
Contents lists available at ScienceDirect

Journal of Hydrology

journal homepage: www.elsevier.com/locate/jhydrol

Research papers

Significant differences exist in lake-atmosphere interactions and the
evaporation rates of high-elevation small and large lakes

Binbin Wanga,b,c,⁎,1, Yaoming Maa,b,d,⁎,1, Yan Wange, Zhongbo Suc,1, Weiqiang Maa,b

a Key Laboratory of Tibetan Environment Changes and Land Surface Processes, Institute of Tibetan Plateau Research, Chinese Academy of Sciences, Beijing 100101, China
b CAS Center for Excellence in Tibetan Plateau Earth Sciences, Chinese Academy of Sciences, Beijing 100101, China
c Faculty of Geo-Information Science and Earth Observation, University of Twente, Enschede 7500AE, the Netherlands
dUniversity of Chinese Academy of Sciences, 100049 Beijing, China
e Department of Earth System Science, Tsinghua University, Beijing 100084, China

A R T I C L E I N F O

This manuscript was handled by Marco borga,
Editor-in-Chief, with the assistance of Marco
Toffolon, Associate Editor

Keywords:
Lake water and heat budget
Lake boundary layer parameters
Evaporation
Nam-Co basin
Tibetan Plateau

A B S T R A C T

Lakes impact atmosphere boundary layer processes and are thus important for catchment scale climate modeling
and regional water and heat budgets. To explore the differences in lake-atmosphere interaction parameters,
meteorological variables and turbulent heat fluxes in small and large water bodies, we collected eddy covariance
observations and meteorological data during ice-free periods of the Lake small Nam-Co (“small lake”) in
2012–2013 and Lake Nam-Co (“large lake”) in 2015–2016 on the Tibetan Plateau. Significant differences exist in
their lake-atmosphere interaction processes due to differences in their inherent attributes and environmental
backgrounds. Relative to the “small lake”, the maximum surface temperature of the “large lake” in summer is
approximately 3 °C lower; “large lake” also has a larger wind speed, a higher monthly average air temperature
and delayed peaks of the seasonal variation of water and air temperature. The typical values of the roughness
length and standard bulk transfer coefficient for momentum are approximately 80% and 21% higher, respec-
tively, for the “large lake”. The typical values of the roughness lengths for heat and water are one order of
magnitude lower in the “large lake” while the corresponding standard bulk transfer coefficients are only 7%
lower. The latent and sensible heat fluxes of the two lakes have quite different seasonal variations, with eva-
poration peaking in November for the “large lake” and in June for the “small lake”. The estimated evaporation
during the ice-free season of the “large lake” (approximately ±981 18 mm) is also higher than that (812mm) of
the “small lake” and this is mainly related to the observed lower Bowen ratio in the “large lake”.

1. Introduction

As an important component of the climate system, lakes relative to
other underlying surfaces have the characteristics of transparency to
visible solar radiation, low albedo, small momentum roughness length,
high thermal conductivity and large thermal capacity. They can impact
atmosphere boundary layer processes in numerical climate modeling
and affect local atmosphere circulation and regional heat and water
budgets (Gerken et al., 2014; Long et al., 2007). A much higher latent
heat flux (LE) than sensible heat flux (H) exists over the lake surface
(Wang et al., 2015; Wen et al., 2016), thus yielding a lower lifting
condensation level and higher boundary layer equivalent potential
temperature, which favor convective precipitation (Small and Kurc,
2001). Because the heat capacity in lakes with different areas, depths,
meteorological and environmental conditions differ between small and

large water bodies, lakes may lead to quite different phase shifts of
seasonal changes in meteorological variables and turbulent heat fluxes;
thus lakes can impact the regional climate differently.

Lakes affect the overlying atmosphere through the lake-air turbulent
heat flux, which is not only related to lake surface conditions (surface
temperature, waves, water plants, etc.), but is also influenced by me-
teorological and environmental characteristics (warm-dry/cold-moist
air, cloud cover, lake area, lake depth, etc.) (Blanken et al., 2003; Li
et al., 2015a; Rouse et al., 2005; Wang et al., 2015; Wen et al., 2016).
Gao et al. (2009) found that momentum roughness lengths differ be-
tween coastal shallow water and open sea, and these coefficients should
be parameterized differently. Wang et al. (2015) have also found that
the Charnock number (see definition in Charnock, 1955) for deriving
the momentum roughness length is much higher in a small lake than the
widely used values in oceanic research. Panin et al. (2006) suggest that
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shallower lake depths could result in higher bulk transfer coefficients
and a larger lake-air turbulent heat flux. However, Venalainen et al.
(1999) found a larger evaporation rate for a larger water body due to its
higher wind speed. Except for the above issues, the thermal effect of
sediments on water temperature in small and shallow lakes is appre-
ciable, while such effect could be neglected in large and deep lakes
(Fang and Stefan, 1996). Thus, what are the differences in lake-atmo-
sphere transfer parameters, meteorological variables and turbulent heat
flux between small and large water bodies, especially those locate close
together and lying in same climatic background? Such related studies
and publications are quite limited worldwide, and none exist on the
high-elevation lakes of the Tibetan Plateau (TP).

Lake evaporation is an important component in the catchment scale
hydrological cycle, energy budget and water balance analysis (See
Table 1 for collected references on topics of lake evaporation and
evaporation-related issues in the TP). All kinds of methods have been
used for the estimation of evaporation in these high-elevation lakes on
the TP. However, the reported evaporation from Pan observations and

all kinds of model simulations for the same lake (i.e., Lake Nam-Co)
show very large discrepancy in their seasonal variations and annual
amounts (Lazhu et al., 2016; Ma et al., 2016; Wang et al., 2017; Wu
et al., 2014; Xu et al., 2009; Zhu et al., 2010). The difference in esti-
mated evaporation, i.e., approximately 600mm in Zhou et al. (2013)
and approximately 1430mm in Zhu et al. (2010) in Lake Nam-Co, could
lead to contrary water balance conclusions. Moreover, models such as
the fresh-water lake model (Flake) (Lazhu et al., 2016) and the com-
plementary relationship lake evaporation (CRLE) model (Ma et al.,
2016) have recently been used to derive evaporation in Lake Nam-Co;
however, opposite evaporation trends have been reported using the
same forcing data. These inconsistencies may result from the fact that:
(1) Pan evaporation, widely used as a validation dataset for actual lake
evaporation, may result in significant errors due to the differences in
sizes of water bodies and the differences in their overlying atmosphere
and environments; and (2) the model simulations by the bulk transfer
method, the Flake model, the CRLE model and the Penman-Moteith
method are widely used in lake-atmosphere heat flux simulation (Wang

Table 1
Summary of relevant lake studies on the Tibetan Plateau (the current paper is added for completeness). In the “Key results” column the components mentioned above
are identified by the code: (1)quantify lake evaporation and its trend; and (2) issues related to energy budget or water balance. Studies that do not assess the two
components have N/A directly following the code.

Study Method used Lake Key results

Wang et al. (2017) EC and Bulk method Lake small Nam-Co (1) Average value of 812mm during open water periods in 2012 and 2013
(2) Estimated energy budget closure value of 0.97

Lazhu et al. (2016) Flake model Lake Nam-Co (1) Average annual value of ±832 69mm during 1980–2014, and an not significant increasing
trend was reported
(2) The change of evaporation has suppressed the recent expansion of Lake Nam-Co

Ma et al. (2016) CRLE Lake Nam-Co (1) Averaged annual value of 635mm during 1979–2012; and a slight decreasing trend was
reported
(2) The decreasing trend of evaporation is responsible for approximately 4% of the recent rapid
expansion of Lake Nam-Co

Zhou et al. (2013) Pan observation Lake Nam-Co (1) Approximately 600mm during May to October in 2007–2011
(2) Subsurface water seepage exists in this area

Zhu et al. (2010) Penman-Monteith
model

Lake Nam-Co (1) Average annual value of 1430mm during 1971–2004
(2) The supply of water could not complement the need for evaporation and the increase in water
volume

Zhang et al. (2011) Penman-Monteith
model

Lake Nam-Co (1) Average annual value of 1184mm during 1976–2009, and a decreasing trend was reported
(2) N/A

Haginoya et al. (2009) Bulk method Lake Nam-Co (1) Averaged annual value of 658mm during 2006–2008
(2) N/A

Li et al. (2016) EC observation Lake Qinghai (1) Average annual value of 826mm during May 2013 to May 2015
(2) N/A

Li et al. (2007) Pan observation Lake Qinghai (1) Average annual value of 924mm during 1959–2000;
(2) Water balance was primarily influenced by surface runoff and precipitation and less by
evaporation and anthropogenic factors;

Shi et al. (2010) Pan observation Lake Qinghai (1)Average annual value of 880mm during 1958–2004, and a decreasing trend was reported
(2) N/A

Guo et al. (2016) EC observation Lake Serling Co (1) 417mm during April 26 to September 26 in 2014
(2) N/A

Li et al. (2015a) EC Lake Ngoring (1) Average value of 436mm during June to November in 2011–2012
(2) N/A

Liu et al. (2014) EC Lake Erhai (1) Annual evaporation of 1165mm in 2012
(2) N/A

Yu et al. (2011) Bulk method Lake Yamdrok Yum Co (1) Average annual value of 1252mm during 1961–2005, and a decreasing trend of
−2.4mm year−1 was reported
(2) N/A

Xu et al. (2009) Bulk method Lake Yamdrok Yum Co (1) Average annual value of 621mm during 1961–2005, and a decreasing trend of 7% during
warm season (May to September) in 1961–2005 was reported
(2) N/A

Liu et al. (2009) Pan observation Lake Zigetang and Cuona (1) Mean evaporation value of approximately 950mm, and a decrease of annual evaporation
since 1990 s
(2) Lake growth was related to increase in annual precipitation and runoff and a decrease in
evaporation

Li et al. (2001) Penman method Lake Zigetang (1) Average annual value of 925mm during 1958–1998, and an increasing trend was reported
(2) N/A

Morrill (2004) Lake energy balance
model

Lake Ahung Co (1) Annual value of approximately 760mm during 1986–2001
(2) Precipitation plays significant role in the overall water balance, while the influence from
evaporation is small

This study EC and Bulk method Lake Nam-Co and Lake
small Nam-Co

(1) Annual evaporation value of approximately ±981 18 mm during the open water period of
2016. Significant differences exist in evaporations of Lake Nam-Co and the adjacent small lake
(2) Energy budget closure value is 0.859 during the observational periods of July to November
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et al., 2015; Wang et al., 2017; Xu et al., 2009; Yu et al., 2011); how-
ever, these methods need validation and evaluation in advance rather
than referring to existing published parameterization schemes per-
formed for other low-elevation lakes (Xu et al., 2009; Yu et al., 2011).
Thus, to clarify the above issues, lake-atmosphere turbulent heat flux
observations by a direct eddy covariance (EC) system are needed.

Eddy covariance systems (listed in Nordbo et al., 2011) have been
applied to all kinds of lakes around the world (Granger and Hedstrom,
2011; Liu et al., 2012; Mammarella et al., 2015; Tanny et al., 2008;
Zhang and Liu, 2014), and recently on several high-elevation lakes of
the TP (Biermann et al., 2013; Li et al., 2016; Li et al., 2015b; Liu et al.,
2014; Wang et al., 2015, 2017; Wen et al., 2016). However, none of the
above studies focused on the differences that exist between small and
large lakes due to the difficulty in measurements of high-elevation lakes
on the TP. In this study, using EC observations in the two adjacent lakes
of Lake small Nam-Co (Wang et al., 2015, 2017) and Lake Nam-Co, we
aim to achieve two specific objectives: (i) to illustrate clearly the dif-
ferences that exist in the boundary layer parameters, meteorological
conditions and turbulent heat fluxes of the two water bodies; and (ii) to
quantitatively obtain the evaporation and energy budget of Lake Nam-
Co during its ice-free season. The objectives could address the following
general questions: (1) what differences exist between small and large
water bodies in lake-atmosphere boundary layer processes; and (2)
whether evaporation estimated in smaller water bodies is appropriate
for the evaluation of evaporation in larger water bodies. The deploy-
ment of instruments and data are introduced in Section 2. Data pro-
cessing and methods are explained in Section 3. The results are reported
in Section 4. Specifically, in Section 4.1, we compared the boundary
layer parameters of the two lakes and evaluated several lake-air
boundary layer parameterization schemes. In Section 4.2, the turbulent
heat flux simulated by the bulk transfer method with optimized para-
meterization schemes, is evaluated by high-quality EC observations. In
Section 4.3, the differences in meteorological variables and the turbu-
lent heat fluxes of the two lakes are depicted. In Section 4.4, the eva-
poration and energy budget analysis of the Lake Nam-Co are described.
Lastly, Discussions and Conclusions are provided in Sections 5 and 6,
respectively.

2. Study site and materials

Being considered as Asia’s water tower and consisting of more than
1200 lakes larger than 1 km2 in surface area and tens of thousands of
small lakes (Zhang et al., 2014), the TP, with an average elevation of
approximately 4000m above sea level, forms the largest high-elevation
inland lake zone in the world (Ma et al., 2011; Zhang et al., 2014). The
water resources, hydrological cycle and ecological change in the TP
have attracted significant attention for scientific research based on the
limited field measurements (Immerzeel et al., 2010; Oku et al., 2006;
Singh and Nakamura, 2009; Wei et al., 2012; Yang et al., 2014). The
Nam-Co Lake Basin, with an area of 10610 km2, lies in a transition
region of semiarid and semihumid climatic zones in the central TP, and
its climate could be influenced both by the westerlies and the South
Asia summer monsoon. The target lakes contain adjacent two lakes:
Lake Nam-Co ( − −∘ ∘ ∘ ∘90 15 91 03 E, 30 29 30 56 N' ' ' ' , “large lake” for short
henceforth, Fig. 1a) and Lake small Nam-Co ( ∘ ∘90 58 10 E, 30 46 55 N' '' ' '' ,
“small lake” for short henceforth, white box ‘1’ in Fig. 1a and 1b1). The
“large lake” is the third largest lake on the TP, with a surface elevation
of approximately 4715m a.s.l., an area of more than 2000 km2 and a
maximum depth of more than 90m (Wang et al., 2009). The “small
lake”, with an area of 1.4 km2 and a maximum depth of approximately
14m, is located to the southeast of the “large lake”. The distance be-
tween the two lakes is only approximately 500m. According to field
experiences, the start dates of ice-formation in the “small lake” and the
“large lake” are around mid-November and the beginning of January,
respectively, while the dates of ice-melt are near the beginning of April
and beginning of May, respectively. In 2005, the first meteorological &

hydrological station, the Nam-Co Monitoring and Research Station for
the Alpine Environment (Nam-Co station, black circle in Fig. 1b1), was
established, and it has provided enormous data for research in this
catchment.

2.1. Measurements and instruments

The instruments in the “small lake” (Fig. 1b2), including an EC
system, four component radiation sensors, a water level gauge and
water temperature gradient probes, were installed 8m off the shore in
April 2012 and maintained until October 2014. Details about the site
description, instrument settings, data processing and results for the
“small lake” can be found in (Wang et al., 2015, 2017). The observation
site in the “large lake” is situated on an island (an area of approximately
0.18 km2, white box ‘2’ in Fig. 1a and 1c1). The instruments are setup at
the southwest of the island and include the following observations: (1)
on July 28th, 2015, an automatic weather station (AWS, Fig. 1c2) was
established on the island and is approximately 10m far from the shore.
The meteorological variables consist of two levels of air temperature,
air humidity, wind speed and wind direction at heights of 1.52m and
9.52m above the land surface. In addition, air pressure, precipitation
and four component radiation are also observed. The AWS system is
sampled by a CR1000 data-logger every 10min, and it is powered by a
12-volt battery and charged by solar panels. (2) On July 7th, 2016, an
EC observation system (insert in upper left of Fig. 1c2, facing south) is
added in the AWS tower at a height of 4.5 m above the island surface
(another 1.5m above the water surface). Temperature, humidity and
three-dimension wind speeds are measured at a frequency of 10 Hz by a
gas analyser (Li-7500A, LI-COR Biosciences) and ultrasonic anem-
ometer (CSAT3, Campbell Scientific, Inc.), respectively, and the data
are collected by a second CR1000. (3) A water temperature profile to a
depth of 35m (90.7979 E, 30.8107 N) is installed from July 28th to
November 19th in 2015 and from July 7th to November 18th in 2016,
respectively. The temperature sensors are distributed at 10 depths
(0.5 m, 1.5m, 3m, 6m, 10m, 15m, 20m, 25m, 30m, 35m) and are
affixed to a floating buoy weighted to the lake bottom. The sensor at a
depth of 30m was damaged in 2016. The temperature at the 0.5 m
depth is chosen as the water surface temperature (Ts, °C) (more details
see Section 3.1). The specifications of the stations in the “small lake”
and the “large lake” are summarized in Table 2. In addition, the Nam-
Co station (black circle in Fig. 1b1), including a planetary boundary
layer tower (wind speed, wind direction, air temperature and air hu-
midity, air pressure at 5 layers) and four component radiation sensor
over the grassland, provides supplemental data of the Nam-Co Basin
(Ma et al., 2014). Furthermore, MODIS LST products (MOD11A1 and
MYD11A1) at a spatial resolution of 1 km in 2016 are also used.

3. Methodology

3.1. Processing of eddy covariance data

Half-hourly H and LE in the “small lake” and the “large lake” could
be accessed by processing the high frequency EC observations using the
“Turbulence Knight 3” software (https://zenodo.org/record/20349#).
All the relevant corrections (time lag compensation, spike removal,
planar fit rotation, spectral correction, and Webb-Pearman-Leuning
density correction) are included (Mauder and Thomas, 2015). To
compare the lake-atmosphere interaction parameters (roughness
lengths and bulk transfer coefficients for momentum, heat and water),
these coefficients could be calculated through the well-known
boundary layer theory (see Supplementary material for more informa-
tion). The meteorological variables and bulk transfer coefficients have a
height dependency. For example, a logarithm relationship between
wind speed and height exists. Thus, after deriving z m0 , z h0 and z q0 using
observations,Uz (m s−1),Tz (°C) and qz (kg kg−1) should be corrected to
a reference height of 10 m and a neutral atmosphere. Furthermore, the
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CDz, CHz and CEz obtained in the “small lake” and “large lake” should
also be adjusted to neutral conditions and a reference height of 10m
(CDN10, CHN10, CEN10) (Andreas and Murphy, 1986) using Eqs. (1–3):

=
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To ensure the data quality of EC observations, the following criteria
are also considered: (1) data quality flags (1–9, “1″ indicates highest
quality, “9” indicates lowest quality) considering the “steady state test”
and the “integral turbulence characteristics test” are used for high-
quality heat flux selection. More accurately, the turbulent heat flux
with quality flags larger than 3 are discarded. (2) Similar to the foot-
print analysis in the “small lake” (Wang et al., 2015), the turbulent heat
flux of the “large lake” from wind directions ( < ° > °WDWD 135 & 270 ,
with north as °0 and the azimuth increasing clockwise) contaminated

Fig. 1. (a) The positions of observation sites of the “small lake” (white box ‘1’) and the “large lake” (white box ‘2’) in the Nam-Co Basin; (b1) the enlarged view of the
“small lake” area; the white pentagram shows the position of the measurements in the “small lake”while the black circle shows the position of “Nam-Co station”; (b2)
the photo of the instruments; (b3) the wind rose in the “small lake” area; (c1) the enlarged view of the “large lake” area; the black pentagram indicates the position of
the measurements on the island of the “large lake”; (c2) the photo of the instruments; (c3) the wind rose in the “large lake” area.
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by land are discarded, and the remaining turbulent fluxes have up-
stream fetches of more than 30 km and water depths of more than 90m.
(3) The impact of internal boundary layers caused by discontinuities of
surface properties are also checked. The following fetch-height re-
lationship was used to roughly estimate the height of the new equili-
brium layer (δ): ≥ =δ xz 0.3 , where x is the fetch (m) and z is the
height (m) of sensor. Thus, the internal boundary layer height caused
by land is only approximately 1m, which is much lower than the height
of sensors. (4) Due to the strong influence of local free convection on
turbulence for small wind, the turbulent heat flux for small wind ranges
( <U 3z m s−1) are also ignored in the estimation of boundary layer
parameters. This criteria through Uz will also guarantee a fully mixed
surface layer and justify the substitution of Ts by water temperature at a
depth of 0.5m. (5) Because roughness lengths show high sensitivity to
measurement errors at small H and LE, turbulent heat fluxes smaller
than 10Wm−2 are ignored. Additionally, the following criteria are
considered as abnormal ranges of roughness lengths: < −zln( ) 15om or

> −zln( ) 5om ; < −zln( ) 15oh or > −zln( ) 3oh ; < −zln( ) 15oq or
> −zln( ) 3oq . After all these quality controls, the EC observations could

represent the lake-atmosphere interaction of the “large lake”, and the
valid data percentages are 54.8% with only wind direction criteria,
82.3% with only quality criteria, 83.8% with wind speed criteria and
42.4% with all three criteria. Moreover, we emphasize that the EC
observations after quality control are used in the analysis of boundary
layer parameters in Section 4.1, and the contaminated EC values are
substituted by simulations from the bulk transfer method in Section 4.2.
The details of the bulk transfer method can be found in Wang et al.,
2015.

3.2. Parameterization schemes of roughness lengths

Roughness lengths for momentum, heat and water are important
parameters in water-atmosphere turbulent transfer processes, and
having reliable parameterization schemes of roughness lengths is still
an unsolved issue for lakes on the TP. During the past several decades,
various forms of roughness length parameterization schemes for water
surfaces have been developed (Fairall et al., 1996; Liu et al., 1979;
Smith, 1988; Vickers and Mahrt, 2010), including the one related with
atmospheric stability conditions (Zilitinkevich et al., 2008). Para-
meterization schemes of momentum roughness lengths usually consider
two situations: wind stress-related rough flow (Charnock, 1955; Smith,
1988) and the viscosity-related smooth flow. Right now, the most
commonly used form is = +∗

∗
z α Rrm

u
g

v
u0

2
where ν is the kinematic

viscosity of air ( −sm2 1), with a value of approximately × − −s1.5 10 m5 2 1

for the atmosphere at the sea level and approximately × − −s2.4 10 m5 2 1

at the high-elevation Lake Nam-Co. The Charnock number (α) and
roughness Reynolds number (Rr) are optimized considering the specific
wave effect of the “small lake” (Wang et al., 2015). In this study, P1
( =α 0.013; =R 0.11r ) are considered “oceanic parameters” while P2
( =α 0.031; =R 0.54r ) are “optimized parameters”. Since the sensitivity
of lake-air turbulent heat fluxes to the choice of algorithms of roughness
lengths has been widely recognized (Webster and Lukas, 1992), the
different forms of roughness lengths in Table 3 (mainly from appendix
of Zeng et al., 1998) will be evaluated by our observations. The forms
with the best performances will be further used for turbulent heat flux
simulation using the bulk transfer method.

Table 2
Specifications of the field observations in the “small lake” and the “large lake”

Instruments The “small lake” (Fig. 1b) The “large lake” (Fig. 1c)

Ultrasonic anemometer CSAT3 (Campbell Scientific, Inc.); 2.7 m above the water
surface and face west; April 2012–October 2014

CSAT3 (Campbell Scientific, Inc.), approximately 6m above the water surface
and face south; July 2016–July 2018

Open path CO2/H2O
analyzer

Li-7500A (LI-COR Biosciences), 2.7 m above the water surface
and 25 cm south of the CSAT3; April 2012–October 2014

Li-7500 (LI-COR Biosciences), 6 m above the water surface and 20 cm west of the
CSAT3; July 2016–July 2018

Water temperature CSI109 (Campbell Scientific, Inc.), at depths of 0.05m, 0.1 m,
0.15m, 0.3 m, 0.6 m; April 2012–November 2013

HOBO water temperature Pro v2 Data Logger 021001, at depths of 0.5m, 1.5m,
3m, 6m, 10m, 15m, 20m, 25m, 30m, 35m; August 2015 – November 2015 and
July 2016 – November 2016

Net radiometer CNR1 (Kipp & Zonen), 1.5m above the water surface; April
2012–November 2013;

CNR1 (Kipp & Zonen), 1.5 m above the land surface; August 2015 – present

Water level 10min intervals; April 2012–November 2013 Manual observation, daily interval
Air temperature and

humidity
—— HMP 155A (Vaisala), 1.52 m and 9.52m above the land surface; August

2015–present
Wind speed and direction —— RM Young wind Monitor, 1.52 m and 9.52m above the land surface; August 2015

– preent
Rain gauge —— Tipping bucket; August 2015 – present

Table 3
Studied parameterization schemes for z m0 , z h0 and z q0 .

Methods z m0 z h0 z q0 Refs.

UA
= +∗

∗
z α Rm

u
g r

v
u0

2 = −∗ln Re2.67 2.57z m
z h
0
0

0.25 =z zq h0 0 Brutsaert (1982), Zeng
et al. (1998)

CCM3 —— = × > = × <− −z ζ z ζ2.2 10 , 0 4.9 10 , 0h h0 9 0 5 = ∗ −z 9.5 10q0 5 Large and Pond (1982),
Zeng et al. (1998)

ECMWF
= +∗ × −

∗
z 0.018m

u
g u0
2 1.65 10 6

=
× −

∗
z h u0

6 10 6
=

× −

∗
z q u0

9.3 10 6 Beljaars (1995), Zeng
et al. (1998)

NCEP
= ∗z 0.014m

u
g0
2
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− + ∗ − ∗

− ∗ + ∗
ln lnz m

z h

z m
z q

Re lnRe
Re lnRe

0
0

0
0

1.076 0.7045ln( ) 0.05808( )2

1 0.1954ln( ) 0.009999( )2
Zeng et al. (1998)

GEOS —— = = −∗Reln ln 0.72( 0.135)z m
z h

z m
z q

0
0

0
0

0.25 Zeng et al. (1998)

VM = + ∗z a b u glog ( ) log ( / )m m m10 0 10
2 , = − =a b1.52; 1.4m m =

+ ∗
z h

z m
ah bh Re0

0
exp{ log10( )}

,

= =a b0.38; 2.99h h =
+ ∗

z q
z m

aq bq Re0
0

exp{ log10( )}
, = =a b2.67; 2.6q q

Vickers and Mahrt
(2010)

Notes: P1: =α 0.013; =R 0.11r are “oceanic parameters”; P2: =α 0.031; =R 0.54r are “optimized parameters”.
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3.3. Lake energy budget components

The energy budget of a lake indicates that the energy storage (Gs,
−Wm 2) in the water is balanced by the incoming energy and the out-

going energy, and it could be simply expressed by equation (4):

= + + + +R G G G H LEn s b a (4)

where Rn ( −Wm 2; = − + −↓ ↓ ↑a R R R(1 ) s l l , with =↑R εσTl s
4, =ε 0.98

and =a 0.055 are the emissivity and albedo of the water, respectively,
and σ is Stefan Boltzmann constant) is the net radiation and expressed
as the sum of downward short-wave radiation ( ↓Rs , −Wm 2), downward
long-wave radiation ( ↓Rl , −Wm 2), reflected short-wave radiation
( =↑ ↓R aRs s , −Wm 2) and long-wave radiation emitted by the water ( ↑Rl ,

−Wm 2). Gb ( −Wm 2) is the heat transfer between water and bottom se-
diments and Ga ( −Wm 2) is the net energy gained or lost by the lake due
to the exchange of water masses resulting from the inflow-outflow
balance. H ( −Wm 2) and LE ( −Wm 2) are the sensible heat and latent
heat, respectively, exchanged between the lake and atmosphere. In this
study, Rn is estimated by radiation observation and Ts (°C), while Gs is
estimated by temperature gradient observations. H and LE are obtained
through EC observations and bulk transfer method simulations. Gb and
Ga are just omitted in the calculation due to data limitations and the
induced uncertainties are discussed in the Discussions. More details
about the heat storage change in the water and the bulk transfer
method can be found in the Supplemental Material.

4. Results

4.1. Meteorological conditions

Based on the PBL tower measurements from 2007 to 2012 in the
Nam-Co station, the annual mean air temperature is approximately 0 °C,
and the annual mean wind speed at a height of 10m is approximately
4.8 m s−1. However, they are approximately 1.9 °C and 5.4m s−1, re-
spectively, in the “large lake” according to AWS observations at 9.52m
above the island in 2016 (Fig. 2c and d). The multi-year (2007–2011)
average precipitation at the Nam-Co station is approximately 505mm
(Zhou et al., 2013), but it is only approximately 300mm in the “large
lake” in 2016 (Fig. 2b). The largest short-wave radiation reached to

1250Wm−2, which is much higher than that in low-elevation lakes
(Fig. 2a) and higher than that in the high-elevation Lake Ngoring (Li
et al., 2015a). The wind direction in the “large lake” favors the
southwest, with a peak frequency of °220 (Fig. 1c3), while the wind
direction in the “small lake” area is more scattered, concentrating to the
south and southwest (Fig. 1b3). The observed sensible heat flux and
latent heat flux after quality control show quite similar variations with
the simulated results using the bulk transfer method (Fig. 2e and 2f),
which will be discussed in detail in Section 4.3. In November 2016, we
also observed Secchi depths of the water, with values of 6m and 2.8m
for the “large lake” and the “small lake”, respectively. Thus, the “large
lake” is more transparent to solar radiation than the “small lake”.

The field observations in the “small lake” and “large lake” are
conducted during 2012–2013 and 2015–2016, respectively. Thus, to
justify the results of the comparison of these two water bodies, we first
quantitatively compared the seasonal variations of meteorological
variables at a height of 10m in the Nam-Co station during the two
periods, with multi-year (2006–2016) average as the climatic back-
ground (Fig. 3). The seasonal variations of the meteorological variables
are quite similar between 2012 and 2013 and 2015–2016, especially
during the open water periods. The averaged downward short-wave
radiation, air temperature, relative humidity and wind speed are
242.7Wm−2, −0.14 °C, 48.0% and 4.99m s−1 during 2012–2013
while those values are 245.7Wm−2, 0.29 °C, 46.7% and 4.78m s−1

during 2015–2016. The most significant differences could be found in
downward short-wave radiation during July, where a much higher
value exists in 2015–2016 than that found in 2012–2013 (Fig. 3d).
These differences result from the fact that continuous clear day exist in
July 2015. Thus, cloud cover during the monsoon season, which also
contribute to the observed large uncertainties, explains most of the
variabilities. Except for this discrepancy, all other meteorological
variables generally are located closely to the multi-year averages and
lay in the ranges of their uncertainties. Thus, the macro driving me-
teorological variables during periods of 2012–2013 and 2015–2016
show no significant differences, and the significant differences existing
between the two water bodies should result from their inherent attri-
butes and environmental differences, rather than the climatic varia-
bility.

Fig. 2. Variation of half-hour (a) downward short-wave radiation ( ↓Rs ), (b) precipitation (Prec), (c)Uz2 (wind speed at a height of 9.52 m), (d) Ta2(air temperature at a
height of 9.52m), (e) H, and (f) LE during their observational periods in the “large lake”. “Obs” indicates the observed H and LE after quality control and “Sim”
indicates the simulated H and LE by the bulk transfer method.
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4.2. Comparison of boundary layer parameters

4.2.1. Comparison of roughness lengths
The typical value of momentum roughness length (z m0 ) in the “small

lake” has been reported to be × −3.35 10 m4 (Wang et al., 2015) while
the value in the “large lake” is 80% higher ( × −6.11 10 m4 ) (Fig. 4a). z m0
in the “large lake” is quite close to the reported value ( × −6.17 10 m4 ) in
another high-elevation lake of Lake Ngoring (Li et al., 2015b), with an
area of 610 km2. The relatively higher z m0 in the “large lake” than in the
“small lake” results from the higher wind speed and larger wind-in-
duced waves. Moreover, as shown in Fig. 4a and 4b, the optimized
parameters (P2, =α 0.031 & =Rr 0.54 in UA method in Table 2) both in
the “small lake” and in the “large lake” are more appropriate for mo-
mentum roughness length estimation than the oceanic parameters (P1,

=α 0.013 & =Rr 0.11). The parameterization scheme with a combina-
tion of rough flow (α) and smooth flow (Rr) could improve z m0 at large

∗u and small ∗u , respectively. Thus, the combined form with optimized
parameters (P2) not only shows better performance than the forms
(e.g., UA and ECMWF) with oceanic parameters but also performs
better than the forms with only single item (e.g., NCEP, not shown in
Fig. 4). The scheme of VM shows significant underestimation. Thus, the
parameter scheme of the combined form with optimized parameters
will be used for z m0 simulation in the “large lake”.

The peak of the distribution of z h0 is much larger in the “small lake”
than in the “large lake”, especially in the range of strong wind (Fig. 4c
and 4d and Fig. 5b). The typical value of z h0 , × −3.35 10 m4 in the “small
lake”, is one order of magnitude higher than that ( × −1.67 10 m5 ) in the
“large lake” (Fig. 4b). z h0 in the “large lake” is at same order of mag-
nitude as the value ( × −7.59 10 m5 ) in Lake Ngoring (Li et al., 2015b)
and it is also close to the values from CCM3 and ECMWF (Table 2). The

parameterization scheme of UA for z h0 is more suitable for the “small
lake” than for the “large lake”. The parameterization schemes of GEOS
and VM are quite similar to that of UA, with slightly lower value of the
GEOS scheme in ranges of small ∗u and slightly lower value of the VM
scheme in ranges of large ∗u . The parameterization scheme of NCEP
shows an overestimation of z h0 . All these parameterization schemes of
z h0 are much more suitable in the “small lake”, but have an obvious
overestimation in the “large lake”. Because the parameterization
scheme of UA shows similar variation to the observations, the UA form
is optimized (constant value changing from −2.57 to −0.57) for the
sensible heat flux simulation in the “large lake”.

Similarly, the typical z q0 values are × −3.35 10 m4 in the “small lake”
and × −5.54 10 m5 in the “large lake”(Fig. 4c). The latter is quite close to
the observed value ( × −6.73 10 m5 ) in Lake Ngoring (Li et al., 2015b).
The parameterization schemes of UA and GEOS show quite similar re-
sults, with the latter having lower values than the former in the range of
small ∗u . The parameterization scheme of NCEP is overestimated while
the parameterization scheme of VM is underestimated compared to the
observations (Fig. 4e and 4f). Without optimization, the good perfor-
mance of the parameterization scheme of UA could be used for the
latent heat flux simulation in the “large lake”. In a brief conclusion, the
parameterization schemes of roughness lengths for momentum, heat
and water should be evaluated before being applied to the high-ele-
vation lakes of TP, and our results could provide reference values.

4.2.2. Comparison of bulk transfer coefficients
The bulk transfer coefficients for momentum (CDz) at observational

heights of 2.75m and 6m are same (0.002) in the “small lake” and the
“large lake”, while the coefficients (CDN10) corrected to a reference
height of 10m and neutral conditions are 0.0014 and 0.0017,

Fig. 3. Comparison of monthly averaged meteorological variables of (a)T10, (b)U10, (c) RH10 and (d) Rs for the period of the “small lake” (2012–2013, circle), and the
period of the “large lake” (2015–2016, star). The multi-year average (2006–2015) of meteorological variables with error-bars are also marked.
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respectively (Fig. 5d). The larger CDN10 in the “large lake” may result
from the combined effects of larger wind-induced waves and complex
basin environments (i.e., huge stones in the water). The CDN10 in the
“small lake” (0.0014) is quite close to the value (0.00149) in the leads
and polynyas of polar oceans (Andreas and Murphy, 1986), with both
higher than the reported open-ocean values of approximately 0.0012 at
a medium range of wind speed (Large and Pond, 1981). Because of the
limited wind fetch, the upwind edges of grassland and the growing
wave field in the “small lake”may attribute to the larger form drag than
the open oceans. However, the even larger CDN10 (0.0017) in the “large
lake” than in the “small lake” could only be ascribed to its large wind-
induced waves (Wu, 1980).

The bulk transfer coefficients for heat (CHN10) at a height of 10m
and neutral conditions are 0.0014 and 0.0013 (Fig. 5e) in the “small
lake” and the “large lake” while the bulk transfer coefficients for water
(CEN10) are 0.0015 and 0.0014, respectively (Fig. 5f). These coefficients
are approximately 7% lower in the “large lake”. These estimated CHN10
and CEN10 are all larger than the published typical oceanic value of
0.0012 (Smith, 1989; Zeng et al., 1998). The larger scatter in the range

of small ∗u (Fig. 4) in the “small lake” than in the “large lake” may
result from the relative higher measurement uncertainties under free
convection events, which indicates the dominance of buoyancy over
shear and happens more often in the “small lake” area.

4.3. Turbulent heat flux simulation in the “large lake”

The bulk transfer method with optimized roughness lengths (z m0 ,
z h0 , z q0 ) is used for simulation of the lake-air turbulent heat flux in the
“large lake”, and the simulations show quite similar results compared
with EC observations chosen by the criteria of footprint and data
quality control (Fig. 6a–c). The RMSE values of H and LE are only ap-
proximately 10Wm−2 and 30.2Wm−2, and the correlation coeffi-
cients are 0.90 and 0.91, both as good as those in the “small lake”
(Wang et al., 2015, 2017). The seasonal variations of monthly averaged
H, LE and ∗u between simulations and observations are quite consistent,
with a small bias of monthly averaged MB values (Fig. 6d–f). The re-
latively higher MB values of H appear in November during a period
when the H values are larger. The averaged MB values of H and LE

Fig. 4. Comparison of roughness lengths for (a)-(b) momentum, (c)-(d) heat and (e)-(f) water and evaluation of the parameterization schemes in the “small lake” and
the “large lake” respectively. “SL” indicates the observed roughness lengths in the “small lake”, “LL” indicates the observed roughness lengths in the “large lake”, the
circles and the squares are the mean of observations for each binned ∗u in the “small lake” and the “large lake”, respectively (from 0.05 to 0.6 with a bin size of 0.05,
error bars are marked) and the lines indicate all kinds of parameterization schemes.
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during the observational periods are only 3.7Wm−2 and −2.8Wm−2,
respectively, corresponding to a small overestimation of H and a minor
underestimation of LE. The friction velocity ( ∗u ) between simulation
and observation also has quite a high correlation coefficient (R=0.87)
and good slope values close to the 1:1 line (Fig. 6c–f). Thus, the bulk
transfer method could simulate the lake-air turbulent flux at a temporal
resolution of a half-hour, and EC observations with bad quality and an
inadequate footprint could be substituted by simulations of the bulk
transfer method. The constructed continuous data series are further
used for the comparative analysis of seasonal variation of the turbulent
heat flux, evaporation and energy budget in the “small lake” (Wang
et al., 2017) and in the “large lake”.

The environmental controls on the turbulent heat flux over temporal
scales of half-hour and daily in the “small lake” are summarized in
Wang et al. (2017), and the results for the “large lake” are listed in
Table 4. At the half-hour scale, the correlation coefficients from high to
low are U EΔz , Uz and EΔ for LE and U TΔz , Uz, TΔ for H in the “small
lake”. Quite similarly, the correlation coefficients are 0.93 (U EΔz ), 0.81
(Uz) and 0.34 ( EΔ ) for LE and 0.77 (U TΔz ), 0.66 ( TΔ ) and 0.23 (Uz) for
H in the “large lake”. Atmosphere stability (ζ ) shows weak correlation
in both lakes. Thus, it could be inferred that Uz is the most significant
factor in the simulation of half-hour evaporation in lakes on the TP, and
it has also been confirmed by the high-elevation lakes of Lake Qinghai
(Li et al., 2016) and Lake Serling (Guo et al., 2016). When the relative
contributions of environmental factors are analysed on a daily scale, all
the correlation coefficients increased, especially for EΔ (0.34 to 0.66 in

Table 3). As Uz and LE in the “large lake” both show increasing trends
from July to November, their correlation coefficients should be higher
than those in the “small lake”, where the wind speed has no obvious
pattern during its ice-free seasons.

4.4. Comparison of meteorological variables and turbulent heat flux

The seasonal variations of in situ meteorological variables and
turbulent heat flux during the observational periods of 2015 and 2016
in the “large lake” are shown in Fig. 7, and details of those in the “small
lake” can be found in Wang et al. (2017). Furthermore, the monthly
averages of the above observations have also been summarized in Fig. 8
for comparison. Similar to the “small lake”, dailyTa and Ea are generally
smaller than daily Ts and Es in the “large lake”, especially during the
cooling period (Fig. 7a and 7b). Daily water surface temperature (Ts)
could be approximately 13 °C at the beginning of September in the
“large lake” (12.3 °C on September 9, 2015 and 12.9 °C on September 2,
2016 in Fig. 7a) while it could reach approximately 16 °C during the
middle of June (15.7 °C on June 15, 2012 and 15.9 °C on June 21, 2013)
in the “small lake”. The average wind speed (corrected to a reference
height of 10m) is approximately 3.65m s−1 during July through No-
vember in the “small lake”, while it is 4.71m s−1 (corrected at a re-
ference height of 10 m) in the “large lake” (Fig. 7c). Thus, there were
clearly higher wind speeds in the “large lake” than those in the “small
lake” (Fig. 8c). Similar to the “small lake”, an unstable atmosphere also
dominates in the “large lake” (Fig. 7d). The vapor pressures of air in

Fig. 5. Statistical distributions of logarithm forms of (a) roughness length for momentum (ln z( )m0 ), (b) roughness length for heat (ln z( )h0 ), (c) roughness length for
water vapor (ln z( )q0 ), (d) bulk transfer coefficient for momentum, (e) bulk transfer coefficient for heat, and (f) bulk transfer coefficient for water vapor. “SL” indicates
the smoothed values in the “small lake” and “LL” indicates the smoothed values in the “large lake”. The values are also marked on each figure.
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both lakes reach their highest values in July and then decrease after-
wards (Fig. 8d). Because of the relatively higher wind speed and lower
Ts in the “large lake”, the atmosphere was less unstable compared with
that in the “small lake”. Moreover, because of the strong “warm lake
effect” in the “large lake” (Lv, 2008), the average air temperature
(1.9 °C) in 2016 is obviously higher in the “large lake”, compared with
multiple year average of air temperature (approximately 0 °C) in the
Nam-Co station. Moreover, the monthly average air temperature (Ta) is
clearly higher in the “large lake” than that in the “small lake” (Fig. 8b).
Relative to the “small lake”, the large thermal capacity in the “large
lake” could also lead to a late date of the peak value of monthly Ts, a
slow decreasing rate of Ts (Fig. 8a) and thus late dates of ice-frozen and
ice-melt. In addition, monthly average Ta decreases much slower in the
“large lake” (Fig. 8b).

Daily H and daily LE in the “large lake” both show increasing trends
from July to November (Fig. 8g and h), while the daily TΔ and daily EΔ
between the water and air also show increasing trends (Fig. 8e and f) at
the same time, in addition to the clearly increasing trend of daily Uz
from September to November (Fig. 8c). The variation of daily H is

similar to that of daily TΔ , while the variation of daily LE is more si-
milar to daily Uz than daily EΔ . For example, in October 2015, high
daily EΔ and low daily LE exist (Fig. 7f–h). The relative contributions of
meteorological variables to the turbulent heat flux can be seen in
Table 4 and Section 4.3. Influenced by the large thermal capacity of the
“large lake” and the strong land-lake breeze circulation, the monthly
averaged TΔ is much higher in the “small lake” than in the “large lake”
(Fig. 8e). Thus, the monthly averaged H values are generally higher in
the “small lake” than those in the “large lake”, except in November,
when the significantly high Uz in the “large lake” has a dominant
contribution (Fig. 8c-e-g). Variations of monthly LE and monthly EΔ
show quite different patterns in the two lakes, and they are higher for
July and August and lower for October and November in the “small
lake” compared to those in the “large lake” (Fig. 8f–h).

4.5. Energy budget and evaporation in the “large lake”

The radiation budget components and net radiation (Rn) during the
observational periods are shown in Fig. 9, and the energy budget
components, including meteorological variables, are summarized in
Table 5. The Rn peaked in July while LE peaked in November; thus, LE
shows an approximately 4-month lag of Rn. The mean temperature of
the whole water column (

−

Tw) shows largest value in September, which is
also the turning point from heat storage to heat release in the “large
lake”, while it is around August in the “small lake” (Wang et al., 2017).
The seasonal variation of LE in the “large lake” by Flake simulations
(Lazhu et al., 2016) also shows an increasing trend from summer to
autumn, but the largest value appears in October, which is one month
earlier than the observations. During July to November, the Bowen
ratio ( =Bo H

LE ) in the “large lake” shows an increasing trend from 0.139
to 0.298, with an average value of approximately 0.229, which is
generally smaller than the average value (Bo=0.333) in the “small

Fig. 6. Scatterplots of (a) H; (b) LE; and (c) ∗u between bulk transfer method simulations (Sim) and observations (Obs) in 2016 (lines drawn with dots and circles
represent the1:1 line and the line of best fit, respectively; correlation coefficients (R) and the slope of the line of best fit (passing through the origin) are marked) and
the monthly average values of (d) H; (e) LE; and (f) ∗u between simulated and observed results for each month.

Table 4
Correlation coefficients (R) between H & LE and environmental variables of the
“large lake” from July to November in 2016.

Variables Temporal scales (R) Variables Temporal scales (R)

H U~ z 30 Minutes 0.23 LE U~ z 30 Min 0.81
Daily 0.48 Daily 0.81

H T~ Δ 30 Minutes 0.66 LE E~ Δ 30 Min 0.34
Daily 0.84 Daily 0.66

H U T~ Δz 30 Minutes 0.77 LE U E~ Δz 30 Min 0.93
Daily 0.99 Daily 0.98

H ζ~ 30 Minutes −0.15 LE ζ~ 30 Min 0.22
Daily 0.18 Daily 0.43
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lake” during the same months (Wang et al., 2017). Assuming the heat
budget is balanced during July to November, the balance of monthly
Rn, monthly LE and monthly H is −8.6Wm−2, which corresponds to
the heat release of the “large lake”, with

−

Tw decreasing from 8.3 °C to
6.9 °C. The higher Bowen ratios ( =

−

−
γBo T T

E E
( )
( )

s a
s a

) could also be explained
by the meteorological observations of higher temperature gradients and
nearly similar water vapor gradients in the “small lake” than in the
“large lake” (Fig. 8e and f). The energy budget closure ratio
( =

+

−
EBC H LE

R Gn
) ranges from 0.647 in July to 1.308 in August, with an

average value of 0.859 from July to November.
Compared with evaporation in the “small lake”, the observed values

in the “large lake” are smaller during July to September and are larger
during October and November. The observed total evaporation in the
“large lake” is approximately 630mm from July to November. The total
evaporation in the ice-free season of the “small lake” is approximately
812mm (Wang et al., 2017). To obtain the total evaporation of the
“large lake”, we made a reasonable hypothesis that the heat stored in
the water after ice-out could all be released before ice-formation; thus,
the evaporation could be determined by Rn and Bo. Table 6 shows the
radiation budget components of the “large lake” in 2016, where ↓Rs and

↓Rl come from radiation observations on the island while ↑Rl is esti-
mated by lake surface temperature (average value of all pixels in the
lake area) from MODIS products (MOD11A2 and MYD11A2), which
contain both day and night products at a spatial resolution of

×1km 1km. First, Rn is highest in June and lowest in December, with
all the values being positive. The positive Rn corresponds to the ob-
served positive LE and H, even during the ice-covered period (Fig. 2e–f).
Second, the ↑Rl estimated by MODIS land surface temperature products

has a mean bias of −5W m−2 compared with ↑Rl derived using the
water surface temperature, and they are quite close after bias correc-
tion, as shown in Fig. 9c. Last, the total Rn from May to January is
1164 −Wm 2; thus, the evaporation during the open water period of the
“large lake” is approximately ±981 18 mm, assuming a Bo of 0.229
with an uncertainty of 10%.

5. Discussion

5.1. The causes of the observed differences in the meteorological variables

The inherent attributes and environmental backgrounds of the two
adjacent water bodies could explain most of the observed differences.
(i) The higher wind speed in the “large lake” may result from its lake-
dominated environment with the footprint of smooth water, compared
with the land-dominated “small lake” area influenced by the sur-
rounding grassland (Granger and Hedstrom, 2011). In addition, the
bowl-shaped terrain of the “small lake” may form specific internal
boundary layer conditions different from those of the “large lake”. (ii)
The maximum daily Ts in summer can be approximately 3 °C lower in
the “large lake” than in the “small lake” (Fig. 8a), and the reason is that
the solar heating could be distributed to deeper depths in the “large
lake” than in the “small lake”. More specifically, the “large lake” has the
characteristics of (1) a larger Secchi depth, allowing it to be more
transparent to solar radiation and to store more heat in the deep water
(Heiskanen et al., 2015); (2) a stronger turbulence exchange intensity,
making it easier to transfer heat into deep water; (3) a deeper depth,
resulting in a higher potential for storing heat. (iii) Because of the larger

Fig. 7. Variation of daily (a) Ts & Ta; (b) Es & Ea; (c) Uz ; (d) ζ ; (e) TΔ ; (f) EΔ , (g) H, and (h) LE during July to November in 2015 and 2016.
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heat capacity in the “large lake”, the phenomenon of warm air tem-
perature, a slow decrease of air temperature in autumn, and delayed
peaks of seasonal H and LE exist. (iv) The precipitation of approxi-
mately 300mm in the lake-dominated environment in 2016 is much
smaller than the climatic average of the land-dominated environment of
the “small lake”, which is mainly driven by the land breeze and land
surface interaction; thus “small lake” may have higher precipitation
than the lake-dominated environment (Gerken et al., 2015). (v) The
highest value of LE appears in November in the “large lake”, while the
peak appears in August in the Lake Ngoring (Li et al., 2015a) and in
June in the “small lake”. The difference results from the larger heat
storage in the water of the “large lake”, which could provide an energy
supply and lead to a phase shift of LE. Thus, even in regions with the
same climatic conditions, the meteorological variables and turbulent
heat fluxes of different water bodies show significant differences in
their seasonal variations. (vi) Similar as those low-latitude tropical
lakes (Verburg and Antenucci, 2010), high-elevation lakes show dom-
inance in unstable and neutral atmospheric conditions in these two
lakes and some other lakes, i.e., Lake Qinghai (Li et al., 2016), Lake
Serling Co (Guo et al., 2016), and Lake Ngoring (Li et al., 2015). The
unstable atmosphere conditions in high-elevation lakes and tropical
lakes result from the higher solar radiation and radiation-induced po-
sitive water–air temperature gradients compared to the temperate low-
elevation lakes. More discussion on influences of these characteristics to
turbulent heat fluxes could resort to Verburg and Antenucci (2010).

5.2. The uncertainties in evaporations and its influence

The EC-based evaporation in the “large lake” (630mm during July
to November) is much higher than the reported value (392mm) in Lake

Ngoring during July to November (Li et al., 2015a), and the amounts of
Rn, 169.5Wm−2 higher in the “large lake”, could explain most of the
differences. The estimated evaporation during May to January (ap-
proximately ±981 18 mm) of the “large lake” is also higher than the
simulated results from the Flake model (Lazhu et al., 2016) and the
CRLE model (Ma et al., 2016). Both the uncertainties in the input me-
teorological data and the unsuitable parameterization schemes of the
models could lead to such bias, and our results could provide valuable
data for future validation and evaluation of these models. The ratio of
evaporation ( ±981 18) to rainfall (505mm) is 1.9 in this study, while
they are 3.5 (with evaporation and precipitation values of 1430mm and
420mm, respectively) in Zhu et al. (2010) and 1.2 (with evaporation
and precipitation values of 603mm and 505mm, respectively) in Zhou
et al. (2013). Zhu et al. (2010) conclude that underground water or
other sources are needed to complement the huge evaporation, while
Zhou et al. (2013) suggest that water seepage exists. Except for the
other differences in their estimated precipitation and runoff values and
runoff coefficients, the EC-based evaporation value of ±981 18 mm
could improve the understanding of their conclusions in a water im-
balance analysis.

The uncertainties in the estimated evaporation of ±981 18 mm
should result from the uncertainties existing in Bo and Rn. First, as-
suming the heat stored in the water after ice-melt will all be released
before ice-frozen, LE could be expressed as =

+
LE R

Bo(1 )
n . Thus, lake

evaporation is positive correlated with Rn and negative correlated with
Bo. The sum of Rn during the open water period of the “small lake”
(with a value of 1167.9Wm−2 in Table 4 of Wang et al. (2017) is quite
close to the sum of Rn during the open water period of the “large lake”
(1164Wm−2 in Table 6). The estimated lower Bo in the “large lake”
than in the “small lake” indicate a higher evaporation value in the

Fig. 8. Comparison of (a) water surface temperature (Ts), (b) air temperature (Ta), (c) wind speed (Uz), (d) vapor pressure of the air (Ea), (e) temperature gradients
( TΔ ), (f) water vapor gradients ( EΔ ), (g) H, and (h) LE between the “small lake” (SL) and the “large lake” (LL).
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former. Average Bo without consideration of its seasonal variation in
this study may introduce some uncertainties. For example, a warmer air
temperature than water surface temperature in the “large lake” may
form during May and June according to satellite and AWS observations,
similar to the observations in Lake Serling (Guo et al., 2016), and
smaller Bo in May and June and larger Bo in December and January
may exist. The estimated evaporation through EC-based Bo value of
0.229 (close to the Bo value in September) could only repreesnt a rough
estimation.

Further, we used ice phenology to estimate the lower and upper
boundaries of the open water evaporation in the “large lake”. The
average dates of freeze onset (FO, the date when detectable ice ap-
pears), freeze-up (FU, the date when the surface is fully ice covered),
break-up (BU, the date when detectable ice-free water appears) and
water clean of ice (WCI, the date when ice all disappears) are 4th
January, 13th February, 4th April and 15th May, respectively by sa-
tellite observations (Kropáček et al., 2013). The duration from FU to BU
is longer in three adjacent small lakes (Lake Ringco Ogma, Lake Npen
Co and Lake Bam Co) relative to Lake Nam-Co. The estimated eva-
poration values through Rn and Bo are 885± 17 mm during FU to BU

Fig. 9. Variation of daily (a) downward short-wave radiation ( ↓Rs ); (b) downward long-wave radiation ( ↓Rl ); (c) upward long-wave radiation ( ↑Rl ); (d) net radiation
(Rn) in 2015 and 2016; (e) water temperature at a depth of 35m in 2015; and (f) water temperature at a depth of 35m in 2016. “2016(RS)” indicates the MODIS
products.

Table 5
Monthly averaged environmental variables and heat fluxes during the open-
water period of the “large lake” in 2015 and 2016. “Ave” indicates average
values of 2015 and 2016 while and “

−

Ave” indicates averages of variables from
July to November (August to November in 2015).

Variables Year July August September October November −

Ave

−

Tw(°C)
2015 —— 9.9 10.4 9.2 7.1 9.2
2016 8.3 9.7 10.4 8.8 6.7 8.8
Ave 8.3 9.8 10.4 9.0 6.9 8.9

Rn(W m−2) 2015 —— 186.0 178.8 97.3 36.6 124.7
2016 207.6 221.7 140.1 91.8 40.0 140.3
Ave 207.6 203.9 159.5 94.6 38.3 140.8

G(W m−2) 2015 —— 115.6 1.5 −134.4 −218.0 −58.8
2016 74.4 121.9 −31.6 −168.0 −167.0 −34.1
Ave 74.4 118.8 −15.1 −151.2 −192.5 –33.1

Bo 2015 —— 0.204 0.166 0.259 0.313 0.236
2016 0.139 0.146 0.248 0.241 0.282 0.211
Ave 0.139 0.175 0.204 0.250 0.298 0.229

EBC 2015 —— 1.625 0.837 0.831 0.869 1.041
2016 0.647 1.083 0.798 0.698 1.055 0.856
Ave 0.647 1.308 0.817 0.761 0.952 0.859

Table 6
Radiation components (downward short-wave radiation ( ↓Rs ), downward long-wave radiation ( ↓Rl ), upward long-wave radiation ( ↑Rl ), net radiation (Rn)) of the
“large lake” in 2016, units: −Wm 2.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

↓Rs 158.3 214.2 245.0 277.1 310.0 294.8 282.6 317.5 230.6 220.5 191.1 154.8

↓Rl 178.2 182.6 211.0 233.0 252.2 296.2 302.4 289.7 290.3 237.5 191.5 189.0

↑Rl 311.7 308.5 310.0 316.5 328.3 347.7 362.8 371.4 366.5 352.3 337.4 326.4
Rn 16.1 76.5 132.5 178.4 216.9 227.1 206.7 218.3 141.7 93.6 34.7 8.9
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and 1137± 21 mm during FO to WCI, and our estimation during May to
January is just in between.

5.3. The uncertainties in energy budget of the “large lake”

The energy budget closure could reach 0.97 during the open water
period of the “small lake” (Wang et al., 2017) while it could be 0.859
during July to November with the observations of radiation budget,
turbulent heat flux and heat storage with a water depth of 35m. The
EBC value is quite high compared with the results of other energy
budget studies (Nordbo et al., 2011; Mammarella et al., 2015). The
turbulent heat flux, solar radiation and water temperature observations
have quite different footprints and these mismatches will introduce
uncertainty in these energy budget components. In addition, the dis-
tribution of solar radiation, the latent heat flux and sensible heat flux
should be horizontally heterogeneous (Spence et al., 2011; Wang et al.,
2014). Furthermore, the heat storage measured at a depth of 35m in
our study could only represent a good approximation. As shown in
Fig. 9e and f, water temperature at a depth of 35m has obvious diurnal
variations (with maximum amplitude of approximately 6 °C in its
diurnal variation) and seasonal variations (to a maximum value of
approximately 10 °C), the heat transfer from water inflow, the heat
stored in much deeper water, the heat transfer through horizontal ad-
vection and between water and sediment will all introduce uncertainty.
In addition, sublimation during the winter period is none-zero over the
“large lake”, as a clear high LE during the ice-covered period could be
observed by EC observation (Fig. 2f). Thus, the assumption of close to
zero evaporation during the ice-covered period may not be the case.

6. Conclusions

Using eddy covariance observations in the Lake small Nam-Co
(“small lake”) and Lake Nam-Co (“large lake”) on the TP, significant
differences in lake-atmosphere boundary layer parameters, meteor-
ological variables and turbulent heat fluxes are reported. Relative to the
“small lake”, the “large lake” has a larger depth and area; as a result,
“large lake” has a larger thermal capacity, which could further lead to
delayed dates of ice-formation and ice-melt, postponed peaks of sea-
sonal variations of water surface temperature, air temperature, sensible
heat flux and latent heat flux. In addition, the “large lake” has a lower
water surface temperature, because it is more transparent to solar ra-
diation and has a greater mixing layer depth and stronger turbulent
mixing intensity in the water. The roughness length and bulk transfer
coefficients for momentum are 80% and 7% higher, respectively, in the
“large lake” than in the “small lake” because of its larger wind speed
and higher wind-induced waves. The roughness lengths for heat and
water of the “large lake” are approximately one order of magnitude
lower than those in the “small lake”, while the bulk transfer coefficients
for heat and water at a height of 10m and neutral condition show a 7%
lower value in the “large lake”. Thus, parameterization schemes for
these coefficients should differ between small lakes and large lakes in
numerical climate modeling. The total evaporation during the ice-free
period of the “large lake” is estimated to be approximately ±981 18 mm
during May to January, which is higher than the value of 812mm
during the open water period (from April to November) of the “small
lake”. Given quite close net radiation during open water periods of the
two water bodies, the much higher evaporation in the “large lake”
could be explained by the observed smaller Bo in the “large lake”. Our
conclusions could benefit scientific research on catchment-scale energy
budgets and water balance analyses and lake modeling. The large dis-
crepancy between our results and published model simulations suggest
the need for a thorough evaluation of models’ parameterization
schemes when considering these high-elevation lakes.
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