
https://helda.helsinki.fi

Strong UnderIce Heating of Central Asian Shallow 
Lakes
Huo, Puzhen; Lu, Peng; Leppäranta, Matti Juhani; Kirillin, Georgiy; Cheng, 
Bin ...

2025-07-28
John Wiley and Sons Inc.
http://hdl.handle.net/10138/602542
Huo, P, Lu, P, Leppäranta, M J, Kirillin, G, Cheng, B, Xie, F & Li, Z 2025, 'Strong Under
Ice Heating of Central Asian Shallow Lakes', Geophysical Research Letters, vol. 52, no. 
14, e2024GL114501. https://doi.org/10.1029/2024gl114501

Downloaded from Helda, University of Helsinki institutional repository. https://helda.helsinki.fi 
This is an electronic reprint of the original article. 
This reprint may differ from the original in pagination and typographic detail. 
Please cite the original version.

https://helda.helsinki.fi
http://hdl.handle.net/10138/602542
https://helda.helsinki.fi


Strong Under‐Ice Heating of Central Asian Shallow Lakes
Puzhen Huo1 , Peng Lu1 , Matti Leppäranta2, Georgiy Kirillin3, Bin Cheng4 , Fei Xie1, and
Zhijun Li1

1State Key Laboratory of Coastal and Offshore Engineering, Dalian University of Technology, Dalian, China, 2University
of Helsinki, Helsinki, Finland, 3Department of Ecohydrology, Leibniz‐Institute of Freshwater Ecology and Inland Fisheries
(IGB), Berlin, Germany, 4Finnish Meteorological Institute, Helsinki, Finland

Abstract Shallow lakes (<2 m depth) of Central Asian, receiving strong solar radiation and low
precipitation, are sensitive to atmospheric forcing because of their low heat capacity, yet their under‐ice thermal
conditions remain poorly investigated. We conducted the first complete ice season monitoring of Lake Ulansu
(Ulansuhai, Wuliangsuhai), revealing unique thermal behavior. The lake was salinity stratified (<3‰),
stabilizing the lower water layer and allowing the water temperature to reach 10°C before break‐up. The solar
radiation absorbed by the water (Qsw) drove the water–ice heat flux, with approximately 82% ofQsw returning to
the ice base, facilitating a rapid shift from convective mixing to stable stratification. These findings provide key
insights into the thermal regimes of Central Asian shallow lakes, informing climate models and ecological
assessments for more than 10,000 similar lakes in the region.

Plain Language Summary We conducted the first complete ice season monitoring of Lake Ulansu
(Ulansuhai, Wuliangsuhai), a shallow lake in Central Asia, using the floating remote observation system. We
found that after the lake froze, the water temperature quickly rose and remained unusually warm for more than
90% of the ice season due to salinity stratification. This warming was driven primarily by intense solar radiation
that penetrated the ice and was absorbed by the water body. Approximately 82% of the absorbed solar energy
was transferred back to the ice base, contributing to the water–ice heat flux (Fw). The seasonal average Fw was
27.2 W m− 2, substantially accelerating ice melt. The lake experienced rapid and substantial heat exchange with
the atmosphere before freeze‐up and after break‐up, highlighting the sensitivity of shallow lakes to
environmental changes. These findings emphasize the major role of solar radiation in controlling the under‐ice
thermal regime and provide crucial insights for predicting changes in more than 10,000 similar shallow lakes in
Central Asia.

1. Introduction
Globally, there are more than 250,000 water bodies with depths less than 2 m (Messager et al., 2016), 70% of
which undergo seasonal cycle of freezing and melting. More than 10,000 shallow lakes are located in Central Asia
(Messager et al., 2016), 98% of which experience seasonal ice cover. These shallow lakes play crucial roles in
hydrological (Pi et al., 2022), carbon (Du et al., 2023; Stepanenko et al., 2016), and climate processes (Filazzola
et al., 2020; Stepanenko et al., 2019). Their seasonal variations, especially in winter, alter the physical and
chemical properties of lakes, such as water temperature profiles (X. Li et al., 2022), nutrient availability (Zhou
et al., 2023), and dissolved oxygen levels (Ali‐Maher & Bengtsson, 2020; Perga et al., 2023), thereby affecting
ecosystem stability and productivity. These transformations directly impact the biological communities around
lakes (Ruhland et al., 2023).

The under‐ice thermal regime is key to understanding the seasonal variations in ice cover and lake water (B. Yang
et al., 2017). Existing studies on under‐ice physical processes have focused predominantly on Arctic and boreal
lakes (Bogdanov et al., 2023; Bouffard et al., 2019; Kirillin et al., 2015), where thick snow cover limits heat
sources primarily to sediment conduction (Kirillin et al., 2012; Salonen et al., 2010; Zdorovennova, 2009),
maintaining the water temperature below the maximum density temperature (Tm ≈ 3.98°C for fresh water) for
extended periods (Kirchner et al., 2024; B. Yang et al., 2021). Solar radiation penetration, and consequently
convective mixing within the water column, generally occurs during the late melt phase when snow cover di-
minishes (Klanten et al., 2024; Leppäranta et al., 2019). Similarly, studies on the Qinghai‒Tibet Plateau have
focused primarily on deep lakes, where high volumetric heat capacity delays warming above Tm until late melting
occurs (Kirillin et al., 2021; Lazhu et al., 2021). In contrast, shallow lakes in Central Asia, characterized by strong
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solar radiation and sparse snowfall, have lower volumetric heat capacities than deep lakes (Vanderkelen
et al., 2020), making them more responsive to weather variations. These conditions facilitate mixing throughout
the water column, possibly reaching the lake bottom (Kirillin & Shatwell, 2016), which significantly alters the
under‐ice thermal structure. Despite their physical regimes being distinct from those of deep lakes, the mecha-
nisms governing under‐ice heat transfer in shallow lakes remain poorly understood. This knowledge gap pri-
marily occurs due to the inherent challenges of conducting field observations during the ice season. Safety
concerns often restrict data collection to periods when the ice thickness is sufficient to support equipment and
personnel, whereas instruments are typically removed before the onset of ice decay to avoid damage
(Lu et al., 2020; Xie et al., 2022). Although remote sensing and numerical modeling provide alternative ap-
proaches, they often face limitations due to resolution constraints and parameter uncertainties (Su et al., 2020;
Wang et al., 2022).

In this study, an innovative floating remote observation system (FROS) is employed to conduct the first
comprehensive seasonal monitoring of Lake Ulansu (Ulansuhai, Wuliangsuhai). This system captures continuous
meteorological data and ice–snow environmental metrics, overcoming the limitations of traditional field obser-
vations (Xie et al., 2022). Our analysis focuses on evaluating under‐ice water temperature variations and the heat
balance of the water column. By quantifying the primary drivers of under‐ice thermal regimes, we provide novel
insights into the mechanisms of heat transfer beneath ice in shallow lakes in Central Asia.

2. Study Area
Lake Ulansu (40°46′–41°7′N, 108°41′–108°58′E) is located in Inner Mongolia, China, adjacent to the Yellow
River (Figure 1a). The north‒south elongated lake covers 306 km2. Approximately 40% of the lake area is open,
and the remaining lake area is covered by dense reed (Phragmites australis) stands (G. Li et al., 2025), providing a
vital habitat for various waterfowl and migratory birds. Transpiration from reeds, combined with lake evapo-
ration, exceeds regional precipitation by more than tenfold (F. Yang et al., 2016). The lake has an average depth of
1.6 m. It relies primarily on summer inflows from the Yellow River, whereas inflow and outflow are very small
during winter (Huang et al., 2022). In the last decade, Lake Ulansu has had an average annual ice duration of
4 months (Huo et al., 2022), significantly reducing air–water interactions and evaporation. Under ice‐free con-
ditions, salinity typically falls within 1.9 ± 0.6‰. As ice forms, salt exclusion and extensive freezing in this
shallow lake increase under‐ice salinity to 2.4–5.2‰, resulting in a stronger wintertime vertical salinity gradient
compared to the ice‐free season (F. Yang et al., 2016). The region experiences a temperate continental climate
with cold and dry winters. Over the past 80 years, the average air temperature and wind speed have reached 7.1°C
and 2.6 m s− 1, respectively (Huo, Lu, Cheng, et al., 2025). Situated at 1,050 m elevation, the lake receives
abundant sunshine, with an average annual solar radiation of 226 W m− 2. The annual precipitation is 310 mm,
which falls mostly in summer, and from January to March, only 6% of the total precipitation occurs.

3. Data and Methods
3.1. Field Observations

To investigate the life cycle of seasonal lake ice, we conducted observations during the 2022–2023 ice season in
Lake Ulansu. The FROS was deployed on 20 November 2022, enabling continuous monitoring of under‐ice
physical processes until 21 March 2023. This marked the first successful collection of complete meteorolog-
ical and ice‐season data, capturing the entire freezing–melting cycle of the lake (Figure 1b).

The FROS collected meteorological data, including air temperature, wind speed, and incident shortwave radia-
tion, using a compact weather station (MaxiMet GMX 501) positioned 2 m above the ice surface (see Xie
et al. (2022) for technical details). Reflected shortwave radiation was measured with a TBQ‐2 sensor (1 W m− 2

accuracy) approximately 0.85 m above the ice surface. The snow depth was monitored by an SR50A ultrasonic
sensor (1 cm accuracy) at the same height as the reflected shortwave radiation sensor. The temperature distri-
butions in water, ice and sediment were monitored using 16 platinum resistance sensors (PTWD, Jinzhou Sun-
shine Technology, 0.1°C accuracy) with spatial resolutions of 7–25 cm. Ice thickness was measured with a
Tritech PA500 ultrasonic sensor (2.5 mm accuracy) positioned 0.95 m below the ice surface.
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3.2. Heat Balance Beneath the Ice Cover

The heat balance at the ice–water interface expresses the water–ice heat flux Fw as the difference between the
conductive heat flux Fc at the ice base and the latent heat flux due to freezing or melting Fl (Aslamov et al., 2014):

Fw = − Fc + Fl = − κi
dTi

dz
|z=hi + ρiL f

∂hi
∂t

(1)

where κi is the thermal conductivity of ice, which is 2.1Wm− 1 °C− 1; Ti and hi are the temperature and thickness of
the ice, respectively; ρi is the ice density; and Lf is the latent heat of fusion of the ice. The vertical coordinate z is
defined as positive downward. The two key components Fc and Fl are derived from field observations (Figure 1b)
of the ice temperature gradient (dTi /dz ≈ ΔTi /Δz, Δz ≤ 10 cm) and changes in ice thickness (∂hi /∂t ≈ Δhi /Δt) at
the ice–water interface, respectively.

In ice‐covered aquatic basins, assessing the energy distribution within the water column is pivotal for compre-
hending its impact on the overall heat budget. The heat balance under the ice cover is driven by the solar radiation
absorbed by the water (Qsw), as described by the following equation:

Figure 1. (a) Locations of Lake Ulansu and the experimental sites visited over 3 years (the right image is from Sentinel‐2 on
1 January 2023). (b) Configuration of the floating remote observation system for field observations at Lake Ulansu in
2022–2023 ice season.
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Qsw = − Fw + FTw = − Fw + ρwcwhw
dTw

dt
(2)

where Fw is derived from Equation 1; FTw is the change in temperature of the water column; and ρw and cw are the
water density and specific heat, respectively. The total water depth at the location of the FROS is 1.35 m. The
effective water depth (hw) is calculated as hw = 1.35 − hi, with hi being measured using an ultrasonic ranging
sensor. Tw is the average water temperature. Changes in the water temperature (dTw /dt) are derived from field
observations. In Equation 2, two additional terms were not included: the heat conducted between the sediment and
the water column (Fsed ≈ κsedΔTsed

Δz , where κsed= 0.5Wm− 1 °C− 1, and Δz= 20 cm) and the heat flux attributable to

the change in water column thickness (Fhw = ρwcw (Tw − Tf)
dhw
dt , where Tf is the freezing point). These com-

ponents are one order of magnitude smaller than Qsw and are therefore considered negligible (Table S1 in
Supporting Information S1).

To provide an independent validation of Equation 2, Qsw can be estimated using the Beer–Lambert law, which
accounts for the optical properties of snow, ice, and water:

Qsw = Qs(1 − α)γe− λshs − λihi (1 − e− λwhw) (3)

where the incident shortwave radiation (Qs), lake surface albedo (α), and snow depth (hs) are derived from field
observations; the near‐surface transmittance coefficient (γ) is 0.5 (Lu et al., 2020); and the light attenuation
coefficients are 15 m− 1 for snow (λs) and 2.1 m

− 1 for both ice (λi) and under‐ice water (λw) (Cao et al., 2021;
Huang et al., 2021, 2022).

4. Results
4.1. Complete Freezing–Melting Process of Lake Ice

FromNovember 20 to 27, 2022, the daily average air temperature at LakeUlansu hovered around the freezing point
(Figure S1 in Supporting Information S1). On November 28, the temperature decreased to an average value of
− 7.4°C, while the wind speed increased to 4.3 m s− 1. The ice formed on November 29 (Figure 2a), when the
minimum instantaneous air temperature reached − 18.1°C. The ice thickness steadily increased over the next
24 days at a rate exceeding 0.5 cm d− 1 and reached 40 cm on the 28th day after freeze‐up. In December, the daily
average incident shortwave radiation was approximately 120 W m− 2 due to the low solar elevation angle. Addi-
tionally, the albedo remained relatively low at noon at approximately 0.2. A warm period in early January resulted
in a relatively stable ice thickness. However, on January 13, the air temperature sharply decreased to a minimum
value of − 20.0°C, and thewind speed peaked at 10.1m s− 1. Concurrently, brief snowfall lasting approximately 6 hr
deposited approximately 2 cm of snow, which led to a significant increase in surface albedo to 0.76. The sustained
strongwinds redistributed the snow cover across the lake surface. Consequently, by January 15, the snowdepth had
increased to 19 cm at the FROS, and the snow cover had persisted for 16 days (Figure 2a). Despite the gradual
increase in incident shortwave radiation, with instantaneous values exceeding 700 W m− 2 at noon, the high snow
albedo limited the solar heating of the lake. The third drop in air temperature occurred on January 22, with the
seasonminimum reaching − 26.7°C on January 24, thereby increasing the ice cover thickness to itsmaximumvalue
of 49.6 cm on February 1.

The air temperature and solar radiation gradually increased later in the season, causing the ice cover to melt. On
March 15, the ice melting rate reached a seasonal maximum of − 4.7 cm d− 1. Throughout the ice season, the
average air temperature was − 6.6°C, the average wind speed was 1.9 m s− 1, and the cumulative incident
shortwave radiation was 436.5 kWh m− 2. The ice duration lasted for 113 days, with an average ice thickness of
37.5 cm.

4.2. Under‐Ice Thermal Structure

Prior to ice formation, Lake Ulansu exhibited strong mixing across the entire water column due to surface cooling
and wind, rendering the shallow lake responsive to atmospheric forcing. The low water salinity (approximately
1.5‰) was evenly distributed by wind‐driven and convective mixing, having a minimal impact on stratification

Geophysical Research Letters 10.1029/2024GL114501
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(Guo et al., 2024; Shi et al., 2023). Over a 9‐day period (Figure 2b), the average water temperature decreased from
the maximum density temperature (Tm ≈ 3.76°C) to a temperature near the freezing point (Tf ≈ − 0.05°C). During
this cooling phase, the sediment temperature was higher than the water temperature and declined uniformly at a
rate of approximately 0.2°C d− 1, indicating substantial heat transfer from the sediment to the water column, which
was subsequently released to the atmosphere. The abrupt drop in air temperature to an average of − 7.7°C on
November 28 led to decreases in water and sediment temperatures of 1.1°C and 0.6°C, respectively, resulting in a
strong heat flux of >300 Wm− 2 from the lake to the atmosphere via longwave radiation and turbulent heat losses
(Table S2 in Supporting Information S1). At the start of ice cover formation the next day, the average water
temperature reached 0.3°C.

Ice formation insulated the water column from the atmosphere, reducing heat loss via evaporation and longwave
radiation. In turn, the newly formed thin and transparent ice permitted a substantial amount of shortwave radiation
to penetrate the water column to the sediment (Figure 2d). The shallow depth of Lake Ulansu facilitated rapid
increases in the water and sediment temperatures by solar radiation to the maximum density temperature within
1 week after both ice formation and thermal homogenization by free convection (Figure 2b). The bulk heating of
the water column increased the downward temperature gradient in the conduction layer (CL, defined as the extent
between the ice–water interface and the depth of the maximum water temperature) while reducing the CL
thickness. The average water temperature exceeded Tm within 10 days following ice formation. Consequently,
free convection gradually ceased, and the water column became stably stratified, with heat transfer being
dominated by shortwave radiation absorption and conductive heat transport from the sediment. This transition

Figure 2. 2022–2023 ice season processes at Ulansu Lake. (a) Snow depth (hs) and under‐ice temperature. (b) Average water
temperature (Tw) and sediment temperature (Tsed). (c) Conductive heat flux (Fc), latent heat flux (Fl), and water–ice heat flux
(Fw). (d) Solar radiation absorbed by the water column (Qsw), which is calculated via the water column heat balance method
(red line) and the Beer‒Lambert law (open circles).
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resulted in a stable stratified structure characterized by a CL thickness of 46.3± 4.5 cm and a temperature gradient
within the CL of 11.9 ± 1.4°C m− 1.

The onset of snowfall on January 13 increased the albedo and light attenuation, reducing the amount of solar
radiation absorbed by the water column (Figure 2d). Owing to heat loss through the ice cover, the tem-
peratures of both the water and sediment decreased, although insulation by snow reduced this loss. Conse-
quently, an increase in thickness and a reduction in the temperature gradient resulted in a CL. This process
persisted until the ice surface became bare when the CL reached a maximum thickness of 80 cm (Figure 2a),
corresponding to almost full‐depth conduction in the water column under the ice. However, when solar ra-
diation penetrating the ice increased, the water temperature of the lower layer rapidly rose, mitigating the
effects of snowfall events.

Near the maximum ice thickness, stable ice cover led to peak salinity (2–2.5‰) in the water column (Text S1 in
Supporting Information S1). This salinity induced density differences that exceeded the influence of temperature,
promoting stable stratification of the water column. During the late melting stage, continuous meltwater input
diluted the salinity of the upper layer, which supported the stability of stratification, while the water temperature
continued to increase. The average water temperature exceeded 6°C, and the temperature difference between the
water and sediment significantly narrowed. On March 9, at a depth of approximately 60 cm from the ice bottom,
the temperature in the water column peaked (Figure 2a). The temperature above this peak decreased because of
upward heat transfer toward the ice bottom. We hypothesized that the decrease in temperature below this peak
was influenced by the vertical distribution of solar radiation absorbed within the water column and by heat ab-
sorption through the sediment. The temperature changes before break‐up on March 21 further validated this
assumption, showing that the shallow sediment, after absorbing solar radiation and heat from the water column,
had temperatures higher than those of the bottom sediment. After the ice had completely melted, the water column
and sediment of Lake Ulansu released heat to the atmosphere over three days at an average rate of >100 W m− 2

through longwave radiation and turbulent heat losses (Table S2 in Supporting Information S1).

4.3. Heat Transfer in the Water Beneath Ice

The heat transfer at the ice–water interface Fc was considered critical for the freezing and melting of the
columnar congelation ice, Fl. In December, Fl remained consistently positive (Figure 2c), with an average
value of 42.3 W m− 2 corresponding to an ice growth of 1.2 cm d− 1 (Table S1 in Supporting Information S1).
The Fc transferred the latent heat released at the interface upward through the ice and eventually released it into
the atmosphere. This process was driven by the mean temperature gradient across the ice cover. The average Fc

in December was 58.2 W m− 2. From a physical perspective, the flux from water to ice, Fw, was determined by
the temperature gradient and flow within the CL beneath the ice. During the early ice growth phase, the water
column was characterized by rapid solar heating accompanied by convective mixing. As a result, in December,
Fw reached an average value of 15.9 W m− 2, which accounted for 27.3% of the heat conducted upward by Fc

and released into the atmosphere. During the melting period, the ice temperature approached an isothermal
state at the melting point, causing the Fc to reach zero and no heat conduction through the ice. Consequently,
Fw and the Fl became balanced. In March, Fw reached 75.6 W m− 2, corresponding to an ice melting rate of
approximately 2.2 cm d− 1. For the entire 2022–2023 ice season, Fw averaged 27.2 W m− 2, demonstrating a
continuous contribution of heat transferred through the CL to decelerate ice growth/accelerate ice melt at the
ice base.

The heat source in the heat balance of the under‐ice water column (Equation 2), that is,Qsw, balanced the heat sink
Fw. Despite the lower incident solar radiation in December, the thin ice cover allowed for greater absorption of
solar radiation (Figure 2d), with an average heat gain, FTw, of 5.6 Wm− 2, which was the highest monthly average
throughout the ice season. Furthermore, the temperature difference between the water column and the sediment
tended to stabilize (Figure 2b), leading to a continuous decrease in the Fsed during the ice season, from 1.7 Wm− 2

in December to 0.2Wm− 2 in March. Occasional snowfall events caused fluctuations in the FTw and Fw, primarily
due to a reduction in the Qsw. As the melting period progressed, the decrease in ice thickness was inevitably
accompanied by an increase in the Qsw, resulting in accelerated melting at the ice base. The average Qsw and FTw
values from the 2022–2023 ice season were 31.1 and 3.9 W m− 2, respectively.

Geophysical Research Letters 10.1029/2024GL114501
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5. Discussion
5.1. Uncertainties in Heat Flux Estimation

A comparative analysis of the results from the two methods (Equations 2 and 3) reveals a small average
discrepancy of 3.6 W m− 2 in the calculated Qsw values (Figure 2d) due to methodological differences. The un-
certainty of the Beer‒Lambert law used in Equation 3 refers mainly to constant extinction coefficients for snow,
ice, and water, which do not account for dynamic changes due to factors such as gas bubbles, colored dissolved
organic matter, particles, and chlorophyll throughout the ice season (Leppäranta, 2015). In contrast, the water
column heat budget approach (Equation 2) incorporates a broad range of thermal processes, including heat gain
FTw, source Qsw and sink Fw, allowing for a more comprehensive estimation of under‐ice heat fluxes. Fw values
are validated by comparing the cumulative external heat input with the observed changes in ice heat content
throughout the ice season, alongside the validation of the Fc results (Text S2 in Supporting Information S1).
While Equation 2 may slightly underestimate horizontal convection and diffusion, the Coriolis effect can be
relevant in lakes with significant horizontal depth variations (Ramón et al., 2021; Ulloa et al., 2019). However, in
the shallow Lake Ulansu, strong lateral temperature gradients are unlikely to develop, and vertical heat flux
dominates over advective processes (Huang et al., 2019; Kirillin et al., 2021). Thus, this method captures the
thermal variations that the Beer‒Lambert law may miss, providing a more detailed representation of the under‐ice
heat budget.

5.2. Water–Ice Heat Flux

Assessing the Fw in an ice‐covered lake is challenging, particularly in field settings where direct measurements of
the internal ice temperature distribution and the ice thickness are not available. Fw depends on the temperature
gradient at the ice–water interface:

Fw = κw
dTw

dz
|z=CL (4)

where κw = ρwcwkw is the effective conductivity and kw is the molecular diffusivity, which is 1.4 × 10− 7 m s− 2

(Bengtsson & Svensson, 1996; Shirasawa et al., 2006; Xie et al., 2023). In practice, the gradient at the interface is
often replaced with the mean temperature gradient across the CL, and kw is the effective diffusion coefficient
subjected to estimation from flow properties under ice (Leppäranta, 2015; Petrov et al., 2007). Our calculations
for the 2022–2023 ice season in Lake Ulansu revealed that the range of kw was 1.6 × 10− 7 to 3.3 × 10− 6 m s− 2,
with a mean value of 6.2 × 10− 7 m s− 2, indicating substantial variability that exceeds the traditional estimate. In
shallow lakes, such as Lake Ulansu, the limited depth facilitates efficient heat redistribution, leading to enhanced
mixing. Unlike deeper lakes, where stratification can strongly limit mixing, shallow systems are more susceptible
to dynamic thermal interactions driven by boundary fluxes. Moreover, in the presence of a bare ice surface, the
thermal heterogeneity within the CL is influenced by convection driven by solar radiation. This interplay results
in strong fluctuations in thermal diffusivity, as evidenced by our field observations, which static molecular
diffusion coefficients cannot adequately address.

Our analysis identified solar radiation as the primary driver of Fw in Lake Ulansu. By establishing a relationship
between Fw and Qsw (Figure 3a), we derived the following equation:

Fw = 0.82 Qsw + 1.71 (5)

Thus, 82% of the solar heat absorbed by the water column is transferred to the ice bottom. The intercept value of
1.71Wm− 2 is suggested to arise from the heat stored in the water body. To assess the robustness of this empirical
relationship, we applied it to data from the 2017–2018 and 2021–2022 ice seasons (Lu et al., 2020). The com-
parison between the Fw values derived from Equation 1 and those calculated using Equation 5 revealed a mean
absolute error of less than 6 W m− 2 (Figures 3b and 3c).

Building on the success of Equation 5 in Lake Ulansu, this relationship can be extended to other mid‐latitude lakes
in the Eurasian endorheic region, where high solar radiation in winter plays a key role, by accounting for dif-
ferences in lake optical properties and water depth. An unusually high proportion of solar radiation was converted
into Fw, which is a distinctive feature of shallow Central Asian lakes. For example, both Lake Ulansu and Lake
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BLH‐A (Huang et al., 2019) exhibit rapid heating of the under‐ice water following ice formation. This is driven by
strong solar input, thin and patchy snow cover, and low volumetric heat capacity, which allow these lakes to reach
Tm quickly, resulting in an immediate, strong, and sustained heat flux toward the ice bottom. In contrast,
freshwater lakes in the North European tundra (Leppäranta et al., 2019) typically transfer only about one‐third of
the transmitted solar radiation to the ice bottom during the melting period, with the remaining radiation heating
the water column. This discrepancy arises because, prior to the melting period, snow cover on the ice surface
blocks substantial solar radiation, resulting in colder initial water temperatures. Upon snowmelt, increased solar
penetration rapidly starts deepening convection in the water, reducing the proportion of radiation contributing to
Fw. In turn, deep mountain lakes on the Tibetan Plateau receive comparable solar radiation during winter but have
much higher volumetric heat capacity, which buffers temperature changes and delays the under‐ice water tem-
perature from exceeding Tm (Kirillin et al., 2021; Lazhu et al., 2021). According to Kirillin et al. (2021), the ratio
of Fw to Qsw in Tibetan lakes was 30% before the lake temperatures reach the Tm and reaches 63% afterward.
Therefore, shallow lakes like Lake Ulansu, with fast thermal responses and limited heat storage, consistently
exhibit a higher proportion of Qsw converted into Fw.

6. Conclusion and Outlook
We presented the first complete ice season monitoring of Lake Ulansu, a large shallow, saline lake in Central
Asia, using a FROS. Our observations captured unique thermal behavior within the ice–water–sediment system
driven by strong solar radiation and very limited snow accumulation. As a result of strong solar radiation and
salinity stratification, the average water temperature exceeded 4°C within just 10 days after freeze‐up and
approached 10°C before the ice break‐up, significantly exceeding any previously reported values in ice‐covered
lakes of Northern Hemisphere. Our analysis revealed low (<2 W m− 2) heat conduction from sediment to water,
while solar radiation absorbed by the water was the primary driver of water–ice heat flux Fw. Approximately 82%
of an absorbed solar heat was returned to the ice base, producing the average Fw of 27.2Wm− 2, increasing to over
100 W m− 2 in the late melting phase. The results highlighted the crucial importance of parameterizing Fw in
thermodynamic models for adequate simulation of land–atmosphere interactions in cold and arid climate zones.
Efficient solar energy transmission beneath ice affected thermal stability, ecosystem dynamics, and primary
productivity, contributing to regional climate feedback. Future research should apply these findings to other lake
systems, considering variations in optical properties and heat capacities to enhance predictive accuracy in
cryospheric studies.

Data Availability Statement
The data presented in this study, including meteorological, ice, snow, and water parameters in Lake Ulansu, are
available in Huo, Lu, Leppäranta, et al. (2025).

Figure 3. (a) Relationships between Fw and Qsw during the 2022–2023 ice season. (b–c) Comparison of fitting and field observations for Fw during the 2017–2018 and
2021–2022 ice seasons.
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