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Abstract. Simulating the ice phenology of deep alpine lakes is important and challenging in coupled atmosphere-lake 

models. In this study, the Weather Research and Forecasting (WRF) model, coupled with two lake models, the fresh-water 

lake model (WRF-FLake) and the default lake model (WRF-LakeWRF-CLake), was applied to lake Nam Co, a typical deep 

alpine lake located in the centre of the Tibetan Plateau, to simulate its lake ice phenology. Due to the large errors in 

simulating lake ice phenology, related key parameters and parameterizations were improved in the coupled model based on 15 

observations and physics-based schemes. By improving the momentum, hydraulic and thermal roughness length 

parameterizations, both the WRF-FLake and the WRF-LakeWRF-CLake models reasonably simulated the lake freeze-up 

date. By improving the key parameters associated with shortwave radiation transfer process when lake ice exists, both 

models generally simulated the lake break-up date well. Compared with WRF-LakeWRF-CLake without improvements, the 

coupled model with both revised lake models significantly improved the simulation of lake ice phenology. However, there 20 

were still considerable errors in simulating the spatial patterns of freeze-up and break-up dates, implying that significant 

challenges in simulating the lake ice phenology still exist in representing some important model physics, including lake 

physics such as grid-scale water circulation, and atmospheric processes such as snowfall and surface snow dynamics. 

Therefore, this work can provide valuable new implications for advancing lake ice phenology simulations in coupled models 

and the improved model also has practical application prospects in weather and climate forecasts. 25 

1 Introduction 

Alpine lakes are is one key land cover type on the Tibetan Plateau (TP). These lakes serve as a main water supply of the TP, 

i.e., the ‘Asia water tower’ [Xu et al., 2008], with a total coverage of more than 47000 km2 [Zhang et al., 2019; Zhang et al., 

2014], which is about 2% the total area of TP. Therefore, alpine lakes play a crucial role in local and regional climate 

through thermal and hydrological cycles in the Earth system. For example, alpine lakes, especially large lakes, can generally 30 
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enhance and/or change the temporal/spatial distributions ofinfluence the precipitation over lakes and surroundings through 

both dynamic and thermal processes [Dai et al., 2018b; Su et al., 2020; Wu et al., 2019; Yang et al., 2022; Yao et al., 2021; 

Zhao et al., 2022]. An accurate simulation of lake climatic impacts is the premise of deriving reasonablecan enhance the 

reliability of forecasting results in climate models. However, there are still large uncertainties in the parameterizations of the 

associated physical processes. 35 

Lakes over mid-high latitudes undergo seasonal freeze-thaw cycles, which show significantly different characteristics 

between deep and shallow lakes. Due to the large contrast in heat capacity associated with the large water storage per unit 

area, deep lakes often show significantly different ice phenology characteristics compared to shallow lakes and surrounding 

land areas. Many alpine lakes are deep lakes with average depths greater than 20 metres, such as Qinghai Lake, Nam Co, and 

Selin Co [Guo et al., 2016; Li et al., 2016; Wang et al., 2009]. The ice phenology seasonality of alpine lakes can influence 40 

not only the lake water and energy budget, but also the seasonality of local and regional climates. For example, lake long-

term freeze-up in cold season can maintain water levels by preventing evaporation losses in lakes [Lei et al., 2018]. The 

surface evaporation of lakes will significantly increase during the cold ice-free period due to the strong turbulent mixing of 

lake water, which can provide appropriate moisture conditions for snowfall events. 

The freeze-up date of a lake depends on the balance of energy storage and release of lake water. Turbulent heat fluxes play 45 

an important role in simulating the energy stored by lake water, and thus influence the freeze-up date [Ma et al., 2022; Zhou 

et al., 2023]. The parameterizations of lake surface turbulent heat fluxes may have large uncertainties [Wen et al., 2016], 

while the formulations of radiation processes at the water surface are relatively stable. Thus, the physical schemes of the heat 

fluxes need to be accurately parameterized in numerical models. One key parameter in simulating the turbulent heat fluxes is 

the roughness length, the parameterization of which plays an important role in accurately simulating the turbulent heat fluxes 50 

across the North American Great Lakes [Deacu et al., 2012; Charusombat et al., 2018]. whichIt was also has been proven to 

play an importanthave significant influence on role in simulating the freeze-up date of Nam Co [Ma et al., 2022]. The 

melting of lake ice mainly depends on solar radiation related processes [Efremova and Pal'shin, 2011; Huang et al., 2022], 

especially the shortwave processes for ice and water, which are closely related to the albedo and the extinction coefficient 

[Kirillin et al., 2012; Li et al., 2021]. The absorption of the shortwave at the ice surface, deep ice, and water underneath can 55 

result in different ice thicknesses and freeze-up dates [Zhou et al., 2023].  

Offline lake models show considerable ability to simulate the seasonal freeze-up and break-up dates of alpine lakes [Dai et 

al., 2018a; Huang et al., 2019a; Huang et al., 2019b; Li et al., 2021]. However, regional climate and weather forecasts, as 

well as the lake effect can be achieved only through a coupled model. Therefore, the application and ability of coupled 

atmosphere-lake models for deep alpine lakes still needs to be further investigated, as highlighted in previous studies [Su et 60 

al., 2020; Wu et al., 2019; Zhou et al., 2023]. It is more challenging for a coupled atmosphere-lake model to simulate the ice 

phenology of alpine lakes, because for offline simulation, the atmospheric forcing is prescribed from observation or 

reanalysis data, which is a strong constraint on model performance and usually has fatal disadvantages. For example, the 

shortwave radiation above lake surface can be 100 W/m-2 stronger than that of the surrounding land due to the cloud hole 



3 

 

effect [Yao et al., 2023]. Thus, simulating lake ice phenology using a coupled model is necessary and important. 65 

Furthermore, a coupled model is more sensitive to key parameters and parameterizations, since the long-term integration will 

increase the model errors through the two-way exchange of energy and water between atmosphere and lake surface [Zhou et 

al., 2023].  

Therefore, in this work, the Weather Research and Forecasting (WRF) model coupled with two lake models, the fresh-water 

lake (FLake) model [Mironov, 2008] and the simplified Community Land Model (CLM) lake model [Gu et al., 2015], was 70 

applied to a typical deep alpine lake, Nam Co. Noting that Zhou et al. [2023] proved by empiricallyartificially adding a 

proper scaling factormultiply a constant on fraction velocity can better simulate the surface turbulent heat fluxes and ice 

phenology of Nam Co. However, such sensitivity method is hard to be regarded as advancing a climate modellack of 

observation support. The current work is an extension of that work by revising key parameters and improving key 

parameterizations using observations and physics-based schemes to better simulate key lake energy circulationsrelated 75 

processes, for example, turbulent heat fluxes with ice-free conditions, solar radiation transfer with ice-on conditions. The 

main objectives wereare to improve the simulation of the lake ice phenology in the WRF model for deep alpine lakes and to 

propose important challengessuggest important topics for further study in more accurately simulating the lake ice phenology 

characteristics in coupled atmosphere-lake models. This work is expected to provide an updated better model version and to 

provide valuable guidance in applying and advancing climate modelsthat can better modeling the lake related processes. for 80 

deep alpine lakes. 

2 Study region and data 

2.1 Study region 

The target lake is Nam Co (Figure 1a), which is a typical deep lake located in the central TP at approximately 30.7oN, 90.6oE. 

It covers an area of more than 2000 km2 and has an average depth of approximately 40 m [La et al., 2016]. This value is 85 

calculated from the total water storage [Zhang et al., 2016] divide by lake area. The deepest area locates at the center of the 

lake, with a maximum depth of about 100 m. A detailed map of lake bathymetry can be found in previous studies [Huang et 

al., 2019; Wu et al., 2023]. Under global warming, the lake water level has experienced a rapid increase since the 1990s due 

to the increase in precipitation, and the growing water supplied by melting snow and glaciers within the basin [Lei et al., 

2014; Lei et al., 2013; Zhang et al., 2020]. 90 
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Figure 1: (a) The study region and the simulation domain of the current study, with Nam Co located in the centre; black 

contour lines denote the lake mask; colour shading denotes the terrain elevation (meters above sea level); the monthly 

averages of 2m air temperature (T2 in oC) in (b) January and (c) July (colour shading) derived from default WRF simulation; 95 

and the difference of T2 (oC) between July and January (colour shading). 

Seasonally, the study region undergoes large temperature variabilityvariation with a cold monthly mean air temperature 

generally below 0 oC in January (Figure 1b) and a warm monthly mean air temperature generally above 0 oC in July (Figure 

1c). Large air temperature difference between the two months can reach more than 22  oC (Figure 1d), indicating a strong 

seasonality, and thus the physical processes related with ice-water phase change may play an important role in the water and 100 

energy cycles within the study region. For example, compared with open water, frozen lake has much weaker evaporation 

and energy release to the atmosphere, and thus the climate effect of lakes will weaken simultaneously. Lakes over this region 

undergoes typical freezing and melting cycles. 
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2.2 Data 

The lake water temperature (TW) data observed in Nam Co cover a period from November 2011 to June 2014 [Wang, 2020]. 105 

These data are the daily average water temperature data at different depths (3m, 6 m, 16 m, 21 m, 26 m, 31 m, 36 m, 56 m, 

66 m and 83 mfrom 3 m to more than 60 m) and were obtained through field monitoring. The data were continuously 

recorded by deploying a water quality multi-parameter probes (CTD 90m, Germany) and temperature thermistors (VEMCO 

Minilog-II-T, Canada; accuracy: ±0.1 °C from −5 °C to 35 °C; resolution: 0.01 °C) in the water. The daily average water 

temperature was calculated based on the original observed data. In the current work, the TW was used for model evaluation. 110 

Only the data from the period of 1st July 2013 to 30nd June 2014 were used, because the station data after 1st July 2014 is not 

available due to the instrument damage. 

The MODIS lake surface temperature (LST) product was used for comparison with the model results. The 0.05° Aqua and 

Terra daily datasets were used in the current study [Wan et al., 2015]. For a fair comparison, the MODIS data were 

interpolated to the model grid by the area weighted method. Due to the contamination by clouds, MODIS has missing 115 

observations at a considerable number of pixels. Thus, the mean LSTs were calculated and compared with those from each 

simulation. For quality control, the LSTs with a fraction of missing observations larger than 90% were removed. Nonetheless, 

there were still some outliers especially for night time data. Additionally, the land-water mixed pixels (the nearest two pixels 

to land) in MODIS were excluded and a total of 1574 grid points were used. 

ERA_interim reanalysis data [Dee et al., 2011] from the European Centre for Medium-Range Weather Forecasts (ECMWF) 120 

was used for model initial and lateral boundary forcing conditions. It was developed based on the Integrated Forecasting 

System (IFS) model assimilating multisource observations. This data has a resolution of approximately 80 km (T255 spectral) 

on 60 vertical levels from the surface up to 0.1 hPa. 

3 Model description and setup 

3.1 WRF model and model setup 125 

In this study, two lake models were used in the coupled atmosphere-lake model to demonstrate the universality of the 

revisions in parameterization schemes in improving the simulation of lake ice phenology characteristics. The coupled 

atmosphere-lake model used in the current study was the WRF model coupled withOne is the FLake model and another one 

is the simplified CLM lake model. These two model are coupled with WRF and , defined as WRF-FLake and WRF-

LakeWRF-CLake hereafter. The default WRF was developed by NCAR. It is a nonhydrostatic model with multiple schemes 130 

in the planetary boundary layer, the land surface model, the cloud microphysics, the cumulus convection, the orographic 

drag and so on. In this study, WRF3.9 [Skamarock et al., 2008] was applied to the TP region. 

The two lake models have been coupled with WRF in a one dimensionone-dimension way, i.e. no horizontal water flow is 

simulated. In the coupling strategy, a grid point with 50% lake cover is defined as a lake point. At each time step, lake 
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models are driven by atmospheric forcing including air temperature, pressure, humidity, wind, short wave and long wave 135 

radiation, precipitation and reference height (height of first atmospheric layer). While the lake models feedback momentum, 

sensible heat and latent heat fluxes. 

Figure 1a shows the simulation domain, covering Nam Co and the surrounding land. The WRF model setup is generally 

consistent with Zhou et al. [2023], with a horizontal grid spacing of 0.04o (approximately 4.5 km), which is identified as 

convectiveon- permitting. The coupled modes were run with a time step of 10 seconds. There are 116 lake grid points in the 140 

model. The lateral boundary conditions were provided at six hourly intervals. The simulations were integratedperformed for 

two years from 1st July 2013 to 30th June 2015. The model lake water temperature in the coupled model was initialized at 

00:00 on 1st July 2013 using MODIS observations. The water temperature at the first layer was set to MODIS observed 

values, while the water temperature at the other layers is linearly interpolated with depth under the assumption that the water 

temperature at the deepest layer is equal to 3.5℃ (the temperature at maximum water density). The other variables in the 145 

coupled model are initialized by ERA_interim data at the same time. Based on previous studies over the TP, a turbulent 

orographic form drag scheme was used to represent the subgrid orographic drag [Zhou et al., 2017; Zhou et al., 2021], the 

Dudhia scheme [Dudhia, 1989] and the RRTM [Mlawer et al., 1997] were used for shortwave and longwave radiation 

transfer, the Modified Thompson scheme [Thompson et al., 2008] was used for the microphysics, the Noah-MP [Niu et al., 

2011; Yang et al., 2011] was used for the land surface processes, and the Mellor–Yamada–Janjic turbulent kinetic energy 150 

scheme [Janjic, 2001; Mellor and Yamada, 1974] was used for the planetary boundary layer. 

Three experiments were designed in the current study. One used the WRF coupled with the default lake model without 

revisions of key lake parameters and parameterizations, which was defined as the control run (WRF-Ctrl). The other two 

used WRF coupled with the revised FLake model and revised default lake model, defined as WRF-FLake run and WRF-

LakeWRF-CLake run. The unrevised version of the WRF-FLake model was not selected as a control run because it had 155 

difficulties simulating the ice phenology characteristics, i.e. a considerable number of lake grid points never freeze-up, 

and/or never break-up after freeze-up [Zhou et al., 2023]. In this study, two lake models were used to demonstrate the 

universality of the revisions in parameterization schemes in improving the simulation of lake ice phenology characteristics. 

 

3.2 Lake models and model setup 160 

In this section, we introduce the two one-dimensional lake models that have been coupled to WRF as the lake scheme to 

reflect the climatic effects of lake processes. The lake model setup in the coupled model is also introduced. 

One is the FLake , which is a freshwater model developed by Mironov [2008]. It is a two-layer model not designed with 

explicit fixed depth layers. withThere is an upper mixed layer and a thermocline layer in which the water temperature is 

parameterized by self-similarity theory. One key feature of FLake is that the mixed layer depth is parameterized by 165 

diagnosing the water stability conditions, which is different from the finite differencetial model in which the energy 
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exchange is parameterized by a turbulent mixing ratio. FLake was coupled with WRF by Zhou et al. [2023] to perform 

sensitivity studies of key physical processes in simulating lake ice phenology. This study used the same version. 

The other lake model is the default one in WRF, which is a simplified version of the CLM lake model. It is a finite 

differential model that was originally designed for shallow lakes. It has ten vertical layers and the water turbulent mixing 170 

ratio is empirically set to a constant between the layers. The CLM lake model is simplified and coupled with WRF by Gu et 

al. [2015] to describe lake processes and effects on the atmospherein WRF model. 

Previous studies have shown that using the default settings in lake models can lead to considerable errors in the simulations 

[Huang et al., 2019a; Ma et al., 2022; Zhou et al., 2023]. Thus, some key parameters and physical schemes were revised 

based on previous studies. For both lake model setups in the coupled model, the lake depth was set to the average value of 40 175 

m for all lake grid points, which was consistent with the offline lake model simulations study by La et al. [2016]. Thus, to 

save computational expense, their simulation results were used to initialize the lake statuswater temperature can be 

initialized by their simulation results to save computational expense for long-time spin up in the coupled model. Noting that 

both lake models used in the current study are one-dimensional models, no horizontal water flow is simulatedsuch a setup 

with identical depth for all grids can, to some extent, reflects the horizontal energy mixing associated with lake water 180 

circulation in the coupled model. Such a model setup is a general way for modeling lake processes in a climate model, such 

as Community Earth System Model (CESM), Consortium for Small-scale Modelling (COSMO), as well as WRF model. The 

setup of following parameters is based on observation. The water extinction was set to 0.12 according to Wang et al. [2009] 

and Huang et al. [2019a]. The temperature at maximum water density was set to 3.5℃ according to Wang et al. [2019b] and 

Wu et al. [2019].  185 

3.3 Model improvements and limitations 

In the Default WRF-LakeWRF-CLake model, the momentum, hydraulic and thermal roughness lengths were set to constant 

values of 0.001. In the default FLake model, the roughness length for momentum (z0m) is parameterized as follows: 

z0m = α ×
u∗

2

g
                                                                                  

(1)  190 

where α is the Charnock number calculated by α = 0.0012 + 0.7 × (1/1000 × (u2)/g), with u is the surface wind speed;  

u∗  is the surface friction velocity in m/s; g = 9.8  m/s2 is the gravitational acceleration constant. Then, the hydraulic 

roughness length z0q is further parameterized as follows: 

z0q = z0m × exp (−Ck × (4.0 × (
u∗

3

g×ν
)

0.5

− 4.2))                                                     (2) 

where Ck = 0.4 is the Von Karman constant; ν is the kinematic viscosity of air. And thermal roughness length z0h is 195 

further parameterized as follows: 

z0h = z0m × exp (−Ck × (4.0 × (
u∗

3

g×ν
)

0.5

− 3.2))                                                     (3) 



8 

 

The above formulation is used in Zhou et al. [2023], which introduced large model errors in simulating lake ice freeze-up 

time. Because such a parameterization simulated too weak turbulent heat fluxes, which controls the lake water energy 

balance. Empiricallyand, these fluxes have too enlarged 1.5 times to improvement the model performance. Nevertheless, 200 

such empiricaartificialempirical method lacks physical basis and is model dependent. In the current study, differently from 

such methods, an observation-based roughness length scheme for open water [Wang et al., 2019a] wereas used for both 

WRF-LakeWRF-CLake and WRF-FLake, which have been proven to better simulate the heat fluxes and lake freeze-up date 

in WRF-LakeWRF-CLake [Ma et al., 2022]. z0m is parameterized as follows: 

z0m = α ×
u∗

2

g
+ Rr ×

ν

u∗
                                                                          (4) 205 

where α = 0.031, Rr = 0.54, for lake Nam Co; These two parameters are calibrated using field observations at lake Nam 

Co [Wang et al., 2018]; ν is the kinematic viscosity of air; u∗ is the surface friction velocity in m/s; g = 9.8 m/s2 is the 

gravitational acceleration constant; and Re = u∗z0m ν⁄  is the roughness Reynolds number. Then, the hydraulic and thermal 

roughness lengths z0q and z0h are further parameterized as follows: 

z0q = z0h = z0m × exp(−2.67 × Re
0.25 + 0.57)                                                        (5) 210 

where Re = u∗z0m ν⁄  is the Reynolds number. 

In Default WRF-LakeWRF-CLake model, the division of the vertical layers of lake is four [Ma et al., 2022]. In the current 

work, to better simulate the lake ice break-up date, the division of the vertical layers of the lake in WRF-LakeWRF-CLake 

was revised to ten layers according to CLM4.5. During freeze-up, if the ice is covered with snow, then the lake surface 

albedo will be set to the snow albedo. The default ice albedo in WRF-LakeWRF-CLake is 0.6. In the current study, it was set 215 

to 0.55 with the consideration that 0.5-0.6 is the most distributed ranges of albedo observations for the Lake Nam Co,  as 

investigated in Li et al. [2018]. In WRF-FLake, the albedo 𝛼 is parameterized by the ice surface temperature as follows: 

𝛼 = 𝛼𝑚𝑎𝑥 − (𝛼𝑚𝑎𝑥 − 𝛼𝑚𝑖𝑛)exp(−95.6(𝑇𝑓 − 𝑇𝑠)/𝑇𝑓)                                                  (6) 

where 𝛼𝑚𝑎𝑥  and 𝛼𝑚𝑖𝑛  are the maximum and minimum ice albedo, respectively, 𝑇𝑓 = 273.15 is the temperature at the 

freezing point, and 𝑇𝑠 is the ice surface temperature. In Zhou et al. [2023], the default values of 𝛼𝑚𝑎𝑥 and 𝛼𝑚𝑖𝑛 were set to 220 

0.2 and 0.1 respectively, with the consideration of ice albedo variance under snow-free conditions. Nevertheless, the value of 

0.2 is too small under all conditions (when snow often appears), as observed from satellite [Li et al., 2018]. Therefore, in the 

current study, 𝛼𝑚𝑎𝑥  is revised to 0.75 based on satellite observation [Li et al., 2018]. In their study, the 

occuraenceoccurrence of maximum albedo during ice-on season at Nam Co is no more than 0.8 based on MODIS data. Such 

treatment of lake surface albedo directly takes into account is a matter of expediency due to the model disadvantage in 225 

modelling snow fall and the associated snow cover over lake ice. Thus, the snow influence on lake-ice surface albedo. is 

directly taken into account even the model cannot simulate enough snow fall.. Therefore, we can make sure that the modeled 

snow fall biases will not directly bring uncertainties in simulating the lake processes. Over the complex terrain region, 

precipitation fall has been a great challenge and it is very difficult to correctly simulate precipitation amount. In TP, there is 

a systematic over estimation of precipitation in climate models [Gao et al., 2015; Su et al., 2013]. Additionally, considering 230 
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the absorption of shortwave radiation at the ice surface is also an important parameter, it is revised to 0.65 according to a 

sensitivity study similar to that in Zhou et al. [2023]. In the sensitivity study, all the simulations are initialized at the 1st 

January 2014, a few days before lake freeze-up, which make sure the lake water thermal status and the freeze-up dates are 

correct at the initial stage. Before freeze-up, the lake water areis fully mixed and a uniform temperature initialization is 

reasonable. With an ice surface absorption ratio of 0.65, the model shows the best performance in simulating lake ice break-235 

up date compared with other values (0.5, 0.55, 0.6, 0.7, and 0.75 ). 

3.4 Calculation of lake freeze-up date and break-up date 

Freeze-up date at each grid point is defined as the first day when lake ice occurs and ice-free days never occur in the 

following 20 days at this grid point, while break-up date at each grid point is defined as the first day when ice-free occurs 

after 20 ice-on days at this grid point. The freeze-up duration at each grid point is defined as the number of days with 240 

continuous ice cover at this grid point. It is derived from break-up date minus freeze-up data.  Within each model grid point, 

there are 16 (4×4) co-located MODIS pixels. Thus, for the calculation of freeze-up date and break-up date by MODIS, the 

maximum LST in each grid point is selected from the co-located 16 MODIS pixels. The reason of using maximum LST 

rather than an average is that MODIS data may be contaminated by cloud top temperature, which could be much colder than 

real lake surface temperature. Additionally, such a treatment can preserve as much satellite information to maintain 245 

maximally continuous time series within the grid points. Even though, there are freeze-up date and break-up date in a 

considerable number of model grid points that are still cannot be effectively calculated due to too much missing observations 

in MODIS.  The number of lake grid points with missing values are even larger when calculating the freeze-up durations by 

subtracting the break-up date and freeze-up date.  

Treating the lake as a whole, the lake freeze-up date and lake break-up date is calculated based on lake frozen fraction. The 250 

lake frozen fraction is defined as the ratio of the number of ice-on grid points to all grid points. The lake freeze-up date is 

defined as the first day when the lake frozen fraction reaches 90% and does not fall below this threshold for 20 consecutive 

days, while the lake break-up date is defined as the first day when lake frozen fraction falls below 90% and never exceeds 

this threshold for 20 consecutive days. Lake freeze-up duration is derived from lake break-up date minus lake freeze-up date. 

 255 

The snow cover over lake ice can bring large uncertainties in the model, which will be discussed in Section 5. Thus, we 

decided to keep the original formulations of lake ice albedo formulations in both lake models but with empirical revisions as 

given above. However, this method may lead to some biases and accurately parameterizing the lake ice albedo during freeze-

up was not feasible that could be caused by the models’ limitations on snow-related processes as discussed in Section 5, and 

more substantial work is needed. 260 
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4 Results and analysis 

4.1 Surface heat flux and water temperature 

Previous studies show that there are large uncertainties in simulating turbulent heat fluxes in lake models [Wen et al., 2016]. 

Additionally, turbulent heat fluxes and thus play key roles in simulating the lake water temperature and lake freeze-up date 

[Ma et al., 2022; Zhou et al., 2023]. In contrast, other energy components at the lake surface are relatively more reasonably 265 

parameterizedsimulated due to reliable observations of related parameters. For example, regarding shortwave and longwave 

radiation, the albedo for open water is approximately 0.08 and the emissivity is approximately 0.98. These two key 

parameters have low uncertainties and can be accurately estimated. Therefore, only the simulated turbulent heat fluxes and 

water temperature were investigated in this section. 

To demonstrate the effects of model improvements. Figure 2 shows the differences in daily mean sensible heat and latent 270 

heat derived from WRF-FLake and WRF-LakeWRF-CLake minus WRF-Ctrl at Nam Co averaged over all lake grid points 

for the study period. Compared with WRF-Ctrl, both WRF-FLake and WRF-LakeWRF-CLake show quite smaller 

differences in simulating the sensible heat  (SH) for ice-free periods (Figure 2a), while they show considerable smallelargerr 

negative differences in simulating the latent heat (LH) for ice-free periods especially within approximately one month before 

ice-on (Figure 2b), indicating that the LH is more sensitive to the improvements in the hydraulic and thermal roughness 275 

lengths parametrizations as introduced in section 3.2. The improved model WRF-FLake and WRF-LakeWRF-CLake show 

quite good agreement with each other, because both models used the same parameterizations of momentum and thermal 

roughness lengths (Section 3.2). Both WRF-FLake and WRF-LakeWRF-CLake obviously show larger sSHensible heat and 

latent heatLH in November-December than WRF-Ctrl due to the early ice-onfreeaze-up in WRF-Ctrl model. Additionally, 

tThere are some  differences in sensible heat and latent heat at the initial stages of ice-on between the two improved models, 280 

which could be associated with the inconsistency in the freezing status of specific grid points differences in locations and 

numbers of grids that are freeze-upbetween the two simulations. NeverthelessAdditionally, other thermal processes (such as 

water turbulent mixing) also play certain roles and caused different model performances in simulating SHsensible heat, 

latent heatLH, and lake ice-on startfreeze-up time. Obviously, the smaller LHlatent heat during ice-free periods in both 

WRF-FLake and WRF-LakeWRF-CLake simulations leads to a weaker water energy release, resulting in a late  ice-285 

onfreeze-up.  

The SHsensible heat and latent heatLH control the atmosphere-lake energy exchange and lake water energy storage, and thus 

influence the lake freeze-up date [Ma et al., 2022; Zhou et al., 2023]. In the following, the LST and water temperature 

profiles are compared with MODIS and station observations, respectively. 

 290 
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Figure 2: Differences in the daily mean (a) sensible heat and (b) latent heat simulated derived from WRF-FLake and WRF-

LakeWRF-CLake minus WRF-Ctrl at Nam Co averaged over all lake grid points for the study period. The vertical lines 

show the first/last days of ice occurrences in each simulation (black: WRF-Ctrl; red: WRF-FLake; blue: WRF-LakeWRF-

CLake). 295 

 

Figure 3a shows the time series of mean LST biases (averaged over the grid points with MODIS observation) in each 

simulation (WRF-Ctrl, WRF-Flake, and WRF-LakeWRF-CLake minus MODIS) against MODIS data for the study period. 

The biases are derived from WRF-Ctrl, WRF-Flake, and WRF-CLake runs minus MODIS. WRF-Ctrl obviously show cold 

biases during ice-free periods. These cold biases (for example in September and October) are obviously alleviated in both the 300 

WRF-FLake and the WRF-LakeWRF-CLake runs. Considering the uncertainties in the MODIS products, that is, there are 

obvious unreliable underestimations of night time LST for alpine lakes including Nam Co [La et al., 2022], slight warmer 

biases in LST are expected during ice-free periods as showed in the WRF-Flake and WRF-LakeWRF-CLake runs in Figure 

3a. Larger cold biases in WRF-Ctrl occurs in November-December due to the early ice-on, which is significantly improved 

in the WRF-FLake and the WRF-LakeWRF-CLake runs. At the time of early ice-on in these two runs, the simulated LST 305 

also show cold biases. The reason could be that for MODIS, only ice-free pixels were averaged because the freeze-up pixels 

were hard to distinguish between lake surface or cloud top, which also explains the continuous missing observations of 

MODIS during lake freeze-up. Therefore, the LST during early ice-on stage is logically uncomparableincomparable between 

the model simulations and MODIS. Figure 3b shows the differences in the daily mean LST (averaged over all grid points) 
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derived from WRF-FLake and WRF-LakeWRF-CLake minus WRF-Ctrl for the study period. WRF-FLake and WRF-310 

LakeWRF-CLake runs obviously have warmer LST during ice-free period, which can be explained by the stronger cooling 

effect due to the larger LH release as shown in Figure 2b. The largest LST differences in WRF-FLake and WRF-LakeWRF-

CLake in November-December are caused by the early ice-on in the WRF-Ctrl. 

 

 315 

Figure 3: (a) The biases in daily mean LST to MODIS in each simulation (black: WRF-Ctrl; red: WRF-FLake; blue: WRF-

LakeWRF-CLake) for the study period, and (b) the differences in the daily mean LST derived from WRF-FLake and WRF-

LakeWRF-CLake minus WRF-Ctrl for the study period. The biases are derived from WRF-Ctrl, WRF-Flake, and WRF-

CLake runs minus MODIS. The differences are derived from WRF-Flake, and WRF-CLake runs minus WRF-Ctrl run. The 

vertical lines show the first/last days of ice occurrences in each simulation (black: WRF-Ctrl; red: WRF-FLake; blue: WRF-320 

LakeWRF-CLake). 

 

Figure 4 shows the observed and simulated lake water temperature profiles. Only the data from the period of 1st July 2013 to 

30nd June 2014 were used, because the station data after 1st July 2014 were not available due to instrument damage. All the 

simulations can generally simulate the seasonality of the water temperature with the maximum occurring in August-325 

September, and the minimum occurring in winter and early spring. Consistent with the investigation in Wang et al. [2019b], 

obvious water stratification lasts from July to late October, while the water body is sufficiently mixed after that time until 

May of the next year (Figure 4a). During the ice-on period, the thermal structure of the water column is weakly stratified 
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rather than mixed [La et al., 2021]. The stratification characteristics in the simulations generally agree well with the 

measurements (Figure 4b-c). Additionally, the mean bias and root mean square error (RMSE) are calculated (Figure 4d-e). 330 

The WRF-Ctrl and WRF-LakeWRF-CLake runs show cold biases, especially at shallow layers, while WRF-FLake has 

smaller mean bias errors (Figure 4d). By revising key parameters and improving key parameterizations of lake models (as in 

section 3,2 and section 3.3), the cold biases can be effectively alleviated. The RMSE in WRF-FLake is larger at deep layers, 

indicating a worse performance, and vice versa at shallow layers (Figure 4e). The mean bias in WRF_FLake is smaller than 

that in WRF-Ctrl and WRF-LakeWRF-CLake, while the RMSE is larger for some layers. This could be associated with the 335 

differences in seasonal variation in the LST between the models and observations. That is, WRF-FLake (Figure 4b) is much 

warmer in summer and colder in winter than is WRF-LakeWRF-CLake (Figure 4c) when compared with the observations 

(Figure 4a). When calculating the mean bias, the more extreme warm bias and cold bias in WRF-Flake compensate each 

other. Generally, the errors in simulating the lake water temperature are at reasonable scales compared with offline lake 

model simulation results in other studies [La et al., 2016; Huang et al., 2019], which show RMSEs within the intervals of 340 

1.0-2.5 oC and 1.8-2.4 oC. 

 

Figure 4: Lake water temperature profiles in (a) station observations and each simulation (b: WRF-Ctrl, c: WRF-FLake and 

d: WRF-LakeWRF-CLake) for the period of 1st July 2013 to 30nd June 2014, and (e-f) error metrics (mean bias and RMSE) 

at different depths. 345 



14 

 

4.2 Lake ice phenology characteristics 

In this section, the simulated lake ice phenology is investigated, including the lake frozen fraction, ice thickness, freeze-up 

and break-up dates of the lake as a whole and for each lake grid, as well as the freeze-up duration. Freeze-up is defined as the 

first day when lake ice occurs and ice-free days never occur in the following days (20 days for programming in this study) 

for each lake grid, while break-up is defined as the first day when ice-free occurs after reasonable number of ice-on days (20 350 

days for programming in this study) for each lake grid. The lake frozen fraction is defined as the ratio of the number of ice-

on grids to all grids. The lake freeze-up date is defined as the first day when the lake frozen fraction exceeds 90% and never 

falls below it within the next reasonable number of days (20 days for programming in this study), while the lake break-up 

date is defined as the first day of lake frozen fraction falls below 90% and never exists within the next reasonable number of 

days (20 days for programming in this study). For the calculation of freeze-up date and break-up date by MODIS, the 355 

maximum LST in each grid is selected from the co-located 16 (4×4) MODIS pixels, which can preserve as much satellite 

information as we can to maintain maximally continuous time series within the grids. Even though, there are freeze-up date 

and break-up date in a considerable number of model grids that are still cannot be derived due to too much missing 

observations. The number of lake grids with missing values are even more when calculating the freeze-up durations by 

subtracting the break-up date and freeze-up date. 360 

Following the method in Zhou et al. [2023], the ice phenology of lake Nam Co as a whole is investigated, including  the 

frozen fraction, the mean ice thickness, and the penetrated shortwave radiation at the ice surface. Figure 5a shows the frozen 

fraction and mean ice thickness of Nam Co in each simulation. Based on MODIS, Nam Co generally freezes in January and 

breaks in late April (Figure 5a). For seasonality of lake ice phenology, both the WRF-FLake and the WRF-LakeWRF-CLake 

runs generally show good agreement with MODIS, while WRF-Ctrl shows too-early freeze-up and break-up dates (Figure 365 

5a). For ice thickness, WRF-FLake simulates thicker ice than WRF-LakeWRF-CLake, with maximum thicknesses of 

approximately 0.5 m and 0.4 m, respectively (Figure 5b). The reason could be attributed to more penetrating shortwave 

radiation at the ice surface (Figure 5c), and this part of the energy is more effective in contributing to ice melting in the 

model as interpreted by Zhou et al. [2023]. Compared with these two runs, WRF-Ctrl has much smaller ice thickness, which 

maintains a constant thickness during the main freeze-up period. This is because the thickness of the second layer was set to 370 

4.0 m by default, which is too deep and difficult to freeze. Additionally, the lake freeze-up and break-up dates, and freeze-up 

durations derived from each simulation are compared with those from MODIS, as shown in Table 1. Generally, WRF-Ctrl 

shows more than one month too-earlyier freeze-up and break-up dates than MODIS, while both revised models simulate the 

lake freeze-up and break-up dates with acceptable accuracy (errors withinsmaller than a few11 days), except for the break-up 

date in winter of 2014-2015 in WRF-LakeWRF-CLake (Table 1). WRF-Ctrl shows too long freeze-up durations, which are 375 

effectively reduced in both WRF-FLake and WRF-LakeWRF-CLake runs, though with too short freeze-up durations in 

WRF-LakeWRF-CLake (Table 1). This result indicates that, regarding lake freeze-up and break-up dates, the performances 
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of the coupled modelWRF-Flake and WRF-LakeWRF-CLake can bewere significantly improved by revising key parameters 

and improving key parameterizations in lake models. 

 380 

 

Figure 5: (a) Lake frozen fraction, (b) ice thickness, and (c) penetrated shortwave radiation (during the ice-on period) in 

each simulation. The vertical bold straight line indicates the freeze-up date and break-up date derived from MODIS. 

 

Table 1: The comparisons of lake freeze-up dates, lake break-up dates and lake freeze-up durations (days) between each 385 

simulation and MODIS; the values indicate the number of days since 1st July of the corresponding year; the values in in 

parentheses indicate the errors of each simulation to MODIS; the Julian days of the freeze-up dates and break-up dates are 

provided for MODIS. Bold indicates a best performance. 

 Freeze-up 

date 

2013-204 

Break-up 

date 

2013-2014 

Freeze-up duration 

(days) 2013-2014 

Freeze-up 

date 

2014-2015 

Break-up 

date 

2014-2015 

Freeze-up duration 

(days) 2014-2015 

WRF-Ctrl 146(-57) 261(-37) 115 152(-44) 267(-35) 115 

WRF-FLake 202(-1) 307(+9) 105 202(+6) 303(+1) 101 
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WRF-LakeWRF-

CLake 

192(-11) 294(-4) 102 194(-2) 276(-26) 82 

MODIS 203(19th 

JAN) 

298(24th 

APR) 

95 196(12th 

JAN) 

302(28th 

APR) 

106 

 

 390 

Figure 6: Spatial distribution of freeze-up date (left), break-up date (middle), and freeze-up duration (right) at Nam Co 

derived from MODIS in the period of (a-c) 2013-2014 and (d-f) 2014-2015. The cross marks denote lake grid points with 

missing observations in MODIS. 

 

Figure 6 shows the spatial distribution of freeze-up date, break-up date, and freeze-up duration derived from MODIS data in 395 

the winter of 2013-2014 and 2014-2015. There are missing values at considerable grid points due to the missing LST 

observation by MODIS. Generally, the east Nam Co shows a little earlier freeze-up time than the west, while the west Nam 

Co obvious shows much earlier break-up time than the east. As a result, the east Nam Co has longer freeze-up duration. The 

freeze-up date, break-up date, and freeze-up duration in MODIS will be used to quantitatively evaluate the simulations. The 

inconsistencies in spatial distribution of these three variables between simulations and MODIS will be discussed in the next 400 

section. 

Figure 67 shows the spatial distribution of freeze-up date in each simulation. WRF-Ctrl showpredicted early freeze-up, while 

both revised models are consistent and show late freeze-up in eastern Nam Co, early freeze-up in the middle of the lake for 

winters of 2013-2014 and 2014-2015. Additionally, WRF-FLake predictedshows slightly later freeze-up date than WRF-

LakeWRF-CLake. Figure 78 shows the spatial distribution of biases in freeze-up date in each simulation derived from WRF-405 
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Ctrl, WRF-Flake, and WRF-LakeWRF-CLake runs minus MODIS. A positive value indicates a later freeze-up, while a 

negative value indicates an earlier freeze-up. Compared with MODIS, WRF-Ctrl predictedshows systematically too early 

freeze-up date by more than 30 days, while the WRF-FLake and WRF-LakeWRF-CLake runs show considerable smaller 

biases generally within ±20 days, with negative biases over the mid-western lake and positive biases over the eastern lake 

except for freeze-up date in 2014-2015 in the WRF-FLake. Generally, the variability of the biases is low (blue text in Figure 410 

8), indicating a reliable quantification. 

 

 

Figure 67: Spatial distribution of freeze-up date at Nam Co in each simulation in the winters of (a-c) 2013-2014 and (d-f) 

2014-2015. The colour indicates the number of days since 1st July in the corresponding year. 415 
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Figure 78: Spatial distribution of biases (days) in freeze-up date at Nam Co in each simulation in the winters of (a-c) 2013-

2014 and (d-f) 2014-2015. The biases are derived from WRF-Ctrl, WRF-Flake, and WRF-LakeWRF-CLake runs minus 

MODIS. The cross marks denote lake grid points with missing observations in MODIS. 420 

 

Figure 89 shows the spatial distribution of break-up date in each simulation. WRF-Ctrl predictedshows early break-up, while 

both revised models show late break-up in western Nam Co, and early break-up in the middle for both springs of 2014 and 

2015. The too- early break-up in WRF-Ctrl could be associated with the too- thin ice during freezing, and the ice-water 

phase change requires much less energy and thus a short time. Additionally, WRF-FLake predictedshows a slightly later 425 

break-up date than WRF-LakeWRF-CLake, which could be associated with the lake ice thickness in both runs. WRF-FLake 

has thicker ice during freezing and more energy is required for the ice-water phase change and thus it takes a longer time. 

Figure 910 shows the spatial distribution of biases in break-up date in each simulation. Compared with MODIS, WRF-Ctrl 

predictedshows systematically too early break-up date by approximately 10-20 days, while the WRF-FLake and WRF-

LakeWRF-CLake runs show late break-up dates over the mid-western lake (more than 20 days and 0-10 days respectively) 430 

and early break-up dates over the eastern lake (-10-0 days and smaller than -20 days respectively). Generally, the variability 

of the biases in break-up date (blue text in Figure 10) is a little higher than that in freeze-up date, which could be due to more 

missing values in MODIS break-up date. 
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 435 

Figure 89: Spatial distribution of break-up date at Nam Co in each simulation in the spring of (a-c) 2014 and (d-f) 2015, 

colour indicates the number of days since 1st July. 

 

 

Figure 910: Spatial distribution of biases (days) in break-up date at Nam Co in each simulation in the spring of (a-c) 2014 440 

and (d-f) 2015, colour indicates the number of days since 1st July. The biases are derived from WRF-Ctrl, WRF-Flake, and 

WRF-LakeWRF-CLake runs minus MODIS. The cross marks denote lake grid points with missing observations in MODIS. 
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Figure 101 shows the spatial distribution of freeze-up duration simulated by the two models. All models predictedshow the 

longest ice duration in the middle west of Nam Co, with WRF-Ctrl having the longest ice duration and WRF-FLake having a 445 

slightly longer freeze-up duration than that of WRF-LakeWRF-CLake. The differences in the latter two runs could be 

associated with the differences in the parameterizations of shortwave processes when lake ice exists. Generally, the 

simulated ice duration is longer than 100 days and shorter than 140 days in both revised models. Figure 112 shows the 

spatial distribution of biases in freeze-up duration in each simulation. Compared with MODIS, all the models show longer 

freeze-up durations over the mid-western lake (approximately 10-20 days) and shorter freeze-up durations over the eastern 450 

corner of lake Nam Co (approximately -20 --10 days). The too long freeze-up duration in WRF-Ctrl could be associated with 

the too early freeze-up dates, while the too long freeze-up duration in WRF-FLake and WRF-LakeWRF-CLake could be 

associated with the too late break-up dates. Generally, the variability of the biases in freeze-up duration (blue text in Figure 

10) is much higher than those in freeze-up date and break-up date, which is obviously due to more missing values in MODIS 

when subtracting the two. 455 

 

 

Figure 101: Spatial distribution of freeze-up duration in each simulation in the periods of (a-c) 2013-2014 and (d-f) 2014-

2015, colour indicates the number of days during freeze-up. 

 460 
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Figure 112: Spatial distribution of biases (days) in freeze-up duration in each simulation in the periods of (a-c) 2013-2014 

and (d-f) 2014-2015, colour indicates the number of days during freeze-up. The biases are derived from WRF-Ctrl, WRF-

Flake, and WRF-LakeWRF-CLake runs minus MODIS. The cross marks denote lake grid points with missing observations 

in MODIS. 465 

5 Discussion 

The above evaluations demonstrate that with revisions of key parameters and improvements of key parametrizations, 

associated with surface turbulent heat fluxes during ice-free period and associated with solar radiation transfer during ice-on 

period, the updated model versions can significantly improve the simulation of ice phenology through a better representation 

of lake energy processes. These improvements are observation and physics based, which is more reasonable and more 470 

universal than using artificial scaling method (i.e.wheni.e. When calculating the sensible heat and latent heat, multiply by a 

constant ) as in Zhou et al. [2023]. For example, both WRF-FLake and WRF-LakeWRF-CLake models are improved by the 

same parameterization of water surface roughness length, demonstrating the universality of this scheme as described in Eq. 

(4)-(5). Therefore, the current work provides a better model version for weather and climate simulations over alpine lake 

regions. Nevertheless, there might still be large uncertainties caused by the limitations of models’ abilities in depicting some 475 

physical processes, which will be discussed in this section.  

For freeze-up date, in both periods in 2013-2014 and 2014-2015, MODIS shows early freeze-up in the east of Nam Co 

(Figure 126a, 126cd), while models show early freeze-up in the middle-west (Figure 67). The identical lake depth inevitably 

causes uncertainties in simulating the freeze-up date. Shallow water grid points freeze-up earlier than deep water grid points 

due to less water and low heat capacity per unit area. Essentially, both lake models are one-dimensional models, and thus we 480 
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speculate that the mismatch between the model and observation might also be associated with the lake water circulation that 

cannot be perfectly represented in the two one -dimension lake models even with uniform depth. In cold seasons, the TP is 

dominated by prevailing westerlies. Before freeze-up, the wind blowing effect may lead to surface cooling water moving to 

the east and deep warm water moving to the west. A three-dimensional lake model is expected to solve this problem by 

depicting the horizontal lake water circulation as demonstrated in previous studies [White et al., 2012; Wu et al.,  [2021]. 485 

Nevertheless, a one-dimensional lake model is still commonly used in climate models when simulating atmosphere-lake 

processes, such as the widely used CESM [Oleson et al., 20130], and COSMO [Steppeler et al., 2003], which highlights the 

importance of the current work. 

For break-up date, in both periods in 2013-2014 and 2014-2015, MODIS shows early break-up in the west (Figure 126b, 

126de) while models show early break-up in eastern Nam Co (Figure 89). The freeze-up time in the models may play a role, 490 

because early freeze-up grid points may accumulate thicker ice and vice versa for late freeze-up grid points. Additionally, 

uncertainties associated with snow cover at the lake ice surface play an important role through shortwave-albedo processes, 

as highlighted by Li et al. [2018] for offline models. In the simulations, there are nearly no snow cover (not shown). 

However, Figure 13a and 13b show that a considerable amount of snow covers the lake surface with inhomogeneous 

distribution from the west to the east of lake Nam Co, when looking at the images from the Earth Observing System Data 495 

and Information System (EOSDIS). Nearly no snow covers the west and a considerable amount of snow exists over the east. 

More snow can lead to a high albedo and less shortwave absorption at the surface and thus have a cooling effect, which will 

delay ice melting. This contrast in snow cover between the model and observations is consistent and may partly explain the 

contrast in the spatial patterns of the lake break-up date over Nam Co. ObviouslyIn the, both coupled modelssimulations, 

nearly no precipitation and have the disadvantage of simulating the snow cover is predicted over the lake ice. In the 500 

simulations, nearly no precipitation was simulated at lake grids during freeze-up (not shown). Frozen and smooth surfaces 

are not favourable for triggering atmospheric convection and snowfall. Therefore, we speculate that the snow covers at lake 

ice surface, as shown in the sky view images, might be associated with grid-scale snow dynamic processes like blowing 

snow during snowfall (during as snowflake descent) and after snowfall (at land/lake surface). Previous studies have also 

demonstrated that snow redistribution by wind and associated changes in depth and density of the snow pack contribute to 505 

variations in ice thickness [(Brown and Duguay, 2010; 2011)). With rough surfaces such as bare ground or vegetated land, 

the scale of blowing snow might be limited to a small scale and can be parameterized by a scheme such as the one 

introduced by Xie et al. [2019]. HoweverIn contrast, for a smooth surface, such as the ice surface in the current work, the 

scale of blowing snow can be much larger. However, such processes are not included in the model version used in current 

study and the applicability of such a scheme needs to be further investigated. Furthermore, lakes generally have lower 510 

elevations than the surrounding land and are beneficial for snow accumulation, especially during snowfall. Noting that the 

accurate simulation of precipitation over the complex terrain has long been a challenging issue, i.e. the precipitation in TP 

can be overestimated by more than 50% in climate models and even reanalysis data [Gao et al., 2015; Su et al., 2013], the 
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simulated over lake snow fall will also bring large uncertainties in modeling the lake surface albedo and thus can influence 

the lake ice phenology as also demonstrated in previous study over high latitude lakes [Fujisaki-Manome et al., 2020]. 515 

 

 

Figure 13: Satellite sky view images from EOSDIS Worldview on typical lake ice-on days in (a) 20140315 and (b) 

20150226 (right). 

 520 

Additionally, other lake processes can also bring uncertainties in simulating the lake ice phenology. For example, during ice-

covered period, the shortwave radiation absorbed by lake water under ice can increase the water temperature to more than 

the freezing point [Kirillin et al., 2021; La et al., 2021; Wang et al., 2022] and delay ice melting by temporally storing the 

energy in water instead of being used immediately for ice melting. These uncertainties in describing lake-related processes 

bring considerable inconsistencies between models and observations associated with ice phenology. Simultaneously, they 525 

also bring great challenges in model applications and developments, especially for deep alpine lake regions. 

6 Summary and remarks 

In this study, the WRF model coupled with two lake models, the FLake model and the default simplified CLM lake model 

(namely WRF-FLake and WRF-LakeWRF-CLake, respectively), have been applied to simulate lake ice phenology in a 

typical alpine lake located in the central TP. With improvements of momentum, hydraulic and thermal roughness length 530 

parameterizations, both the WRF-FLake and the WRF-LakeWRF-CLake models reasonably simulated the lake water 
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temperature compared with MODIS and station observations. Water temperature represents the lake energy storage, and 

therefore, the lake freeze-up date in both models was reasonably simulated compared with MODIS. With revisions of key 

parameters and improvements of key parameterizations associated with the shortwave radiation transfer, both the WRF-

FLake and the WRF-LakeWRF-CLake models generally simulated the lake break-up date well. These improvements are 535 

observation and physics based, which are more reasonable and more universal than using artificial scaling method as in Zhou 

et al. [2023]. Compared with WRF coupled with the unrevised default lake model, the simulation of lake ice phenology was 

significantly improved by WRF coupled withto both of the improved lake models. Therefore, Therefore, we expecteexpectd 

that the main results and findings of this work can provide a good reference when simulating lake ice phenology by climate 

models, especially for the alpine lake..’ in the revised version.the main results and findings of this work can provide a good 540 

reference for climate model applications and the improved model also has practical application prospects over the alpine lake 

covered regions. 

However, considerable errors still exist in simulating the spatial patterns of freeze-up and break-up dates. These errors could 

come from the disadvantages of the model in representing some key lake physics such as nonuniform lake depth, lake water 

circulation, shortwave heating effect on water underneath lake ice, and atmospheric processes such as grid-scale blowing 545 

snow, indicating that more substantial work is required to improve the lake physical processes in climate models. 

Nevertheless, our work can provide a better model version compared with the default WRF model and the discussions are 

expected to provide new implications for advancingimproving lake ice associated processes in coupled atmosphere-lake 

models in the future. 
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