
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tato20

Atmosphere-Ocean

ISSN: 0705-5900 (Print) 1480-9214 (Online) Journal homepage: https://www.tandfonline.com/loi/tato20

Simulations of the Impact of Lakes on Local and
Regional Climate Over the Tibetan Plateau

Lingjing Zhu, Jiming Jin, Xin Liu, Lei Tian & Qunhui Zhang

To cite this article: Lingjing Zhu, Jiming Jin, Xin Liu, Lei Tian & Qunhui Zhang (2018) Simulations
of the Impact of Lakes on Local and Regional Climate Over the Tibetan Plateau, Atmosphere-
Ocean, 56:4, 230-239, DOI: 10.1080/07055900.2017.1401524

To link to this article:  https://doi.org/10.1080/07055900.2017.1401524

Published online: 30 Nov 2017.

Submit your article to this journal 

Article views: 673

View related articles 

View Crossmark data

Citing articles: 8 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=tato20
https://www.tandfonline.com/loi/tato20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/07055900.2017.1401524
https://doi.org/10.1080/07055900.2017.1401524
https://www.tandfonline.com/action/authorSubmission?journalCode=tato20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tato20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/07055900.2017.1401524
https://www.tandfonline.com/doi/mlt/10.1080/07055900.2017.1401524
http://crossmark.crossref.org/dialog/?doi=10.1080/07055900.2017.1401524&domain=pdf&date_stamp=30 Nov 2017
http://crossmark.crossref.org/dialog/?doi=10.1080/07055900.2017.1401524&domain=pdf&date_stamp=30 Nov 2017
https://www.tandfonline.com/doi/citedby/10.1080/07055900.2017.1401524#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/07055900.2017.1401524#tabModule


Simulations of the Impact of Lakes on Local and Regional
Climate Over the Tibetan Plateau

Lingjing Zhu1,2,3, Jiming Jin3,4,*, Xin Liu1, Lei Tian5, and Qunhui Zhang3

1Key Laboratory of Tibetan Environment Changes and Land Surface Processes, Institute of Tibetan
Plateau Research, Chinese Academy of Sciences, Beijing 100101, People’s Republic of China

2University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China
3College of Water Resources and Architectural Engineering, Northwest A&F University, Yangling

712100, People’s Republic of China
4Department of Watershed Sciences, Utah State University, Logan, Utah, United States

5Institute of Soil and Water Conservation, Northwest A&F University, Yangling 712100, Shaanxi,
People’s Republic of China

[Original manuscript received 23 October 2016; accepted 4 October 2017]

ABSTRACT Because of the high elevation and complex topography of the Tibetan Plateau (TP), the role of lakes
in the climate system over the Tibetan Plateau is not well understood. For this study, we investigated the impact of
lake processes on local and regional climate using the Weather Research and Forecasting (WRF) model, which
includes a one-dimensional physically based lake model. The first simulation with the WRF model was performed
for the TP over the 2000–2010 period, and the second was carried out during the same period but with the lakes
filled with nearby land-use types. Results with the lake simulation show that the model captures the spatial and
temporal patterns of annual mean precipitation and temperature well over the TP. Through comparison of the
two simulations, we found that the TP lakes mainly cool the near-surface air, inducing a decreasing sensible
heat flux for the entire year. Meanwhile, stronger evaporation produced by the lakes is found in the fall. During
the summer, the cooling effect of the lakes decreases precipitation in the surrounding area and generates anom-
alous circulation patterns. In conclusion, the TP lakes cool the near-surface atmosphere most of the time, weaken
the sensible heat flux, and strengthen the latent heat flux, resulting in changes in mesoscale precipitation and
regional-scale circulation.

RÉSUMÉ [Traduit par la rédaction] En raison de l’altitude élevée et de la topographie complexe du plateau du
Tibet, l’influence des lacs sur le système climatique sur ce plateau n’est pas bien comprise. Nous cherchons ici
l’impact des processus lacustres sur les climats local et régional à l’aide du modèle Weather Research and Fore-
casting (WRF), qui inclut un modèle de lac unidimensionnel fondé sur la physique. La première simulation du WRF
couvrait le plateau du Tibet et la période de 2000 à 2010. La seconde s’étendait sur la même période, mais nous
avions substitué aux lacs les types des sols à proximité. Les données de simulation qui tenaient compte des lacs
montrent que le modèle résout bien les configurations spatiales et temporelles des températures et des précipi-
tations moyennes annuelles touchant le plateau du Tibet. En comparant les deux simulations, nous remarquons
que les lacs du plateau refroidissent surtout l’air près de la surface et qu’ils engendrent ainsi une diminution
du flux de chaleur sensible tout au long de l’année. Toutefois, les lacs produisent une évaporation accrue en
automne. Durant l’été, l’effet de refroidissement des lacs diminue les précipitations sur les zones avoisinantes et
génère des circulations anormales. En conclusion, les lacs du plateau du Tibet refroidissent la plupart du temps
l’atmosphère près de la surface, affaiblissent le flux de chaleur sensible et renforcent le flux de chaleur latente,
ce qui modifie les précipitations à mésoéchelle et la circulation à l’échelle régionale.

KEYWORDS Tibetan Plateau; lakes; Weather Research and Forecasting (WRF); precipitation; temperature

1 Introduction

There are more than a thousand lakes with an area greater than
1 km2 on the Tibetan Plateau (TP), with a total area of about
47,000 km2 (Zhang, Yao, Xie, Zhang, & Zhu, 2014). At
more than 3000 m elevation, the TP has a very high

concentration of inland lakes, which are very important
water sources that form the headwater streams of seven
large rivers in Asia (Immerzeel, Van Beek, & Bierkens,
2010; Qiu, 2008). The uplift of the TP not only alters the
Asian climate pattern and strengthens the summer monsoon
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but also changes land–atmosphere and lake–atmosphere inter-
actions in the TP (Ma et al., 2009; Wu, Guan, Liu, Yan, &
Mao, 2012; Zhang, Jiang, Liu, & Tian, 2012, 2015).
Because of the high elevation of the TP, water vapour there
is often able to enter the lower stratosphere (Fu et al., 2006).
Evaporation from more than a thousand lakes on the TP is
an important process in bringing water from the surface to
the upper level of the troposphere and the lower level of the
stratosphere and also plays a significant role in regulating
water and energy exchanges between the surface and atmos-
phere at different spatiotemporal scales (Bates, Giorgi, & Hos-
tetler, 1993; Dutra et al., 2010; Leon, Lam, Schertzer, Swayne,
& Imberger, 2007; Rouse et al., 2005; Subin, Riley, &
Mironov, 2012; Swayne, Lam, MacKay, Rouse, & Schertzer,
2005; Thiery et al., 2015; Zhao, Jin, Wang, & Ek, 2011).
Because they are minimally influenced by human activities,
TP lakes are ideal indicators of climate and environmental
change through their expansion, shrinkage, and changes in
surface processes (Neckel, Kropáček, Bolch, & Hochschild,
2014; Song, Huang, & Ke, 2014; Zhang, Xie, Kang, Yi, &
Ackley, 2011). Against the backdrop of global warming,
mean annual temperature on the TP has experienced an
upward trend of 0.36°C decade−1 over the 1951–2007
period (Wang, Bao, Hoskins, Wu, & Liu, 2008). The
warming on the TP has given rise to significant glacial
melting and permafrost thawing in recent decades, contribut-
ing to the rapid expansion of lakes on the central TP since
the late 1990s (Bian, Bianba, La, Wang, & Chen, 2010; Liu,
Wang, Yu, Yang, & Zhang, 2009; Meng, Shi, Wang, & Liu,
2011; Yao et al., 2004, 2007, 2012; Zhang et al., 2014; Zhu,
Xie, & Wu, 2010).
Some previous studies have focused mainly on the response

of TP lakes to climate change and the effects of a change in
climate on local ecosystems and environments (Lei et al.,
2013, 2014; Phan, Roderik, & Massimo, 2012). In fact,
lake–atmosphere interactions have shown a significant influ-
ence on local and regional climate (Bates et al., 1993; Dutra
et al., 2010; Leon et al., 2007; Rouse et al., 2005; Samuelsson,
Kourzeneva, & Mironov, 2010; Subin et al., 2012; Swayne
et al., 2005; Thiery et al., 2015; Zhao et al., 2011). Thus,
the impact of TP lakes on climate and regional hydrological
cycles needs to be further examined and better understood
qualitatively. Numerical computer models are important
tools for studying such an impact over this region where
data are sparse because of the complex terrain.
In our study, we conducted two 11-year simulations with

the Weather Research and Forecasting (WRF) model devel-
oped by the National Center for Atmospheric Research
(Skamarock et al., 2008) to quantify the lakes’ effects on the
atmosphere over the TP. This regional climate model includes
a physically based lake scheme (Gu, Jin, Wu, Ek, & Subin,
2013). The objective of our study is to identify the role of
TP lakes in the climate system at local and regional scales.
In Section 2 the model and data used in this study are intro-
duced; in Section 3 the modelling results are discussed; and
in Section 4 conclusions and a discussion are presented.

2 Data and model
a Data
An observational dataset for China (ITP), developed by the
Hydro-meteorological Research Group at the Institute of
Tibetan Plateau Research, Chinese Academy of Sciences
(Chen et al., 2011; He, 2010) was used to evaluate the WRF
model in this study. This dataset covers the 1979–2015
period and includes precipitation rate, near-surface air temp-
erature, specific humidity, pressure, wind speed, and down-
ward longwave and shortwave radiation; its temporal and
spatial resolutions are 3-hourly and 0.1° × 0.1°, respectively.
Observational data from 740 operational meteorological
stations of the China Meteorological Administration are
merged with the Princeton meteorological data to generate
the ITP dataset (Sheffield, Goteti, & Wood, 2006). The pre-
cipitation data are also combined with the Tropical Rainfall
Measuring Mission (TRMM) precipitation products
(Huffman et al., 2007) and the Asian Precipitation–Highly
Resolved Observational Data Integration Towards Evaluation
of Water Resources (APHRODITE; Yatagai et al., 2009). He
(2010) compared the ITP data with in situ observations from
the Global Energy and Water Cycle Experiment/Asian
Monsoon Experiment and the Coordinated Enhanced Observ-
ing Period/Asia–Australia Monsoon Project on the Tibetan
Plateau, and there was clear consistency between the ITP
data and in situ observations for the TP. Guo and Wang
(2013) found that the ITP data had a smaller bias than the
daily temperature grid data derived from the China Meteorolo-
gical Administration and the APHRODITE data. In this study,
we used the ITP data as observations to evaluate WRF-simu-
lated precipitation and near-surface air temperature.

The Moderate Resolution Imaging Spectroradiometer
(MODIS) data at a resolution of 0.05° were used to evaluate
the model results for lake surface temperature. Reanalysis
data from the European Centre for Medium-range Weather
Forecasts (ERA-Interim; Dee et al., 2011) were used to
provide initial and lateral boundary conditions for the WRF
model. The ERA-Interim data are a global reanalysis dataset
with a 0.5° × 0.5° horizontal resolution at 6-hour intervals.
The model uses US Geological Survey land-use data to rep-
resent the locations and areas of the lakes and the Kourzeneva
(2010) global gridded dataset at a resolution of 1 km to obtain
depth data for the TP lakes.

b Model configuration and experiment design
TheWRFmodel (Skamarock et al., 2008) is a non-hydrostatic,
terrain-following, eta-coordinate mesoscale modelling system
that has been widely used for regional weather and climate
simulations and forecasts. Version 3.6 of the WRF model
coupled with the Community Land Model (CLM), version
4.0 (Jin & Wen, 2012; Lawrence & Chase, 2010; Oleson
et al., 2010), was used in this study. A lake model was
added to the WRF model by Gu et al. (2013), which was orig-
inally from CLM, version 4.5 (Oleson et al., 2013). The lake
model is one-dimensional and includes up to 5 snow layers
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on the lake ice, 10 water layers, and 10 sediment soil layers on
the lake bottom. Through the eddy diffusivity calibration of
Gu et al. (2013), the lake model in the WRF model realistically
reproduces lake surface temperatures for the Great Lakes in
North America.
Two 11-year runs were conducted with theWRFmodel in our

study. The control experiment (CTL) for the WRF model was
configured with the model default settings, and the sensitivity
experiment was carried out with the lakes filled in with the
nearest land-use types as no-lake (NOL) simulations on the TP.
The difference between the two experiments represents the
effects of the TP lakes on the local and regional climate and
hydrological cycles. Both runs were set at 10 km horizontal
resolution, accounting for more than 80% of the TP lakes
(Fig. 1b), when compared with MODIS data at 1 km resolution.
The domain was centred at 35.7°N, 84.0°E and had 425
grid points along the east–west direction and 230 along

the north–south direction, which covered the entire TP area
(Fig. 1a). The Lambert projection was used in the WRF model,
and the model consisted of 30 vertical layers, with the top layer
set to 50 hPa. The initial lake surface temperature came from
ERA-Interim reanalysis data in each run, and the model com-
puted lake temperature based on the physical lake scheme.

The experiments in this study were conducted with the fol-
lowing atmospheric physics schemes: Dudhia shortwave radi-
ation (Dudhia, 1989); Rapid Radiative Transfer Model
(RRTM) longwave radiation (Mlawer, Taubman, Brown,
Iacono, & Clough, 1997); Community Atmosphere Model,
version 5.1 (CAM 5.1) microphysics (Neale et al., 2012);
Kain–Fritsch cumulus scheme (Kain, 2004); the University
of Washington planetary boundary layer physics (Bretherton
& Park, 2009); CLM 4.0 land surface model (Jin & Wen,
2012; Lawrence & Chase, 2010; Oleson et al., 2010), and
CLM 4.5 lake model (Gu et al., 2013; Oleson et al., 2013).

Fig. 1 (a) Domain used in the WRF model and topography of the TP (m). (b) Lake distribution over the TP. The solid black line represents the profile of the TP.
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The 2000–2010 period was selected for our simulations in this
study. To avoid potential climate drift, the simulation for each
year ran individually, which was started at 0000 UTC 1 Sep-
tember of the previous year to avoid snow initialization over
most areas on the TP and then ran for 16 months. The simu-
lations for the first four months of the previous year were dis-
carded as a spin-up process, and the simulations for the
remaining 12 months were analyzed. The deeper the lake,
the more spin-up time is needed. According to Gu et al.
(2013), a four-month spin-up time is sufficient for lake temp-
erature simulations with the WRF model for the Great Lakes,
which are much deeper than the lakes on the TP. Thus, it
seemed that a four-month spin-up time would work well for
temperature simulations for the TP lakes.

3 Results
a WRF model evaluation over the TP
Before the two simulations were performed for this study, we
conducted a series of runs to select the optimal physical
schemes through sensitivity simulations (not shown). Compu-
tation of the pattern correlation coefficients and root mean
square errors with observations allowed us to select the phys-
ical schemes with the best performance for the TP regional
climate simulations.

With the optimal schemes selected for this study, the skill of
theWRFmodel in simulating climate over the TP was evaluated
with ITP data. Figure 2 shows the spatial patterns of observed
and simulated annual mean precipitation and 2 m height air
temperature for 2000 to 2010. Because the observational data
cover only China, we focused mainly on the Chinese part of
the TP. It can be seen that the annual mean precipitation
decreases rapidly northwestward in the observations (Fig. 2a).
The maximum precipitation (more than 1000 mm yr−1) occurs
along the southeastern edge, where the elevation is relatively
low. The TP-averaged annual precipitation in Fig. 3a illustrates
that precipitation reaches its maximum value during the summer
monsoon season, when the value exceeds 90 mm mo−1. During
the summer, water vapour from the southern hemisphere reaches
the southern slope of the TP and is lifted by the mountains, gen-
erating a large amount of precipitation in the region (Wu, Guan,
et al., 2012; Wu, Liu, et al., 2012). However, the northwestern
TP is little influenced by the summer monsoon (Yao et al.,
2012), leading to less precipitation there. During winter, most
areas of the TP are controlled by dry westerlies (Yang et al.,
2014), where the domain-averaged precipitation is usually less
than 10 mm mo−1.

Compared with observations, the WRF model captures
the basic spatial pattern of precipitation well over the TP
(Fig. 2(b)). However, based on the spatial distribution map

Fig. 2 Annual mean precipitation (mm yr−1) and 2 m height air temperature (°C) from the observations (ITP) and CTL for 2000–2010, and the difference between
CTL and NOL: (a) observed precipitation; (b) simulated precipitation; (c) difference in precipitation; (d) observed temperature; (e) simulated temperature;
and (f) difference in temperature.
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of the biases (Fig. 2c), the largest positive bias, exceeding
500 mm yr−1, occurs on the southeastern slope. At the same
time, the WRF model underestimates precipitation over
the southwestern TP, with negative biases lower than
−500 mm yr−1. Based on the precipitation time series
(Fig. 3b), higher simulated precipitation is seen during the
first half of the year. The observed value averaged from
January to June is 29 mm mo−1, but the WRF model produces
precipitation of 49 mm mo−1. Large biases in precipitation
simulations are also found in simulations with global climate
models. A study conducted by Su, Duan, Chen, Hao, and
Cuo (2013) showed that many global climate models from
phase five of the Coupled Model Intercomparison Project
(CMIP5) drastically overestimated precipitation over the TP
by 62–183%. Compared with those simulations, the results
from our study, with a 31% annual mean bias in precipitation,
are a significant improvement due to the more realistic physical
schemes and high model resolution (10 km). In general, the
model does an excellent job of simulating the decay phase of
precipitation over the TP. The mean bias averaged over July
to December is just 2 mm mo−1.
Figure 2d shows the observed 2 m height air temperature

over the 2000–2010 period. Temperature over the TP
decreases from the southeast to the northwest, consistent
with the increasing elevation (Fig. 1a). The warmest climate
appears on the eastern TP, with the annual mean temperature
exceeding 10°C. Because of its lower elevation, the Qaidam
Basin also shows a warmer climate than areas at the same
latitude on the TP. There are cold areas located on the
central and western TP, and the annual mean air temperature
in some places is lower than the freezing point. Most of
these areas have an elevation higher than 5 km, and a large
number of glaciers are found there (Yao, Pu, Lu, Wang, &
Yu, 2007). The coldest area appears on the northwestern

edge of the TP, with an average temperature lower than
−10°C. As we can see in Fig. 2e, the spatial pattern of simu-
lated air temperature is quite similar to the observations
although the model underestimates the temperature on the
southwestern TP and overestimates it on the northern edge
of the TP (Fig. 2f). The large positive and negative biases
are greater than 2°C and lower than −2°C, respectively. To
some extent, these biases are speculated to be related to the
unrealistic description of the complex terrain at the 10 km res-
olution of the WRF model because of the larger biases occur-
ring mainly on the steep slopes. However, the physical
schemes may still have played a role in such erroneous simu-
lations, which are difficult to evaluate because of the lack of
observations, especially in the very complex terrain on the
TP. The uncertainties in ERA-Interim and ITP data may also
contribute to the biases in the simulations. Nevertheless, the
model accurately reproduces the time series of seasonal vari-
ation in temperature on the TP (Fig. 3b), and the domain-
averaged mean bias is only 0.45°C for the 11-year study
period, which is much smaller than the bias of 1.1°–2.5°C in
CMIP5 models (Su et al., 2013).

Overall, the eastern TP has a warm and moist climate
because of its relatively lower elevation and the influence of
Asian monsoons, while the western and northern TP show a
cold and dry climate under the influence of westerlies (Yang
et al., 2014). Despite these biases, the WRF simulations
agree relatively well with observations. The results from the
TP climate simulations provide high confidence for conduct-
ing further sensitivity experiments related to the role of
lakes in the TP climate system.

b Impact of the lakes on local climate
The results in Gu et al. (2013) showed that the lake model
coupled with the WRF model can simulate the physical

Fig. 3 Annual mean monthly (a) precipitation (mmmo−1) and (b) 2 m height air temperature (°C) averaged over the TP for 2000–2010. The curve with solid circles
shows the observations (ITP), and the curve with open squares shows the simulation results from the CTL run.
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processes in shallow lakes well (lake depth <50 m). On the TP,
most lakes are shallow, based on lake depth data from Kour-
zeneva (2010). The seasonal cycles of lake surface tempera-
ture measured with MODIS data for Lake Ngoring, the
largest lake in the Yellow River source region, with an area
of about 610 km2, are given in Fig. 4. Despite the occurrence
of cold biases, the WRF–lake model can reproduce the vari-
ation in surface temperature reasonably well, showing the
reliability of the model in climate simulations.
We investigated the influence of TP lakes on local and

regional climate in this study. For the NOL run, the lake
type on the TP was changed to the nearest land-use type,
such as grassland or bare or sparsely vegetated. Figure 5
shows the surface variable differences averaged over the
lake areas between the CTL and NOL experiments. As
shown in Fig. 5a, the lakes have a cooling role on the
surface over almost the entire year (except October) compared
with the run without the lakes (NOL). The maximum
reduction (6.6°C) occurs in April, and a minor increase
(0.6°C) occurs in October. It is commonly known that the
lakes have a larger heat capacity, resulting in a slower
warm-up than the nearby land surface. In addition, during
the cold season, the TP lakes are often covered with ice,
leading to a higher surface albedo and thus a lowering of
surface temperature. The lakes also act as a heat sink during
the warm season (Long, Perrie, Gyakum, Caya, & Laprise,
2007; Stepanenko et al., 2013). When solar radiation begins
to decrease after summer, the heat stored in the lower part of
the lake starts to move to the surface, preventing the lake
surface temperature from decreasing quickly. Such a process
is the likely cause of the lake surface temperature being
higher than that of the land surface in October. The changes
in near-surface wind speed induced by the lakes are given in
Fig. 5b. The wind speed decreases over the lakes during the
winter and spring, with the largest reduction being
0.44 m s−1 occurring in April. During the summer and fall,
the wind over the lakes becomes stronger than that over the
land surface, with a maximum value of 0.44 m s−1 in August.
Surface heat fluxes on the lake surface are the main force in

changing the atmospheric boundary layer over the lakes

(Haginoya et al., 2009; Xiao et al., 2013). Figure 5c shows
the differences in sensible and latent heat fluxes between the
model with lakes and the model in which the lakes have
been replaced with the nearest land-use types. The sensible
heat flux differences are generally consistent with the tempera-
ture changes in Fig. 5a, decreasing over the entire year. The
largest decrease (−93 W m−2) occurs in April, and the smallest
reduction (−29 W m−2) is seen in October. The changes in
latent heat flux are quite different from those of sensible
heat flux. Most differences are very minor, except for those
in the fall, when evaporation is enhanced quite significantly

Fig. 4 Surface temperature (°C) of the MODIS data (solid line) and the CTL run (dashed line) for Lake Ngoring.

Fig. 5 Seasonal differences in surface variables of TP lakes between CTL
and NOL: (a) surface skin temperature (°C); (b) 10 m height wind
speed (m s−1); and (c) surface sensible (grey bars), and latent (light
grey bars) heat flux (W m−2).
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over the lakes, as seen in Fig. 5b. The largest latent heat flux
increase occurs in October, with a value of 85 W m−2. In
October, the monsoon ends and dry air from the north and
west prevails over the TP; at the same time, the lake surface
is still warm because of heat stored in the lake during the pre-
vious warm season, thus encouraging a large amount of evap-
oration. In addition, the stronger wind in the fall (Fig. 5b)
strengthens heat diffusion, increasing latent heat release in
October.
Overall, the presence of the lakes cools the surface over

almost the entire year. The wind weakened in the spring and
winter but strengthened in the other two seasons. The sensible

heat flux on TP lakes is always lower than that on the land
surface, while the latent heat flux is stronger during the fall.
The lakes also influence the vertical temperature profile,
which strengthens the stability of the atmosphere above
them with their cooling processes.

c Impact of the lakes on summer precipitation
The difference in precipitation between CTL and NOL is sig-
nificant during the summer (Fig. 6a) and insignificant during
the other seasons (not shown). Here we show only the spatial
pattern of the mean precipitation difference during the

Fig. 6 Differences in (a) monthly precipitation (mm mo−1), (b) geopotential height (m) at 500 hPa, (c) geopotential height (m) at 200 hPa, (d) wind fields (m s−1) at
500 hPa and (e) wind fields (m s−1) at 200 hPa in summer between CTL and NOL. The closed line in (a) indicates the locations of the TP lakes.
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summer (Fig. 6a). Suppressed precipitation (5–20 mm mo−1)
appears over areas where lakes are concentrated. This is
partly because the more stable lower atmosphere induced by
the cooling effect of the lakes discourages precipitation for-
mation. At the same time, increased precipitation is seen near
southern Lake Qinghai and on the southern TP, increasing by
5–25 mm mo−1, which is often related to the large-scale circu-
lation triggered by the lakes (Sousounis, 1997). Such paired
decreasing and increasing precipitation patterns are very
common near lakes (Lofgren, 1997; Sousounis & Mann,
2000; Thiery et al., 2015). Changes in precipitation are also
seen over other areas of the TP that do not have a strong influ-
ence from lakes, but the magnitude is very minor, mostly less
than 3 mm m−1. The Student’s-t test shows that the precipitation
differences over 43% of the lake grids are significant at the 95%
confidence level (in the model there are a total of 282 lake grids
on the TP), but over most other areas of the TP the differences
are not significant. Our results show that the lakes affect mesos-
cale precipitation over and around the lakes more significantly
than in other regions.
In the geopotential height and wind difference fields at the

200 and 500 hPa levels between CTL and NOL (CTL minus
NOL) (Figs 6b–6e), a cyclonic circulation anomaly forms at
the 200 hPa level, and an anticyclonic circulation anomaly
forms around the lakes at the 500 hPa level. The cooling
effect of the lakes leads to cooler air accumulating in the
lower atmosphere over the lakes, resulting in increased near-
surface pressure (geopotential height) on the central TP
(Fig. 6b), and thus an anticyclonic circulation. The divergence
of the higher pressure in the lower atmosphere induces a con-
vergent cyclonic flow in the upper levels. Such a structure in
the atmospheric column suppresses air convection and
reduces precipitation. Additionally, mesoscale circulations
form where cyclonic flows appear at 500 hPa over the
southern TP, resulting in an increase in precipitation over
this region. The wind field over regions outside the TP also
experiences some changes induced by the lakes on the TP,
indicating that the lakes affect not only local climate and cir-
culation but remote conditions as well.

4 Conclusions and discussion

In our study, we have fully evaluated the coupled WRF–
lake model using observations and have ensured that the
model can simulate the climate over the TP reasonably
well. The simulated precipitation and near-surface air temp-
erature agree well with observational data in the spatial and
temporal domains. The results demonstrate that the WRF
model performs well in modelling the climate of the TP,
providing a reliable tool to carry out sensitivity experiments
to investigate the role of the TP lakes in the regional
climate system.
The effects of TP lakes on surface processes and vertical air

columns are explored by comparing experiments with and
without TP lakes. The results illustrate that the lakes lower
the surface temperature and sensible heat flux for almost the

entire year, with the strongest influence occurring in spring.
The wind over the lakes is weakened in the spring and
winter but strengthened in the summer and fall when com-
pared with the wind over the land surface. The lakes’ existence
also enhances evaporation during the fall. The cooling pro-
cesses of the lakes also make the lower atmosphere more
stable and generate an anticyclonic circulation in the lower
atmosphere and a cyclonic circulation in the upper atmosphere
over the areas where lakes are concentrated on the TP, leading
to decreased precipitation. In addition, increased precipitation
over some areas of the TP is associated with the mesoscale cir-
culation induced by the lake processes.

Our study focused mainly on understanding the role of the
TP lakes in the climate system with a realistic regional climate
model through sensitivity tests, while most other studies focus
on particular lakes whose physical characteristics are often
different than those of other lakes. However, some common
characteristics of all the TP lakes in our simulation are also
found in individual lakes. For instance, the results of our
study show that the largest sensible and latent heat fluxes
occur in the fall (not shown), and similar conclusions were
drawn by Li et al. (2016) in a study of Lake Qinghai with
observed data and from Haginoya et al. (2009) and Lazhu
et al. (2016) in a study of Nam Co using modelling
approaches.

However, some uncertainties in our simulations deserve
attention. We used ITP data as the observational data in this
study. In this dataset, precipitation data are a combination of
meteorological station observations and TRMM data.
However, meteorological stations are very sparse in the
western part of the TP; thus, the TRMM satellite data cannot
be well calibrated for this part of the region, which could gen-
erate uncertainties in the ITP data.

In addition, the model still has some disadvantages in simu-
lating lake processes on the TP. The current version of the lake
model in the WRF model is a freshwater model and does not
consider salinity in the lake water. However, most TP lakes are
saline. It is still unknown how the salinity of the lakes affects
lake processes because the salinity data in these lakes are not
publicly available or do not exist. This issue needs to be
addressed in future studies. In addition, lake depth is an impor-
tant parameter that affects lake heat content, which can further
alter lake processes. However, the accuracy of many lake
depth data for the TP included in the model is not quantitat-
ively evaluated with observations. Such observations are not
available for many lakes on the TP. Thus, the potential
biases in lake depth data could affect the accuracy of the simu-
lations of lake processes on the TP.
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