria as the dominant species. Consequently, advanced cyanobacte-
rial blooms can occur, disrupting the diversity and stability of 
lake ecosystems [4,8]. For instance, the years without freezing in 
two Swedish lakes were characterized by higher LSWT and greater 
primary production [12]. Strong stratification may also lead to 
hypoxia in deep lakes. Therefore, oxygen-sensitive aquatic organ-
isms in deep and cold lakes may be exposed to a risk of habitat loss 
and mortality [3]. Completely frozen lakes and partially frozen 
lakes exhibit markedly different physical, chemical, and biological 
characteristics during winter. Completely frozen lakes present a 
more isolated environment, with faster oxygen depletion and sig-
nificantly reduced biological activity. These differences have 
important implications for the overall health and structure of the 
lake ecosystem. 

The loss of lake ice cover in China may have a wide-ranging 
impact on 747 million people in up to 18 provinces. Vulnerable 
social services include freshwater supply, transportation, tourism 
and fisheries [6,13] can be impacted by the loss of lake ice. The loss 
of lake ice cover may also result in reduced freshwater supplies to 
neighboring cities due to increased evaporation [14]. The frozen 
lakes often serve as winter transportation routes in frigid regions, 
facilitating the transport of goods and the movement of people 
[6]. If lakes no longer freeze, alternative transportation may be 
needed, which can increase the cost of transportation and affect 
the stability of the transportation system [6]. For communities that 
depend on fisheries for subsistence, anglers may be challenged 
with reduced income if winter fishing is limited due to loss of ice 
cover, thus affecting their livelihoods and the economic circum-
stances of their communities [15]. Ice activities like ice fishing 
and skating are crucial for winter recreation and community cul-
ture. The disappearance of ice cover would severely impact tour-
ism, regional economies, and the social and cultural life of local 
residents [13]. Overall, the northward shift of available lake ice 
may trigger a range of economic, social, and cultural changes, 
and the rapid disappearance of lake ice in areas characterized by 
strong winter cultures underscores the urgency of this threat 
under climate change [1,4,13]. 

Future research should focus on the change in ice cover under 
climate change across a range of lake types and geographic loca-
tions, with an emphasis on the impact of topography on ILL move-
ment. This will enhance our understanding of how the reduction of 
frozen lakes affects regional ecological balance, especially in cold 
mountainous regions, with implications for biodiversity, water 
quality, and habitat. Moreover, it will provide insights into the 
socio-economic impacts on the communities that depend on these 
of ILL for normally frozen lakes in 1980–1989 (solid purple line), 2010–2019 (solid 
(b), SSP3-7.0 (solid orange line) (c), and SSP5-8.5 (solid red line) (d). The dashed line 
ios. The color of dots indicate the average duration of ice in the study lakes in 2090– 
 2090-2099. For longer durations, the dots get darker blue. (e–h) and (i–l) denote the 
980 to 2099 under the four scenarios, respectively.
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lakes. Policymakers can use these findings to strengthen climate 
adaptation measures and ensure regional socio-economic stability 
while protecting lake ecosystems. 

Our analysis illustrates the impact of climate change on the ILL 
and lake ice phenology across large spatial and temporal scales, 
highlighting the specific challenges that lake ecosystems and the 
communities reliant on them will face as climate change intensi-
fies. These findings are of significant scientific value and offer cru-
cial insights for practical application. The smaller shifts in lake ice 
phenology and the ILL under low emission scenario further under-
score the effectiveness and necessity of climate mitigation efforts. 
Immediate action is essential to develop and enforce more strin-
gent climate policies, aimed at protecting lake ice cover and pre-
serving the balance and stability of global ecosystems. 
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cds.climate.copernicus.eu/cdsapp#!/dataset/10.24381/cds. 
e2161bac?tab=overview; 

The NEX-GDDP-CMIP6 data are available at https://doi.org/10. 
7917/OFSG3345; 

Landsat LSWT data are available at https://develop-
ers.google.com/earth-engine/datasets/catalog/; 

HydroLAKES dataset is available at https://www.hydrosheds. 
org/pages/hydrolakes; 

GSWO are available at https://developers.google.com/earth-
engine/datasets/catalog/JRC_GSW1_3_GlobalSurfaceWater. 
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Air2Water source codes are available at https:// 
github.com/marcotoffolon/air2water. 

The source codes used in this study are publicly available at 
https://github.com/arielwwj/Ice-lake-Line. 

Appendix A. Supplementary material 

Supplementary data to this article can be found online at 
https://doi.org/10.1016/j.scib.2024.12.013. 
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