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Abstract

The weather research and forecasting model including a one-dimensional thermal diffusion lake model is adopted to investi-
gate the summer climatic effect of the lake clusters over Tibetan Plateau (TP) during 2008-2014 based on two experiments
with and without the lakes. Overall, the model can reasonably reproduce the daily variations of lake surface temperature and
the spatial patterns of 2 m air temperature (T,,,) and precipitation over TP during summer. Sensitivity results show that the
effects of TP lakes on the over-lake T,,, and precipitation exhibit distinctive seasonal and diurnal features and strong space
dependence. Generally, the TP lakes tend to cool the local T,,, and enhance the precipitation over the lake and surrounding
areas. With the summer advances, the cooling effect of TP lakes weakens while the lake-induced enhancement of precipita-
tion becomes more evident. During daytime, the TP lakes decrease the T,,, and suppress the short-duration (<6 h) rainfall
in afternoon. However, the TP lakes increase the T,,, and strengthen the convective rainfall over the lake and surrounding
areas by simultaneously enhancing both short and long-duration (> 6 h) precipitation during nighttime. The lakes over the
southeastern central TP (CTP) lead to slight warming and pronounced precipitation increases, while the other lakes in CTP
mainly cause significant cooling and suppressed precipitation. Such opposite effects are mainly because the lakes over the
western and northeastern CTP hardly produce nighttime warming and the associated circulation changes favorable for the
convective precipitation as found over the southeastern CTP, suggesting that the climate effects of TP lakes may be modulated
by the lake intrinsic features, local terrain distributions, and background atmospheric circulations.

1 Introduction

The lake-air interaction, a considerable issue of the recip-
rocal effect between the atmosphere and the underlying
surface, plays a significant role in modulating the weather
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and climate at local to regional scales (Adrian et al. 2009).
Compared to the surrounding land or vegetation surface,
lakes are important moisture sources for low-level atmos-
phere and characterized by unique physical properties, i.e.
low albedo, small surface roughness and high thermal iner-
tia, which can directly alter the surface thermal conditions
and the water and energy balances (Ma et al. 2014; Nordbo
et al. 2011; Krinner 2003; Stepanenko et al. 2014). As a
result, the regions with high lake concentrations show dis-
tinctive spatiotemporal features of temperature, precipitation
and wind fields (Curtarelli et al. 2014; Thiery et al. 2014).
This is particularly the case in the Tibetan Plateau (TP),
where there exist more than 1200 lakes with an individual
surface area above 1 km?. The total lake area over the TP
exceeds 40,000 km?, which accounts for around 52% of the
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total lake coverage in China (Zhang et al. 2014). Because of
the distinct climate over the TP and its important role in the
earth system, the variations in the physical and biochemi-
cal properties of the TP lake clusters can lead to dramatic
environmental and climate changes (Lei et al. 2014; Phan
et al. 2012; Song et al. 2014; Verburga and Hecky 2009).
Hence, revealing the climatic effects of the TP lake clusters
is not only important for understanding the regional changes
in hydrological cycle and energy budgets, but also helpful
to evaluate and improve the performances of the lake-air
coupled climate model (Dutra et al. 2010; Mironov et al.
2010; Xu et al. 2016).

During the past several years, many researchers have paid
lots of attention to the lake-air interactions at various spati-
otemporal scales (Bonan 1995; Hostetler et al. 1993, 1994;
Long et al. 2007; Lofgren 1997). Results have shown that as
one of the typical land categories, inland lakes can lead to
the spatiotemporal heterogeneity of surface energy budgets,
which can further affect the atmospheric circulations and the
regional weather and climate (Alcott et al. 2012; Bartunkova
et al. 2014; Yeager et al. 2013; Gu et al. 2016; Xiao et al.
2016). For example, due to the large thermal inertia, the pres-
ence of lakes delays the autumn/nighttime (spring/daytime)
cooling (warming) and therefore dampens the diurnal and
seasonal variations of low-level temperature in the Canadian
Shield (Gula and Peltier 2012; Martynov et al. 2012; Notaro
et al. 2013). Additionally, the warmer (cooler) lake surfaces
during winter/nighttime (summer/daytime) tend to generate
a convergent (divergent) flow due to the lake-land thermal
gradient, which enhances (suppress) the over-lake convec-
tive development and cloud formation (Ruthrich et al. 2015;
Zhao et al. 2012). Such lake effects can lead to increases of
precipitation and heavy snowfall during winter especially in
the downwind regions (Pereira and Muscato 2013; Theeuwes
et al. 2010; Vavrus et al. 2013). Different from the climatic
effect of the Great Lakes, Samuelsson et al. (2010) found that
the lakes in the northern Europe with temperate climate act to
increase T, for all seasons and enhance the convective pre-
cipitation during late summer and early autumn. In contrast,
the Lake Victoria in the tropic results in lower air temperature
and enhanced rainfall throughout the entire year (Williams
et al. 2015). Additionally, contrast to the pronounced down-
wind influence of the Great Lakes on the rainfall, the lake-
induced precipitation changes in the African Great Lakes can
hardly exceed the lake shores (Thiery et al. 2015).

Overall, the lake effects are found to be prominent in lake-
abundant regions but exhibit distinctive diurnal and seasonal
features in different regions, depending on the lake intrinsic
natures, surrounding topography and background atmos-
pheric circulations (Argent et al. 2015; Subin et al. 2012;
Wen et al. 2015a). Compared to the temperate-zone or tropi-
cal lakes, the lakes over the TP can transfer vast heat and
water fluxes directly to the middle troposphere, which can
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further interact with the large scale tropical and extratropical
systems during the boreal summer (Yanai et al. 1992; Wu
etal. 2012; Xue et al. 2017). Hence, it is imperative to have
a comprehensive understanding of the lake-air interactions
and the climatic effects of the lake clusters over TP.
Recently, with the gradual development of field measure-
ment techniques and computer performances, more observa-
tions and simulations have been conducted to study the lake
properties and the lake-air interactions over the alpine and
cold regions, such as over the TP (Biermann et al. 2014;
Gerken et al. 2013; Lazhu et al. 2016; Liao et al. 2013; Lu
et al. 2017; Wang et al. 2010, 2017; Zhu et al. 2017). Based
on the multi-source sounding data at Lake Nam Co and the
MMS5 model, Lv et al. (2008) revealed that the variations of
heat fluxes induced by the lake-land thermal contrast is an
important reason for the dramatic changes of the local cir-
culations and mesoscale weather. Specifically, at the diurnal
scale, Lake Nam Co leads to higher (lower) air temperature
and enhanced (suppressed) convection during nighttime
(daytime). The annual mean over-lake evaporation is more
than two times of that from the surrounding land, with the
lake-land differences in moisture and heat fluxes reaching
their annual peaks in the post-monsoon period (Haginoya
et al. 2009; Xu et al. 2011). Gerken et al. (2013) further
demonstrated that as the Lake Nam Co is situated at the foot
of the Nyaingentanglha, the effect of the lake-land breeze
can be superimposed by that of the mountain-valley wind
in modulating the moist and deep convection. In addition
to the Lake Nam Co, the lake-air interactions have also
been investigated over some other lakes in the TP, such as
the Qinghai Lake (Lv et al. 2007), the Lake Tangra Yamco
(Wang et al. 2010), the Ngoring and Gyaring Lake (Li et al.
2015; Wen et al. 2015b). However, previous modeling stud-
ies mainly focused on limited periods and set prescribed or
the extrapolated sea surface temperature as lake surface tem-
perature to force the atmosphere model, which may not be
suitable for simulating the lake effects on the surface fluxes,
temperature, and precipitation at climate scales. Moreover,
previous studies mainly explored the local effect of some
individual lakes. It is still unclear how the cluster effects
of the widespread lakes in the TP can affect the climate at
local to regional scales. In this study, a fully coupled air-
lake model (WRF-Lake, Gu et al. 2015; Skamarock et al.
2008) is applied to more realistically represent the lake-air
interactions over the TP, which would be helpful to deepen
our understanding of the lake climatic effects over the TP.
The rest of this paper is organized as follows: a brief
description of the datasets, the regional climate model, and
the methods are given in Sect. 2. In Sect. 3, we firstly evalu-
ate the model performances in simulating the lake surface
temperature, precipitation and T,,,. The climatic effect of
the TP lakes is revealed and discussed in Sect. 4. Finally, the
conclusions and discussions are given in Sect. 5.
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2 Datasets, model description
and experimental design,
and methodology

2.1 Datasets

The datasets used in current study are listed as follows:
(1) the National Centers for Environmental Prediction-
Global Final Analysis (NCEP-FNL) data with a 1°x1°
grid spacing and 6-h interval (https://rda.ucar.edu/datas
ets/ds083.2/, NCEP/NOAA 2000); (2) the daily, 0.5°x0.5°
real-time global sea surface temperature dataset (ftp://
polar.ncep.noaa.gov/pub/history/sst/rtg_low_res/, Thie-
baux et al. 2003); (3) the Moderate Resolution Imaging
Spectroradiometer (MODIS) land-use categories with a
horizontal resolution of 10 arc seconds (Friedl et al. 2010);
(4) the global lake database version 2 (GLDBvV2) including
the lake location and depth with the horizontal resolution
of 1 km developed by Kourzeneva (2010), Kourzeneva
et al. (2012) and Choulga et al. (2014), which are avail-
able at https://www.flake.igb-berlin.de/ep-data.shtml; (5)
the field observed depth data of Lake Nam Co provided
by Wang et al. (2009); (6) the global lake surface water
temperatures (LSWT) during 1995-2011 provided by the
Along-Track Scanning Radiometers (ATSR) Reprocess-
ing for Climate (https://www.laketemp.net/home/dataF/,
ARC_Lake V3.0, MacCallum and Merchant 2012); (7)
the T,,, data from the 6-h, 0.25° X 0.25° ERA-Interim rea-
nalysis (Simmons et al. 2007) during 2008-2014 which
are available at https://apps.ecmwf.int/datasets/data/inter
im-full-daily; (8) the rainfall data of the Tropical Rain-
fall Measuring Mission 3B42 (TRMM3B42) version 7
(Huffman et al. 2007), which are available at ftp://disc2
.nascom.nasa.gov/data/TRMM/Gridded. The TRMM3B42
dataset covers a relatively wide global latitude band of
50°S-50°N with a high spatial resolution of 0.25° and
temporal resolution of 3 h. Due to the plentiful calibrations
against Global Precipitation Climatology Center monthly
gauge records, TRMM?3B42 dataset has been identified to
agree well with the gauge observations in the overall spa-
tiotemporal variations of precipitation over China (Huang
et al. 2016; Maussion et al. 2013).

2.2 Model description and experimental design

The advanced research WRF (WRF-ARW V3.8.1, Skama-
rock et al. 2008), a fully compressible and non-hydrostatic
model with multiple parameterization schemes and flex-
ible resolutions, is employed in this study. The lake model
component in the WRF used here is the Community Land
Model version 4.5 lake model (Oleson et al. 2013), which

mainly origins from the basic concepts of the Hostetler
lake model (Hostetler et al. 1993) and further developed
by Subin et al. (2012) and Gu et al. (2015). It is a one-
dimensional mass and energy balance model including ten
lake water layers, ten soil layers in the lake bottom and
up to five snow layers on the lake ice. In this study, we
intend to use the air-lake coupled regional climate model
for a better representation of lake physical processes and
lake-air interactions, such as the turbulent fluxes of energy,
moisture, and momentum between the lake surface and
the lower atmosphere. Some other key physical options
adopted in this study are as follows: the Noah land surface
model (Mitchell et al. 2005), the WRF Single-Moment
6-class microphysics scheme (Hong et al. 2006b), the
Grell-Devenyi ensemble cumulus scheme (Grell and Deve-
nyi 2002), the Yonsei University planetary boundary layer
scheme (Hong et al. 2006a), the Dudhia shortwave radia-
tion scheme (Dudhia 1989), and the rapid radiative transfer
model for longwave radiations (Mlawer et al. 1997).

The model encompasses two two-way nested domains
with the horizontal resolutions of 30 km in Domain 1
and 10 km in Domain 2 and 31 sigma levels with its top
at 50 hPa (Fig. 1a). Following Gao et al. (2016), the large
mother domain (Domain 1), which covers most Asia con-
tinental areas, parts of the northern Indian Ocean and the
northwestern Pacific Ocean, is designed to capture the
interactions between the external large-scale environment
and the regional weather systems over the TP in the nested
domain (Fig. 1a). The inner domain (Domain 2) in Fig. la
covers almost the whole TP. Specifically, the staggered grid
points for both domains are 220X 160 and 259 X 172 in the
east—west and north—south directions, respectively. The land
surface types on each model grid in the model domains are
derived from the MODIS land-use categories. The lake frac-
tion (the ratio of sub-grid lake area to the grid area at each
model grid) and lake depth (mean sub-grid lake depth at
each model grid) on each domain grid are provided by the
GLDBV2 dataset (Choulga et al.2014). Because the GLDBv2
dataset do not contain the depth of Lake Nam Co, the actual
lake depth is updated by the field observed bathymetry data
provided by Wang et al. (2009) (Fig. 1b). The lake fraction
and depth in domain 2 are shown in Fig. lc, d, respectively.
It is noted that the lakes widely spread over the central TP
(CTP) with the lake fraction ranging from 0.1 to 1.0. Some
large lakes such as Lake Nam Co, Lake Siling Co, and Qing-
hai Lake can be explicitly resolved by the model with the
horizontal resolution of 10 km. The model initial and lateral
boundary conditions are generated from the NCEP-FNL data
(NCEP 2000). The sea surface temperature is prescribed by
using the daily, 0.5° % 0.5° real-time global sea surface tem-
perature dataset (Thiebaux et al. 2003).

Based on the common model configurations, we design
two experiments with and without TP lakes, hereafter
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Fig. 1 a Geographic locations and terrain height of the two domains
adopted in the WRF-Lake model. b The spatial distributions of the
lake depth in Lake Nam Co. ¢ The sub-grid lake fraction and d mean

abbreviated as CTRL and NOL, respectively. The real
lakes over the TP are included in the CTRL experiment.
In the NOL experiment, all the TP lakes are replaced by
the representative land-use category in each model grid.
In each experiment, the model runs start on 20th May and
end on 31st August for each year from 2008 to 2014. The
first 12 days are for spin-up and only the summer results
(June—July—August, JJA) are applied for the analysis. The
comparisons between the CTRL and NOL simulations are
used to quantify the TP lake effects on the climate at local
to regional scales.

2.3 Methodology

All the observation data are first interpolated onto the model
grid points using the simple inverse distance weighting
method (Shepard 1968). Following Huang et al. (2016), we
utilize three common statistics, i.e. the temporal/spatial cor-
relation coefficient (TC/PC, Eq. 1), the root-mean-square
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error (RMSE, Eq. 2), the Taylor score (TS, Eq. 3) to evalu-
ate the model performances. Given the sharp gradients and
singularities in the model buffer zones, ten grid points in
the domain lateral boundaries are excluded when calculat-
ing all the above statistics (Davies and Turner 1977; Thiery
et al. 2015). The equations for the statistical measures are
given by:

b o T (4= 1)(0,-0)

~ - (1
VEY, (M- 1) /5L, (0, 0)°
RMsE= 1| L 3 (M;-0,)° )
N - i i
_ 4(1 + PC)
(o +1/0)*(1 + PCy) 3)
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where M, (Q‘) is the model simulations (observations) at N
temporal or spatial points, and M (O) presents the averaged
value of model simulations (observations) over the N points.
TC (PC) is adopted to describe the temporal (spatial) simi-
larity between the simulations and observations, and RMSE
is used to quantify the deviation of the simulations from
the observations (Su et al. 2013). High TC (PC) indicates
large similarity in temporal variation (spatial distribution)
between the simulations and observations; while low RMSE
indicates that the simulations have more agreement with the
observations in quantity. TS is proposed by Taylor (2001)
to quantify how simulations match observations in terms of
both spatial pattern and magnitude. ¢ is the spatial standard
deviation of the model simulations normalized by that of the
observations. PC, is the achievable maximum pattern cor-
relation (set as 1). As revealed by Eq. (3), TS ranges from
0 to 1 and a larger TS indicates better model performance.

Following Yu et al. (2007), the number of hours between
the start and the end of a rainfall event without any inter-
mittence (i.e. during which the precipitation is less than
0.1 mm h™!) are regarded as the duration time. The short-
duration (<6 h) and long-duration (> 6 h) rainfall events are
picked out based on the criterion mentioned above. Then we
further calculate the precipitation amount (PA, the accumu-
lated measurable precipitation divided by the total hours in
summer), frequency (PF, the percentage of total precipitat-
ing hours with the measurable precipitation > 0.1 mm h™!
to the total hours in summer), and intensity (PI, the accumu-
lated measurable precipitation averaged over the total pre-
cipitating hours) for rainfall events with different duration
times (Zhou et al. 2008; Wu et al. 2017) during 2008-2014.

To estimate the contribution of each surface heat com-
ponent to the lake-induced surface temperature change, we
adopt the surface heat balance decomposition method sug-
gested by Thiery et al. (2015) based on the surface heat bal-
ance equation:

[eoT? = (1 — a)SW,, + LW,, — SHF — LHF — G] 5)

where, € is the surface emissivity, o = 5.67 x 1078 Wm=2 K™
is the Stefan—Boltzmann constant, T, is the surface tempera-
ture, a is the surface albedo with respect to the incoming
shortwave radiation SW,, (positive downwards). LW,, is the
downward incoming longwave radiation (positive down-
wards). SHF and LHF (positive upwards) are the turbulent
fluxes of sensible and latent heat, G is the ground heat flux
(positive upwards), which is the combined subsurface heat
storage and conductive heat fluxes. Neglecting the high-

order terms, the first order derivative of the net changes in

outgoing longwave radiation at surface (i.e. left hand side
in Eq. 5) can be expressed by 486T35TS. Hence, the 67 can
be derived by solving the total derivative of Eq. 5 as follows:

5T, =— L [~SW, 60 + (1 — )5SW,, + 5LW,,
° deoT? (6)

—SLHF — SHF — 6G — 0T} 5¢]

According to Eq. 6, it is obvious that the net lake effect on
T, is decomposed a posteriori and contributed by the direct
forcing changes related to different surface types (such
as surface albedo, evapotranspiration, surface roughness
lengths and surface emissivity) and indirect forcing changes
due to atmospheric feedbacks (such as cloud radiative feed-
backs or surface layer stability changes) (Thiery et al. 2015).
Most terms of Eq. 6 can be computed from the mean of the
3 h differences between the CTRL and NOL simulations.

To describe the atmospheric stability, we utilize the
equivalent potential temperature 8, given by:

Lg, R
0, = <T+ éq‘ > (Py/P) < (7

P

where T is the air temperature, L, is the latent heat of
evaporation (2.5 x 10% J kg™, g, is the specific humidity,
C, is the specific heat capacity of air at constant pressure
(1005 J kg~! K7, P, is the standard atmospheric pressure
(1x 10° Pa), and P is the air pressure.

3 Model evaluation
3.1 Lake surface water temperature

To validate the model behavior in reproducing lake surface
water temperature (LSWT), we compare the simulations of
the CTRL experiment with the ARC_Lake data for the sub-
seasonal variations of the LSWT over the Qinghai Lake,
which is the largest lake in the TP with an area more than
4500 km? and a mean depth of 21 m. Figure 2 shows that
the WRF-Lake model can reasonably reproduce the day-to-
day variations of the LSWT of the Qinghai Lake in sum-
mer but exhibits a slight cold bias during the post-monsoon
period. The TC, bias, and RMSE between the simulated
and observed LWST averaged over 2008-2011 are 0.98,
—0.435 °C, and 0.85 °C, respectively (Fig. 2a). This reason-
able simulation is primarily due to the effective calibrations
of eddy diffusivity conducted by many previous researchers,
which improve the capability of Hostetler-based models in
simulating the thermodynamics especially in shallow lakes
(Subin et al. 2012; Gu et al. 2015). For the Lake Nam Co
with the mean depth exceeding 40 m and the maximal depth
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Fig.2 The daily ARC_Lake observed (blue lines) and CTRL simu-
lated (red lines) lake surface temperature a averaged over 2008-2011
and b in each year of 2008-2011 for the Qinghai Lake

over 120 m (Lazhu et al. 2016; Wang et al. 2009) (Fig. 1d),
the simulated LWST (figures not shown) exhibit a charac-
teristic of stronger warming in early summer compared to
the observations. Similar biases have also been reported by

Xiao et al. (2016) when applying the WRF-Lake model to
simulate the thermal features of the deep Laurentian Lakes.
The TC, bias, and RMSE between the simulations and
observations in the Lake Nam Co are 0.963, 1.363 °C, and
1.276 °C, respectively, indicating that the representation of
deep lake processes remains to be improved in the future
studies. However, based on the global lake depth data from
Choulga et al. (2014), most lakes over the TP belong to shal-
low lakes, which means the present WRF-Lake model with
reliable capability in capturing the LSWT variations and the
corresponding energy fluxes in shallow lakes is adequately
suitable for the further lake-effect studies.

3.2 Precipitation and 2 m air temperature

During boreal summer, TP serves as a huge, elevated heat
source to the middle troposphere (Yanai et al. 1992; Wu
et al. 2012; Xue et al. 2017). The powerful sensible heat
pump effect of the TP can drive the low-level moisture
advection from Bay of Bengal to the Indian peninsula, gen-
erating the large rainfall center with the intensity approx-
imately 10 mm day~' over the Ganges Plain (Fig. 3a).
One branch of the moist flow is blocked and redirected
northwest by the Himalayas and the other branch blows
northeastward into the southeastern TP through the deep
canyons therein (Maussion et al. 2013; Zhang et al. 2017),
which lead to the formation of strong orographic rainfall
belt with the maximal intensity exceeding 25 mm day ™!
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Fig.3 The summer mean observed (a, d) and CTRL simulated (b,
e) precipitation and 2 m air temperature and the differences (c, f)
between CTRL simulations and the observations over the nested
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domain averaged over 2008-2014. The black curves with an altitude
of 3000 m outline the TP, while the blue lines denote the upstream of
the Yangtze River and the Yellow River
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Table 1 The verification statistics between the simulations and obser-
vations for the precipitation and 2 m air temperature over domain 1
(DO1) and domain 2 (D02)

Variables Domains Statistics
PC TS RMSE
Precipitation D01 0.81 0.86 3.74 mm day™!
D02 0.81 0.90 3.24 mm day ™!
Tom DO1 0.98 0.97 2.81°C
D02 0.98 0.98 1.63 °C

The PC, TS, and RMSE represent the pattern correlation, Taylor
score, and root-mean-square-error, respectively

along the south edge of Himalayas (Fig. 3a). As the west-
erly jet axis is located over the northern TP during boreal
summer, the precipitation over the TP is mainly modu-
lated by the summer monsoon circulations and exhibit a
decreasing trend from southeast to northwest (Fig. 3a). As
shown in Fig. 3a—c, WRF-Lake model well reproduces the
spatial pattern of the summer precipitation but fails to sim-
ulate the magnitude of the rainfall distribution, especially
among the steep Himalayas, which has been a long-stand-
ing issue in many climate models (Yu et al. 2015; Zhu
et al. 2017). Due to the more detailed and realistic descrip-
tions of topography contrast and landuse categories, our
high-resolution model results have a relative bias of 25.7%
in the summer precipitation simulations, outperforming
those from CMIP5 models (Su et al. 2013). The WRF-
Lake model is also able to reproduce the spatial pattern of
T, (Fig. 3d—f) with a bias of — 1.2 °C when averaged over
the TP. It is presumed that the unrealistic description of
topography contrast over the TP is also the main cause for
the large negative bias in T,,, simulations especially over
the steep Himalayas. Despite some regional biases, the
evaluation results suggest that the WRF-Lake model can
reasonably capture the general spatial patterns of summer
precipitation and T, , over the TP and surrounding areas.

To give a comprehensive evaluation of the model per-
formances, we depict several important Taylor statistics
based on the summer mean precipitation and T, over
the two model domains in Fig. 14 and Table 1. From the
Taylor diagram in Figure 14, it is evident that with the
horizontal resolution increases, the model shows better
capability in reproducing the spatial distribution of both
precipitation and T,,,. In addition, as indicated by high PC,
TS and low RMSE for the CTRL modeled summer pre-
cipitation and T,,, over the inner domain (D02) (Table 1),
the WRF-Lake model is an appropriate tool to identify the
climatic effect of the TP lakes in summer.

4 Climatic effect of the TP lakes
4.1 Lake Effects on the 2-m air temperature

The impacts of the TP lakes on T,,, at local to regional
scales are quantified based on the differences between
the simulations from the experiments with and without
lakes over the TP (Figs. 4 and 5). From Fig. 4a, b, the T,
differences with the statistical significance level of 0.05
(two-tailed t test) are mainly confined to the lake areas
over the TP, indicating that the TP lakes mainly display
local effects on T,,,. Hence, we further select a sub-region
bounded by 30°N-36°N and 80°E-92°E (i.e. the red rec-
tangle in Fig. 4b), which is also referred as central TP
(CTP) covering most of TP lakes for more detailed analy-
sis. From Fig. 4c, the mean terrain height of the CTP is
above 4400 m and the topography is characterized by a
middle low center and the surrounding high sides. As the
major water sources for the lakes over this area are the
glacial melt, the thawing permafrost, and the precipita-
tion, most lakes were formed in the lowlands. The major
large lakes, i.e. Lake Siling Co and Lake Nam Co, are
situated in the relatively moist southeastern CTP (bounded
by 30°N-33°N, 80°E-86°E) (Biermann et al. 2014; Liu
et al. 2010). Comparing the lake locations (Fig. 4c) and
the CTRL-NOL T, differences (Fig. 4d), it is clear that
the lakes in the western and northeastern CTP (bounded
by 30°N-36°N, 80°E-86°E, and 33°N-36°N, 86°E-92°E,
respectively) exert a significant cooling effect on the over-
lake near-surface air temperature with a mean intensity
above 2 °C, while the lakes over the southeastern CTP
tend to slightly increase the over-lake T, with a mean
magnitude about 0.15 °C. The remarkable cooling effect
of the lakes in the western and northeastern CTP hardly
exceed the lake shores, which is different from the promi-
nent downwind influence of the Lake Victoria and the Lau-
rentian Great Lakes due to the much wider lake coverage
and the flatter orography (Notaro et al. 2013; Thiery et al.
2015). From Fig. 4b, d, almost all of the TP lakes display
a cooling effect on T,,, over the surrounding land areas,
particularly for those around the large lakes (i.e. Qinghai
Lake) or over the lake-abundant regions (i.e. the south-
eastern CTP).

Figure 5 further reveals the sub-seasonal and diurnal
variations of the lake effects on the T, , sensible and
latent heat fluxes averaged over all the pixels and the lake
pixels in the sub-region indicated by Fig. 4b. For all the
pixels in the sub-region, the presence of TP lakes tend to
cool the T,,,, weaken the upward sensible heat flux and
enhance the upward latent heat flux at daily time scale
(Fig. 5a—c); this effect is much more obvious over the lake
pixels (Fig. 5d—f). Overall, the lake effects on all of the
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Fig.4 The simulated summer mean T,, differences between
CTRL and NOL in a Domain 1, b Domain 2, and d the sub-region
(30°N-36°N, 80°E-92°E) which is outlined by the red polygon in b
averaged over 2008-2014. The thicker black curves (circles) in a, b
and d represent the differences that are statistically significant at the
5% level (two-tailed t test). ¢ The spatial distribution of TP lakes

above thermal variables are generally localized and only
significant over the lake areas. The lakes induce a persis-
tent over-lake cooling of about 1 °C throughout the entire
summer (Fig. 5d). Meanwhile, the effects of TP lakes on
the upward sensible (latent) heat flux show a pronounced
decreasing (increasing) trend from early to late summer
(Fig. Se, f). At the diurnal time scale (Fig. 5j, g), the lakes
exhibit a cooling (warming) effect on T, during daytime
(nighttime) and therefore dampen the diurnal variations of
T, this is particularly true when only consider the lake
pixels in the sub-region (Fig. 5j). Meanwhile, the pres-
ence of the TP lakes can lead to decreases (increases) in
the upward sensible and latent heat fluxes during daytime
(nighttime) (Fig. 5h, i, k, 1). As the lakes in the western
and northeastern CTP are characterized by a dominant
daytime cooling and slight nighttime warming (figure not
shown), these lakes exhibit a general net cooling influ-
ence on the over-lake T, in summer (Fig. 4d). However,
the strength of the nighttime warming due to the lakes in
the southeastern CTP is relatively larger than the daytime
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(blue contours) and the terrain height (shadings) in the sub-region. In
(a—b), the blue curves outline the TP, while the black curves depict
the Yangtze River and the Yellow River. The red line in ¢ represents
the transections used for the vertical cross sections in Figs. 12 and
Figure A2

cooling (4+1.75 °C vs. — 1.45 °C), leading to a slight net
warming effect on the over-lake T,,, in summer (Fig. 4d).

Figures 6 give an overview of the lake-induced net
changes in the main component of the surface heat balance
equation (i.e. Eq. 5) and the relative contribution of each fac-
tor in Eq. 6 to 6T over the lakes at daily time scales during
summer. As the lake presence lowers the surface albedo and
the daytime cloud coverage (figures not shown), the over-
lake surface net shortwave radiation (SW,,,) is increased
by 53 Wm™2 (Fig. 6a). Meanwhile, the lakes strengthen the
upward LHF by 63 Wm~2 and weaken the upward SHF by
46 Wm~2 over the lake surfaces. In addition, it is also noted
that the lakes lead to an increase of 57 Wm™? in heat stor-
age (G) due to the much larger thermal inertia relative to the
land surfaces. The decreased outgoing longwave radiation
due to the cooler lake surface results in relatively larger net
downward longwave radiation (LW,,,, 21 Wm™2) at the lake
surfaces (Fig. 6a).

From Fig. 6b, the changes in the surface albedo, SW;
upward SHF and surface emissivity [LW,

no

upward LHF,

no
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Fig.5 The CTRL and NOL modeled sub-seasonal (a—f) and diurnal
cycles (g-1) of the mean T, (left panel), sensible heat flux (mid-
dle panel) and latent heat flux (right pane) over 2008-2014 region-

subsurface heat flux (G)] induced by the TP lakes tend to
exert positive (negative) contribution to the over-lake 67.
The lake-induced increase in the upward LHF contributes
the most to 67 by — 13.05 °C over the lakes. The increased
subsurface heat flux (G) due to the presence of lakes results
in a cooling of the surface by 7.44 °C. Both the increased
aerodynamic resistance due to the smaller roughness length
of lake surface relative to the nearby land and the decreased
temperature gradient in the atmospheric surface layer
(Thiery et al. 2015) lead to the decreased upward SHF and
therefore act to increase the 7, by 7.43 °C, presenting the
largest warming effect on 7. The increase in SW;, induced
by the reduction of the daytime cloud cover over the lakes

Hour (LST)

Hour (LST)

ally averaged over the all pixels and lake pixels in the sub-region
(30°N-36°N, 80°E-92°E)

contribute to the 67 by 5.59 °C. The much lower albedo of
the lake surface results in a positive contribution to [67]
of 3.70 °C over the lakes. Contributions of the changes in
surface emissivity and in LW,, due to the cloud cover and
atmospheric temperature changes are negligible. Eventually,
the TP lakes lead to a cooling effect on both 7, (— 4.73 °C)
and T, (— 0.97 °C) over all the lake pixels in the sub-region
on average. Compared to the surrounding land, the enhanced
evaporation from the lakes and larger heat inertia of water
result in lower T, and thereafter reduced temperature gradi-
ent between the lake surface and overlying atmosphere. The
reduced temperature gradient and smaller roughness length
of lake surface work together to dampen the SHF release
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Fig.7 Same as Fig. 7, but for now separately for 09:00-18:00 LST (daytime; shown as d) and 18:00-09:00 LST (nighttime; shown as n) for all

the lake pixels in the sub-region (30°N-36°N, 80°E-92°E)

from the lake surface to the atmosphere and further lead to
the decreased T,,, over the lake areas.

To illustrate changes at sub-daily time scales, Fig. 7 fur-
ther gives the changes in each surface heat balance compo-
nent and the contribution of the seven factors to 67, over
lakes in the sub-region during daytime and nighttime. Com-
paring Fig. 7a with Fig. 6a, the decreases of the daily-mean
upward SHF over the lake areas is dominated by the day-
time inhibition, and the enhanced daily-mean LHF (SW,,
and LW,,,) is mainly attributed to the remarkable nighttime
(daytime) increases. In contrast, the lake-induced changes of
ground heat flux (G) display obvious diurnal variation, with
more heat stored in the subsurface and deep waters during
daytime (251 Wm~™?) and more heat released from the lake
mixed layer during nighttime (137 Wm™2, Fig. 7a). During
daytime, the lake-induced changes in G exert a pronounced
cooling effect on T and it is decreased by 11.7 °C on average
(Fig. 7b). Meanwhile, the decreased T and upward tempera-
ture gradient further inhibits the upward SHF and thus leads
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to the reduced over-lake T,,, by 2.2 °C (Figs. 5j and 7b).
However, during nighttime the enhanced released G from
the sub-surface and deep waters to the surface (Fig. 7a) leads
to a warming of the lake surfaces and 7 is increased with
a mean intensity of 2.2 °C (Fig. 7b), which favors the SHF
transfer from surface to the atmosphere with the intensity
of 17 Wm™ (Fig. 7a) and leads to an increase of 0.3 °C in
the over-lake T,,, (Fig. 7b). In general, the daytime cooling
dominates the daily-mean changes for both 675 and 67,
over the lake (Figs. 6b and 7b).

4.2 Lake effects on the precipitation

The CTRL-NOL differences in the total rainfall (TR), con-
vective rainfall (CR), and large-scale rainfall (LSR) over
the domain 1, domain 2, and the sub-region indicated by
Fig. 4b are shown in Fig. 8. In contrast to the very local-
ized influences of the TP lakes on the T, the lake effects
on precipitation, especially CR, can extend to the lake
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Fig.8 The simulated summer mean total rainfall (TR, left panel),
convective rainfall (CR, middle panel), and large-scale rainfall
(LSR, right panel) differences between CTRL and NOL averaged
over 2008-2014 in the Domain 1, Domain 2, and the sub-region
(30°N-36°N, 80°E-92°E) which is outlined by the red polygon in

surrounding areas although the precipitation changes are not
as significant as that over the lake regions (Fig. 8a—f). As
shown in Fig. 8g, the lakes in the southeastern CTP tend to
enhance the TR by 0.95 mm day~! with the relative change
of 36%. However, the other lakes in CTP mainly exhibit
inhibition impacts on TR and the overall influence on TR is
a slight increase with a magnitude of 0.043 mm day ™' (rela-
tive change of +3.6%). This slightly increased TR averaged
over the lakes in the western and northeastern CTP can be
attributed to the relatively larger CR enhancement over sev-
eral lakes centered at (31.3°N, 84°E), (30.8°N, 86°E), and
(33.2°N, 89.9°E) compared to the decrease of CR and LSR
over the other lakes in the western and northeastern CTP.
While, the increased TR over the lakes in the southeastern
CTP is mainly attributed to the CR enhancement (Fig. 8g,
h). These disparate lake effects on the precipitation will be
further investigated in Sect. 4.3.

0.4

0.6 0.8 1 1.2 mm-d”’

Fig. 5b. The thicker black curves in a—i represent the differences are
statistically significant at the 5% level (two-tailed t test). In a—f, the
blue curves outline the TP, while the black lines depict the Yangtze
River and the Yellow River

At sub-seasonal and diurnal scales, the lake-induced LSR
responses are negligible when averaged over the lake pixels
in the sub-region (Fig. 91, i), but the lake can induce evident
increases in the TR and CR, particularly during the post-
monsoon period (Fig. 9d, e) and nighttime (Fig. 9j, k). The
enhanced moisture and energy releases play important roles
in triggering the local convective precipitation in the post-
monsoon period (figures not shown). The TR averaged over
the CTP displays two diurnal peaks at mid-night and late-
afternoon, with the former one associated with the LSR peak
and the latter one with the CR peak (Fig. 9g—i). However,
the TR averaged over the lake areas in CTP only presents a
single strong diurnal peak from mid-night to early morning
and the minimal TR occurs at around 14:00 LST (Fig. 9j).
From Figs. 5j—1 and 9j-1, it can be speculated that due to
the large thermal inertia and the low surface roughness, the
TP lakes tend to largely weaken (strengthen) the upward
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Fig.9 The CTRL and NOL modeled sub-seasonal (a—f) and diurnal
cycles (g-1) of the mean total rainfall (TR, left panel), convective
rainfall (CR, middle panel), and large-scale rainfall (LSR, right panel)

SH, cool (warm) the near-surface air temperature, stabilize
(destabilize) the over-lake atmosphere, and therefore inhibit
(enhance) the CR and TR during daytime (nighttime). In
specific, the lakes in the southeastern CTP lead to decreases
of 0.09 mm day~! (relative change of 28%) in the daytime
TR and increases of 1.04 mm day~' (relative change of 45%)
in the nighttime TR, respectively. The lakes in the western
and northeastern CTP tend to decrease the daytime TR by
0.05 mm day~" (relative change of — 16%) and enhance the
nighttime TR by 0.10 mm day ™' (relative change of +11%).

Figures 10 and 11 further give a detailed discussion on
the lake-induced changes of precipitation with different
duration times. According to the previous studies, mesoscale
convective systems are prevalent over the CTP during sum-
mer and the rainfall is characterized by small amount, high
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over 2008-2014 regionally averaged over the all pixels and lake pix-
els in the sub-region (30°N-36°N, 80°E-92°E)

frequency, and weak intensity (Feng et al. 2014; Fu et al.
2006; Gao et al. 2016). In this study, the CTRL experiment
well reproduces such rainfall features with the averaged PA
less than 0.06 mm h™!, the maximal PF exceeding 48%, and
the mean PI at 0.64 mm h™! over the sub-region (figures not
shown), which gives us some confidence to use the model
outputs to investigate the lake effects on PA, PF, and PI over
the CTP. From Fig. 10a—c, the lakes in the southeastern CTP
induce a strong enhancement on the total rainfall PA by con-
currently increasing both the short-duration and long-dura-
tion PA, while the simulated total rainfall PA in the western
and northeastern CTP shows slightly significant changes.
For the total and short-duration rainfall, the increase in
the PA (Fig. 10a, b) over the southeastern CTP is mainly
contributed by the enhanced PI (Fig. 10g, h), although the
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Fig. 10 The differences of the simulated PA, PF and PI for the total
(left panel), short-duration (middle panel), and long-duration (right
panel) rainfall between CTRL and NOL in the sub-region averaged

PF is weakened due to the presence of lakes (Fig. 10d, e).
However, the lakes in the southeastern CTP tend to increase
both the PF and PI (Fig. 10f, i) and thereafter PA for the
long-duration rainfall (Fig. 10c).

From Fig. 11, the PA, PF and PI for the total and short-
duration rainfall display analogous diurnal cycles regardless
of their different magnitudes. Specifically, the lakes in the
CTP can enhance the PI of the over-lake total and short-
duration rainfall throughout the entire day due to the persis-
tent upward water vapor transport (Fig. 11g, h). The original
nighttime PA peaks of the total and short-duration rainfall
are enhanced by the lake-induced increases in PI and PF dur-
ing late evening to early morning, while the late-afternoon
peak of PA is slightly weakened by the sharply decreased
PF during 12:00-18:00 LST (Fig. 11a, b, d, e). For the long-
duration rainfall, the TP lakes show an enhancement effect
on all of the PA, PF, and PI during late evening to early
morning (Fig. 11c, f, 1).

In general, the effects of the TP lakes, primarily the lakes
in the southeastern CTP, on precipitation occur both on the
lake and the surrounding areas, which can be referred as
the downwind phenomenon of lake effect precipitation (Dai
et al. 2018; Notaro et al. 2013; Wen et al. 2015b). Owing

over 2008-2014. The shadings in a—i represent the differences are
statistically significant at the 5% level (two-tailed ¢ test). The black
curves outline the locations and ranges of TP lakes

to the small surface roughness length and large water vapor
supply of the lakes, the background southwest wind can be
accelerated and moistened when passing the lakes in the
southeastern CTP (figures not shown). The accelerated
humid air mass would further converge and arise over the
lake and the downwind regions and promote more convec-
tive development over there. At the diurnal time scale, the
TP lakes can strengthen the CR during late evening to early
morning and weaken the CR during afternoon (12:00-18:00
LST). The influence of the TP lakes on the CR gradually
intensifies after the onset of the summer monsoon and cul-
minates in the post-monsoon period, leading to an increase
of 3.06 mm day~' in CR (relative change of 76%). Moreo-
ver, it is noteworthy that all the TP lakes can suppress the
daytime CR whereas only the lakes in the southeastern CTP
exert a significant enhancement effects on the nighttime CR.
These disparate features further suggest that the effects of
the TP lakes on the precipitation are not only affected by
the background atmospheric circulations (Ruthrich et al.
2015), but also largely influenced by the lake natures and
surrounding topography contrast. In terms of the precipita-
tion duration time, the inhibition effect of the TP lakes on
daytime rainfall is ascribed to the large decrease of afternoon
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Fig. 11 The modeled diurnal cycles of the mean PA, PF, and PI for the total rainfall (left panel), short-duration rainfall (middle panel), and long-

duration rainfall (right panel) over 2008-2014 regionally averaged over the lake pixels in the sub-region (30°N-36°N, 80°E-92°E)

short-duration PF and PA. The lake-induced enhancement in
the nighttime rainfall over the southeastern CTP is attributed
to the simultaneous increases in the PA, PF and PI for the
short-duration and long-duration rainfall during late evening
to early morning.

4.2.1 Dynamical response to the presence of the TP lakes

Following Thiery et al. (2015), we employ two vertical
transections indicated by the solid red lines in Fig. 4c,
one of which crosses the Lake Siling Co and a north-
ern smaller lake (Lake Dogai Coring centered at 34.5°N,
89°E), to investigate the disparate atmospheric response
to the lakes with different sizes and locations. Based on
the diurnal variations of the TP lakes’ influence on T,,,
and precipitation (Figs. 5 and 9), we select 12:00-18:00
LST and 02:00-08:00 LST as two typical periods in a day
for understanding the lakes’ cooling/precipitation inhi-
bition effects and warming/precipitation enhancement
effects, respectively. Then, we carried out the daytime
and nighttime composites of the differences between the
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CTRL and NOL experiments averaged over the above
typical periods in a day during 2008-2014 (Fig. 12).
During the daytime, the TP lakes cool and moisten
the overlying atmosphere (Fig. 12a, ¢). According to
Eq. 7, the abundant water vapor fluxes injecting into the
boundary layer tend to increase the low-level 6, and there-
fore destabilize the atmospheric column over Lake Sil-
ing Co. However, the enhancement of the 8, is confined
below ~ 5.2 km due to the strong daytime cooling effect of
lake that suppresses the boundary layer mixing (Fig. 12a,
c, e). From Fig. 12e, the upper 6, increases and extends
up to~ 8 km, indicating a stable over-lake boundary layer.
Meanwhile, as most larger lakes are situated in lowlands
(Fig. 4c), the surrounding hillsides with lower heat capa-
bility can receive more solar radiation, warm up faster,
and therefore lead to the over-land ascending motions
and the lake breeze due to the lake-land thermal contrast
(Biermann et al. 2014; Gerken et al. 2013). On one hand,
such secondary circulation with prevalent subsidence
wind and divergent flow above lake are not favorable for
the development of over-lake convection during daytime.
On the other hand, as the over-lake moist air is advected
by the lake breeze and further rises up slope following
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Fig. 12 The height-latitude cross sections along 89°E of the simu-
lated mean differences in the T, (top), specific humidity (middle),
and equivalent potential temperature (shaded) with the longitudi-
nal circulation (vectors, units: m s_l) (bottom) during the daytime
(12:00-18:00 LST) and nighttime (02:00-08:00 LST) over 2008-

the anabatic wind, the over-land atmosphere is destabi-
lized and favorable for the development of CR shown in
Fig. 8h. While, this daytime unstable signal over land is
relatively weaker and dissipates more quickly compared

2014. The vertical velocity was enlarged by 100 times. The gray
shaded areas denote the terrain height. The sunken areas marked by
blue stars around the 32°N and 34.5°N roughly represent the loca-
tions of Lake Siling Co and Lake Dogai Coring, respectively

to the nighttime one over lake areas (Fig. 12f), which
may explain why the lake-induced CR enhancement over
lake areas is stronger than that in the surrounding regions
(Fig. 8h).
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Fig. 13 Spatial distributions of the lakes with persistent cooling
and precipitation inhibition effects (shaded in blue), the lakes with
a general cooling effect and slight precipitation enhancement effects
(shaded in gray), and the lakes with a general warming and strong
precipitation enhancement effects (shaded in red) over the sub-
region (30°N-36°N, 80°E-92°E). The diurnal cycles of the modeled

At nighttime, accompanied by the plenty release of the
upward latent heat from the lake surface, the over-lake
atmosphere is warmed and moistened (Fig. 12b, d). In
contrast to the canceling effect of lower air temperature
and higher specific humidity on the atmospheric stabil-
ity during daytime, the nighttime warming and moisten-
ing effect reinforce each other in generating the unsta-
ble boundary layer up to~6 km over the Lake Siling Co
(Fig. 12f), resembling the African Great Lakes’ effect
(Thiery et al. 2015; Verburg and Antenucci 2010). Driven
by the opposite lake-land thermal contrast, the second-
ary circulation is effectively reversed during nighttime,
featuring strong over-lake ascending motions and a land
breeze (Fig. 12f). At the same time, the nighttime down-
hill wind can not only enhance the over-lake convergent
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T, (b), TR (¢) and CR (d) differences between CTRL and NOL
regionally averaged over the southwestern (black lines, 30°N-33°N,
80°E-86°E), the southeastern (30°N-33°N, 86°E-92°E), and the
northern (33°N-36°N, 80°E-92°E) CTP indicated in (a). The shad-
ings in a denote the terrain height

flow and the anabatic winds, but also advect abundant
cold dry air, which is further warmed and moistened by
the relatively warmer and wetter water surface and results
in the increase of over-lake CR (Fig. 8h). Different from
the large lakes, the small lake in the northeastern CTP
acts to cool the overlying air and stabilize the atmospheric
column during daytime (Fig. 12a, c and e), but has rather
small impacts on the LH release and the over-lake air
properties during nighttime (Fig. 12b, d and f). From
Fig. 15a, c and e, it can be also seen that during daytime,
there exist prevalent divergent katabatic winds above all
of the lakes along the east—west cross section due to the
strong lake-induced cooling effects, which is unfavorable
for the over-lake CR development. However, the lake-
induced warming and moistening effects during nighttime
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can only be detected around the lakes areas in south-
eastern CTP and two small lakes (centered at 31.2°N,
83.5°E in Fig. 4c) over the western CTP (Fig. 15b, d and
f). The different climatic effects of the above two lakes
and another nearby lake with a similar lake size centered
at (31.5°N, 83°E) further emphasize that the mountain-
valley system triggered by the local orographic contrast
exerts important additive effects on the lake influences.
As the above two cross sections only pass several lakes
over CTP, we further give the spatial distributions of
lakes with different climatic effects over CTP and obtain
the overall influences of the lakes over southeastern,
western, and northeastern CTP on T, and precipitation.
Based on the different lake influences on T, and precipi-
tation, the lakes over the CTP are classified into three cat-
egories: (1) lakes acting to cool the near-surface air and
suppress the precipitation throughout the whole day; (2)
lakes with a general cooling effect (stronger daytime cool-
ing vs weaker nighttime warming) and a slight precipita-
tion enhancement effect during nighttime; and (3) lakes
with a general warming effect (weaker daytime cooling
vs stronger nighttime warming) and a strong precipitation
enhancement effect during nighttime. As seen in Fig. 13,
most lakes in the western and northeastern CTP tend to
cool the over-lake air and stabilize the boundary layer
throughout the whole day and the mean over-lake precipi-
tation during nighttime is slightly enhanced due to the CR
enhancement over several lakes (shaded gray in Fig. 13a).
Contrastingly, the lakes in the southeastern CTP all act
to show strong heating and destabilization effects on the
over-lake air and therefore largely enhance the CR during
nighttime. In general, the absence (presence) of nighttime
warming and moistening effect of the lakes in the western
and northeastern (southeastern) CTP is the main reason
responsible for the overall cooling (warming) and precipi-
tation inhibition (enhancement) pattern during summer.

5 Summary and discussion

In this study, we have investigated the climatic effects of the
lake clusters over the TP in summer by applying a high-reso-
lution air-lake coupled climate model WRF-Lake. Two 7-year
(2008-2014) numerical simulations with and without the lakes
in the TP were conducted to quantify to what extent the TP lakes
can influence the climate at local to regional scales in summer.

We firstly evaluate the model’s capability in simulating
the LSWT, 2-m air temperature, and precipitation over the

TP and surrounding regions during summer. The results
demonstrate that the CTRL experiment including the TP
lakes can reasonably reproduce the daily variations of LSWT
during summer, with a TC of 0.98 and a bias of approxi-
mately — 0.4 °C for the LSWT simulations of Qinghai Lake
when compared against the observations. Moreover, the
WRF-Lake model shows good ability in simulating the T,
and precipitation over the TP in terms of both magnitude
and spatial pattern.

The TP lakes display obvious localized impacts on the
T,.» SH, and LH with the significant changes confined to
the lake areas. Generally, the lakes tend to decrease the T,
during summer and dampen the diurnal variability of T,
due to the decrease (increase) of upward SH and T, during
daytime (nighttime). Decomposition analysis indicates, that
the lake-induced 7, changes are mainly attributed to the large
subsurface heat storage in the lake, which acts to decrease
(increase) the T, and the temperature gradient between lake
surface and overlying atmosphere, and thereafter decrease
(increase) SHF and T,,, during daytime (nighttime). The
magnitudes of the daytime cooling and nighttime warming
effects vary with the lake locations. Specifically, the lakes in
the western and northeastern CTP significantly reduce the
T,,, by more than 2 °C, while the lakes in the southeastern
CTP slightly increase the T,,, by 0.15 °C.

In contrast to the localized impact on the over-lake T,,,,
the lake effects on the TR and CR can propagate to the sur-
rounding areas forced by the lake and topography triggered
circulations. The general lake effects on the precipitation
also exhibits distinctive diurnal and sub-seasonal features:
the TP lakes tend to reduce the short-duration PF and there-
after TR/CR during daytime, whereas increase the nighttime
TR/CR via concurrently increasing the short-duration and
long-duration PA, PF and PI. The lake-induced CR enhance-
ment is generally stronger in the post-monsoon period than
in early summer, indicating that the background atmospheric
circulation may exert a superimposed effect on the lake and
orographic influences. In terms of the lake locations, the
lakes in the southeastern CTP tend to suppress the daytime
rainfall but enhance the nighttime rainfall, while most lakes
in the western and northeastern CTP only manifest to sup-
press the daytime precipitation.

Finally, a detailed composite analysis of the daytime and
nighttime vertical transections crossing the Lake Siling Co
and the Lake Dogai Coring is conducted to reveal the dis-
tinctive atmospheric responses to the presence of lakes with
different lake sizes and during different times of day. During
daytime, both the two lakes tend to decrease the low-level
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air temperature, increase the surface air pressure, and trig-
ger the over-lake divergent katabatic flow and lake breeze.
Meanwhile, the valley wind can further enhance the above
secondary circulation and suppress the over-lake convec-
tion during daytime. At nighttime, only the Lake Siling Co
tends to increase the air temperature, moisten the over-lake
air and result in the land breeze due to the positive lake-
land thermal contrast. The lake-induced destabilization can
be enhanced by the nighttime downhill wind in generating
the convergent anabatic flow and more convective precipi-
tation over the lake. The Lake Dogai Coring also tends to
stabilize the boundary layer and suppress the precipitation
during daytime, while it can hardly induce the over-lake
convergent ascending motions and affect the precipitation
during nighttime. Analogous results can be derived from
the west—east-orientated transections, which explains why
the lakes in the southeastern CTP exerts slight warming and
remarkable precipitation enhancement effects, while most
lakes in the western and northeastern CTP show general
cooling and precipitation inhibition effects.

At present, the current lake model is a freshwater model
and some key parameters (i.e. extinction coefficient, mixing
factors) were calibrated by Gu et al. (2015) based on a set of
studies on two plain lakes (Lake Erie and Lake Superior).
Because most of the TP lakes located in the alpine cold cli-
mate zone are usually saline and rarely affected by the anthro-
pogenic activities, the default lake model configurations could
be inadequate to represent the distinctive characteristics of the
lake internal thermal properties and lake-air interactions in the
TP. In addition, the three-dimensional hydrodynamics, which
is missing in the present lake model, may play important roles
in the momentum balance, the heat redistribution, and there-
fore the LSWT simulations (Xue et al. 2016). Hence, to better
understand the climatic effect of the TP lakes, future studies
can utilize the 3-dimensional lake model with the empirical
lake parameters calibrated particularly for the TP lakes. Addi-
tionally, present studies demonstrate that the lake intrinsic
features, the local orographic contrast, and the background
atmospheric circulations all exert significant impacts on the
climatic effects of TP lakes, while it is hard to distinguish their
individual contributions to the lake influences. However, it is
anticipated that the use of finer-resolution climate simulations
with improved lake schemes could be capable of providing
more detailed descriptions and larger effective sample sizes
of lake-air interactions for identifying the respective contribu-
tions of lake sizes, local orographic contrast, and background
atmospheric circulations on the climate effects of lake clusters
over TP during summer.
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Appendix A

Two additional figures are further given in this Appendix
as follows: (1) Taylor diagram that depicts the pattern sta-
tistics between the CTRL simulations and observations for
the summer precipitation and 2 m air temperature averaged
over 2008-2014 (Fig. 14) and (2) same as Fig. 12, but for
the vertical height-latitude cross sections along the west—east
transection indicated by a red line in Fig. 4 (Fig. 15).
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Fig. 14 Taylor diagram that depicts the pattern statistics between the
CTRL simulations and observations for the summer precipitation
(blue stars) and 2 m air temperature (red stars) averaged over 2008—
2014. The radial distance from the origin represents c. The cosine
values of the angle of the star points from the horizontal axis give PC.
The distance from the REF point indicates the normalized centered
RMSE. The deep sky blue line with an interval of 0.05 represents the
TS


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Numerical study on the climatic effect of the lake clusters over Tibetan Plateau in summer

5233

Daytime Nighttime
11~ 1 7
a b
10-() 10-( )
-~ E 94 9 -
=
S Ze- ‘1
— 5 71 7
O L 6 A 6
5 - & & A = 5 - —— -
a4 * % x k% P R S x ok x
N LA B DL AN B B L BELE L R N LA N B LA BN BN L BN B R
81°E 83°E 85°E 87°E 89°E 91°E 81°E 83°E 85°E 87°E 89°E 91°E
T(°C)
[ N I N B N
-16-14-12 -1 -08-06-04-02-01 0 01 02 04 06 08 1 12 14 16
11 4 11 4
s — 8 - 8 1
2
~ 5 7 7
> D
O T 6' 6'
O 5 It i - 5 s a
4 * 2 L PR I L
T T T T T 1T 11 T 1 T 1 T~ T T T T T T 1
81°E 83°E 85°E 87°E 89°E 91°E 81°E 83°E 85°E 87°E 89°E 91°E
-1
0Q(g-kg")
B | I N N N N g
-16-14-12 -1 -08-06-04-02-01 0 010204 06 08 1 12 14 16
11_(e) . PR 05_.rrv’5 11_(f) ..... PRI Jr“'_‘05_.“'\/6
10- B T P = 10_ ----—ff;,'f--f-.-[-_
—— 1 - R B o T _\\"‘“-J"I,fllT-‘wfl'n
g_)gg I A N e TR 9 N e T A I SR EPEPER B
v_._,a-\<l\)“--\_/-\'\-'-‘\-'n.\n 8- CE T e |\-\I—"IF‘
0‘8’7_ \f\l.’-..\\-.'-, L7 ‘- 7 4. IR ".‘f‘- 1a
m IU_J \ . j.\.\/v ] L s o+ 0n . . Poeow N N .
"O T 6 - {/E\F\/v I.‘. f- 6-“ -14:-"- ----a“‘ '\}A
5 - L/’ﬂ I~ 0 IR SRR T
4 - *x  x % 4 X% X x X
L L L L L L DL B I | L | T LI LN B BN BELEN BRI B
81°E 83°E 85°E 87°E 89°E 91°E 81°E 83°E 85°E 87°E 89°E 91°E
60,(°C)
-l T T T T T T
-0.9 -0.7 -0.5 -0.3 -0.1 0 01 0.3 0.5 0.7 0.9

Fig. 15 Same as Fig. 12, but for the vertical height-latitude cross sections along the west—east transection indicated by a red line in Fig. 4
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