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Lake water temperature and the related thermal structure influence not only the provision
of ecosystem services in lacustrine environments but also the interactions with regional
climate. However, continuous lake temperature monitoring across the Tibetan Plateau is
sparse, limiting our understanding of lake thermal and mixing dynamics and hindering the
verification of modeling results in this region. Based on in-situ water temperature and
meteorological observations, this study revealed a special summer destratification
phenomenon of a deep alpine lake, Langa Co. The results indicate that Langa Co is a
discontinuous cold polymictic lake, which becomes completely mixed and reaches a
homogeneous water temperature frequently during spring and autumn. Further, the
intermittent periods of stratification in summer only last a few days, which is rare for
such a deep lake. As an example of a discontinuous cold polymictic lake that contrasts with
the typical dimictic pattern of alpine lakes, studies of Langa Co help to gain insights into
lake thermal processes and thermoregulation mechanisms and establish a reference for
lake model evaluation and parameterization on the Tibetan Plateau.

Keywords: thermal stratification, polymictic lake, Tibetan Plateau, Langa Co, WRF-Lake model

1 INTRODUCTION

Thermal stratification exerts an important control on the vertical fluxes of dissolved and particulate
material in lakes (Robertson and Imberger, 1994; Foley et al., 2012), with strong potential impacts on
local and even regional climate through its influence on water and heat exchanges between the lake
and atmosphere (Lim et al., 2012; Wang et al., 2015; Wang et al., 2019a). Stratification is facilitated by
the thermal expansion properties of water, which creates a stable vertical density gradient. Density
gradients are often observed within a region with sharp changes in water temperature (metalimnion)
that delineates an upper well-mixed region (epilimnion) from a relatively quiescent deep zone
(hypolimnion) (Macintyre and Melack, 2010). Seasonal stratification and mixing patterns serve as a
basis for the classification of lake regimes and are essential in projections of lake response to climate
change. Recent global studies show that climatic trends have resulted in an overall increase in thermal
stability with longer periods of summer stratification and steeper thermoclines and mixing type
changes (Kraemer et al., 2015; Woolway and Merchant, 2019). A change in mixing regime can trigger
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FIGURE 1 | Locations of Langa Co and the observation points.

changes in physicochemical parameters (e.g., anoxia) that can
feedback to the vertical density distribution or heat budget
(Mesman et al., 2021).

The Tibetan Plateau (TP) is one of the most sensitive areas to
global climate change (Kuang and Jiao, 2016; Duan et al., 2019)
and is experiencing warming at approximately three times the
rate of the global mean (Field and Barros, 2014). More than 1,400
lakes with a water area greater than 1 km? are scattered across the
TP (Zhang et al, 2019). Lakes on the TP serve as an effective
indicator and sentinel of climate changes because they are less
strongly affected by human activities. Since the 1990s, lake areas
and water storage have remarkably increased (Song et al., 2013;
Zhang et al., 2017; Zhang et al., 2021). In addition, the lake ice
duration has increased in the north but decreased in the south
during the past 2 decades (Cai et al., 2019). Some lakes on the
southern TP have even transitioned from being seasonally ice-
covered to being ice-free all year. However, the temperature
changes and lake regime shifts in response to climate change
have rarely been addressed (Zhang et al., 2020). Currently, lake
temperature observations in the TP are still scarce because of the
higher risk in instrument detecting and more difficulty in data
acquisition (Duan et al., 2021). The long-term measurements
(with at least one full season of water temperature monitoring)
are available only at Nam Co, Paiku Co, Bangong Co, and Dagze
Co (for its mixomolimnion), but these lakes are all dimictic,
meaning that they mix from top to bottom twice yearly and
stratify throughout the summer (Wang et al., 2019¢; Wang et al.,
2020b; Lei et al., 2021b; Lazhu et al., 2021; Wang et al., 2021). It is
therefore necessary to enrich the observed lake types and achieve
a more detailed understanding of the lake thermal structure.

In this study, we present the water temperature variability
based on continuous ixn-situ monitoring during the ice-free period
at the 40 m-deep lake on the TP, Langa Co, with a focus on the
pattern of stratification and mixing and circulation type of this
lake. The peculiar phenomenon of summer destratification
emerges from observational data, and its reasons are discussed.
Moreover, the performance of a one-dimensional lake model in
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simulating the phenomenon was assessed. The main findings of
this work complete our understanding of the lake thermal
processes and establish a reference for lake model
improvement on the TP.

2 MATERIALS AND METHODS

2.1 Study Area

Langa Co (30.58°-30.85°N, 81.10°-81.33°E, 4,575m a.s.l;
Figure 1) is a spoon-shaped lake, with an area of
approximately 258.9 km* (Liu et al., 2021). River inputs to
the lake are the greatest during the summer season, and the
largest supply is glacial melt water from the north. A
bathymetric survey showed that the lake reaches a depth of
49.03 m (Wang et al, 2013). The southern part, which has a
mostly flat lake bed, is ~40 m deep. The northern part of the lake
is an alluvial fan with a depth of ~10 m. The narrow central
portion is ~25 m deep and links the two parts. Climatically, the
region belongs to semi-arid climate for interactions between
westerly and monsoon climate. The annual mean air
temperature and precipitation are approximately 2°C and
~150 mm, respectively (Su et al., 2021). The precipitation
mainly occurs in summer. The mean annual wind speed is
~5ms~". The dominant wind direction is southwest throughout
the year. The ice period is from December to next May, and the
evaporation amount during the ice-free season is around
959.6 mm (Wang et al., 2020a).

2.2 Observed Data
The lake water temperature observation station was located in
the southern deep part of the lake (30.63°N, 81.19°E;
Figure 1). The vertical temperature profile was measured
with the HOBO Water Temperature Pro v2 Data Logger U22-
001 (Onset, United States) at depths of 0.5, 1, 1.5, 4.5, 9.5,
14.5, 19.5, 24.5, 29.5, 34.5, and 39.5 m. These levels were
chosen to monitor the vertical variability of temperature
within the water column and to evaluate model
performances when simulating the lake thermal structure.
As the lake can be completely covered by ice in winter, ice
movement can cause instruments to drift significantly from
their original location. Therefore, observations were only
collected from June 6 to October 28, 2019. The water level
was measured using HOBO Water level loggers U20-001
(Onset, United States). The fluctuations of water level were
recorded as changes in pressure; hence, the air pressure data
from the weather station were also used to estimate the water
level. The Zongdui River discharge (30.96°N, 81.32°E) in the
northern part of Langa Co was measured 11 times using
handheld current meters during the ice-free period in 2019.
An automatic weather station (30.63°N, 81.18°E) was
established on an island in the southern part of the lake from
June 6, 2019 to help understand the meteorological conditions in
the lake area and drive the lake model. The air temperature,
humidity, precipitation, pressure, wind speed, and wind direction
were measured at a 2 m height; downward short-wave and long-
wave radiation fluxes were monitored at 1.5 m.
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2.3 Lake Analyzer
The Lake Analyzer is a MATLAB package used to calculate

indices of stratification and mixing of lakes and reservoirs
(Read et al, 2011). The program requires diverse inputs,
including bathymetry, water temperature, wind, water level,
and salinity. Here, the bathymetry and salinity were adopted
from Wang et al. (2013) and Liu et al. (2021), while other
parameters were based on the observations. The mixed layer
depth (MLD), lake number (Ln), Wedderburn number (W), and
Schmidst stability (St) were selected for subsequent analysis. Small
values of Ln and W represent a high likelihood of upwelling
events (Imberger and Patterson, 1989; Macintyre and Melack,
2010). Moreover, St represents the energy required at the moment
when the stratified state is disintergrated. For details of the
parameters and computation methods, please refer to the user
manual (https://github.com/GLEON/Lake-Analyzer).

2.4 WRF-Lake Model

2.4.1 Model Description

Lake model is the most common and effective tool to study the
vertical temperature structure in lakes of various depths (Figure
2C). To evaluate the performance of the lake model in simulating
the summer destratification phenomenon, a commonly used and
proven lake model is used in this study. The WRF-Lake is based
on CLM4-LISSS with some differences in lake surface properties
and heat diffusivity (Gu et al., 2015). It is based on the original
concept of the Hostetler model (Hostetler and Bartlein, 1990) and
modified by Subin et al. (2012a). The model has been validated
more on the TP and has proven to show the best at simulating the
amplitude and pattern of temperature variability at all depths in
Flake, WRF-Lake, and CoLM-Lake (Wen et al., 2016; Xu et al.,
2016; Huang et al., 2019; Wu et al., 2020).

The WREF-Lake model is a mass and energy balance scheme
with 20-25 model layers and solves the 1D heat diffusion
equation. The lake includes 0-5 snow layers, 10 lake liquid
water and ice layers, and 10 sediment layers (Subin et al,
2012b). The lake body water content is assumed to be
constant, and sediment layers are fully saturated. It first
calculates the energy and momentum exchange between the
lake surface and the overlying atmosphere and then obtains
the residual energy fluxes as the top boundary condition by
surface energy balance. Second, it solves the thermal diffusion
equation by dividing the lake vertical profile into several discrete
layers corresponding to snow, lake body (containing liquid water
and ice), and underlying substrates (sediment, soil, and bedrock).
The convective mixing module is executed after the heat diffusion
equation solution. The mixing processes in the lake body include
molecular diffusion, wind-driven eddy diffusion, and convective
mixing (Hostetler and Bartlein, 1990).

2.4.2 Experimental Designs

We focus on the intermittent stratification processes during
summer in a discontinuous polymictic lake; therefore, the lake
ice and snow processes are not considered. Meteorological
observations with a temporal resolution of 30 min were used as
input data to force WRF-Lake. Wind speeds at a 2 m height
were adjusted to a 10 m height based on the wind profile law
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TABLE 1 | Sensitivity experiment design of the WRF-Lake model.

Experiment Surface roughness fe fed fota Tdmax (°C)
length (mm)

CTL 1 100 1 1 4

SEN1 Subin et al. (2012a) 100 1 0.8 3.5

SEN2 Subin et al. (2012a) 150 50 1.1 3.4

(Schertzer et al., 2003). The lake depth was set to 40 m, and a 25
layer vertical discretization was adopted for the lake column;
this configuration has been demonstrated as optimal in
simulating the variations of metalimnion temperature (Xiao
et al., 2016). Experiments were run from June 6 to October 31,
2019, an the ice-free period of Langa Co, and the first 10 days
were used for spin-up. The initial vertical temperature was set
based on the observation profile. To improve the WRF-Lake
model’s capability in reproducing the lake thermodynamics,
we modified the model parameters as follows (Table 1).

First, we carried out a control experiment (CTR) with the
default model configurations. Second, we modified the surface
properties, diffusivity factor, light extinction coefficient, and
the temperature of maximum water density by referring to the
scheme from Wu et al. (2020) in SEN1. This scheme replaced
the constant lake surface roughness lengths and improved the
parameters based on the characteristics of alpine lakes, that is,
a smaller temperature at the maximum water density (Tdmax)
influenced by water salinity and lower surface air pressure, and
higher water clarity under the less anthropogenic
contaminations, and successfully reproduced the lake
thermodynamics of Nam Co on the TP. Meanwhile, SEN1
was designed to evaluate the offset applicability of the scheme
and explore the possibility of simulating the lakes on TP by the
uniform parameterization scheme.

Because of the specificity of lakes, the transferability of the
parameterization scheme is usually unsatisfactory. Based on
results of the previous studies (Mallard et al., 2015; Xu et al,,
2016; Wang et al., 2019b; Huang et al., 2019), we further
conducted a series of sensitivity experiments by tuning the
key parameters and amplified the enhanced diffusion term to
calibrate and improve the model performance. The key
parameters tuned with more than 7,000 combinations in the
current study included the wind-driven eddy diffusivity
multiplicative factor (f; 0-200), the enhanced diffusion
multiplicative factor (f.g; 0-200), the light extinction
coefficient multiplicative factor (fo,; 0-2), and Tdmax
(1-4°C). The wind-driven eddy diffusivity declines
exponentially with depth, so simply magnifying it may
trigger an overestimation in lake surface layers and an
underestimation in deep layers (Wang et al., 2019b). The
added f.q could compensate for unresolved turbulence at a
large depth (Subin et al., 2012b). Then, we determined the scale
factor and parameters in SEN2 by minimizing the root-mean-
square error (RMSE) between the simulations and
observations. Finally, the scheme in SEN2 compared with
SENI1 enlarged the f. and f.4 to strengthen the mixing,
especially in deeper layers where wind-driven eddies cannot
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FIGURE 2 | Water temperature and stratification index variations. (A)
Isotherms at Langa Co; numbers are the lake water temperatures (°C); (B)
thermocline depth; (C) Wedderburn number and Lake number; (D) Schmidt
stability. The orange shading represents the lake stratification period

when the temperature difference between the lake surface and bottom
exceeds 1°C.

penetrate. The larger extinction coefficient was also closer to
the lower clarity condition in Langa Co compared with Nam
Co (Liu et al., 2021).

2.4.3 Performance Evaluation

Performance was quantified against observed temperatures using
the following four statistics: bias, RMSE, temporal correlation
(TC), and Taylor score (TS) (Taylor, 2001)

Bias=Yy " (Si-Oy)/n 1)

RMSE = [ (5.~ 0)' [n @
1C=31,(5-9)(0-0)/ (VXL (-9 \X, (0-0))

3)

TS = 4(T + TC)/ (0 + 1/0)* (1 + TC,),
o=y, =8 [n /3 (0:=0  [n @

Here, S; represents the simulated results, O; represents the
observations, and 7 is the total number of observations.
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3 RESULTS

3.1 Water Temperature Variations

The water temperature showed distinct seasonality at different
depths (Figure 2A). June to mid-July was the mixing period when
the water temperature during this period was uniform and
gradually increased. The surface water temperature increased
from 4.8 to 7.4°C. A weak temperature difference between the
surface water and bottom occasionally developed but remained
less than 1°C. From mid-July, stratification gradually developed
and was promoted by gradually increasing radiative heating.
With the rapid increase of lake surface temperature and
relatively slow warming of deeper water, a clear thermal
structure was developed by early August. On August 17, the
vertical water body suddenly mixed and resulted in
destratification. The surface lake water temperature decreased
from 10.2 to 8.8°C, and the average temperature of the water body
dropped to 8.5°C. The entire water temperature was generally
homogeneous with the temperature difference between the
surface and bottom being 0.7°C. Subsequently, the surface
temperature increased under strong solar radiation conditions,
but the bottom water warmed slower. The stratification
reappeared as the difference in the heating rate at different
layers and thus stabilized the thermal structure. The average
temperature difference between the surface and bottom was 1.4°C
through August, and the maximum difference was 3.2°C. In
September, the solar radiation weakened, and the lake surface
temperature fluctuated diurnally. However, the bottom
temperature still increased slowly. This prompted the water
body to overturn and minimized the temperature gradient.
The temperatures of the upper and bottom then converged. In
October, the surface water temperature decreased from 9.6 to
7.0°C as the water body constantly lost heat to the atmosphere
with a lower air temperature. The average temperature difference
between the surface and bottom was 0.3°C. The orange shading
also showed the discontinuous stratification period, which is
defined as the period when the temperature difference between
the lake surface and bottom exceeds 1°C (Foley et al., 2012; Wang
et al., 2019¢).

3.2 Indices of Stratification and Mixing
Several stability indices were calculated by Lake Analyzer. This
also enabled the attribution of the respective contributions of
various factors such as wind (W and Ln) and convective
cooling (St).

During the overturning in spring, the MLD (characterized by a
homogeneous temperature in the upper water column) reached
the full lake depth, indicating that the whole vertical profile was
uniformly mixed (Figure 2B); in addition, W and Ln were small
(about 1073, Figure 2C). Both these indices were used to explain
the potential for diapycnal mixing events. Index W showed
greater variability when compared to Ln. This is because Ln
was dependent on the depth to the midpoint of the metalimnion,
which tended to reduce variability through depth averaging with
the more stable base of the metalimnion; in contrast, W relied on
the highly variable mixed layer depth (Read et al., 2011). During
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the stratification period in summer, MLD < 1lm and a
temperature gradient developed below the mixed layer. W and
Ln were larger, reflecting greater lake stability. However, W and
Ln decreased in late August, and overturning restarted. From
October onward, MLD reached the full lake depth. Rapid mixing
led to a homogeneous temperature profile. Overall, Langa Co’s
weak stratification and strong wind-driven mixing led to W and
Ln values always below 1, representing a high likelihood of
substantial diapycnal fluxes which may be contrary to the
traditional assumptions of one-dimensional lake thermal
characteristics.

The St index is shown in Figure 2D, where seasonal patterns
indicate oscillations driven by alternating periods of mixing
and stratification. St indicates the energy required at the
moment the lake stratification is disrupted (Schmidt, 1928;
Idso, 1973). During the mixing period in spring and autumn, St
was closer to 0, showing that less energy was required to
initiate lake overturning, leading to a higher likelihood of
mixing. St gradually increased from mid-July. The mixing
events that increased MLD in late July and early August as
well as the cooling events that decreased the lake surface
temperature in mid-August were shown clearly as a sudden
decrease in St. The St index is strongly influenced by lake size
and morphometry, resulting in a large reported range [from 0
t0 5784 J m™2 (Kling, 1988)]. Compared with other lakes on the
TP (Wang et al., 2014; Wang et al., 2019¢), the maximum and
mean value of St in Langa Co were smaller, indicating that less
energy was needed for overturning to occur. Meanwhile, the
changes of St and lake surface temperature were more
consistent. At the beginning of June, St was close to 0.
Increasing the surface water temperature made the water
body unstable during the mixing period. The minimum
value (1.5] m™?) was on June 7, when the temperature was
4.7°C, and the maximum value of St was on August 10, when
the lake surface temperature was also the maximum (11.4°C).
After the thermal stratification was established, as the
temperature  increased, the rapidly increased St
corresponded to the great enhancement in stratification
stability.

3.3 The Thermal Regime at Langa Co

Considering that a single observation location may not be
representative, we collected temperature profile measurements
at additional sites in 2020 and 2021, respectively (2020,
30.63°N, 81.19°E, water depth 45 m; 2021, 30.63°N, 81.29°E,
water depth 40 m). Although there were some differences in
the timing and magnitude of temperature changes, the
observation in 2020 and 2021 also illustrated a similar
pattern and summer destratification phenomenon at Langa
Co (Supplementary Figure S1). The longer stratification break
in summer occurred from August 16 to 27 in 2019, from
August 13 to 28 in 2020, and earlier in 2021 which was
from August 10 to 16. These measurements indicated that
the stratification interruption was not an accidental
occurrence. In addition, visible satellite imagery indicated
that the ice period of Langa Co is from November to May
(Supplementary Figure S2). After lake ice had melted, the
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FIGURE 3 | Comparison between meteorological parameters with the
thermal processes. (A) Daily mean temperature of air (solid line) and that of the
water surface (dotted line); (B) average wind speed; (C) daily mean solar
radiation. The shading represents the lake stratification period when the
temperature difference between the lake surface and bottom exceeds 1°C.

water body had a homogeneous thermal status based on the
water temperature observation. With the absorption of heat,
the water temperature increased until thermal stratification
developed. However, the observations showed that this
stratification did not sustain during the summer and instead
only lasted for a few days. During autumn, the epilimnion
increasingly deepened until the water temperature became
generally homogeneous. Finally, the temperature decreased
and the lake froze over again. Thus, based on the definition
and classification of lake mixing types, Langa Co can be
classified as a discontinuous cold polymictic lake (Lewis,
1983; Kirillin and Shatwell, 2016; Woolway and Merchant,
2019), which is defined as a lake that is ice-covered for part of
the year, ice-free above 4°C, and stratified during the warm
season for periods of several days to weeks, but with irregular
interruption by mixing. This regime often occurs in shallow
lakes (Kalff, 2002), that is, Clear Lake (mean depth = 8.1 m;
maximum depth = 18.4 m) (Rueda and Schladow, 2003), Lake
Peipsi (mean depth = 7.1 m; maximum depth = 15.3m)
(Minella et al., 2013), and Lake Vortsjarv (mean depth =
2.8 m; maximum depth = 6.1 m) (Woolway et al,, 2017).
Rarely, Langa Co with a mean depth of around 22 m and a
maximum depth of 49m cannot sustain stratification in
summer.

Currently, temperature observations of lakes on the TP have
shown that nearly all completely mixed lakes are of the dimictic type,
including Bangong Co (Wang et al., 2021), Nam Co (Wang et al,
2019c), Paiku Co (Lei et al, 2021a), Gongzhu Co (Lazhu et al,
unpublished data), Ngoring Lake, and Gyaring Lake (Kirillin et al,,
2017). Langa Co is the first reported of a different mixing type lake
on the TP. Among these, the mean depths of Gongzhu Co, Ngoring
Lake, and Gyaring Lake are shallower than that of Langa Co, with
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values of 6.6 m (Messager et al., 2016), 17 m, and 8.9 m, respectively.
All three are clearly dimictic and stratified continuously in summer.
In particular, Gongzhu Co and Langa Co have close climatic
conditions with a distance of only 80km. A similar summer
stratified interruption phenomenon has not been observed in
other lakes in TP at present.

4 DISCUSSION

4.1 Influence of Atmospheric Conditions on
the Thermal Structure

Weather conditions set up stratification and currents in lakes
(Boehrer and Schultze, 2008). The contemporaneous observation
at the island showed that the formation and destruction of
stratification corresponded to the meteorological changes
(Figure 3). The onset of stratification usually coincided with a
decrease in wind speed and an increase in solar radiation, while
interruptions often coincided with an abrupt increase in wind
speed. For example, the wind speed on July 19 was around 8.9 m/s
and then gradually dropped to 1.3m/s on July 23 when the
temperature difference between the lake surface and bottom was
more than 1°C. Meanwhile, the air temperature and solar
radiation also increased so that the upper water gained heat
and the density gradient of the entire water body increased.
Subsequently, the wind speed continued to increase, reaching
6.5 m/s on July 24. The wind disturbance intensified the vertical
turbulent mixing, causing water mixing. The decrease in the air
temperature and radiation also lowered the stability of the water
column within the lake. As for the deep mixing and cooling event
on August 15, although the changes in radiation and wind speed
were relatively less, the lake surface temperature was above the air
temperature when the boundary layer was unstable, resulting in
heat transfer from the water to the atmosphere (Wen et al., 2016).
The surface layer cooled faster than the deep layer, which sparked
the mixing of water up and down and destroyed the thermal
structure. The average wind speed in August at Langa Co was
5.5 m/s, which was higher than those of Nam Co (around 2.9 m/s,
Lazhu et al,, 2016) and Bangong Co (around 3 m/s, Wang et al,,
2021), although the solar radiation was slightly higher than that of
Nam Co. Thus, the wind disturbance may cause weak
stratification at Langa Co.

4.2 Thermal Structure Simulation

To assess the performance of the thermal structure simulation of
the alpine lake of this type and the possibility of determining the
mixing regime by the lake model, a series of experiments with
WRE-Lake were carried out at the profile observation site from
June 6 to October 31 in 2019 (Figure 4). Using the default model
configurations (CTR), the water temperature was underestimated
and significantly faster cooling was simulated in autumn as a
result of the unrealistic parameters for the alpine lake. The higher
light extinction coefficient led to less heat allocation at bottom
water. Moreover, the default surface roughness length was larger
than the real value; thus, unrealistically strong wind-driven
mixing triggered excessive loss of latent heat. By adjusting the
Tdmax from 4°C for the freshwater lake to the observed 3.5°C in
Nam Co on TP, replacing the surface roughness scheme and
decreasing the light extinction coefficient, SEN1 increased the
warming amplitude of upper water. Meanwhile, the smaller light
extinction in SEN1 allowed more heat to be transferred
downward, slowing the rate of heat loss. On the whole, SEN1
could reproduce the changing temperature distribution and
warming-brief cooling-warming-cooling pattern, but the
simulated lake mixing was also too weak. Both CTL and SEN1
used a single multiplier to expand the wind-driven eddy
diffusivity, which likely overestimated the diffusivity in surface
layers and underestimated it in deeper layers (Wang et al., 2019b).
By amplifying the enhanced diffusion term in SEN2, the mixing
of the bottom layers was more complete in spring. Meanwhile, the
modified parameter scheme (SEN2) based on the minimum
RMSE increased the extinction coefficient and decreased the
Tdmax, which was closer to the reality of the lower water
clarity at Langa Co (Liu et al., 2021). Overall, SEN2 was better
to simulate the warming and cooling processes in spring and
autumn. The mixing depth was closer to the observed one, and
the heat can be transmitted to the bottom. The result reproduced
the destratification phenomenon in summer in late August,
although the magnitude of cooling was much weaker than the
observed one.

Figure 5 shows the model’s accuracy in reproducing the
amplitude and pattern of water temperature variability during
the simulation period and the individual months. Overall, the
bias and RMSE of SEN2 were 0.3 and 0.4°C, respectively,
significantly lower than those of CTR and SENI1. In CTR,
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FIGURE 5 | Bias, RMSE, TC, and TS between the simulated and observed daily mean temperatures during the simulation period and the individual months.
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the greatest error was from October onward because of rapid
cooling in autumn. The bias and RMSE in CTR were 0.6 and
0.9°C, respectively. The error in SEN1 was the greatest in
August due to overestimated heat storage. The bias and
RMSE in SEN1 were 0.4 and 0.5°C, respectively. The TC of
all experiments showed consistency in the simulated temporal
variability, except in August and September. This suggested
that WRF-Lake cannot accurately represent the discontinuous
summer stratification in Langa Co. It may be necessary to
consider additional physical processes during this period in
simulation for Langa Co. Meanwhile, the little improvement in
accuracy by parameter adjustment also implied that the failed
replication of the cooling process in summer may not be the
reason for the parameterization scheme but the model itself.

The simulation errors are probably due to the lack of physical
processes for the lateral exchange and runoff in WRF-Lake. The
uneven bathymetry of the lake basin could intensify horizontal
advection, making the water temperature more susceptible to
local disturbance (Monismith and Morison, 1990). As for Langa
Co, the slope of the topography can lead to more complex lake
mixing processes through its effects on the advective heat
transport across the thermal front and on the wind stress
(Rao and Schwab, 2007; Beletsky et al., 2012; Xue et al,
2015). Meanwhile, from the observation of the main river in
the Langa Co basin, the runoff reached its maximum (16.2 m>/s)
during the summer stratification interruption (Supplementary
Figure S3). The intrusion of river inflow may exacerbate lateral
exchange (Ambrosetti et al., 2010). The turbid cold glacial melt
water mass invaded from the shallow northern part of Langa Co
and moved downward along the lake slopes, decreasing the lake
water temperature and increasing light attenuation (Peeters
et al, 2003). Several similar mixing events during the
summer were observed in four glacier-fed lakes (all of less
than 16 m depth) in the western Austrian Alps (Peter and
Sommaruga, 2017). The cooling and mixing effects of glacier
melt water discharge may cause an atypical lake mixing pattern
for temperate alpine lakes (Catalan et al., 2002). However, the
evaluation of how the thermal structure of the Langa Co water
column is influenced by glacier melt requires further
observations of runoff and multi-point continuous lake
temperature monitoring. In addition, as both the availability
of observations and computing power increase, the evaluation

and development of three-dimensional lake models should be
considered in the future. Furthermore, the TP holds a glacier ice
volume of ~7.0 x 10> km? (Farinotti et al., 2019), which feeds
numerous lakes. Under the background of glacier retreat and
snowmelt (Cheng and Wu, 2007; Bolch et al., 2019), it is
essential to consider the effect of glacier runoff in lake
simulations. This will also help in qualitative examinations of
lake responses to the local cryosphere, which are absent in lake
studies on the TP (Zhang et al., 2020).

5 CONCLUSION

Based on the in-situ water temperature and meteorological
observations, we investigated the rare summer
destratification phenomenon at a deep alpine lake, Langa
Co. A comparison of observations with the definition of lake
mixing types suggests that Langa Co should be classified as a
discontinuous cold polymictic lake instead of the typical
dimictic pattern of an alpine lake. Stratification occurred
intermittently in summer, but these periods lasted only
several days. The lake was completely mixed during spring
and autumn. This is the first continuous time series of lake
temperature observations for a lake with this thermal regime
on the TP, and this is in contrast to the typical dimictic
pattern of alpine lakes. The calculated MLD indicated the
discontinuous stratification period, while the small values of
W, Ln, and St indicated the high likelihood of mixing and
weak stratification. This study is important for understanding
temperature variations of polymictic lakes and for revealing
the diverse thermal regimes of the TP lakes. Furthermore,
compared with meteorological observation, the formation
and destruction of the thermal stratification may mainly
result from the changes in radiation and strong wind. The
observation-driven lake model could reproduce the
disruption of stratification in summer.
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