
1.  Introduction
The Tibetan Plateau (TP) has widely and densely distributed alpine lake systems (Zhang, Chen, et al., 2020), 
which greatly influence the regional weather and climate mainly via altering the turbulent flux exchanges at the 
lake-air interface (Su et al., 2020; Wu et al., 2019, 2020). Due to the harsh winter condition over TP, these alpine 
lakes are usually ice-covered for 4–5 months in a year (Kirillin et al., 2017). The formation and ablation of ice 
play a vital role in determining the lake-air interactions and thus the thermo-hydrodynamics (Bai et al., 2020; 
Jansen et al., 2021). Ice cover inhibits the moisture, heat, and momentum fluxes between water and air, leading 
to delayed lake warming, weakened circulations, as well as potential shifts in a wide range of biogeochemical 
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processes (Fujisaki et al., 2012, 2013; Woolway & Merchant, 2019; Woolway et al., 2021). In addition, lake ice 
has been identified as an essential climate factor in understanding and predicting the evolution of hydroclimate 
and environment over TP (Zhang, Yao, et al., 2020), one of the most sensitive regions to global climate change 
(Yao et al., 2012, 2019). Addressing the spatiotemporal variations of ice cover and the underlying mechanisms is 
crucial for advancing the knowledge of the TP ice-lake systems due to the thermo-hydrodynamic and ecological 
relevance.

Recognizing the importance, various research projects have promoted the establishment of meteorological and 
hydrological stations in several large lakes over TP, which effectively enriched the continuous monitoring of water 
temperature profiles, turbulent fluxes, ice/snow process and under-ice thermodynamics (Biermann et al., 2014; 
Li et al., 2015; Qu et al., 2012; Wang et al., 2019, 2020). Field measurements over Lake Ngoring, the largest 
freshwater lake over TP, showed that the ice surface albedo is generally less than 0.3, lower than that observed 
in temperate plain lakes or estimated using common ice-albedo parameterizations (Li et  al., 2018). This was 
attributed to the strong blowing snow effect and less snow cover over TP lakes. Similar phenomenon of reduced 
ice albedo was reported for Lake Aksai Chin, Lake Zhari Namco, Lake Qinghai, Lake Jingyu and Lake Nam 
Co (LNC; Lang et al., 2018). During the ice melting phase, the rapid under-ice water warming and stratification 
development were reported to widely occur in TP lakes (Huang, Zhang, et al., 2019, Huang, Lazhu, et al., 2019; 
Kirillin et al., 2021; Lazhu et al., 2020). This was related to the easy penetration of solar radiation through the 
highly transparent ice, as noted in previous studies (e.g., Birge, 1910; Woodcock, 1965). In addition to in situ 
observations, active/passive microwave and multispectral remote sensing technologies have been utilized to moni-
tor the lake ice over TP since the 1980s, with the main focus on the interannual variations of ice phenology from 
the lake-averaged perspective (Cai et al., 2019; Kropacek et al., 2013; Yao et al., 2016). An important consensus 
is that most TP lakes, that is, Lake Qinghai (Cai et al., 2017; Qi et al., 2019, 2020) and LNC (Gou et al., 2017; Ke 
et al., 2013), are undergoing substantial alternations in ice phenology, featured by delayed freezing, shortened ice 
duration, and earlier thawing in response to regional air warming. However, limited by the inadequate space-time 
resolutions and cloud contamination of satellite-derived images (Guo et al., 2018), analyses with the images only 
are inadequate to address the space-time variations of ice cover and the underlying mechanisms.

Three-dimensional (3-D) coupled hydrodynamic-ice models serve as effective tools to study the large lake-ice 
systems, for example, the Laurentian Great Lakes, where the ice cover features strong spatial variability and large 
interannual variability in its seasonal cycles (Lin et al., 2022; Wang et al., 2012). Wang et al. (2010) developed a 
Great Lakes Ice-circulation Model (GLIM) and carried out a hindcast simulation with a 2-km horizontal resolu-
tion for the 2003–2004 ice season of Lake Erie. The model results were analyzed to study the ice variation, as well 
as its impacts on variations of the thermal structure, circulation, and water level. Ongoing ice modeling studies 
reveal that the strong interannual variability of ice in the Laurentian Great Lakes is sensitive to the air tempera-
ture variability under the modulation of climate teleconnection patterns (Fujisaki et al., 2013). During the years 
with lower ice coverage, the lake circulation and the water level including waves and seiches are more energetic 
due to the decreased strength of ice-water stress and wave-ice interactions (Bai et al., 2020; Fujisaki et al., 2012). 
With the long-term decline in ice cover for all of the Laurentian Great Lakes (Austin & Colman, 2007; Bai 
et al., 2012), considerable changes in lake physical structure (e.g., thermal structure and circulation) and ecosys-
tems are expected to occur more frequently. White et al. (2012) applied the Regional Oceanic Modeling System 
(ROMS) that includes ice and biogeochemical components to Lake Superior. The analysis of the simulation 
results revealed the correspondence among the increasing annual air temperature, decreasing winter ice-cover, 
and increasing annual water temperature and gross primary productivity. Furthermore, the hydrodynamic-ice 
model has been coupled to an atmosphere model to account for lake-air interactions to improve the regional 
climate simulations over Laurentian Great Lakes (Fujisaki et al., 2020; Sun et al., 2020; Xue et al., 2017).

Encouraged by the lake-ice modeling studies on Laurentian Great Lakes, a hydrodynamic-ice model is adopted 
in this study to carry out multi-year simulations of lake thermo-hydrodynamics and ice in LNC, the third largest 
lake located over TP. This study extends the previous work of Wu et al. (2021) that is based on the 3-D hydro-
dynamic Princeton Ocean Model (POM) without including the ice component. Based on the simulation for the 
ice-free phase within 1 year, Wu et al. (2021) revealed the effect of the lateral water heat transport in determining 
the spatial variability of lake thermal structure and the important role of the prevailing southwesterly wind in 
inducing the lake circulation in LNC. However, for this large lake-ice system with 5 months of ice coverage, three 
key questions remain to be addressed: (a) what are the spatiotemporal variations and driving mechanisms of ice? 
(b) how does the presence of ice affect the lake thermo-hydrodynamics? And, (c) is there interannual variability 
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of the lake circulation during the ice-free phase and what are the influenc-
ing factors? To address the above questions, we apply a three-dimensional 
lake-ice coupled model, for the first time, for multi-year simulations in LNC. 
In this paper, we focus on verifying the model performance and analyzing 
the spatiotemporal variations of ice cover and the underlying mechanisms. A 
companion paper will analyze the interannual variations of lake circulation 
and thermal structure.

In the remaining parts of this paper, after introducing the data and model 
setup (Section 2), model performance will be extensively verified with avail-
able in situ and satellite-derived observations (Section  3); model analyses 
will be carried out to quantify the space-time variations of ice concentration, 
thickness, drift, and phenology, and to explore the underlying mechanisms of 
these variations (Section 4); the advantages of 3-D versus one-dimensional 
(1-D) models, including the ice dynamics for ice simulation and the coupling 
of ice for lake hydrodynamic simulation, as well the model limitations of this 
study, will be discussed (Section 5); and finally, the main findings of this 
study and recommendation for future studies will be provided (Section 6).

2.  Data and Model Setup
2.1.  Study Area

According to the spatial distribution maps of lakes over TP (Figure 1; Zhang 
et al., 2019; available at https://data.tpdc.ac.cn/en/), LNC (30.50°N–30.92°N, 
90.27°E−91.05°E; approximately 4,730  m above sea level) is the third 
largest lake. It is located at the northeastern foot of the elevated Nyain-
qentanglha Mountains (∼6,000  m altitude) over central TP.  LNC has a 
surface area exceeding 2,000  km 2 and a maximal depth of ∼99  m (Wang 
et al., 2009, 2019). LNC is a typical dimictic lake, with a thermally stratified 
phase during June-October and an ice-covered phase during January–April. 
The Nam Co basin is climatically influenced by the summer southwesterly 
and winter westerly wind (Wang et al., 2020; You et al., 2007).

2.2.  Data Sets and Methods

The in situ and satellite-derived data sets used to verify the model forcing 
and simulation results are summarized in Table 1, with the details listed as 
follows:

1.	 �Daily meteorological records from the integrated observation and research station of multiple spheres in LNC 
(30.77°N, 90.99°E, red star in Figure 1b). Available surface meteorological parameters include near-surface 

Figure 1.  (a) Spatial distribution of land topography and lakes (lightblue 
colored areas) over TP. (b) Bathymetry of LNC with 1 km horizontal 
resolution. The darkgreen and red stars represent the LNC mooring site and 
the weather station, respectively. The navy-blue star denotes the mean location 
of the ice thickness observation transect. The black rectangle box outlines the 
eastern LNC (30.8–30.9°N, 90.9–91.0°E) used for analysis shown in Figure 5.

Data type Description Location or spatial resolution Temporal resolution Length

In situ Meteorological records (30.77°N, 90.99°E) Daily 2005–2016

Water temperature profile (30.76°N, 90.78°E) Daily 2011–2014

Ice thickness transect Centered around (30.80°N, 90.97°E) ∼biweekly 2007–2011

Satellite remote sensing Lake surface temperature based on MOD11A1 Lake-mean Daily 2000–2017

Surface reflectivity from MOD09GQ 250 m Daily 2000–2023

Meteorological reanalysis CMFD 0.1° 3-hourly 1979–2018

ERA5_Land 0.1° Hourly 1950–2023

Table 1 
Descriptions of the Data Sets Used in This Study
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radiation, relative humidity, air temperature, pressure, and wind speed during 2005–2016 (https://data.tpdc.
ac.cn/en/, Wu, 2018).

2.	 �Daily water temperature profiles from a mooring site located in the eastern part of the central basin of LNC 
(30.76°N, 90.78°E, darkgreen star in Figure 1b). Available data were sampled at depths of 3, 6, 16, 21, 31, 36, 
56, 66, and 83 m during 2011–2014 (https://data.tpdc.ac.cn/en/, Wang, 2020).

3.	 �Ice thickness observations along a transect located near the southeastern shore of LNC. During 2007–2011, 
the ice thickness measurements began after the lake was completely frozen during early January, and ended 
when the ice started to break up in early April, with sampling intervals of ∼2 weeks. At each sampling 
date, the sampling usually started from near the southeastern shore and extended 2 km northeastward, with 
the transect located around (30.80°N, 90.97°E) (navy-blue star in Figure 1b). The ice thickness observa-
tions did not account for the ice composition and the snow depth on ice. More details are described in Qu 
et al. (2012).

4.	 �Daily lake-wide mean surface temperature (LST) over LNC obtained from an integrated data set for 160 lakes 
across the TP. Note that the LST is the average of water surface temperature and ice surface temperature, 
weighted with the ice concentration. The data set includes daytime, nighttime, and daily mean LST during 
2000–2017 retrieved from MOD11A1 (https://doi.org/10.5281/zenodo.5111400, Guo et al., 2021). The data 
set has been well verified with other satellite-based LST products and is valuable for investigating the long-
term LST variability across TP.

5.	 �The estimated daily surface reflectivity for the red (620–670 nm, band 1) and near-infrared (841–876 nm, 
band 2) bands from the MOD09GQ version 6 product (Vermote & Wolfe, 2015). The product is in the sinu-
soidal projection and has a resolution of 250 m. As the red/near-infrared reflectance of ice is far higher than 
that of water, the lake ice is detected by compositing the nearly cloud-free surface reflectivity images with the 
order of band 1-2-1 on the Google Earth Engine platform (Kumar & Mutanga, 2019).

Finally, the China Meteorological Forcing Data set (CMFD), which was documented to be well-suited for land 
and hydrological modeling over China, is utilized as the meteorological forcings to drive the three-dimensional 
lake-ice coupled model. CMFD includes the surface downward shortwave and longwave radiation, surface air 
pressure, 2-m air temperature and relative humidity, and 10-m wind speed during 1979–2018 at 3-hourly inter-
vals and with a horizontal resolution of 0.1° (https://data.tpdc.ac.cn/en/, He et al., 2020). Figure 2a–2e show that 
CMFD is consistent with the time evolution and magnitudes of the in situ observations of surface downward 
shortwave and longwave radiation, 2-m air temperature and relative humidity, whereas it underestimates the 10-m 
wind speed. Because CMFD is a fusion product assimilating a vast amount of land-based observations, the under-
estimation of over-lake wind speed is likely at due to neglecting the wind acceleration over the lake due to the 
reduced surface roughness compared with on land. Thus, the over-lake wind speed (Y) is obtained by adjusting the 
CMFD wind speed (X) according to Y = 1.17X + 1.62 as suggested by Hsu (1988), whose applicability was well 
verified among 244 globally distributed large lakes by Layden et al. (2016), and among 94 large lakes in China 
by Huang, Wang, et al. (2021). From Figure 2e, the corrected time series match well with the in situ observations, 
with the mean bias (BIAS) and root mean square error (RMSE) reduced to 0.20 m·s −1 and 1.20 m·s −1, from the 
corresponding values of −1.89 m·s −1 and 2.23 m·s −1 prior to the adjustment. The wind direction, which is not 
available in CMFD, is obtained by interpolating the that from the ERA5_Land reanalysis (https://cds.climate.
copernicus.eu; Muñoz-Sabater, 2019) onto the CMFD grids. From Figure 2f, the ERA5_Land wind direction is 
consistent with the in situ observed prevailing southwesterly over LNC. Figure 3 presents the monthly wind field 
averaged over 2007–2017, which depicts the prevailing of southwesterly over LNC and the larger wind speed 
during September-February than during March-August.

After obtaining the model simulation results, the relative contributions of surface wind and current to the ice drift 
is analyzed using a multiple linear regression analysis (Chatterjee & Hadi, 1986) in the following form:

⃖⃖⃑𝑉𝑉 𝑖𝑖 = 𝑅𝑅𝑤𝑤𝑒𝑒
𝑖𝑖𝑖𝑖𝑤𝑤 ⃖⃖⃑𝑉𝑉 𝑤𝑤 + 𝑅𝑅𝑐𝑐𝑒𝑒

𝑖𝑖𝑖𝑖𝑐𝑐 ⃖⃖⃑𝑉𝑉 𝑐𝑐 +𝑅𝑅� (1)

where 𝐴𝐴 ⃖⃖⃑𝑉𝑉 𝑖𝑖 , 𝐴𝐴 ⃖⃖⃑𝑉𝑉 𝑤𝑤 , and 𝐴𝐴 ⃖⃖⃑𝑉𝑉 𝑐𝑐 denote the horizontal ice drift, surface wind and current velocity, respectively, all in 
complex form (in m·s −1); Rw (Rc) is the regression coefficient for wind (current) magnitude, θw (θc) is the 
regressed ice drift angle to the right of wind (current); and R is the residual term. The above ice-wind-current 
relationship is suitable for free ice drift with the assumption that the internal ice stress is negligible, and has 
been widely used in previous analyses of ice drift in the Bohai Sea (Li et  al.,  2020; Wu et  al.,  2005; Yan 
et al., 2019).
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The effective ice thickness at a grid point i is defined as AHi, where Ai is ice concentration and Hi (in m) is ice 
thickness. The ice volume is defined as the product of effective ice thickness and grid area. The changes of effec-
tive ice thickness (∆AHi) over each ice season can be expressed as:

∆AH𝑖𝑖 = ∆AHfreeze + ∆AHmelt + ∆AHadv� (2)

where ∆AHfreeze, ∆AHmelt, and ∆AHadv are the changes of AHi due to freezing, melting, and advection, respectively. 
For the four terms in Equation 2, positive (negative) value means the ice accumulation (loss). ∆AHfreeze (∆AHmelt) 
at each time step of ice thermodynamics is determined as −Wiw/ρi if Wiw is negative (positive), where Wiw is the 
downward freshwater flux due to ice freezing/melting (in kg·m −2·s −1), and ρi = 910 kg·m −3 is the ice density. As 
the ice in LNC is completely “reset” each year, ∆AHadv can be calculated according to −(∆AHfreeze + ∆AHmelt).

2.3.  Lake-Ice Coupled Model

The ice-coupled Princeton Ocean Model (ICEPOM) is used in this study. ICEPOM couples the 3-D Prince-
ton Ocean Model (POM) and a two-dimensional thermo-hydrodynamic ice model, and has been successfully 

Figure 2.  The daily surface (a) downward shortwave radiation, (b) downward longwave radiation, (c) air temperature, (d) 
relative humidity, (e) wind speed, and (f) wind direction during 2011–2014 from in situ observations (black) and CMFD 
data sets (red in a-e). In (e), the blue line denotes the adjusted CMFD wind speed. In (f), the blue markers denote the wind 
direction from the ERA5_Land reanalysis. The wind direction is calculated in 0–360° clockwise from due north, and the gray 
shading range of 180–270° in (f) corresponds to the southwesterly wind. Note the reference height is 2 m for the CMFD air 
temperature and relative humidity, and 10 m for the CMFD wind speed and ERA5_Land wind direction. No height correction 
is applied to the in situ observations from the meteorological station.
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applied to the Arctic Ocean and Laurentian Great Lakes (De Silva et al., 2015; Fujisaki et al., 2012, 2013; Wang 
et al., 2005). POM solves nonlinear governing equations of lake water motions, temperature and salinity including 
the hydrostatic and Boussinesq approximations, using the finite difference method (Blumberg & Mellor, 1987; 
http://www.ccpo.odu.edu/POMWEB/POM08_WAD/). The settings of POM follow Wu et  al.  (2021), includ-
ing the horizontal grids with 1-km spatial resolution (Figure 1b), and 31 terrain-following sigma levels with 
finer resolution near the surface/bottom. In this application, POM uses turbulence closure scheme proposed by 
Mellor and Yamada (1982), horizontal mixing scheme proposed by Smagorinsky (1963), equation of state of 
Mellor (1991), adiabatic closed lateral/bottom boundaries, quadratic bottom drag coefficient, and infrared/optical 
radiation partitioning and the related vertical extinction coefficients. The only difference with the POM setup of 
Wu et al. (2021) is that the algorithms of surface turbulent heat flux (with constant bulk transfer coefficients) and 
wind stress are replaced with the version 3.0 algorithm of the Coupled Ocean-Atmosphere Response Experiment 
(Fairall et al., 1996, 2003), following Charusombat et al. (2018).

The ice dynamic component employs a two-dimensional dynamic model based on the elastic-viscous-plastic 
rheology (Hibler, 1979, 1980; Hunke & Dukowicz, 1997), with one category of ice thickness. The ice motion is 
solved by the momentum equation:

𝑚𝑚
𝑑𝑑 ⃖⃖⃑𝑉𝑉 𝑖𝑖

𝑑𝑑𝑑𝑑
= −𝑚𝑚𝑚𝑚 ⃖⃑𝑘𝑘 × ⃖⃖⃑𝑉𝑉 𝑖𝑖 − mg∇ssh + ⃖⃑𝜏𝜏ai + ⃖⃑𝜏𝜏wi + ⃖⃖⃑𝐹𝐹 𝑖𝑖� (3)

Where m = ρiAiHi is ice mass of unit area (in kg·m −2), f is the Coriolis parameter (in s −1), g = 9.80616 m·s −2 is the 
gravitational acceleration, ∇ssh is the gradient of water surface elevation, and 𝐴𝐴 ⃖⃖⃑𝐹𝐹 𝑖𝑖 is the internal stress (in N·m −2). 
The air-ice and water-ice stress, 𝐴𝐴 ⃖⃑𝜏𝜏ai and 𝐴𝐴 ⃖⃑𝜏𝜏wi , are determined by the bulk formulae:

⃖⃑𝜏𝜏ai = 𝜌𝜌𝑎𝑎𝐶𝐶𝐶𝐶ai

|||
⃖⃖⃑𝑉𝑉 𝑎𝑎 − ⃖⃖⃑𝑉𝑉 𝑖𝑖

|||

(
⃖⃖⃑𝑉𝑉 𝑎𝑎 − ⃖⃖⃑𝑉𝑉 𝑖𝑖

)
� (4)

Figure 3.  The monthly mean wind fields at 10 m averaged over 2007–2017 from the calibrated CMFD data sets. The contour 
lines denote lake depths in 10 m intervals.
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⃖⃑𝜏𝜏wi = 𝜌𝜌𝑤𝑤𝐶𝐶𝐶𝐶wi

|||
⃖⃖⃑𝑉𝑉 𝑤𝑤 − ⃖⃖⃑𝑉𝑉 𝑖𝑖

|||

(
⃖⃖⃑𝑉𝑉 𝑤𝑤 − ⃖⃖⃑𝑉𝑉 𝑖𝑖

)
� (5)

where ρa and ρw are densities of the moist air and water (in kg·m −3), 𝐴𝐴 ⃖⃖⃑𝑉𝑉 𝑎𝑎 and 𝐴𝐴 ⃖⃖⃑𝑉𝑉 𝑤𝑤 are the horizontal velocities of 
air and water (in m·s −1), Cdai = 0.003 and Cdwi = 0.006 are the drag coefficients at the air-ice and water-ice inter-
faces. Cdai is reduced to 0.001 when the ice thickness is less than 0.01 m.

The ice component employs a 0-layer thermodynamic model (Parkinson & Washington, 1979; Semtner, 1976) 
without considering the snow accumulation. New ice forms when the surface water temperature drops below the 
freezing point (Tfrz) which varies with water salinity (Millero, 1978) and equals to −0.09°C with a salinity of 
1.7 g L −1 for LNC. The ice surface temperature (𝐴𝐴 𝐴𝐴𝑖𝑖_sur ) is determined by the surface energy balance:

(1 − 𝐼𝐼0)(1 − 𝛼𝛼𝑖𝑖)SW↓ + 𝜀𝜀𝑖𝑖LW↓ − 𝜀𝜀𝑖𝑖𝜎𝜎𝜎𝜎
4

𝑖𝑖
− SHi,↑ − LHi,↑ + 𝐺𝐺𝑖𝑖𝑖↑ = 0� (6)

where SW↓ is the downward solar radiation (in W·m −2), I0 = 40% is the fraction of net SW↓ penetrating the snow-
free ice surface, LW↓ is the downward longwave radiation (in W·m −2), εi = 0.97 is the longwave emissivity of ice, 
and σ = 5.67 × 10 −8 W·m −2 K −4 is the Stefan-Boltzmann constant. The other terms are defined below. First, the 
surface ice albedo αi is not set as a default constant value of 0.6, but is calculated with a temperature-dependent 
scheme (Subin et al., 2012):

�� = ��max − (��max − ��min)�−95.6(�frz−��_sur)∕�frz� (7)

where αimax and αimin, the maximum and minimum values of αi, are assumed to be 0.5 and 0.1 for snow ice and 
bare melting ice according to the MODIS-retrieved observations over LNC (Lang et al., 2018). As reviewed in 
the introduction section, the values of αi are generally less than 0.3 based on field observations over the largest 
freshwater lake (Lake Ngoring; Li et al., 2018). The upward sensible (SHi, ↑) and latent (LHi,↑) heat fluxes across 
the air-ice interface are calculated according to:

SH𝑖𝑖𝑖↑ = 𝜌𝜌𝑎𝑎𝐶𝐶𝑝𝑝𝑝𝑝𝐶𝐶shi(𝑇𝑇𝑖𝑖_sur − 𝑇𝑇𝑎𝑎)
|
|
|
⃖⃖⃑𝑉𝑉 𝑎𝑎

|||� (8)

LH𝑖𝑖𝑖↑ = 𝜆𝜆vi𝜌𝜌𝑎𝑎𝐶𝐶lhi(𝑞𝑞𝑖𝑖 − 𝑞𝑞𝑎𝑎)
|
|
|
⃖⃖⃑𝑉𝑉 𝑎𝑎

|||� (9)

where Cpa = 1005 J·kg −1 K −1 is the specific heat of air, Cshi = 0.00175 (Clhi = 0.00175) is the bulk constant 
coefficient of sensible (latent) heat, Ta is the surface air temperature (in  oC), λvi = 2.8 × 10 6  J·kg −1 is the 
latent heat of sublimation, qi and qa are the saturated specific humidity of surface ice and specific humidity 
of air at 10 m (in kg −1 kg −1). Finally, the upward internal conductive heat flux through ice (Gi, ↑) is calculated 
according  to:

𝐺𝐺𝑖𝑖𝑖↑ =
𝑘𝑘𝑖𝑖

𝐻𝐻𝑖𝑖

(𝑇𝑇𝑖𝑖_bot − 𝑇𝑇𝑖𝑖_sur)� (10)

where ki = 2.04 W·m −1 K −1 is the thermal conductivity of ice, and 𝐴𝐴 𝐴𝐴𝑖𝑖_bot is the ice bottom temperature that is 
assumed to equal Tfrz. In the case that 𝐴𝐴 𝐴𝐴𝑖𝑖_sur predicted by Equation 6 exceeds Tfrz, 𝐴𝐴 𝐴𝐴𝑖𝑖_sur is set to Tfrz, then the surface 
energy budget is recalculated with 𝐴𝐴 𝐴𝐴𝑖𝑖_sur = 𝑇𝑇frz and the resulting excess energy is used to melt the surface ice. At 
the bottom of ice, the rate of ablation or accretion (𝐴𝐴

𝑑𝑑𝑑𝑑𝑖𝑖

𝑑𝑑𝑑𝑑
 ) is determined by the heat imbalance between Gi↑ and the 

upward oceanic heat flux (fb↑), as formulated by:

𝑑𝑑𝑑𝑑𝑖𝑖

𝑑𝑑𝑑𝑑
= (𝑓𝑓𝑓𝑓↑ − 𝐺𝐺𝑖𝑖𝑖↑)∕𝑄𝑄𝑖𝑖� (11)

𝑓𝑓𝑓𝑓↑ = 𝜌𝜌𝑤𝑤𝐶𝐶pw𝐶𝐶ℎ𝑢𝑢
∗
(𝑇𝑇𝑖𝑖_bot − 𝑇𝑇𝑤𝑤_sur)� (12)

where Qi  =  3.3  ×  10 5  J·kg −1 is the heat of ice fusion, Cpw  =  4186  J·kg −1  K −1 is the specific heat of water, 
Ch = 0.005 is the ice-water heat transfer coefficient (McPhee et al., 2008), u* is the friction velocity (in m·s −1) 
at the ice-water interface, and 𝐴𝐴 𝐴𝐴𝑤𝑤_sur is the water surface temperature (in °C). In addition to the surface and basal 
ice variations, a parameterization for lateral freezing and thawing caused by the energy flux of the open water 
is also implemented (Ohshima & Nihashi, 2005). More Details of the above parameterizations can be found in 
Parkinson and Washington (1979).
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ICEPOM is initialized on 20 May 1999 for a continuous run until 31 December 2017. The model is initialized 
with zero currents, zero ice cover, a salinity of 1.7 g L −1, and a uniform temperature of 2.52°C which is the LST 
from Guo et al. (2021) on 20 May 1999. The time steps for the hydrodynamic model are set to 1 s for the external 
mode (depth-integrated flow and water level) and 60 s for the internal mode (depth-varying flow, temperature, 
and salinity). The time steps for ice component are set to 20 s for the ice dynamics and 60 s for the ice ther-
modynamics. The model is run on a 48-core parallel computing cluster, and it takes ∼2 min to complete 1-day 
simulation. Considering the available in situ ice thickness records starting from 2007, we take 1999–2006 as a 
sufficiently long spin up phase and evaluate and analyze the model results from 2007 onward.

3.  Model Evaluation
Following Huang, Lazhu, et al. (2019), three statistical parameters, that is, the Pearson temporal correlation (TC), 
the mean bias (BIAS), and root mean square error (RMSE) are used for model evaluation against the in situ meas-
ured ice thickness and water temperature profile, and satellite retrieved LST. We define winter as from December 
to the following February, spring as March to May, summer as June to August, and autumn as September to 
November. Simulated LST is calculated as the sum of the water surface temperature and ice surface temperature 
weighted by (1−Ai) and Ai, respectively.

3.1.  Seasonal Variations of Lake Ice Cover and Thickness

Figure 4 shows the ice extent from the MOD09GQ satellite reflectivity images and the effective ice thickness 
and drift velocities from model simulations in 5  days during January–May, 2014. According to the satellite 
observations, the lake ice first forms over the eastern basin in early January. From February to March, the lake 
ice expands from the eastern to the western LNC to nearly covers the entire lake, with higher ice concentration 
in the eastern LNC. On April 10, ice coverage is reduced with large areas of open water in the western LNC. On 
May 5, ice almost disappears except for a small amount in the eastern LNC. Such seasonal evolution of freezing/
melting process, that is, that LNC freezes up from east to west and ice breaks up from west to east, was reported 
by Qu et  al.  (2012) and Gou et  al.  (2017) based on analyses of MOD09GQ images during 2006–2011 and 
during 2000–2015. The seasonal variation of ice extent from ICEPOM reasonably agrees with that based on the 
MOD09GQ satellite images, despite that ICEPOM produces less ice coverage in the western LNC during March 
and April. In addition, the model replicates widespread eastward drift of thin ice (<5 cm) during January-March, 
consistent with the direction of the prevailing westerly surface wind.

Figure  5 compares the measured ice thickness averaged over the drilling transect and the simulated effec-
tive ice thickness averaged over the eastern LNC (30.8–30.9°N, 90.9–91.0°E) at each sampling date during 
2007–2011. A review of the ice drilling data during 2007–2011 reveals that the ice thickness increases during 
January and February, peaks at ∼60 cm in March, and then decreases since April. ICEPOM reasonably repro-
duces the seasonal evolution of ice thickness, but shows an overall overestimation with BIAS ranging from 2.1 
to 16.6 cm and a mean value of 8.2 cm. The model overestimates the ice thickness by the maximum values of 
∼30 cm during 2010 and 2011, indicating the need to improve the model in replicating the ice growth. Similar 
ice thickness overestimation with a BIAS exceeding 25 cm was reported in a previous application of ICEPOM 
in Lake Erie (Fujisaki et al., 2013), and was attributed to the lack of sub-grid scale ice thickness distribution 
to account for processes such as the breaking and overturning of large ice floes. In the eastern LNC, the 
redistribution of ice thickness by the continuity equation may result in excessively wind-driven mechanical 
convergence of ice. The issue of ice thickness overestimation may be remedied using alternative mechanical 
deformation models (e.g., Thorndike et al., 1975). Figure 5 also shows the ICEPOM simulated daily lake-wide 
averaged ice thickness increases from mid-December to March, peaks around mid-March, and decreases from 
April to early June.

3.2.  Lake Surface Temperature

Figure 6 compares the daily time series of the lake-wide averaged LST from MODIS, and the water tempera-
ture at 3 m depth (TLake3m) from in situ observations, with the simulation results of ICEPOM. Figure 7 shows 
the annual and seasonal lake-wide averaged LST from MODIS observation and ICEPOM simulation during 
2007–2017, as well as the multi-year means of monthly LST.
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From Figure  6a, LNC is a typical seasonally ice-covered dimictic lake: (a) The lake is ice-covered for 
4–5 months during winter and spring, with the MODIS observed lake-wide averaged LST of −1.52°C and 
−1.87°C, respectively (Figure 7). (b) The lake is stratified for 4–5 months during summer and autumn, with the 
MODIS observed lake-wide averaged LST of 7.85 and 7.65°C, respectively (Figure 7). ICEPOM reasonably 
reproduces the observed seasonal evolution of LST, with a TC of 0.94, but exhibits a positive BIAS of 1.11°C 
during 2007–2017 (Figure 6a). Considering that the satellite-retrieved LST over TP is usually lower than the 
in situ observed values by 0.8–1.9°C due to the cool skin effects (Hook et al., 2003; Ke & Song, 2014), it is 
highly likely that the BIAS is very small with reference to the actual LST values during the warm season. 
During winter-spring, the model may produce less ice and overestimate LST because the current ICEPOM 
does not take into account the snow cover process and the snow ice albedo is set to 0.5, lower than 0.6 that can 
be reached during the presence of extensive snow cover in LNC (Lang et al., 2018). Exact determination of 
the accuracy of the modeled LST requires further ground-truthing of the satellite data. ICEPOM well repro-
duces the observed TLake3m variability, yielding a TC of 0.98, a BIAS of −0.57°C, and a RMSE of 0.95°C 
(Figure 6b).

Figure 4.  The freezing/melting processes of LNC in 2014. Left column: the MOD09GQ satellite images with the false color 
composite band 1-2-1, within LNC ice being denoted by the purple or white color, and open water by the black color. Right 
column: model simulations with color shading depicting the effective ice thickness, vectors representing the ice drift, text in 
black denoting the lake-wide averaged near-surface air temperature, text and arrows in red denoting the lake-wide averaged 
surface wind, and the black stars marking the mooring site.
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The magnitude and interannual variations of LST from ICEPOM agree well with that from MODIS (Figures 7a–7e), 
with the TC (RMSE) of 0.66–0.84 (0.69–1.69°C). In winter and spring, LST has larger spatial variations across 

the lake than in summer and autumn, evident from the shaded bands for the 
ICEPOM results shown in Figures 7a–7e. The larger LST spatial heteroge-
neity during winter and spring corresponds to the temperature difference 
between ice-covered and ice-free lake surfaces. The lake-wide averaged LST 
also shows larger interannual variability in winter and spring, according to 
both MODIS and ICEPOM (Figure 7). From Figure 7f, ICEPOM reasonably 
reproduces the climatology of monthly LST, with a TC of 0.99 and a RMSE 
of 1.20°C. The lake-wide averaged LST shows larger interannual variability 
during February-March, with standard deviations of 2.74–1.51 (1.92–1.43) 
°C according to MODIS (ICEPOM).

3.3.  Lake Thermal Structure

Figure 8 shows the daily time series of the lake temperature profile at the 
mooring site from in situ observations and ICEPOM simulation with 1-km 
spatial resolution during 2012–2013. Here, the onset (end) of warm thermal 
stratification is defined as the first (last) date during which a temperature 
difference of 1°C between surface and bottom waters occurs. According to 
observations (Figure 8a), LNC is thermally uniform till early May, with the 
lake column temperature below the temperature of maximum water density 
(Tdmax). Note that Tdmax depends on the surface air pressure and water 
salinity (Chen & Millero,  1986). It is typically 4°C for freshwater, and is 
lower for alpine saline lakes, for example, 3.60°C with a pressure of 0.57 bar 
and a salinity of 1.7 g L −1 for LNC (Figure 6b, Wang et al., 2019). With the 
increase in radiative heating, water in the upper layer is first heated toward 
Tdmax, and thus becomes denser and mixes with the water beneath. This is 
known as the spring overturning that has profound biogeochemical impacts 
by promoting the exchanges of oxygen, nutrients, carbon dioxide, and meth-
ane between the epilimnion and hypolimnion (Boyce et al., 1989; Holland 
& Kay, 2003; Tsydenov et al., 2016). The spring overturning ends until the 
onset of warm thermal stratification, after which the temperature of mixed 
layer increases rapidly and the thermocline deepens to more than 30  m. 

Figure 5.  Mean observed ice thickness along the in situ drilling transect (black circles) and the ICEPOM simulated effective ice thickness averaged over the eastern 
LNC (red crosses) at each sampling date during 2007–2011. The blue lines denote the daily time series of lake-wide averaged effective ice thickness from ICEPOM 
simulations.

Figure 6.  (a) The daily lake-wide averaged LST during 2007–2017 from 
MODIS observation and ICEPOM simulation. (b) The daily TLake3m from 
the in situ observation and ICEPOM simulation at the mooring site during 
October 2011 - July 2014. In (a), the dashed baseline denotes the freezing 
point of −0.09°C in LNC. In (b), Tdmax denotes the “temperature of 
maximum water density” and is estimated to be 3.60°C with a pressure of 
0.57 bar and a salinity of 1.7 g L −1 for LNC.
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Destratification starts in September and LNC enters the phase of convective cooling and overturning when LST 
drops to Tdmax during late autumn. During winter, LNC is ice-covered and a weak inverse thermal stratification 
forms. ICEPOM reasonably reproduces the seasonal evolution of lake thermal structure. The RMSE values of 
the water temperature are within the reasonable range of 0.75–1.05°C. The simulated onset, end, and duration of 
warm thermal stratification during 2012 (2013) are 10th June (11th June), 16th November (15th November), and 
160 (158) days, all match well with the 9th June (4th June), 7th November (7th November), and 152 (157) days 
diagnosed from in situ observations (Table 2).

4.  Space-Time Variations of Lake Ice Based on the ICEPOM Simulation
4.1.  Seasonal Variations

Figure 9 shows the modeled monthly spatial distribution of ice concentration, thickness, and drift velocity aver-
aged over 2007–2017. During late autumn, the western shallow basin destratifies earlier and cools faster than 
the mid-lake LNC due to the enhanced prevailing southwesterly (Wu et al., 2021), favoring the formation of 
supercooled water and thin ice. Wind and wind-induced lake surface waves will act to break up the thin ice and 
limit its development (Bai et al., 2020), but these processes are not included in ICEPOM. The prevailing strong 
westerly and the wind-induced currents promote the persistent eastward ice drift during December and January 
(Figures 9a2 and 9b2). In January, the eastern LNC first becomes ice-covered, and subsequently ice expands from 

Figure 7.  The time series of (a) annual and (b–e) seasonal lake-wide averaged LST during 2007–2017 from MODIS 
observation and ICEPOM simulation. In (a–e), the blue and red texts denote the climatologically mean LST and their 
interannual variances defined as the standard deviation (SD) of the respective annual time series, from the MODIS 
observations and ICEPOM simulations during 2007–2017, respectively. The shaded regions in (a–e) represent the SD of the 
simulated LST at different model grids across the lake. The dashed baselines in (b, c) denote the freezing point of −0.09°C 
in LNC. (f) Multi-year means of monthly LST time series, with the bars denoting the SD of respective annual time series for 
each month.
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east to west during February and March. The ice concentration and thickness are much higher in the eastern LNC 
than in the western LNC. The lake ice starts to decay in April with a faster rate of ice melting in the western LNC 
(Figures 9e1 and 9e2). Compared with the central and eastern basins, the ice coverage is much lower and the 
lake water temperature rises higher in the western LNC following the increasing radiative heating. The prevailing 
westerly causes eastward ice drift, and also eastward surface current that continuously carries the warm water 
from west to east. The combined effects cause the whole LNC become ice-free in May (Figures 9f1 and 9f2). 
Figure 10 shows that, averaged during 2007–2017, the local freezing, thawing, and lateral ice transport all cause 
much larger changes of effective ice thickness in the eastern than in the western LNC.

According to Figure 9, thinner ice has larger drifting speeds in LNC, thus the drift of thin ice must play a vital role 
in determining the spatial distribution of lake ice. The drift of thin ice can be induced by both surface wind and 
current. Here, a multiple linear regression analysis is applied to the daily data when the modeled ice concentration 
is greater than 5% and effective ice thickness is less than 0.1 m. The criterion is chosen to meet both the thin ice 

condition and enough samples for performing the multiple linear regression 
analysis. At a mid-lake location P1 (30.76 oN, 90.50 oE, marked in Figure 10) 
with water depth of 95 m, the resulting regression relationship is:

⃖⃖⃑𝑉𝑉 ice = 0.0197𝑒𝑒
𝑖𝑖(−19.1o) ⃖⃖⃑𝑉𝑉 𝑤𝑤 + 0.2962𝑒𝑒

𝑖𝑖(−2.6o) ⃖⃖⃑𝑉𝑉 𝑐𝑐 + 0.0085𝑒𝑒
𝑖𝑖(−167.7o)�

As presented in Figure 11a, the modeled and regressed ice drift speed have a 
squared correlation coefficient (R 2) of 0.86 and the regression relationship is 
statistically significant with p < 0.001, according to the F test. The regression 
relationship suggests that, on average, the wind-induced ice drift has an angle 
of 19.1° to the right of the wind direction in consistent with the Ekman effect, 
while the current-induced drift is only at a small angle of 2.6° to the right of 

Figure 8.  Time-depth distribution of the daily mean water temperature from (a) observations and (b) ICEPOM simulation 
at the mooring site during 2012–2013. The vertical distributions of the (c) TC, (d) BIAS, and (e) RMSE for the daily water 
temperature from ICEPOM relative to observations at 10 levels. The black dashed lines in (a) and (b) indicate the onset and 
end of warm thermal stratification.

Year

Warm thermal stratification

Onset End
Duration 
(Days)

2012 9th June (10th June) 7th November (16th November) 152 (160)

2013 4th June (11th June) 7th November (15th November) 157 (158)

Table 2 
The Warm Thermal Stratification Diagnosed From In Situ Observations and 
ICEPOM Simulations During 2012–2013, With the Model Results Given in 
Parentheses
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Figure 9.  Monthly evolution of modeled lake ice concentration (left column), thickness and drift velocity (right column) 
during 2007–2017. In the right column, the text in black denotes the lake-wide averaged near-surface air temperature, text and 
arrows in red denote the lake-wide averaged surface wind. The black stars mark the mooring site.

Figure 10.  Changes of the effective ice thickness (shaded areas) due to (a) freezing, (b) melting, and (c) advection averaged 
during 2007–2017. In (c), the vectors denote the ice drift, the text and arrows denote the near-surface wind averaged over 
December-May in 2007–2017, and the darkgreen star denotes the selected site P1 (30.75°N, 90.60°E), with the water depth of 
95 m, for analyzing the key factors of ice drift presented in Figure 11.
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the direction of the current. For the daily values, directions of the modeled ice drift can deviate significantly from 
that of wind and surface current (Figure 11b). The regressed ice drift speed is mainly due to the contribution of 
surface wind, instead of due to surface current (Figure 11c). Similar ice-wind-current relationship also holds for 
other locations in LNC. Hence, we conclude that the prevailing westerly plays a leading role in causing the east-
ward drift of thin ice, and thus the heavier ice coverage in the eastern LNC. This corresponds to the field observa-
tions of thick superimposed ice consisting of two or more ice layers along the southeastern shore (Qu et al., 2012).

4.2.  Interannual Variations

Beside the distinct seasonal cycle, the ICEPOM results also show substantial interannual variations of ice in 
LNC. Figure 12 shows the monthly spatial distributions of the effective ice thickness and drift velocity from 
the preceding December to May in 2011 and 2017, respectively. Evidently, the ice condition is much lighter in 
the winter of 2017 than in 2011, corresponding to the lake-wide averaged T2m contrast of −3.12 versus −5.65°C 
for the whole winter. Compared with 2011, the lake ice forms later and melts earlier in the winter of 2017, with 
103 days of ice-covered duration, 25 days shorter than 128 days in 2011. The ice extent and thickness during 
February–April in 2017 are also greatly reduced than in 2011. The eastward drift of thin ice is more widespread 
in 2017 than in 2011.

Figure 11.  Ice drift at P1 (30.75°N, 90.60°E): (a) the daily ice drift speed from the model versus that from the multiple linear 
regression during 2007–2017. (b) The daily ice drift during January 15–25, 2007, from the model simulation (red vectors) 
and multiple linear regression (dark green vectors), as well as surface wind (black vectors) and surface current (blue vectors). 
(c) The daily ice drift speed from model simulation (red curve) and multiple linear regression (dark green curve), and the 
regressed contributions from surface wind (black curve) and current (blue curve).
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Variations of the lake-wide averaged ice area and volume from ICEPOM and the over-lake T2m during 2007–2017 
are presented as daily times series (Figures 13a and 13b), the monthly climatology and the standard deviations 
of the respective annual time series for each month (Figures 13c and 13d). Variations of ice area and volume, 
at both seasonal and interannual time scales, well track each other. The ice-on date, maximum ice volume and 
ice-off date have evident time lags relative to when T2m drops below Tfrz, reaches minimum, and rises above Tfrz, 
respectively. This is evident in their seasonal cycles (Figures 13c and 13d). That is, in December the ice volume is 
still small although T2m has dropped to well below 0°C; the ice volume peaks in March behind the minimum T2m 
in January; and the ice volume diminishes in May while T2m rises near 0°C in April. The over-lake T2m has larger 
interannual standard deviations in winter months of December, January and February, than in spring months of 

Figure 12.  Spatial distributions of the effective ice thickness and drift velocity from ICEPOM during the preceding 
December to May in 2011 and 2017. The format is the same as the right column of Figure 9.
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March, April, and May. In contrast, the ice volume has larger interannual standard deviations in February, March 
and April, than in December, January and May. The seasonal phase relationship between the ice volume and T2m, 
including their seasonal cycles and the occurrence of stronger interannual variability, is due to the “cumulative 
effects” of T2m in preceding months to be presented in Figure 14.

Figure 14 shows the annual time series of the lake-wide averaged ice volume, duration, and ice-on and ice-off 
dates. The ice-on (ice-off) date at each grid point i is defined as the first (last) date when the effective ice thick-
ness is above (below) 0.01 m, and the ice duration is the total number of days between them. During 2007–2017, 
the mean values of ice volume, ice duration, ice-on date, and ice-off date are 0.73 km 3, 152 days, 13th December, 
and 13 th May, respectively. All these parameters show substantial interannual variations and evident correlations 
with each other. That is, higher ice volume usually corresponds to longer duration, earlier ice-on, and later ice-off 
dates. Compared to the mild winter of 2017, the ice volume in the severe winter of 2012 increases by 2.4 times 
from 0.39 to 0.95 km 3, the ice-on date advances by 18 days from 30th December to 12th December, the ice-off 
date delays by 17 days from 5th May to 22nd May, and the ice duration extends by 35 days from 127 to 162 days. 
Since 2011, the ice parameters show evident trends featured by decreasing ice volume, delaying of freezing, 
advancing of thawing, and shortening of ice duration. The ICEPOM simulated interannual variations of lake 
ice phenology during 2007–2017 are similar with that based on analyses of satellite remote sensing data (Gou 
et al., 2017; Guo et al., 2020). The magnitudes of interannual variations during 2007–2017 are larger than during 
the longer time series of 1978–2017 analyzed by Guo et al. (2020), and 2000–2015 analyzed by Gou et al. (2017).

Figure 13.  (a) Daily time series of lake-wide averaged ice area (red curve) and volume (blue curve) during 2007–2017 from 
ICEPOM. (b) Daily time series of lake-wide averaged over-lake T2m (magenta curve), overlaid with 30-day running means 
(black curve). The monthly (c) ice volume and (d) over-lake T2m averaged during 2007–2017, with the bars denoting the 
standard deviation (SD) of the respective annual time series for each month.
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The “cumulative effects” of T2m on ice variations have been analyzed in previous studies. For example, Ashton (1989) 
and Yu et al. (2014) found that the cumulative freezing (CFDD) or thawing (CTDD) degree days, calculated as the 
integral of T2m − Tfrz over different preceding months, have strong correspondence with the ice phenology. For LNC, 
the CFDD from December to the following March is calculated according to 𝐴𝐴 ∫

March

December
min(𝑇𝑇2𝑚𝑚 − 𝑇𝑇frz, 0)𝑑𝑑𝑑𝑑 , where Tfrz 

is set as −0.09°C. The resulting annual time series of CFDD has a high TC value of −0.81 with the annual time series 
of maximal ice volume. We also quantify the “cumulative effects” by simply averaging T2m over different preceding 
months, with the resulting interannual time series correspond to that of different ice parameters shown in Figure 14. 
It is found that the lake-averaged ice volume has a high value of TC = −0.79 with T2m averaged over the ice formation 
months of January–March (Figure 14a); the ice duration has TC = −0.82 with T2m averaged over the whole winter 
from the preceding December to May (Figure 14b); the ice-on date has TC = 0.82 with T2m in December when ice 
starts to freeze (Figure 14c); and the ice-off date has TC = −0.86 with T2m averaged over March–May (Figure 14d).

Lastly, we examine the variations of the lake-wide averaged ice drift. Figures 15a and 15b show the ICEPOM 
simulated 5-day running mean ice drift speed (WSi) and the eastward (Ui) and northward (Vi) components of 
ice drift velocity. Figures  15c and  15d show the monthly values of these three parameters averaged during 
2007–2017, as well as the standard deviations of the respective annual time series for each month. The ice drift 
shows strong variability at short (weather band) and seasonal time scales. As discussed in Section 4.1, variations 
of thin ice drift at daily time scale are mostly due to wind. For the seasonal cycle, there is high correspondence 
between the evolution of ice drift with that of ice volume (Figures 9 and 12) and lake surface wind (Figure 3). 
In December and January, WSi, Ui, and Vi reach values of 0.10, 0.06, and 0.02 m·s −1, corresponding to smaller 
ice volumes and stronger winds with daily speed up to 8 m·s −1. The northeastward drift of thin ice is consistent 
with the direction of the southwesterlies, on average. During February and March, the mean WSi, Ui, and Vi are 
reduced to 0.07, 0.03, and 0.01 m·s −1. The reduction of over-lake averaged ice drift can be mostly explained by 
the slow drift of thick ice in the eastern LNC (Figure 9), and also the reduction of wind speed. In April and May, 
the mean WSi rises to 0.07 m·s −1, which must be due to the reduction in ice volume (thickness) because the wind 
further weakens compared with February and March. Note that May is the only month when the northward Vi is 
larger than the eastward Ui, consistent with the direction of prevailing weak southerly (Figure 3e). The interan-
nual variation of ice drift in different months has similar standard deviations. This may be due to the combined 
effects of variations in wind and ice volume, based on the mean ice drift variations discussed above.

5.  Discussions
5.1.  Comparison With One-Dimensional Lake Model Simulations

In previous studies, 1-D lake models, for example, the 1-D lake component from the Weather Research and Fore-
cast Model (WRF-Lake), have been extensively used in simulating the thermodynamics of TP lakes. While the 

Figure 14.  The annual time series of lake-wide averaged (a) ice volume, (b) ice duration, (c) ice-on date, and (d) ice-off date from ICEPOM during 2007–2017 (blue 
curves), overlaid with the over-lake T2m (red curves) during (a) January-March, (b) preceding December to following May, (c) December, and (d) March-May.
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1-D lake models are computationally efficient and work well in simulating the lake-wide averaged LST through 
a series of parameter tuning, certain deficiencies exist in reproducing the spatial variability of large-lake ther-
modynamics due to the unresolvable lateral processes (Wu et al., 2021; Xue et al., 2017). Figure 16 compares 
the monthly spatial distributions of lake ice from ICEPOM and the simulations with the 1-D lake component 
of WRF-Lake during the preceding December to May in 2013. The 1-D model is run on each horizontal grid 
of ICEPOM using the same initial condition and surface forcing, hence it also obtains a spatially varying ice 
condition. Compared with the ICEPOM solution, 1-D model obtains no obvious contrast between the ice cover-
age in western and eastern LNC, due to the lacking of eastward advection of thin ice. The 1-D model solution 
shows thinner ice in the central LNC than in coastal waters. This can be explained by the variations of lake water 
heat content that depends on water depth. In the shallow coastal areas, the water temperature drops faster in late 
autumn and ice first appears there in December and further increases rapidly in January. Overall, the spatial 
distribution of ice from the 1-D model shows little resemblance of that from satellite observations (Figure 4).

5.2.  Role of Ice Dynamics in Determining the Ice Variations

The evolution of ice thickness distribution is essentially determined by three parts: (a) thermodynamic 
process related the surface, bottom, and lateral heat fluxes; (b) horizontal advection; and (c) mechanical 
redistribution due to convergence, divergence, and shear (Hibler,  1979, 1980; Thorndike et  al.,  1975). To 
assess the importance of ice dynamics (including (b) and (c)) in simulating the ice variations, we perform a 
sensitivity experiment with the ice dynamics in ICEPOM turned off (Exp_sen), but otherwise the same as 
the full run described in Section 2.3. Figure 17 shows the monthly spatial distribution of ice concentration 
and thickness during 2007–2017 from Exp_sen. Compared with the solution with ice dynamics (Figure 9), 

Figure 15.  ICEPOM simulated 5-day running mean time series of the lake-wide averaged (a) ice drift speed (WSi), and (b) 
the eastward (Ui) and northward (Vi) components of ice drift velocity during 2007–2017, and the monthly (c) ice drift speed 
and (d) eastward/northward ice drift velocity averaged during 2007–2017, with the bars denoting the standard deviation of the 
respective annual time series for each month.

 21698996, 2023, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

038844 by N
anjing U

niversity, W
iley O

nline L
ibrary on [12/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

WU ET AL.

10.1029/2023JD038844

19 of 28

Exp_sen obtains evidently higher ice concentration and thickness in the western LNC, thinner ice in the 
eastern LNC, and fails to capture the seasonal evolution of the ice freezing/melting processes discussed in 
Section 3.1. The differences between full run and Exp_sen can also be seen through comparing the simulation 
results with satellite-derived freezing/melting processes in 2012 and 2014 (Figures S1 and S2 in Supporting 
Information S1). This suggests the necessity of including ice dynamics, for example, the eastward ice drift, 
the creation of open water and ridging during ice convergence, to simulate the spatiotemporal variations of ice 
in LNC. In previous coupled atmosphere-hydrodynamic ice modeling studies of Laurentian Great Lakes, Xue 
et al. (2017) and Sun et al. (2020) turned off the ice dynamics for the sake of computational efficiency. This 
treatment in these modes still led to credible results of lake-wide averaged ice cover and LST due to the domi-
nance of ice thermodynamic variation. However, excluding the ice dynamics in simulations of large lakes, as 

Figure 16.  Left: Same as Figure 12 but for the ICEPOM simulation during the preceding December to May in 2013. Right: 
Ice thickness from the simulation with WRF-Lake.
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demonstrated with the results of Exp_sen in LNC, creates incorrect representation of ice distribution and thus 
the related surface energy fluxes. The potential impacts on coupled simulations deserve further investigation.

5.3.  Comparison Between the Ice Coupled and Uncoupled Simulations

The application of ICEPOM enables the multi-year simulation of ice and thermo-hydrodynamic variations in 
LNC, thus extends the previous study of Wu et  al.  (2021) who only simulated the ice-free seasons of 2013 
using the 3D thermo-hydrodynamic model POM without the ice component. A preliminary analysis shows that 
for the ice-free seasons of 2013, ICEPOM and POM obtain similar characteristics of space-time variations of 
lake circulation and water temperature, but with evident quantitative differences. These differences are partially 
related to changes in model settings, for example, the regression formula applied to adjust the CMFD wind speed 
and the bulk aerodynamic formula for surface turbulent heat flux, and are partially related to with or without the 
influence of ice at the start of the ice-free season. To further demonstrate the added value of ice coupling in simu-
lating the lake thermo-hydrodynamics, a pair of model sensitivity experiments are carried out using ICEPOM, 
one with the ice component included (Exp_ice), and one with the ice component turned off but with a necessary 
constraint  that the water temperature is not allowed to drop below the freezing point (Exp_noice). Both simula-
tions start from 20 May 2011 with a uniform water temperature of 2.24°C, and all the other parameters the same 

Figure 17.  Same as Figure 9 but for the ICEPOM simulation with the ice dynamics turned off, hence without ice drift to be 
presented.
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Figure 18.  ICEPOM simulation with the ice component included (Exp_ice) starting from 20 May 2011: Monthly averaged 
(left column) lake temperature (color shading) along and horizontal currents (contours) normal to a southwest-northeast 
transection, and (right column) horizontal distributions of water level (color shading) and depth-averaged currents (vectors) in 
February, May, August, and December 2013. In the left panels, the contours have intervals of 0.01 m·s −1, with solid (dashed) 
contours denoting northwestward (southeastward) currents. In the right panels, the black dashed lines denote the transection 
position, and the formats of stars, texts, and arrows are the same as the right column of Figure 4.
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Figure 19.  Same as Figure 18 but for the ICEPOM simulation with the ice component turned off (Exp_noice).
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as the main ICEPOM simulation started on 20 th May 1999 and end on 31 December 2014. Figures 18 and 19 
show the simulated water temperature along a southwest-northeast transection, and the horizontal distribution of 
the depth-averaged water currents and level in February, May, August, and December 2013. The two solutions are 
distinctly different in February when Exp_ice obtains much weaker lake circulation and water level gradient over 
the whole lake, and in May when Exp_ice obtains lower water temperature in the central and eastern parts of the 
lake. In both months, the differences between the two solutions can be explained by the impacts of ice in limiting 
the water movements and spring radiative warming that are included in Exp_ice but not in Exp_noice. In August 
and December, the two solutions are quite close to each other. This suggests that the added value of including 
the ice component lies mainly in winter and spring with the presence of ice, instead of in summer and autumn.

5.4.  Model Limitations

Despite the successful initial application of ICEPOM on a typical large lake over TP, the model results also 
indicate various processes and natural phenomena which are not parametrized or well reproduced by the model.

First, different ice cover compositions, for example, snowpack, snow ice and transparent ice, cause differ-
ent ice physical properties (e.g., albedo, transparency and thermal conductivity) which greatly influence the 
atmosphere-ice-water energy interaction and thus the ice phenology (Brown & Duguay, 2010; Kirillin et al., 2012). 
For example, due to the insulation effects of snowpack and snow ice, the bulk of thicker ice in high-latitude lakes 
presents toward the end of ice season and then rapidly melts (Brown & Duguay, 2011). However, the present 
ICEPOM does not take account of snow accumulation and adopts the assumption of uniform ice cover compo-
sition. This may explain the nearly symmetric ice thickness-duration curve predicted by the model (Figure 5). 
Moreover, according to the ice phenology derived from multiple MODIS data sets during 2000–2015, LNC froze 
up from east to west, with the eastern LNC freezing up in early January and breaking up in May, the central 
LNC freezing up in late January and breaking up since April, and the western LNC freezing up in February and 
breaking up in late March. LNC was totally ice-covered since February except for the winters of 2002 and 2009, 
and various melt-refreeze events occurred in the western LNC during the winters of 2003, 2004, and 2006 (Gou 
et al., 2017). ICEPOM reasonably reproduces the seasonal evolution of lake ice, but fails to capture the nearly 
complete ice coverage (Figures 4, 9, and 12). The modeled ice thickness and cover in the western LNC are lower 
than the observed conditions, and the wind-driven eastward ice drift and accumulation may be overestimated. 
Because the snowpack and snow ice generally reduce the absorption of solar radiation and favor the ice growth, 
implementation of snow processes is an urgent task for accurately reproducing the spatiotemporal variations of 
lake ice in LNC. Coupling a mechanical deformation model (e.g., Thorndike et al., 1975) is another necessary 
model improvement that may resolve the excessive ice accumulation in the eastern LNC.

Second, the present ICEPOM solution shows obvious errors in reproducing the water temperature during the 
ice-covered phase. This requires further investigation the model representation of under-ice processes, for 
example, the heat exchange between the deep layer and the bottom sediments (Mortimer,  1971; Mortimer 
& Mackereth,  1958), and the radiatively driven convection especially during the ice-melting phase (Jonas 
et al., 2003; Mironov et al., 2002).

Finally, we note the importance of improving the surface forcing fields. More in situ observational data are 
required to evaluate or correct the CMFD or other surface forcing data products. With respect to surface wind, the 
simple scaling of the CMFD wind speed with Y = 1.17X + 1.62 is potentially a source of bias in the present simu-
lation, as previous studies (Beletsky et al., 2013; Xue et al., 2015) have pointed out the importance of accurate 
representation of the over-lake wind amplitude and the mesoscale spatial variability for lake thermo-hydrodynamic 
simulations. Katabatic winds are potentially induced from the altitude difference between LNC (∼4,730 m) and 
the nearby Nyainqentanglha Mountains (∼6,000 m), and the impacts of such winds deserve further study. Besides 
the meteorological data, more comprehensive in situ observational data sets, including ice thickness/composition, 
snow depth, water temperature and currents, etc., are also highly desirable for surface forcing adjustment, model 
validation and improvement.

6.  Conclusion and Recommendations for Future Studies
In this study, a 3-D lake-ice coupled model is for the first time applied to investigate the space-time variations of 
ice and the underlying mechanisms in LNC during 2007–2017. The validation shows that ICEPOM reasonably 

 21698996, 2023, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

038844 by N
anjing U

niversity, W
iley O

nline L
ibrary on [12/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

WU ET AL.

10.1029/2023JD038844

24 of 28

reproduces the lake ice thickness and vertical water thermal structure from in situ observations, and the ice cover-
age and lake surface temperature in the horizontal plane based on satellite remote sensing. Complementing field 
observations and satellite remote sensing, the modeling work helps to provide a more comprehensive view of ice 
variations at higher resolutions and to discover the underlying mechanisms.

Seasonally, lake ice first appears in the eastern LNC during early January, then expands to the western LNC 
during February, covers nearly the entire lake in March, retreats from west to east since April, and eventually 
disappears in May. The eastward drift of thin ice throughout the ice-covered phase and the eastward water heat 
transport in the ice melting phase are responsible for the spatial variation of lake ice and thus the freeze-thaw 
processes. The results of multiple linear regression suggest that the daily drift of thin ice is mainly determined by 
the surface wind, with an acute drift angle to the right of wind direction, while the current-induced drift is much 
smaller and nearly aligns with the current direction.

Lake ice area, volume, duration, ice-on date and ice-off date show significant interannual variations, which are 
closely related to interannual variations of the over-lake T2m. Specifically, interannual variations of ice volume, 
duration, and ice-on and ice-off dates have high correlations with T2m, averaged over January-March, from the 
preceding December to May, in December and over March-May, respectively. We identify this as the dependence 
of different ice parameters to the “cumulative effects” of surface air temperature over different preceding months. 
Note that over the TP lakes, solar radiation does not dimmish even in winter, thus the surface air temperature 
is below Tfrz during the ice-freezing and melting phases (while close to Tfrz at high latitudes; Leppäranta & 
Wen, 2022). Thus, the variations of ice-on date and ice-off date also correspond to changes of critical values of 
the surface air temperature for the ice to freeze or melt, which can be related to the amount of solar radiation that 
the lake or ice receives before the freezing or melt. The other factors (i.e., snow accumulation, wind speed,  ther-
mal reserve built up during summer, the accumulated ice volume during winter) are also responsible for the 
variations of ice phenology (Ashton, 2007, 2011), and deserve future study. Finally, our analysis suggests that 
the seasonal and interannual variations of ice drift are attributed to the combined effects of wind and ice volume 
variations.

According to Kirillin et al. (2021), TP lakes store heat during the ice-covered phase. Once the lake ice breaks up, 
there occurs quick release of heat to the atmosphere in 1–2 days, with the upward heat flux reaching 500 W·m −2, 
favoring the over-lake atmospheric convective activities. Obviously, as 3-D models like ICEPOM obtain more 
realistic space-time variation of ice, they have more advantages than 1-D models in coupling with atmospheric 
models to study and predict the regional weather over and around large TP lakes.

Ice extent and thickness in LNC are much smaller in mild winters than in severe winters. The decreased ice 
cover favors more effective driving of lake circulations by wind, and also intensified lake-air interactions 
(Fujisaki et al., 2013). The lake is expected to experience stronger radiative heating due to the prolongation in 
the open-water phase and earlier onset of warm thermal stratification. The influence of radiative heating may 
be especially crucial for the TP lakes which are exposed to much stronger radiation due to the reduced atmos-
pheric density and optical thickness compared with the plain lakes located in mid-latitude regions (Kirillin 
et al., 2021; Su et al., 2019; Wen et al., 2016). The above thermo-hydrodynamic variations have far-reaching 
ecological impacts by determining the distribution and transport of heat, light, oxygen, and nutrients within 
lakes (Anslan et  al.,  2020), and may result in potential shifts in thermal habitats for species (Kraemaer 
et al., 2021). In addition to the thermo-hydrodynamic and ecological impacts, the declined ice cover and the 
related lake warming also have important feedback on the regional weather and climate via intensified lake-air 
interactions (Thiery et al., 2016; Woolway et al., 2020). For example, due to the accelerated ice melting over 
past decades, the surface water in Lake Superior warms faster than the over-lake air (Desai et al., 2009). The 
decreased temperature gradient between water and air tends to destabilize the atmospheric boundary layer, 
results in enhanced over-lake wind, and in turn leads to more energetic current and material transport. In the 
future, ICEPOM could be coupled with atmospheric and ecological models to explore these processes. This 
is valuable in deepening the understanding of the large-lake processes over TP and their roles in regional 
climate change, providing scientific support for improving weather forecasting and protecting the aquatic 
environment.
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Data Availability Statement
The field observed bathymetry, LST, ice thickness, and meteorological parameters of LNC (Qu et  al.,  2012; 
Wang, 2020; Wu, 2018), and the China Meteorological Forcing Data set (He et al., 2020) are available on the 
National Tibetan Plateau Data Center. The integrated data set of daily lake surface temperature for 160 lakes over 
TP is publicly released by Guo et al. (2021). The MOD09GQ surface reflectivity images (Vermote & Wolfe, 2015) 
can be retrieved through the Google Earth Engine platform (Kumar & Mutanga, 2019). We acknowledge the use 
of NCAR Command Language version 6.6.2 (The NCAR Command Language, 2019) to analyze model results 
and plot all the figures.
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