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Abstract The Tibetan Plateau plays an important role in the

global water cycle and is strongly influenced by climate

change. While energy and matter fluxes have been more

intensely studied over land surfaces, a large proportion of

lakes have either been neglected or parameterised with sim-

ple bulk approaches. Therefore, turbulent fluxes were mea-

sured over wet grassland and a shallow lake with a single

eddy-covariance complex at the shoreline in the Nam Co

basin in summer 2009. Footprint analysis was used to split

observations according to the underlying surface, and two

sophisticated surface models were utilised to derive gap-free

time series. Results were then compared with observations

and simulations from a nearby eddy-covariance station over

dry grassland, yielding pronounced differences.

Observations and footprint integrated simulations compared

well, even for situations with flux contributions including

grassland and lake. The accessibility problem for EC mea-

surements on lakes can be overcome by combining standard

meteorological measurements at the shoreline with model

simulations, only requiring representative estimates of lake

surface temperature.

1 Introduction

The role of the Tibetan Plateau in the global water cycle and

its reaction to climate change has become a topic of strong

scientific interest (e.g. Immerzeel et al. 2010; Ni 2011).

Representing a unique geological formation, the Tibetan

Plateau is considered the largest and highest plateau on earth,

with an average elevation greater than 4,000 m a.s.l..

Furthermore, the Tibetan Plateau is the source of a large

number of major rivers in Asia. Its role in the modulation

of the Asian Monsoon and the climate for large parts of Asia,

because of its heat budget caused by its elevation in con-

junction with the bordering Himalayan mountain range, has

been of major research interest (Molnar et al. 2010; Boos and

Kuang 2010).

To understand the role of the Tibetan Plateau for the

global heat and water budget, much effort has been put into

the estimation of energy balance and turbulent flux measure-

ments within international campaigns like GAME/Tibet

(Global Energy and Water cycle Experiment Asian

Monsoon Experiment) and CAME (Coordinated Enhanced

Observing Period Asia-Australia Monsoon Project) (Xu and

Haginoya 2001; Ma et al. 2003; Ma et al. 2005) and in the

framework of the Tibetan Observation and Research

Platform (Ma et al. 2009).

Despite these efforts, observations on the Tibetan Plateau

are sparse because of its remote location (Frauenfeld et al.

2005; Kang et al. 2010; Maussion et al. 2011). The impor-

tance of evaporation for the hydrological cycle under the
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influence of climate change has been highlighted by Yang

et al. (2011).

Most long-term observation stations focus on the major

land cover types such as alpine steppe, Kobresia pastures and

wetlands (Zhao et al. 2010), however approximately

45,000 km2 of the plateau are covered by lakes (Xu et al.

2009). This lake area has been subject to changes in the last

decades; the reasons are not well understood due to lack of

observational data (Xu et al. 2009). Although Huang et al.

(2008) report a general decrease of lake volume in Qinghai-

Tibet Plateau, the Nam Co lake area has been increasing (Liu

et al. 2010; Wu and Zhu 2008; Zhu et al. 2010). They

attribute this change to increasing precipitation as well as

thawing permafrost and glacial melt due to rising mean

annual temperatures, nevertheless the relative contribution

of the balance components, especially the role of evapora-

tion, is discussed controversially. Consequently, fluxes over

lake surfaces on the Tibetan Plateau should not be neglected

since various studies have shown the contribution of lakes to

the regional energy balance and water cycle in different

catchments around the world (Rouse et al. 2005; Nordbo

et al. 2011). Until now, estimations of evaporation over lake

surfaces on the Tibetan Plateau have been modelled using

remote sensing or land surface observations as forcing (Xu

et al. 2009; Haginoya et al. 2009), whereas no direct mea-

surements of turbulent fluxes over a lake surface have been

conducted so far. The installation of a flux station in a lake on

the Tibetan Plateau is nearly impossible, due to problems of

accessibility, strong winds and waves during the summer, as

well as ice cover during winter.

Nevertheless, it is known from model estimations that

evaporation over lake surfaces differs from evapotranspiration

over land throughout the year due to the heat storage capacity

of the lakes and has a strong effect on convection and thus on

local climates (Haginoya et al. 2009). The landscape on the

Tibetan Plateau is fairly heterogeneous, including alpine

steppe, Kobresia pygmea mats, wetlands and open water

surfaces in various sizes. Therefore high quality evaporation

measurements over water surfaces on the Tibetan Plateau need

to be considered when data based on satellites or estimated

with models is validated with ground-based flux measure-

ments. Lakes differ strongly in their temperature regimes

and exchange coefficients due to extent and depth (Rouse

et al. 2005; Panin et al. 2006a; Nordbo et al. 2011).

Evaporation estimation with simple bulk approaches on daily

or monthly timescales (Haginoya et al. 2009; Xu et al. 2009;

Krause et al. 2010; Yu et al. 2011) are not appropriate for

resolving such differences. These specific characteristics of

each lake, such as a diurnal course of atmospheric stratifica-

tion over the lake surface, can only be captured by eddy

measurements and more sophisticated models.

For this study, we selected the area around Nam Co, the

largest and deepest lake in the Tibet Autonomous Region

(Xu et al. 2009; Liu et al. 2010). The Nam Co basin is

considered one of the key areas of interest on the Tibetan

Plateau due to its location influenced by the Westerlies, the

South West Asian Monsoon and the East Asian Monsoon

(Haginoya et al. 2009; Keil et al. 2010).

In order to measure fluxes over lake and land surfaces, we

set up an eddy-covariance station at the shoreline of a shal-

low lake next to Nam Co.

Measured fluxes were utilised to validate simulations of

two different surface models in order to estimate turbulent

fluxes over the lake and adjacent grassland surface. For the

lake surface, a validated hydrodynamic multilayer model

(HM; Foken 1979, 1984) with an extension for shallow lakes

(Panin and Foken 2005) and for the land surface, a SVAT

model (SEWAB; Mengelkamp et al. 1999, 2001) were used

to generate a complete time series for each surface. The

simulated data set was then used to characterise the exchange

for these surfaces and to link the simulations with spatial

heterogeneity on footprint scale.

2 Material and methods

2.1 Site description and setup of the EC stations

The experiment was carried out during the 2009 summer

monsoon season. The observation site was located in the

Nam Co Basin, 220 km north of Lhasa, at 4,730 m a.s.l. on

the Tibetan Plateau. The basin is dominated by Nam Co Lake

and the Nyainqentanglha mountain range which stretches

along the lake’s SE side at approximately 5–10 km distance

and reaches up to 7270 m a.s.l. with an average height of

5230 m (Liu et al. 2010). In the year 2000 the great lake had

an area of 1,980 km2 (Wu and Zhu 2008).

Atmospheric fluxes were observed with two eddy-

covariance and energy balance stations. One station was set

up by the University of Bayreuth (NamUBT) at a shallow

lake of approximately 1 km2 in area located at the SE side of

Nam Co Lake. It was installed adjacent to the southern

shoreline of the lake to ensure that measurements from the

lake and land surface were identifiable according to the

instantaneous wind direction. The other station at roughly

300 m distance is the permanently operating eddy-

covariance complex (NamITP) within the Nam Co

Monitoring and Research Station for Multisphere

Interactions, NAMORS (30°46′22′′N, 90°57′47′′E) operated

by the Institute of Tibetan Plateau Research (ITP), Chinese

Academy of Sciences (CAS) (Ma et al. 2009). A detailed

map of the field site and pictures of the two stations can be

seen in Fig. 1.

The soil is moister at NamUBT than at NamITP due to the

influence of the water table around the small lake. To account

for the effect of higher moisture supply on the vegetation, we
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have classified the grassland into grass+ for denser and

moister vegetation and grass− for comparatively drier and

sparser vegetation. From NamUBT the terrain rises gently in

three terraces to the level of NamITP, with an average slope

of approximately 8°. The shoreline of the small lake in the

vicinity of NamUBT is fairly steep, with the lake starting out

quite shallow and reaching a maximum depth of 12 m at the

centre. Soils and vegetation around both stations are typical

for a semi-arid to semi-humid climate at this altitude. Soil

types range from alpine steppe to desert soils and the vege-

tation is dominated by alpine meadow and steppe grasses

including species of Stipa, Carex, Kobresia and Oxytropis

(Mügler et al. 2010).

Both eddy-covariance stations were equipped with an

ultrasonic anemometer and an infrared gas analyser.

Standard meteorological measurements are available for

both stations and, additionally, all necessary components

for the estimation of the energy balance were measured.

For specifications of the two stations, see Table 1 or

Biermann et al. (2009) for NamUBT, and Zhou et al.

(2011) for NamITP.

2.2 Analysis of observed data

2.2.1 EC data processing

The measurements of both eddy-covariance stations were

post-processed using the TK2/3 software package, devel-

oped at the Department of Micrometeorology, University of

Bayreuth (Mauder and Foken 2004, 2011) and evaluated in

an international comparison study by Mauder et al. (2008).

The software applies all necessary flux corrections and post-

processing steps for turbulence measurements as recom-

mended in Foken et al. (2012) and Rebmann et al. (2012).

Further data processing included quality filtering

according to Foken and Wichura (1996), using the quality

NamITP

NamUBT

NamCo

building

grass(+)

grass(-)

gravel

lake

wetland

0 1,000 2,000 3,000500
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x

+

NamITP NamUBT

Fig. 1 Measurement site in Nam Co Basin, showing the small lake, the

land use, the EC Stations NamITP (left) and NamUBT (right). NamITP

is marked with a red cross and NamUBTwith a black error mark. Land

use is classified as wetland (dark green), moist (positive,medium green)

and dry (negative, light green) grassland; the small lake (light blue); and

Nam Co (dark blue). In addition, at the shore line of Nam Co, partly

flooded gravel bars are shown in light grey. The Nam Co Station

buildings are marked in dark grey (Illustration from Gerken et al. 2012)

Table 1 Specifications of the eddy-covariance stations NamUBT and NamITP

Instrument NamUBT NamITP

Surface Lake, grass+ and grass− Grass−

Ultrasonic anemometer CSAT3 (Campbell Scientific Ltd.) 3.0 m 3.1 m

Gas analyser LI-COR7500 (LI-COR Biosciences) 2.9 m 3.1 m

Temperature-humidity sensor HMP 45 (Vaisalla) 3.0 m 3.1 m

Net radiometer CNR1 (Kipp & Zonen) 2.0 m –

Net radiometer CM3 and CG3 (Kipp & Zonen) – 1.5 m

Rain gauge Tipping bucket 1 m 1 m

Soil moisture Imko-TDR −0.1, −0.3 and −0.5 −0.1, −0.2, −0.4, −0.8 and −1.60

Soil temperature Pt100 −0.025, −0.05, −0.1, −0.15,

−0.2, −0.3 and −0.5

−0.2, −0.4, −0.8 and −1.60

Soil heat flux HP3 −0.15 –

Water temperature Pt100 −0.3 –

Logger (Campbell Scientific Ltd.) CR3000 CR5000
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flagging scheme as recommended by Foken et al. (2004). For

displaying diurnal cycles, we used best to intermediate qual-

ity flagged data (Flag 1–6 out of 9 classes) and for model

performance evaluation, we used best quality flagged data

(Flag 1–3).

2.2.2 Coordinate rotation and footprint analysis

In this section, we describe the coordinate rotation and

footprint analysis which was conducted for both EC stations.

We focus mainly on the analysis for NamUBT, since for

NamITP detailed studies of footprint and data quality can

be found for other data sets in Zhou et al. (2011) andMetzger

et al. (2006).

The wind direction exhibits a strong diurnal pattern due to

a land – lake circulation system, which can be seen in

NamUBT data (Fig. 2).

During midday, the wind came predominantly from the

direction of the lake while in the morning, evening and night-

time hours wind from the land surface dominated. Therefore

NamUBT provides flux measurements over the land and

water surface only for certain periods of the day, while

NamITP always represents fluxes from the land surface.

For the necessary coordinate rotation, we chose the

planar-fit method according to Wilczak et al. (2001) which

rotates the coordinate system into the mean streamlines by

fitting a plane to individual half-hourly mean wind velocity

components. While the mean vertical wind for the whole

period is set to zero by this method, the individual half-

hourly values do not vanish completely. Eddy-covariance

measurements require a homogeneous flow field as a pre-

requisite. In our study this is not the case at NamUBT due to

the transition from the plane lake surface to the gently

sloping grassland. Paw et al. (2000) and Finnigan et al.

(2003) suggest considering such terrain structures in the

rotation procedure of the eddy-covariance data. Therefore

the planar-fit rotation was applied for four different sectors

according to Fig. 2. This procedure accounts for two planes

with different slopes and two transition areas. Most of the

vertical wind speed disappears after the rotation; 95 % of the

vertical wind speed data for the lake and for the land surface

remain within ±0.1 and ±0.07 ms−1, respectively. For wind

sectors parallel to the shoreline, 95 % of the residual mean

vertical wind velocity stays within ±0.12 ms−1. These values

stay within acceptable limits, compared to a multi-site qual-

ity analysis by Göckede et al. (2008).

The footprint analysis was conducted following Göckede

et al. (2004, 2008). The approach is based on a Lagrangian

stochastic forward model providing two dimensional contri-

butions of source areas (Rannik et al. 2000). The resulting

footprint for NamUBT (Fig. 3) shows that flux contributions

from the lake are not found under stable conditions, which

are typical for night times, while they can be found during

unstable and neutral stratification. These findings match well

with the distribution of wind directions mentioned above.

The footprint analysis includes not only the calculation of

the footprint, but also the spatial distribution of flux quality

according to Göckede et al. (2008), which enables the user to

identify spatial patterns such as obstacles or heterogeneities

contributing to the quality of the measured fluxes. In our

study no such patterns could be identified for either station.

The average land use contribution to the measured signal

for unstable and neutral stratification depending on the wind

direction is shown in Fig. 4. The differentiation between

stability classes were defined by the stability parameter z

L−1 with the measurement height z and L as the Obukhov

length. The contribution from grass+ dominates the influence

of the land surface in the respective wind sector. Influence of

wetland and buildings are close to zero, even for stable

conditions (not shown). The influence of grass− is compara-

tively small. During stable conditions, it is larger but these

occur mostly at night, when flux differences between grass−

and grass+ are negligible. Therefore, it is reasonable to relate

land surface parameters to the wetter grass+ surface and we

continue with a simplified land use scheme, discriminating

only between land (grass+) and lake for NamUBT. The

footprint analysis of NamITP confirmed the representative-

ness of this station for grass−.

2.2.3 Energy balance correction

Investigation of the energy balance closure (Foken 2008) at

NamUBTshows that 70 % of the energy balance is closed for

the measurement period, a typical value for flux stations in

heterogeneous landscapes. The energy balance closure cor-

rection (EBC) for the land surface fluxes was calculated after

Twine et al. (2000), distributing the residual of the energy

balance according to the Bowen ratio to the latent and
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24Fig. 2 Temporal distribution of

the wind direction for the

measuring period 27 June to

8 August and corresponding

land use in upwind direction,

classified according to the

sectors shown on the right
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sensible heat flux. We subsequently refer to this correction as

EBC-Bo. Since Kracher et al. (2009) show with another data

set that the land surface model SEWAB, which is used in this

study (see Section 2.3.1), roughly preserves the Bowen ratio

measured by eddy covariance, we regard EBC-Bo as a suit-

able correction for comparing the observations with SEWAB.

Nevertheless, recent studies suggest that a predominant

fraction of the residual should be attributed to the sensible

heat flux (Mauder and Foken 2006; Ingwersen et al. 2011;

Foken et al. 2012). In case the reason for the unclosed energy

balance is the existence of secondary circulations due to

convection, as hypothesized by Foken et al. (2010, 2011), a

physically meaningful correction would be related to buoy-

ancy. The buoyancy flux QHB is driven by differences in air

density and thus can be decomposed into a fraction governed

by sensible heat (density differences because of temperature)

and a fraction governed by latent heat (density differences

due to moisture). The findings mentioned above suggest a

correction where the residual of the energy balance is dis-

tributed to the sensible and latent heat flux according to their

contribution to the buoyancy flux. This fraction depends on

the Bowen ratio Bo and (to a small extent) on air tempera-

ture, and more than 90 % are attributed to the sensible heat

flux in the case of Bo=1 and approximately 60 % in the case

grass
−

grass
+

wetland

lake

grass
−
, fenced

building

Fig. 3 Footprint climatology of

NamUBT for the measuring

period 27 June to 8 August. The

figures show a combined

footprint as well as footprints

under unstable (z L−1≤−0.0625),

neutral (−0.0625≤z L−1≤0.0625)

and stable stratification

(z L−1>0.0625) of the

atmosphere
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Fig. 4 Average land use contribution of NamUBT under unstable and

neutral conditions (z L−1≤0.0625) for all wind directions. Solid lines

represent the shoreline; dashed lines represent the borders of the sectors

classified as land, lake and miscellaneous (misc) in Fig. 2
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of Bo=0.1. We applied this correction, here named EBC-

HB, for comparison with the more common EBC-Bo.

The EBC for the lake surface could not be estimated since

only one sensor was used to measure the water temperature

and no measurements of the storage flux within the lake or

the sediment were conducted.

2.3 Modelling of the turbulent fluxes

Because of the location of NamUBTat the shore line, the wind

direction determined whether turbulent fluxes over the land or

the lake surface were measured, resulting in gaps of one or the

other time series. Therefore, a model was applied for each

surface type and validated with the existing data. The results

then complete the flux time series for the land and lake surface.

In addition, fluxes for grass− at NamITP were modelled

using the same land surface model.

2.3.1 Description of the models used

For the lake surface, a HM by Foken (1979, 1984) was

utilised. In order to account for multiple layers within the

surface layer, turbulent fluxes are parameterised in HM using

an integrated profile coefficient. As opposed to a single bulk

coefficient, the integrated profile coefficient resolves the mo-

lecular boundary layer, the viscous buffer layer and the

turbulent layer. Therefore, near-surface exchange conditions

are reflected according to hydrodynamic theory. Originally

designed for exchange over the ocean, a correction term for

shallow water (Panin and Foken 2005) was added, resulting in

increased turbulent fluxes due to an enhanced mixing by

higher waves in shallow water. The model has been success-

fully applied to simulate fluxes above ocean surfaces and

lakes with a large fetch as well as over arctic snow fields

(Panin et al. 2006b; Foken 1986; Lüers and Bareiss 2010).

Details of the governing equations can be found in Table 2.

Turbulent fluxes over the land surface were simulated with

the one-dimensional SEWAB scheme (Mengelkamp et al. 1999,

2001), a soil-vegetation-atmosphere-transfer model. All energy

balance components are given separately. Turbulent fluxes are

formulated with bulk approaches, atmospheric stability is con-

sidered. The main features are summarized in Table 3. The

energy balance is then closed by iteration of the surface temper-

ature. Evapotranspiration from vegetation is calculated with a

single leaf concept in a Jarvis-type scheme after Noilhan and

Planton (1989). Emphasis is placed on the description of soil

processes. Soil temperature distribution and vertical soil water

movement are described by the diffusion equation and the

Richards equation, respectively. Soil moisture characteristics

are inter-related following Clapp and Hornberger (1978).

Both models were forced with standard meteorological in-

situ measurements. In order to provide gap-free input data,

Table 2 Governing equations for the HM (Foken 1979, 1984) with shallow water extension (Panin and Foken 2005)

Variable/component Equation

Sensible heat flux QH
ocean=Γ(Tsfc−Tz) with Γ ¼ κ⋅u�⋅ κ⋅Pr− 1

6

� �

⋅δþT þ 5þ ln u� ⋅z
30ν

� �−1

Latent heat flux Analog to QH
ocean, assuming δT

+
≈δq

+,ΔT+≈Δq+ and replacing Pr with Sc

Stability dependence Monin–Obukhov Similarity Theory, universal function after Foken and

Skeib (1983)

Shallow water term QH,E
SW=QH,E

ocean ⋅(1+kH,E
SW ⋅hH−1) with mean square wave height

h≈0.07uz
2(gH ⋅(uz

−2))0.6 ⋅g−1 (Davidan et al. 1985) and kH,E
SW≈2

(Panin et al. 2006b)

Symbols

g gravity acceleration (ms−2) T temperature (K)

H lake depth (m) T+ dimensionless temperature (−)

h mean square wave height (m) u* friction velocity (ms−1)

kH,E
SW empirical correction factor (−) uz wind velocity in height z (ms−1)

Pr Prandtl number (−) z measurement height (m)

QH,E
ocean sensible (H) and latent (L) heat flux without shallow water

correction (W m−2)

Γ profile coefficient (ms−1)

QH,E
SW sensible (H) and latent (L) heat flux with shallow water correction

(W m−2)

δT
+ dimensionless thickness of the molecular temperature boundary

layer (−)

q specific humidity (−) κ von Kármán constant (−)

Sc Schmid number (−) ν kinematic viscosity (m2s−1)
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the small gaps within the forcing data from NamUBT were

filled by linear interpolation while larger gaps were filled by

linear regression using the data from NAMORS.

2.3.2 Application of the HM model to a shallow lake

The forcing data set for the HM model includes the standard

meteorological parameters wind velocity, air temperature,

humidity and air pressure. Radiation measurements are not

required for the HM model, instead water surface tempera-

ture has to be supplied instead. In this study we used the

measured water temperature (Table 1) as an estimate for the

water surface temperature.

Wendisch and Foken (1989) investigated the relative error

contribution of model parameter, amongst others water tem-

perature, air temperature, air humidity and wind velocity, to

Table 3 Governing equations for SEWAB (Mengelkamp et al. 1999, 2001) and adaptations to the Tibetan Plateau as used in Babel et al. (2013)

Variable/component Equation

Net radiation Rnet=−Rswd(1−a)−Rlwd+εσTsfc
4 Rswd and Rlwd in forcing data set

Ground heat flux QG=ls(Tsfc−TS1) ⋅ΔzS1
−1

Sensible heat flux QH=CHρcpu(z)(Tsfc−T(z))

Latent heat flux Composed of bare soil Es, wet foliage Ef and plant transpiration Etr after Noilhan and Planton (1989)

Es ¼ CEρu zð Þ αqs T sfcð Þ−q zð Þð Þ
E f ¼ CE ρu zð Þ qs T sfcð Þ−q zð Þð Þ
Etr ¼ Ra−Rsð Þ−1ρ qs T sfcð Þ−q zð Þð Þ

Stability dependence CH after Louis (1979), CE=CH

Adaptations to TP

Soil thermal conductivity ls(Θ)=ldry+(lsat−ldry)exp[kT(1−Θsat/Θ )], kT=0.36 (Yang et al. 2005)

Thermal roughness length z0h=70ν ⋅u*
−1 ⋅exp (−βu*

0.5|T*|
0.25)

β=7.2 s0.5 m−0.5 K−0.25 (Yang et al. 2008)

Bare soil evaporation

α ¼ 1− 1−
Θ

ΘFC

� �

2

; Θ ≤ΘFC

1 ; Θ > ΘFC

8

<

:

(Mihailović et al. 1993)

Symbols

a albedo (−) α dependence factor of soil air humidity to soil water content (−)

CH Stanton number (−) ε emissivity (−)

CE Dalton number (−) Θ volumetric soil water content (−)

cp air heat capacity (J kg-1 K−1) Θsat volumetric soil water content at saturation, porosity (−)

q specific humidity (−) ΘFC volumetric soil water content at field capacity (−)

qs saturation specific humidity (−) ls soil thermal conductivity (W m−1 K−1)

Ra turbulent atmospheric resistance (s m−1) ldry soil thermal conductivity for dry soil (W m−1 K−1)

Rs stomata resistance (s m−1) lsat soil thermal conductivity, soil moisture at saturation (W m−1 K−1)

Rlwd long-wave downward radiation (W m−2) ρ air density (kg m−3)

Rswd short-wave downward radiation (W m−2) σ Stefan Boltzmann constant (W m−2 K−4)

T temperature (K) ν kinematic viscosity (m2s−1)

T* dynamic temperature scale (K)

Tsfc surface temperature (K)

TS1 temperature in first soil layer (K)

u* friction velocity (ms−1)

z measurement height (m)

ΔzS1 thickness of first soil layer (m)

Turbulent flux observations and modelling over a shallow lake 307



the model output with a sensitivity analysis (Fourier

Amplitude Sensitivity Test by Cukier et al. 1978).

Assuming typical measurement errors for the initial param-

eter distribution they estimated that water temperature con-

tributed up to 50 % of the overall error while the influence of

wind velocity, air temperature and humidity are compara-

tively small, each contributing 10–20 % to the error. Since

the temperature probe was only shielded against direct

(downward) radiation, the effect of diffuse radiation on the

accuracy of the water temperature measurements was evalu-

ated. The radiation error has been estimated with a graphical

analysis of short term temperature perturbations as related to

rapid changes in downward shortwave radiation. Caused by

the small fraction of diffuse radiation in the low air density of

the Tibetan Plateau and sudden cloud cover changes, the

shortwave radiation observations occasionally drop from

1,000 to 150 W m−2 (or increase in reverse) within a few

minutes. The corresponding shifts in water temperature sug-

gest a possible radiation error of approximately 0.2 K.

Therefore, water temperature measurements have been ac-

cepted for model forcing without correction.

The shallow water parameterisation included in the cur-

rent version of the HM model accounts for an enhanced

turbulent exchange due to increased wave heights in shallow

water. Consequently, the turbulent fluxes increase with the

mean square wave height (Table 2). Together with the wave

height parameterisation after Davidan et al. (1985), addition-

al parameters influence the model results. These are the wind

velocity, lake depth and an empirical coefficient, which was

set to 2 in this study following Panin et al. (2006b). In this

study, the water depth has been estimated as 1.5 m within the

average footprint area of the measurement period.

The influence of the shallow water term becomes dominant

with increasing wind velocity and decreasing water depth.

Calculation of the shallow water equations described in

Table 2 with the estimated water depth of 1.5 m and the

average wind velocity of 4 ms−1 yields an increase in turbulent

fluxes of 14.5 % compared with deep water conditions.

Consideration of small changes in wind velocity and water

depth yields local sensitivities of roughly 2.9 %/ms−1 of the

deep water fluxes/m−1 and −3.9 %/m−1 water depth, respective-

ly. For high wind velocities (10 ms−1) the shallow water exten-

sion causes an increase of 30.1 % with sensitivities of

2.4 %/ms−1 and −8.0 %/m water depth. Assuming a typical

error of 0.3 ms−1 for wind velocity and variability of the lake

depth up to 1mwithin the footprint leads to flux uncertainties of

1 and 4 %, respectively. These errors, although not negligible,

are within the uncertainty range of the EC flux measurements.

2.3.3 Adaptation of SEWAB

On the Tibetan Plateau, a strong diurnal cycle of the surface

temperature during dry periods over bare soil and short

grassland have been observed, which typically leads to an

overestimation of surface sensible heat flux (Yang et al.

2009; Hong and Kim 2010). To account for these conditions,

SEWAB has been adapted for the Tibetan Plateau by (1) a

revised calculation of the soil thermal conductivity as used in

Yang et al. (2005), (2) a different formulation of the thermal

roughness length after Yang et al. (2008) and (3) by changing

the parameterisation of bare soil evaporation according to

Mihailović et al. (1993). The formulations can be seen in

Table 3.

These changes have been implemented using flux data from

NamITP station and flux data fromNamUBTcorresponding to

land surface (Babel et al. 2013), who evaluated this adaptation

as an improvement compared with the original version.

SEWAB has been run offline, forced by measurements of

precipitation, air temperature, wind velocity, air pressure,

relative humidity and downwelling shortwave and longwave

radiation. The respective parameters for both land surface

types were estimated by a combination from the in-situ mea-

surements and laboratory investigation of soil characteristics

(Chen et al. 2012). Surface emissivity, leaf area index and

minimum stomatal resistance have been derived from various

sources (Yang et al. 2009; Hu et al. 2009; Alapaty et al. 1997)

2.4 Statistics

For evaluation of model performance, simple comparisons

were carried out using the biasB ¼ N−1 ∑N
i¼1

Pi−Oið Þ and the

mean absolute error MAE ¼ N−1 ∑N
i¼1

Pi−Oij j, with O as the

observations and P the model predictions.

In equivalence to the MAE, the differences between two

time series of predictions can be quantified and we define the

desired measure as

δsim ¼ N−1
X

N

i¼1

�

�

�P1;i−P2;i

�

�

� ð1Þ

with P1 and P2 as predictions from the respective land use

types 1 and 2. The Nash–Sutcliffe coefficient (NS) serves as

a goodness-of-fit measure

NS ¼ 1−

XN

i¼1
Pi−Oið Þ2

XN

i¼1
Oi−O

	 
2
ð2Þ

with O as the mean of the observations.
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3 Results

3.1 Flux measurements

The measured energy fluxes over the lake surface and land

(grass+) show pronounced differences in their magnitude and

dynamics. The daytime net radiation is substantially higher

over the lake surface, caused by a lower albedo and de-

creased upwelling longwave radiation due to damped surface

temperatures over the lake (Fig. 5c). However, upward radi-

ation components were only measured over the land surface;

for the lake surface they were parameterised using an albedo

of 0.06 and the lake surface temperature with an emissivity

of 0.96.

As expected for the monsoon season on the Tibetan

Plateau, the latent heat flux over the land surface was larger

than the sensible heat flux (Fig. 5a, b). This observation is in

agreement with, e.g. Gu et al. (2005) and Ma and Ma (2006).

The mean diurnal cycles of surface and air temperature also

show the typical dynamics above land surface, with unstable

stratification during daytime but higher surface temperatures

are observed over grass−. Ground heat flux and sensible heat

flux are in the same order of magnitude for each land surface

again with higher values for grass−. In consequence, the

latent heat flux is lower over this land surface.

The turbulent fluxes over the lake, however, do not show

a diurnal cycle, but remain constant over the day. The energy

input from radiation is stored in the lake body and is avail-

able at any time as indicated by the lake surface temperature

in Fig. 5c. No complete energy balance could be estimated

over the lake surface, as no measurements exist for the heat

storage in the water body and heat fluxes into the sediment.

Evaporation is comparably high for lake surfaces due to

high wind velocities of 4 ms−1 on average. In addition, high

lake surface temperatures, caused by the shallow water table

and the small extent of this lake, lead to unstable stratifica-

tion even during daytime (Fig. 5c). Therefore turbulent ex-

change is enhanced compared with stable stratification typ-

ically found over lake surfaces during daytime (e.g. Beyrich

et al. 2006; Nordbo et al. 2011).

3.2 Model performance

Different measures for model performance are summarised

in Table 4. The results from grass+ simulations show reason-

able performance, although there are only few observations

left after filtering, separation and energy balance closure

correction (Fig. 6). In case of the EBC-Bo-corrected obser-

vations, the latent heat flux is slightly underestimated while

the simulation of the sensible heat flux resembles the mea-

surements quite well. The opposite is true when using the

buoyancy flux method for energy balance closure correction

(EBC-HB). The correlation is affected in a similar way.

Good R2 values are achieved for the sensible heat flux

corrected using EBC-Bo and latent heat flux corrected using

EBC-HB, and they decrease for the other two cases. Lake

surface modelling yields reasonable coherence to the EC

observations within the footprint of the measurements, with

a bias of −23.3 and −2.7 W m−2 for the latent heat flux QE

and the sensible heat flux QH, respectively.

For grass− at NamITP, mean absolute errors for sensible

heat flux are larger, mainly caused by the bias, although a

good correlation is obtained in the case of EBC-Bo corrected

observations. Aside from model deficiencies, the reason for
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Fig. 5 Mean diurnal energy fluxes for the whole measurement period,

separated for a grass−, b grass+ and c lake; for land surfaces, all

components are measured; lake fluxes, the net radiation is calculated

from measured downwelling radiation and using an albedo of 0.06 and
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shows diurnal surface and air temperature. The time axis is displayed in
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vation period is at 1400 CST
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the remaining bias can be attributed to uncertainties in esti-

mation of the observed ground heat flux due to high gravel

content in the soil and a lack of temperature measurements in

the topmost soil layer.

3.3 Footprint and spatial integration

In the previous section, we have shown that eddy-covariance

measurements, selected according to their footprint as pure

fluxes from each surface type, can be represented by

SEWAB in case of grassland and by the HM model in case

of the lake surface. However, a part of the measurements

show contributions frommore than one land use type as well.

The footprint concept enables us to link the simulations even

with such observations. For each time step, the footprint

approach provides the relative contribution of all involved

surfaces to the measured fluxes. The simulations are then

related to the observations by calculating a weighted mean

from the output of both models according to the actual land

use contribution. This is shown with the footprint integrated

simulations for lake and grass+ together with the EC obser-

vations at NamUBT in Fig. 7 for three different situations: 17

July–changing conditions under moderate wind velocities, 5

August–typical day with land–lake circulation and moderate

winds of about 2–6 ms−1 and 6 August–situation with larger

than average wind speeds of about 6 ms−1. In all selected

situations the eddy-covariance measurements can be closely

modelled by the footprint integrated simulation. This also

holds for measurements with contributions from both sur-

faces, seen in some events on 17 July and 5 August.

Instantaneous turbulent fluxes can show differences of up

to 200 W m−2 because of the different exchange of each

surface with its atmosphere over the course of the day. The

performance of the footprint-integrated simulation is

displayed in Fig. 8 for the whole period. Situations with

contributions from both surface types larger than 20 %

Table 4 Model performance of turbulent fluxes for the three land use

types and two energy balance correction methods for the land observa-

tions: number of observations, bias, mean absolute error (MAE), offset

and slope from linear regression (mean geometric regression) as well as

Nash–Sutcliffe coefficient (NS) and R2

Flux Land use EBC Number of observations Bias (W m−2) MAE (W m−2) Offset (W m−2) Slope (−) NS (−) R2 (−)

QH Grass− Bo 627 52.2 55.5 36.8 1.13 0.26 0.80

HB 572 38.3 55.5 36.9 1.01 0.36 0.62

Grass+ Bo 81 18.5 23.8 17.2 1.02 0.61 0.78

HB 71 −24.4 40.5 12.9 0.7 0.38 0.52

Lake – 327 −2.7 7.6 5.3 0.72 0.75 0.79

QE Grass− Bo 627 −10.8 45.3 −8.6 0.99 0.70 0.73

HB 572 −0.4 42.0 −14.3 1.1 0.68 0.74

Grass+ Bo 81 −28.6 50.8 13.5 0.77 0.60 0.69

HB 71 1.7 23.4 5.4 0.98 0.82 0.82

Lake – 392 −23.3 30.3 −8.5 0.9 0.50 0.64
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because of residuals −Res>150 Wm−2
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(misc) are highlighted. The simulations for such situations

follow the same pattern as simulations for the pure surface

types (contribution of a single surface greater than 80 %).

Miscellaneous footprints, however, did not occur for situa-

tions with very high fluxes.

3.4 Flux heterogeneity at Nam Co

It is well known that heterogeneous surfaces affect the land-

scape scale fluxes. The presented measurements have shown

that the fluxes over land and lake surfaces behave differently.

To consider the most abundant surfaces near Nam Co station,

grass− at NamITP has also been included in addition to the

observations and simulations of grass+ and lake at NamUBT.

Figure 9 shows the mean diurnal cycles of measured fluxes,

corrected with EBC-Bo for land surfaces, and modelled

fluxes. The model simulations resemble the observed char-

acteristics of the different surfaces in a reasonable sense.
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Fig. 7 Source weight integrated modelled fluxes at NamUBT, 17 July

(a, b), 5 August (c, d) and 6 August (e, f). Displayed are simulated

fluxes with SEWAB (dashed line) and HM (solid grey line) and inte-

grated simulations (solid black line) according to contributions of lake

or land within the footprint. Observations (not energy balance

corrected) are shown as black circles. The land use contribution in per

cent is indicated as bar plot, with upwind situations from the land in

green and upwind situations from lake in blue. The time axis is

displayed in Beijing standard time (CST); mean local solar noon during

the observation period is at 1400 CST

0 100 200 300 400 500

0

100

200

300

400

500

QH in Wm
−2

LU contribution from

land (>80%)

lake (>80%)

misc

fo
o
tp

ri
n
t 
in

te
g
ra

te
d
 s

im

EC, no EBC correction

0 100 200 300 400 500

QE in Wm
−2

EC, no EBC correction

Fig. 8 Observations vs. footprint integrated model simulations at

NamUBT. Three classes of data are presented, cases with a greater

contribution than 80 % of one land use type are considered as repre-

sentative. The misc cases contain all fluxes with a contribution less than

80 % for both land use types. Since no EBC correction could be

performed for the lake data, all data are shown without correction for

better inter comparison

Turbulent flux observations and modelling over a shallow lake 311



Since simulations overestimated the sensible heat flux for

both land surfaces, the differences between land use types

were maintained.

The obvious differences in characteristics of the investi-

gated surfaces, especially between land and lake, are also

reflected in mean fluxes for the whole period (Fig. 10). The

two land surface types already differ in the longwave radia-

tion balance. As expected, the mean latent heat flux became

more dominant with increasing soil moisture for the land

surfaces. The evaporation over the small lake is even

higher, due to its shallow water table resulting in compar-

atively high surface temperatures. Mean differences of sen-

sible and latent heat flux between grass+ and grass− are 24.0

and −33.5 W m−2, respectively, and between grass+ and

lake are −27.3 and 22.3 W m−2, respectively.

Furthermore, we investigated whether these mean differ-

ences were substantial with respect to the performance of the

simulation. Table 5 displays the mean absolute differences

δsim between grass+ and the other two surface types. As δsim
is calculated for the data subset used to evaluate the model

performance at grass+ (n=81 for EBC-Bo and n=71 for

EBC-HB), it can be compared directly to the respective

MAE for grass+. When comparing the sensible heat flux of

the two land surfaces, mean differences between simulations

slightly exceed the respective MAE, and it is substantially

higher in the other cases, especially between the lake surface

and grass+. Obviously, this also holds true when comparing

grass− with lake (not shown). This suggests that the differ-

ences in fluxes between land use types exceed the uncertain-

ty with respect to model simulation.

4 Conclusions

Turbulent fluxes over wet grassland and a shallow lake were

measured with a single eddy-covariance complex at a shal-

low lake in the Nam Co basin during the monsoon season in

2009. The measurements were split up according to the

underlying surface by footprint analysis, and the coordinate
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rotation for this non-flat terrain has been successfully

performed with a sector-wise application of the planar-fit

method. Energy balance closure algorithms were deployed,

and gap-free time series were derived by surface modelling.

We showed that the modelled time series can be linked to the

measurements by integration according to the contribution of

each surface type. Finally, this data set was compared with

observed andmodelled fluxes from the nearby ITP station with

a target land use of dry grassland. Sharp differences in charac-

teristics of turbulent fluxes from the three dominant land use

types found in close vicinity to the lake were revealed.

Both models we used, HM and SEWAB, are able to repro-

duce the characteristics, magnitude and dynamics reasonably

well without deploying optimisation algorithms. There are no

parameters which need to be tuned for the HM model except

the lake depth. The sensitivity and error analysis for the HM

model suggests that expected errors do not exceed the mea-

surement uncertainty of eddy-covariance fluxes. The model

parameters for SEWAB have been constrained by measure-

ments. However, a bias remains, in particular at the grass− site.

This depends not only on model deficiencies, but on the

method applied for the energy balance closure correction as

well. As long as the underlying mechanism causing the gap is

not specified clearly (Foken et al. 2011), this error cannot be

exactly determined. On the other hand, measurements of

available energy are prone to errors as well, especially in the

estimation of the ground heat flux. Nonetheless, it was shown

that the differences among land use types of dry grassland, wet

grassland and lake exceed the simulation errors. We therefore

assume that the simulated time series are able to resolve the

differences between the land use types involved here.

The footprint (source weight) integrated modelled fluxes

resemble the observations at NamUBT reasonably well, even

for conditions where both lake and grass+ contribute to the

measured flux. With the tile approach, a grid cell with edge

lengths of 1–5 km can be directly linked to the simulation as

long as the relative contribution of each land use type is

known for this cell. Our finding shows that the tile approach

is valid in this terrain for spatial integration. Therefore,

representative flux simulations can be given for each time

step for comparison with remote sensing data.

The measurements over dry grassland at NAMORS are con-

sidered to be a reference for the land surface exchange in the

Nam Co region. However, in regional estimates the pronounced

differences in the fluxes from the three investigated surface types

make it obvious that the fluxes above the lake and moist grass-

land should be taken into account as well. Daytime turbulent

fluxes over the lake surface can differ from the land surface

fluxes up to 200 W m−2. Therefore the land use distribution

within a remote sensing pixel or grid cell for mesoscale model-

ling has to be carefully determined before validating with the dry

grassland station. This potential representation error can be re-

duced by integrating the simulated fluxes of adjacent land use

types according to their contribution to the respective grid cell.

The conducting of eddy covariance measurements over lake

surfaces on the Tibetan Plateau poses a rarely met challenge.

Nevertheless, more accurate flux estimates will be necessary

since a significant fraction of the Tibetan Plateau is covered

with lakes of various sizes and therefore different characteris-

tics. Based on this study, we can conclude that theoretical

requirements for eddy covariance are not substantially violated

by the topography at the shoreline station and that the data can

be accepted for the HM model validation. Unfortunately, data

from the lake surface was only available for unstable and

neutral stratification. We showed that the HM model can be

used to estimate lake evaporation for these conditions at a high-

quality standard and a temporal resolution, even resolving the

diurnal course. This can be derived from standard land-based

meteorological measurements, and a representative surface tem-

perature being the only measurement required directly from the

lake. Lake surface exchange under stable conditions, however,

could not be validated, but the results from Panin et al. (2006b)

indicate reasonable performance also for stable conditions. On

the other hand, due to the prevailing highwind velocities, strong

stable stratification above lake surfaces on the Tibetan Plateau is

unlikely. However, temperature profile measurements at differ-

ent locations in the lake (and sediment, where indicated) would

be a costly but valuable addition to estimate necessary storage

terms and thereby the observed energy balance closure.

Especially for large lakes like the Nam Co, the estimation of

water temperature requires more efforts since multiple locations

within the lake should be sampled.
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Table 5 Mean absolute differences (δsim) between simulations of

grass+ and the other two land use types: grass− and lake

QH QE

Grass+−grass− 43.3 (81) 59.5 (81)

45.9 (71) 59.1 (71)

Grass+– lake 76.1 (81) 68.1 (81)

83.5 (71) 57.8 (71)

Numbers in parentheses are the number of data points used, correspond-

ing to the number of observations used to calculate the MAE for grass+

in Table 4
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