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ABSTRACT  This study was carried out to quantify the physical processes of lakes in the Tibetan Plateau using the
Community Land Model, version 4.5 (CLM4.5), coupled with a physically based, 10-layer lake model developed by
the National Center for Atmospheric Research. The CLM was forced with 10 km resolution reanalysis data to
attempt to understand detailed lake processes and how these processes affect lake surface temperature. In this
study, we simulated seasonal and interannual variations of lake surface temperature for Lake Qinghai, Zhaling
Co, and Nam Co in the Tibetan Plateau and compared these simulations with observations. The results showed
that the CLM4.5 lake model simulations reproduced the observed lake surface temperatures for Lake Qinghai
and Zhaling Co well but reproduced those for Nam Co poorly. Through detailed analysis, we found that the simu-
lated biases for Nam Co result largely from the unrealistic parameterization of eddy diffusivity. By expanding this
parameter, the lake surface temperature simulations improved remarkably. In addition, erroneous lake ice cover
simulations contributed to the simulated lake surface temperature bias in the cold seasons.

RESUME  [Traduit par la rédaction] Nous avons entrepris cette étude afin de quantifier les processus physiques
des lacs du plateau tibétain a I’aide du Community Land Model, version 4.5 (CLM4.5), couplé a un modele phy-
sique de lac a 10 niveaux, qu’a développé le National Center for Atmospheric Research. Le CLM est piloté par des
données de réanalyse d’une résolution de 10 km pour que nous tentions de comprendre les processus détaillés des
lacs et la facon dont ces processus agissent sur la température de surface du lac. Dans cette étude, nous simulons
les variations saisonniéres et interannuelles de la température de surface des lacs Qinghai, Zhaling et Namtso sur
le plateau tibétain et nous comparons ces simulations avec les observations. Les résultats montrent que les simu-
lations du modeéle CLM4.5 reproduisent bien les températures observées a la surface des lacs Qinghai et Zhaling,
mais qu’elles reproduisent mal celles du lac Namtso. Grdce a une analyse détaillée, nous constatons que les biais
simulés pour le lac Namtso résultent en grande partie de la paramétrisation irréaliste de la diffusion des tourbil-
lons. En élargissant ce parametre, les simulations de la température de surface du lac s’améliorent remarquable-
ment. De plus, des simulations erronées de la couverture de glace du lac contribuent au biais de la température
simulée a la surface du lac pendant les saisons froides.

KEYWORDS Tibetan Plateau; water surface temperature; CLM; numerical modelling

1 Introduction

The Tibetan Plateau (TP) well known as the “Asian Water
Tower” (Xu et al., 2014) embraces the highest elevation
inland lakes in the world (Zhang, Yao, Xie, Zhang, & Zhu,
2014). The lakes on the TP are sensitive indicators of
climate change especially under the backdrop of global
warming (Thiery et al., 2015; Zhang et al., 2016). Previous
studies of the TP lakes focused mostly on the shrinkage or
expansion of those lakes. The changes in water level and

area are highly correlated with regional climate changes
(Zhang, Xie, Duan, Tian, & Yi, 2011; Zhang, Xie, Kang,
Yi, & Ackley, 2011; Zhang, Yao, Xie, Kang, & Lei, 2013).
The reasons for these changes in the water level of the lakes
on the TP mainly include precipitation, evaporation, and
glacial melt water (Fang et al., 2016). Some research results
have shown that in the central TP the lake areas have signifi-
cantly expanded, and such expansion appears to be associated
with an increase in precipitation, winter temperature, and
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runoff during the last decade (Lei et al., 2014; Liu, Wang, Yu,
Yang, & Zhang, 2009).

The lake surface processes of the TP lakes, which often play
a significant role in affecting local and regional climate, have
not been well understood. Lake water surface temperature
(WST) is an important indicator that reflects lake processes
and their relationships with surrounding environments (Austin
& Colman, 2007; Zhang, Yao, et al., 2014). WST has a signifi-
cant impact on local precipitation and climate change (Laird,
Desrochers, & Payer, 2009; Sun, Xie, Semazzi, & Liu, 2015),
and it also influences lake surface heat and water fluxes (Hagi-
noya et al., 2009). Much of the research has focused on deriving
the WST from satellite data or in situ data or on using the WST
to explore lake variations. Sharma et al. (2015) offers a valuable
dataset of summer lake WST and other related lake information
for 291 lakes providing a good basis for investigating lake
thermal conditions. Song et al. (2016) assessed spatiotemporal
variations in lake WST across the TP and analyzes possible
factors that affect the WST variations. Thus, WST is an essen-
tial variable that can be used to explore lake—atmosphere
interactions.

Numerical computer models are important tools for investi-
gating lake process changes. One-dimensional (1-D) lake
models have been widely used because these models can
capture the first order of lake processes (Martynov,
Sushama, & Laprise, 2010; Stepanenko et al., 2012). Most
1-D lake models perform well for shallow lake process simu-
lations, while improvements are needed to simulate processes
in deep lakes, such as vertical heat transfer, that are quite

different than in shallow lakes (Ren, Sun, Chen, & Liu,
2013). In this study, we attempt to understand the physical
processes that affect the WST on the TP and improve WST
simulations for some typical TP lakes. The lake model used
is from the Community Land Model, version 4.5 (CLM4.5;
Oleson et al., 2013) developed by the National Center for
Atmospheric Research.

2 Data, model, and methodology

a Study Area
The TP, located within 74°~104°E, 25°-40°N, lies mostly in
the southwest of China with an average elevation of 4000-
5000 m. The TP has about 1236 lakes with a total area of
47,000 km® (Fig. 1) (Zhang, Yao, Xie, Zhang, & Zhu, 2014).
We chose three lakes to investigate lake processes for this
study including Lake Qinghai, Zhaling Co, and Nam Co,
which are larger than many other lakes in the TP. These three
lakes are located in the eastern part of the TP where the most
meteorological stations are located, so the atmospheric
forcing data used to drive our lake model are relatively reliable.
The locations of the three lakes in the TP are shown in Fig. 1.
Lake Qinghai, China’s largest inland lake extending from
99°36°-100°47°E, 36°32°-37°15°N, is located in the northeast
margin of the TP and is about 3193 m above sea level. It has a
water surface area of 4317.69 km?. The closed and saline lake
has a mean depth of 21 m, and its water supply comes mainly
from precipitation and runoff (Liu et al., 2011; Zhang, Xie,
Yao, Li, & Duan, 2014).
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Geographical distribution of the lakes on the TP. (a) Nam Co, (b) Zhaling Co, and (c) Lake Qinghai.

ATMOSPHERE-OCEAN 56 (4) 2018, 289-295  https://doi.org/10.1080/07055900.2018.1474085
La Société canadienne de météorologie et d’océanographie



Modelling of Water Surface Temperature of Three Lakes on the Tibetan Plateau / 291

Zhaling Co (97°02°-97°27°E, 34°49°-35°01°N) is located
in Maduo County in Qinghai Province and is the largest
lake in the upper reaches of the Yellow River. This lake is
also the highest freshwater lake in China and has a depth of
13 m at its deepest. The lake is about 1000 m higher in
elevation than Lake Qinghai, with a surface area of 526
km?. The water supply to the lake mainly depends on
surface runoff and precipitation (Yang & Wen, 2012).

Nam Co is located in the central TP (90°16"-91°03°E, 30°
30°-30°55°N), with an elevation of 4718 m and is the highest
and largest lake in the central TP with little influence from
human activity. It has a maximum water depth of about 90 m
(Wang et al., 2009) with a surface area of about 1920 km?
(Zhu, Xie, & Wu, 2010). The water supply to Nam Co is
mainly from precipitation and glacier melt. Evaporation is the
main cause of the lake water loss (Ma et al., 2016; You,
Kang, Li, Li, & Liu, 2007).

b Data

In this study, we used the gridded China meteorological
dataset produced by merging a variety of observational data
sources. The dataset is developed by the hydro-meteorological
research group at the Institute of Tibetan Plateau Research,
Chinese Academy of Sciences (ITPCAS) (Chen et al., 2011;
He, 2010). The dataset covers the 1979-2012 period with a
spatial resolution of 0.1° and a time step of three hours. The
dataset includes seven variables: near-surface air temperature,
air pressure, wind speed, precipitation, specific humidity, and
incoming shortwave and longwave radiation.

The simulations were evaluated with remotely sensed data:
Moderate-Resolution Imaging Spectroradiometer (MODIS)
land products. Many studies have carried out substantial
evaluations and validation of MODIS data mainly using in
situ data (Wan, Zhang, Zhang, & Li, 2004). Monthly
MODIS data from 2003 to 2012 with a spatial resolution of
0.05° were used in this study. We used the MODIS water
surface temperature from two 0.05° resolution datasets: the
Terra MODI11 product and the Aqua MYDI1 product,
which are derived from daily global products. According to
the observed times of MODIS, we obtained four correspond-
ing values from model hourly output and then produced
monthly average data to compare with the MODIS products.
Both model outputs and MODIS data were averaged over
the TP lakes focused on in this study.

¢ The Lake Model

Much research on hydrodynamic and thermodynamic aspects
of lakes has been carried out (Rizzi & Tubino, 2004). One-
dimensional lake models are extensively used with the reason-
able assumption that heat and mass transfer within lakes occur
largely in the vertical direction. Some results have shown that
no single lake model can accurately simulate the thermodyn-
amic regime in a wide range of lakes under different climate
conditions, but simulations of larger and deeper lakes show
more significant biases (Stepanenko et al., 2012). The CLM4.5

used in our study includes a new lake scheme (Fang & Stefan,
1996; Subin, Riley, & Mironov, 2012). This version contains
some improvements and modifications to the lake code when
compared with previous versions (Hostetler, Giorgi, Bates, &
Bartlein, 1994; Zeng, Shaikh, Dai, Dickinson, & Myneni,
2002). The CLLM4.5 lake scheme solves the 1-D thermal diffu-
sion equation by dividing the lake vertical profile into ten discrete
layers, including water and ice. This lake model calculates WST
through surface energy conservation. The vertical mixing con-
sidered in this model contains wind-driven eddies, molecular dif-
fusivity, convection, and enhanced diffusivity. For this study, we
interpolated the aforementioned gridded China meteorological
variables at a three-hour step to a dataset with an hourly time
step to drive CLM4.5. The model run time is from 1 January
2000 through 31 December 2012. The simulations for the first
three years were discarded as spin-up, and the rest of the simu-
lations were used for analysis. With such a long spin-up time
(three years), the effects of the model initial conditions on our
simulations were minimized for these shallow lakes (when com-
pared with deep lakes (depth greater than 50 m)). Thus, the lake
temperatures were simply initialized with a temperature of
277 K. The lake depths set in the model were mean depths for
Lake Qinghai, Zhaling Co, and Nam Co, which were set to 16,
10, and 40 m, respectively.

3 Results and discussion

a  [Initial Results

The simulations of WST for the three aforementioned lakes
over the 2003-2012 period were compared with MODIS
data. As we can see in Figs 2a and 2b, the WST simulations
for Lake Qinghai and Zhaling Co agree well with observed
MODIS data. We calculated the root mean square error
(RMSE) and correlation coefficient (COR) of WST simu-
lations for the three lakes (Fig. 2).

The WST simulations are reasonably accurate for Lake
Qinghai and Zhaling Co with RMSEs of 3.8°C and 3.2°C
and CORs of 0.96 and 0.95, respectively. However, the
WST simulations for Nam Co have a larger RMSE (5.0°C)
and lower COR (0.90) than those for Lake Qinghai and
Zhaling Co. Thus, the lake model performs better with the
WST simulations for Lake Qinghai and Zhaling Co but not
for Nam Co. Table 1 summarizes the results.

b Model Calibration and Validation

To investigate the physical reason behind the poor simulations
for Nam Co, we first examined our forcing data using station
data that were collected near the lake shore. We found that our
gridded forcing variables for the lake were consistent with the
station data except for wind (figures not shown). Thus, we per-
formed a linear regression between the gridded wind and
station data and generated the corrected wind data for Nam
Co to drive the CLM4.5 lake model. In this model, there are
three components in the water diffusivity parameterization:
wind-driven eddy diffusivity, enhanced diffusivity, and mol-
ecular diffusivity. We compared our simulations with the
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g.2 Initial results of the simulations for the three lakes. The red line is the
simulated WST (°C) and the black line shows the MODIS data for (a)
Lake Qinghai, (b) Zhaling Co, and (c) Nam Co.

observed temperature profile data for Nam Co obtained from
Lazhu et al. (2016). In Figs 3a and 3b, we can see that the
simulated temperature is lower in the deeper part of the lake
(e.g., below 12m during summer and fall seasons) than
observed, even though the simulated surface temperature is
much higher than the observed over the same period, indicat-
ing that the heat transfer in the model is unrealistically weaker.

Some researchers have reported weaker water diffusion
simulated with the CLM4.5 lake model, which was caused
by a smaller eddy diffusivity (e.g., Gu, Jin, Wu, Ek, &
Subin, 2013) that is parameterized mainly as a function of
wind. In reality, eddy diffusion could be affected by other
factors, such as lake internal waves as described in the nonlo-
cal K-Profile Parameterization (KPP) for vertical water mixing
(Large, McWilliams, & Doney, 1994). Subin et al. (2012)
improved the eddy diffusion parameterization by adding an
enhanced value. However, this modification is still not suffi-
cient during the strong lake stratification shown in this study

TABLE 1. RMSEs and CORs of Lake Qinghai, Zhaling Co, and Nam Co.

Lake Qinghai Zhaling Co Nam Co
RMSE (°C) 3.8 32 5.0
COR 0.96 0.95 0.90

(e.g., in the summer and fall seasons as shown in Fig. 3).
To better simulate the effects of eddy diffusion on the heat
transfer in Nam Co, we increased the enhanced eddy diffu-
sivity in the lake scheme 1000 times, which produced the
best results compared with other numbers. The results
show that both surface and interior lake temperature simu-
lations were significantly improved (Fig. 4). The RMSE
decreases from 5.0°C to 3.0°C and the COR increases from
0.90 to 0.96 compared with those from the default run with
the CLM4.5 lake model.

4 Discussion

Although we have improved the WST simulations, biases still
exist. The simulated WST is remarkably overestimated over
the study period especially in the winter and spring (Fig. 4).
We also examined the WST simulations of Lake Qinghai
and Zhaling Co for winter and spring and found that the
maximum bias reaches 5°C in Qinghai and 11°C in Zhaling
Co. Our speculation is that erroneous ice simulations during
the cold seasons may cause such biases. In this study, we com-
pared the ice fraction simulations and MODIS data from Lu,
Xiao, Jia, Zhang, and Luo (2016) for Nam Co. We can see
that the simulated ice cover has a shorter duration than that
of the MODIS data and is significantly underestimated over
half the 10-year study period (Fig. 5). These simulated ice
cover biases may contribute to the biased WST simulations
during the cold seasons. The poor ice cover simulations
likely result from the oversimplified ice scheme in the
CLM4.5 lake code, which only simulates ice fraction based
on the energy balance equation. Many detailed ice cycling pro-
cesses such as ice accumulation and melting are not con-
sidered in the model.

Under climate change in the TP (Yang et al., 2014), many
lakes undergo an increase in water level due greatly to
glacier melt. Our study period is from 2003 through 2012.
Based on observed data for the 2003-2009 period (Zhang,
Xie, Duan, et al., 2011), the level of Lake Qinghai increased
by 0.67 m, from 3193.35 m to 3194.02 m. We performed sen-
sitivity tests with lake depths of 14, 16, and 18 m to represent a
large range of water level increases and examined how such
increases affect our simulations. The RMSEs change
between 3.86°C and 3.79°C and the CORs vary only
between 0.962 and 0.965. The differences among these simu-
lated WSTs using different depths are very insignificant
(figure not shown).

In addition, our results indicate that the eddy diffusivity
parameterization embedded in the CLM4.5 lake code is
unable to handle water mixing during the strong lake stratifi-
cation as shown in Fig. 3. More factors affecting water
mixing, such as those included in KPP for ocean temperature
simulations, should be considered in the lake scheme. To
resolve the issue permanently, an improved eddy diffusion
parameterization needs to be developed, which is beyond the
scope of this study and will be an important focus of our
research in the near future.

ATMOSPHERE-OCEAN 56 (4) 2018, 289-295  https://doi.org/10.1080/07055900.2018.1474085
La Société canadienne de météorologie et d’océanographie



Modelling of Water Surface Temperature of Three Lakes on the Tibetan Plateau / 293

(@

Observations

n -
5] =)
| |

Lake Depth (m)

@
S
|

Lake temperature("C

T T I I T

T T T T

JAN. FEB. MAR. APR. MAY JUN. JUL. AUG. SEP. OCT. NOV. DEC.

(=] 1
12 3 4 5

®)

Lake temperature("C

CLM4,

10.00 —

20.00 —

30.00 —

Lake Depth (m)

40.00 —

T T T | T T T T T T T
FEB. MAR. APR. MAY JUN. JUL. AUG. SEP. OCT. NOV. DEC.
|

1 2 3 4 5 6 7 8 9

JAN.

6

7 8 9 10 11 15

(c) LM4.5 Lake temperature(°C)
E 1000
£
S 20.00 —
a
g
© 30.00 —|
-

40.00 —
T T T T T T T T T T T

JAN. FEB. MAR. APR. MAY JUN. JUL. AUG. SEP. OCT. NOV. DEC.

B T ] [ |

1 2 3 4 5 6 7 8 9 10 1" 15

Fig. 3 Temperature profiles for Nam Co (°C): (a) observations (from Lazhu et al. (2016)); (b) the default run; and (c) a run with the enhanced eddy diffusivity

expanded 1000 times.

20

RMSE : 3.0°C
COR :0.96

——MODIS
Simulations

-
o
1

10 +

~ Lake Surface Temperature (°C)

=Y
o
| -

B R e e e L e e e e e N
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Fig. 4 WST (°C) for Nam Co in model simulations with an eddy diffusivity
expanded 1000 times (red line) and MODIS data (black line).

1.2

—— MODIS

—— Simulations
1.04

0.8+

0.6 4

0.4+

0.2+

riy B

T ¥t T ¥ T T [ Yt 7 ¥ [ ¥ J % T " T 7
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

0.0+

Fig. 5 Lake-ice fraction simulations in CLM4.5 (red line) and MODIS data
(black line) for Nam Co.

5 Conclusions

In this study, we simulated WST for three large lakes in the TP
for the 2003-2012 period. The performance of the lake model
in simulating WST for Lake Qinghai and Zhaling Co was
good while it simulated WST for Nam Co poorly.

With a large number of sensitivity tests, we found that the
water diffusion in Nam Co was the main cause of the errors
in the WST simulations. By expanding the enhanced eddy dif-
fusivity 1000 times, we can obtain the best results. Further-
more, there is also a problem simulating the lake ice cover
because of the oversimplified lake-ice scheme in the
CLM4.5 code in which the ice cover starts early and does
not last long. A more realistic ice cycling scheme is needed
to better simulate the ice processes and their effects on the
WST simulations for those high-elevation lakes.
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