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The surface radiation and energy exchange processes are important drivers of lake evaporation and the
associated hydrological cycle. In this paper, we investigated the temporal and spatial variations in
evaporation and the associated radiation and energy fluxes across Lake Taihu, China with an eddy
covariance mesonet consisting of three lake sites and one land site. The results indicate that on the diurnal
scale, water heat storage showed a similar behavior to net radiation with comparable magnitudes and
fueled the substantial nighttime evaporation (48% of annual evaporation). Unlike boreal deep lakes, the
monthly mean sensible and latent heat flux was tightly coupled with seasonal variations in net radiation
at this large (size 2400 km2), subtropical (30.9–31.6�N) shallow (mean depth 1.9 m) Lake Taihu. On the
monthly to annual scales, the radiation and energy fluxes showed little spatial variations across the lake,
indicating a lack of sensitivity to wind speed, water depth, water quality and the presence of submerged
macrophytes. The annual mean Bowen ratio (0.12–0.13) of the lake was lower than those found in the
literature for subtropical and northern lakes and also much lower than that observed at the adjacent land
site (0.58). The experimental data were used to evaluate the performance of 19 lake evaporation models of
varying complexities.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

This study is concerned with the radiation, energy and water
vapor fluxes of Lake Taihu, a large (size 2400 km2) and shallow
(mean depth 1.9 m) freshwater lake in southern China. The surface
radiation and energy exchange processes are important drivers of
lake evaporation and the associated hydrological cycle (Stephens
et al., 2012; Verburg and Antenucci, 2010). Our experimental data
were obtained with an eddy covariance (EC) network consisting of
three sites in the lake and one site on land. Since the 1990s, the EC
technique has been widely used to measure heat, water vapor and
momentum fluxes in numerous upland ecosystems (e.g., Aubinet
et al., 2000; Baldocchi et al., 2001). Although logistically difficult,
in recent years the technique has also been used in an increasing
number of long-term field campaigns on lake-air interaction
(Blanken et al., 2003, 2011; Liu et al., 2012a; Nordbo et al., 2011;
Rouse et al., 2008). EC provides a more accurate alternative to
the water balance method in the determination of lake evaporation
because the water balance method can suffer from large uncertain-
ties (especially for large lakes) due to the difficulty in measuring
the inflows and outflows and in measuring precipitation over the
lake. To date, most of the published EC observations were con-
ducted in deep boreal lakes. Year-round EC observations in shallow
lakes in more southern latitudes are still rare (Liu et al., 2012a).

Currently our knowledge is relatively poor on processes that
drive shallow lake evaporation in subtropical climates. Subtropical
shallow lakes differ from northern deep lakes in several respects.
First, deep boreal or temperate lakes are usually dimictic: they
experience turnover in the spring and the autumn, and are
thermally stratified in the summer (Oswald and Rouse, 2004). In
comparison, shallow lakes experience turnover occurrence at the
diurnal scale, with the static stability oscillating between stable
stratification in the daytime and convective unstable conditions
during the nighttime (Deng et al., 2013). Second, the time lag
between water and air temperature can be as long as 5 months
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for deep lakes (Blanken et al., 2011) but negligible for shallow lakes
(Deng et al., 2013; Oswald and Rouse, 2004). Third, southern lakes
are ice-free, whereas ice coverage occurs in northern lakes, effec-
tively decoupling the lake-atmosphere interactions in the winter.
It is shown that in northern latitudes, global circulation patterns
such as ENSO can modulate ice duration and phenology, two
important factors controlling the annual lake evaporation (Bai
and Wang, 2012; Blanken et al., 2000, 2011). Such linkages are ab-
sent for ice-free lakes. In these regards, subtropical shallow lakes
should evaporate more water vapor and respond more quickly to
atmospheric forcings than northern deep lakes at the diurnal and
seasonal scales.

Several considerations support the hypothesis that across im-
mense lakes like Lake Taihu, lake evaporation should vary spatially
due to spatial heterogeneity in biophysical properties of the lake.
Variations in water pollution (Wang et al., 2011) are likely to gen-
erate variations in the turbulent fluxes due to the attenuation of
solar radiation by the pollutants (Huang et al., 2009). Having lower
heat capacity, shallow parts of the lake may undergo faster warm-
ing and cooling than the deep parts, resulting in spatial variability
of water temperature. For instance, the near-shore surface temper-
ature was 10 �C warmer than at the deepest region in the Great
Slave Lake, in Canada after ice breakup (Schertzer et al., 2003).
Wind speed, which is a meteorological variable regulating the tur-
bulent fluxes, tends to be stronger, because of the open fetch, in the
middle of the lake than in the near-shore environment (Schertzer
et al., 2003). In addition, the heat, water vapor and momentum
transfer coefficients are known to vary with wind speed and sub-
merged vegetation (Xiao et al., 2013). Largely because of these spa-
tial heterogeneities, errors in the daily lake evaporation estimate
may be as large as 100% if the whole-lake evaporation is evaluated
on observations made at a single location (Assouline and Mahrer,
1996). Furthermore, spatial variability of evaporation at Lake Supe-
rior can be as large as 7 mm d�1 in the winter (Spence et al., 2011).
So far, the discussion on these spatial variability has been based on
the bulk transfer relationships for the fluxes aided by meteorolog-
ical variables from numerical weather predictions (Spence et al.,
2011) or remote sensing and buoy observations (Laird and Kristo-
vich, 2002; Lofgren and Zhu, 2000). Our work appears to represent
the first attempt at testing the hypothesis on the evaporation spa-
tial variability on the seasonal and annual time scales using direct
flux observations.

The energy and water fluxes of a lake differ from those in the
surrounding vegetated terrain because of its low surface albedo,
large heat capacity, unlimited water supply and low surface rough-
ness (Henderson-Sellers, 1986; Subin et al., 2012; Venäläinen et al.,
1999). Quantifying these contrasts is a critical step for accurate
prediction of local thermal circulations (Crosman and Horel,
2010, 2012; Steyn, 2003) and the associated dispersion and trans-
port of air pollutants (Flagg et al., 2008; Sills et al., 2011). There are
five cities with population greater than 1 million around Lake Tai-
hu, so it is important to understand how pollution dispersion is im-
pacted by lake–land circulations and boundary layer dynamics. So
far there have been few concurrent EC observations that compare
lake energy and water fluxes with those on the adjacent land
(Claussen, 1991; Eaton et al., 2001; Oncley et al., 1997; Venäläinen
et al., 1999).

From the modeling perspective, there exist a large number of
lake evaporation models of varying complexities (Brutsaert,
1982; Elsawwaf et al., 2010a; Rosenberry et al., 2007; Winter
et al., 1995). So far, few studies have compared these models
against a common EC dataset to evaluate their performance (Tanny
et al., 2008, 2011). In this regard, the availability of the data on
the lake surface radiation and energy balance is crucial because
the most accurate lake evaporation models are believed to
be those that have incorporated the radiation and energy balance
constraints, such as the Bowen ratio energy budget model
and the Priestley–Taylor model (Elsawwaf et al., 2010a, 2010b;
Rosenberry et al., 2007; Winter et al., 1995).

In this paper, we aim to elucidate mechanisms underlying the
observed temporal and spatial variations in radiation and energy
fluxes across Lake Taihu. The goal is four-fold: (1) to quantify the
evaporation and energy regimes through the diurnal and the
seasonal cycle, (2) to test the hypothesis that there should exist
discernible spatial variations in the energy and water fluxes across
the lake, (3) to compare and contrast the fluxes between the lake
and the surrounding land surface, and (4) to evaluate the accuracy
of 19 classic evaporation models (Supplementary Table 1) against
the EC observations.

2. Theoretical considerations

2.1. Surface energy balance

The energy balance of a lake surface is given by (Henderson-
Sellers, 1986)

Rn � DQ ¼ H þ kEþ DQ B þ DQ F þ DQ P ð1Þ

where Rn is net radiation, DQ is lake heat storage determined with
the time rate of change of the depth-weighted mean water temper-
ature, DQB is the heat flux into the sediment, DQF is the net heat flux
carried by the inflow and outflow of the lake, and DQP is the heat
flux resulted from precipitation. The last three terms are negligible
for the following reasons. We did not measure DQB. According to
Wang and Bras (1999), it can be estimated with the time series of
the observed sediment temperature. Using the thermal conductivity
for saturated soils, their model yielded DQB values less than
0.5 W m�2 in magnitude. Similarly, DQF was no more than
0.5 W m�2 with the inflow of 9.3 � 109 m3 yr�1 and assuming a
temperature difference of 1 �C between the inflows and the lake
water (Qin et al., 2007). At the annual precipitation rate of
1100 mm, DQP was estimated to be �0.5 W m�2 on the assumption
that the rainwater had the wet bulb temperature (Gosnell et al.,
1995; Shoemaker et al., 2005). Thus omitting the minor terms, the
surface energy balance equation is reduced to:

Rn � DQ ¼ H þ kE ð2Þ

Similarly, the energy balance equation of the land surface is gi-
ven by

Rn � G ¼ H þ kE ð3Þ

where G is the heat flux at the soil surface.
For the lake sites, the energy balance closure can be assessed by

the ratio (EBC, %) of the turbulent fluxes (H + kE) to the available
energy (Rn � DQ):

EBC ¼ H þ kE
Rn � DQ

� 100% ð4Þ

or in terms of an absolute residual (Res, W m�2):

Res ¼ Rn � DQ � kE� H ð5Þ

Eqs. (4) and (5) can be modified for the land site by simply
replacing DQ with G.

2.2. Energy storage in the water column

The heat storage change (DQ) is determined by the variation in
depth-weighted mean temperature (dTw) of the water column over
the time interval (dt) (Blanken et al., 2000):

DQ ¼ qwcpw

Z z

0

dTw

dt
dz ð6Þ
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where z is the depth of whole water column, qw is water density,
cpw is specific heat of water. In practice, profile measurement of
water temperature is conducted by a finite number of temperature
probes in the vertical, and the variation in the depth-weighted
mean temperature over a specified time interval (e.g., 30 min) can
be calculated in the summation form:

DTw ¼
1
z

Xn

i¼1

DTw;iDzi ð7Þ

where n (= 5) is the number of probes, Tw,i is the water temperature at
depth i, and Dzi is the depth segment represented by Tw,i. Water depth
at each site was updated daily based on water level observations.

2.3. Forcing energy balance closure

The problem of energy imbalance, that the sum of the turbulent
fluxes is not equal to the available energy, is a long-standing issue
for the micrometeorological community (Foken, 2008; Leuning
et al., 2012; Wang and Dickinson, 2012). To produce robust spatial
comparisons and obtain accurate lake evaporation, we adjusted the
measured H and kE to force energy balance closure using the meth-
od of Twine et al. (2000). This method assumes that even though
the EC turbulent fluxes (H and kE) are not measured accurately,
the resulting Bowen ratio is accurate (Barr et al., 1994; Blanken
et al., 1997). Then turbulent fluxes are adjusted without changing
the Bowen ratio:

b ¼ H
kE

ð8Þ

kE� ¼ Rn � DQ
1þ b

ð9Þ

H� ¼ Rn � DQ � kE� ð10Þ

where b is the Bowen ratio, kE� and H� are the latent heat and sensi-
ble heat fluxes after forcing energy balance closure, respectively.
These adjustments were done to the monthly mean fluxes but not
to the 30-min fluxes (Wohlfahrt et al., 2009). At the 30-min interval,
attributing the residual energy to H and kE by preserving Bowen
ratio can result in an abnormally negative (<�100 W m�2) kE�,
especially at the DS site during the nighttime; these negative values
are much too large in comparison to fluxes during dew events and
are physically unreasonable.

2.4. Lake evaporation models

The 19 evaporation models selected for evaluation were
grouped into five methodological categories according to the
underlying theoretical constraints and the data requirements: (1)
the combination group, (2) the solar radiation–temperature group,
(3) the Dalton group, (4) the temperature–daylength group, and (5)
the temperature group (Supplementary Table 1). The combination
group, based on the principles of energy balance closure and the
flux-gradient theory, is the most comprehensive in explaining the
evaporation process, but is also the most data-intensive (Elsawwaf
et al., 2010a; Rosenberry et al., 2007). The radiation–temperature
models estimate evaporation simply by the product of a global radi-
ation and an air temperature function with empirical coefficients
developed for specific climates (McMahon et al., 2013; Tabari,
2010). Similarly, the temperature–daylength models predict
evaporation empirically by deploying functions of daylight dura-
tion and air temperature. In the Dalton models, the evaporation rate
is proportional to the specific humidity difference between the lake
surface and a reference height, with the proportionality being the
Dalton number. Models belonging to the temperature group, such
as the Papadakis and Thornthwaite models, are least data demand-
ing but have rarely been applied to estimate lake evaporation
(Elsawwaf et al., 2010a).
3. Experimental method

3.1. Sites

Lake Taihu is the third largest freshwater lake in China, with a
surface area of 2400 km2 and a mean depth of 1.9 m. It receives
an annual inflow of 9.3 � 109 m3. The lake surface elevation is
3 m above the mean sea level. The lake catchment is 37,000 km2

in size. The experiment was conducted at the Lake Taihu eddy
covariance mesonet consisting of Meiliangwan (MLW), Dapukou
(DPK) and Bifenggang (BFG), situated in the north, west and east
part of the lake (Fig. 1). A companion land site was located in the
Dongshan (DS) Peninsula on the southeast shore of the lake. The
linear distance to the nearest shoreline is 150 m for MLW, 2.0 km
for DPK, 4 km for BFG and 1.5 km for DS. The EC and meteorological
observations commenced on June 14, 2010 at MLW, August 18,
2011 at DPK (December 4, 2010 for radiation observations),
December 15, 2011 at BFG and April 16, 2011 at DS. The data used
in this study covered the periods from the commencement dates to
August 31, 2012.

The three lake sites were characterized by different biophysical
environments. DPK was the deepest (2.6 m) among the lake sites,
and was windy, with a mean wind speed of 3.7 m s�1 at the height
of 2 m above the surface from September 2011 to August 2012. The
wind direction from the open water (345–360 deg and 0–245 deg)
comprised �85% of the observations; in these wind direction
ranges the upwind fetch was greater than 3 km, guaranteeing that
its measurements were representative of the open water of this
immense lake. DPK was subject to frequent algal blooms in the
spring and summer and was constantly turbid because of wind-
induced suspended sediment (Wang et al., 2011). High level of
dissolved organic carbon was often observed due to pollutant
inputs by river inflows (Zhang et al., 2011; Fig. 1).

The most outstanding feature of BFG is that the aquatic ecosys-
tem was dominated by submerged macrophytes (mainly Potamog-
eton malaianus and Hydrilla verticillata). The presence of these
macrophytes reduces the momentum flux by �40% (Xiao et al.,
2013) through the suppression of wind-induced waves and there-
fore surface roughness (Madsen et al., 2001), but its effects on
evaporation, sensible heat and radiation flux are not known. The
fetch at BFG was greater than 4 km in all wind directions. The site
was also windy: the 2-m wind speed was 4.0 m s�1 from January
2012 to August 2012. At BFG, the water was much cleaner than
at DPK and MLW (Liu et al., 2013).

Because of its proximity to the shoreline, the turbulent fluxes at
MLW were contaminated by the surrounding land when wind
direction fell in the ranges of 0–200 deg and 315–360 deg, which
occurred �83% of the time. This site had a weaker wind speed than
the other two lake sites: the 2-m wind speed was 2.4 m s�1 from
September 2011 to August 2012. Like DPK, MLW was subject to
frequent algal blooms in the spring and summer, and high chloro-
phyll-a (Wang et al., 2011) and dissolved organic carbon concen-
tration all year round (Zhang et al., 2011).

DS was a land site in a landscape dominated by cropland and
rural houses. It had a similar wind speed (2.3 m s�1) to MLW at
the 2-m height above the surface.
3.2. Instrumentation

At every site, there were an EC system, a 4-component net radi-
ometer, a standard micrometeorological system and sensors for



Fig. 1. Map showing the eddy covariance mesonet at Lake Taihu consisting of three lake sites (Meiliangwan, MLW; Dapukou, DPK; Bifenggang, BFG) and one land site
(Dongshan, DS) (yellow pins). Six standard weather stations (white circles) near the lake and 51 main inflows/outflows (blue lines) of Lake Taihu are also indicated. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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measuring water or soil temperature profile. The instruments were
mounted on rigid platforms at DPK and BFG, on a concrete pillar at
MLW in the lake, and on a 30-m tall tower at DS.

The EC system, consisting of a three-dimensional sonic
anemometer/thermometer (model CSAT3, Campbell Scientific Inc.,
Logan, UT, USA) and an open-path infrared gas analyzer (model
EC150, Campbell Scientific Inc. at BFG; model LI7500A, Li-Cor Inc.,
Lincoln, NE, USA at the other three sites), was employed to measure
the three dimensional wind speeds and atmospheric H2O and CO2

concentration at 10 Hz. Fluxes of momentum (s), sensible heat (H)
and latent heat (kE) were calculated from the 10 Hz time series over
30-min intervals and were recorded by a datalogger (model CR3000,
Campbell Scientific Inc.). Coordinate rotation was performed
according to the natural wind coordinate system (Lee et al., 2004).
Density corrections were applied to kE and the CO2 flux (Lee and
Massman, 2011; Webb et al., 1980). The EC measurement height
was 8.5 m at DPK, 3.5 m at MLW, 8.5 m at BFG and 20 m at DS.

A suite of auxiliary variables were observed as 30-min means. A
net radiometer (model CNR4, Kipp & Zonen B.V., Delft, The Nether-
lands) was used to measure the incoming shortwave (K;), reflected
shortwave (K"), incoming longwave (L;) and outgoing longwave
radiation (L"). A micrometeorology system (model Dynamet, Dyna-
max Inc., Houston, TX, USA) was used to measure air temperature
(Ta), relative humidity (RH), wind speed (U) and wind direction.
Additionally, at the DS site, gradient measurements of Ta, RH and
wind were conducted at the height of 10, 20, 25 m above the land
surface with temperature/humidity probes (model HMP155A, Vai-
sala Inc., Helsinki, Finland) and wind speed sensors (model 05103,
R.M. Young Company, Traverse City, MI, USA). Precipitation was
measured by an automated tipping-bucket rain gauge (model
TE525-L, Campbell Scientific Inc.). Temperature probes (model
109-L, Campbell Scientific Inc.) were placed at the 20, 50, 100
and 150 cm depth and in the surface sediment to measure the
water (Tw) and sediment temperature at the lake sites. At the DS
land site, soil temperature at the 5, 10, 15 cm depth was measured
with the probes of the same type. The skin temperature (Ts) was
solved from the outgoing longwave radiation using the Stefan–
Boltzmann law with an emissivity of 0.97 for water and 0.93 for
the land surface (Arya, 2001; Fiebrich et al., 2003).

The water temperature profile data were used to determine the
heat storage in the water column (Eqs. (6) and (7)). The accuracy of
the temperature sensors was ±0.25 �C over the range of �10 �C to
70 �C in the worst case (Campbell Scientific, 2011). To minimize
systematic bias errors, the probes were inter-compared once a
month by placing all of them at the same depth (20 cm) for
2–6 h; any relative differences were removed prior to the heat
storage calculation. Furthermore, a three-point (1.5 h) running
mean was applied to lower the random error of the water
temperature data.

3.3. Data gaps

In order to produce monthly mean values, we filled the missing
data in the following manners. The gap fraction in the radiation
measurements was less than 6% at the lake sites; these gaps were
filled by the observations available from the other sites. In the case
of H and kE, the data were kept for further calculation of the daily
mean if the 30-min flux data were available for more than 85% of a
day and were discarded otherwise. Using this criterion, the gap
fraction was 37%, 37%, 35% and 36% at MLW, DPK, BFG and DS sites
respectively. Missing daily mean H and kE were gap-filled using the
bulk transfer relationship (Garratt, 1992; Laird and Kristovich,
2002; Liu et al., 1979) with the transfer coefficient determined
with the valid daily data. More specifically, gaps in H were filled
with a function described by the product of wind speed and tem-
perature difference between the surface and overlaying atmo-
sphere (Fig. 2a and c). Gaps in kE were filled with a function
describing the dependence on wind speed and vapor pressure



Fig. 2. Scatter plot showing the bulk transfer relationship for the daily mean sensible (H) and latent heat flux (kE) for DPK and DS. Here, U is wind speed, Ta is air temperature,
Ts is surface temperature, ea is atmospheric vapor pressure, es is the saturation vapor pressure at the surface temperature, and Rn is net radiation. Lines represent geometric
mean regression with regression statistics noted. Similar bulk relationships were also found for MLW and BFG.
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difference between the surface and overlying atmosphere for the
lake sites (Fig. 2b) and a function relating the flux to net radiation
for the land site (Fig. 2d). These bulk transfer relationships for gap
filling were justified because they have a mechanistic foundation
and explained a high percentage of the observed variations in the
fluxes (R2 > 50% for H and R2 > 88% for kE).

4. Results and discussion

4.1. Energy balance closure

The monthly EBC averaged over the observation period was 69%
at MLW, 75% at DPK, 71% at BFG and 111% at DS. The residual
Table 1
A summary of the energy balance closure from eddy covariance measurement in lakes.

Lake name Location Area
(km2)

Mean
depth
(m)

Maximum
depth (m)

O

Lake Taihu, China 31�250N, 120�130E
(MLW)

2,400 1.9 2.5 Ju

31�150N, 119�550E
(DPK)

2.6 3.1 Se
A

31�100N, 120�240E
(BFG)

1.8 2.4 Ja
2

Ross Barnett Reservoir,
USA

32�260N, 90�020W 130 5 8 Ja

Erhai Lake, China 25�450N, 100�110E 250 11 21.5 Ja

Lake Valkea-Kotinen,
Finland

61�140N, 25�030E 0.041 2.5 6.5 O
2

Lake Merasjärvi, Sweden 67�330N, 21�580E 3.8 5.1 17 Ju

Eshkol Reservoir, Isreal 32�460N, 35�150E 0.36 3.5 Se
2
M

Lake Tämnaren, Sweden 60�000N, 17�200E 37 1.2 2 W

Lake Råksjö, Sweden 60�020N, 17�050E 1.5 4.3 10.5 W

Lake Soppensee,
Switzerland

47�050N, 8�050E 0.25 12 27 Se

Great Slave Lake, Canada 61�550N, 113�440W 27,000 41 614 Ju
1

shows a clear seasonal pattern being larger in the months with
higher Rn, with the annual average values of 28.3, 22.5 and
�8.5 W m�2 at MLW, DPK and DS, respectively, and 24.4 W m�2

at BFG over the observation period. Our EBC values are comparable
to those reported (around 80%) from EC observations on land (Beer
et al., 2010; Foken, 2008; Twine et al., 2000; Wilson et al., 2002b)
and a few EC campaigns over lakes (Table 1). Wilson et al. (2002b)
suggest that energy imbalance for smooth surfaces such as lakes
should be worse than that for rough terrestrial ecosystems such
as forests. Contributors to energy imbalance of dry-land ecosys-
tems include incapable detection of low-frequency and high-
frequency eddies and mismatch in source areas of the eddy fluxes
and fluxes of net radiation and heat storage (Foken, 2008; Leuning
bservation period EBC (%) Residual
(W m�2)

Reference

ly, 2010–August, 2012 69 28 This study

ptember, 2011–
ugust, 2012

75 22

nuary, 2012�August,
012

71 24

nuary–December, 2008 97 3 Liu et al. (2012a)

nuary–December, 2011 80 (summer),
70 (other time)

Liu et al. (2012b)

pen water period
005–2008

82 (2006),
73 (2007)

16 (2006),
22 (2007)

Nordbo et al.
(2011)

ly 29–August 2, 2005 80 20 Jonsson et al.
(2008)

ptember 2–10, 13–17,
005

92 15 Tanny et al.
(2008)

ay�August, 2008 70 Tanny et al.
(2011)

eek 19–25, 1995 53 53 Elo (2007)

eek 21–34, 1995 63 42 Elo (2007)

ptember 21–23, 1998 <10 Eugster et al.
(2003)

ly 24–September 10,
997

96 Blanken et al.
(2000)



816 W. Wang et al. / Journal of Hydrology 511 (2014) 811–824
et al., 2012). For lake sites, intensive turbulence can cause fluctua-
tions in water temperature profile measurements, which may
introduce noises to the estimation of DQ (Nordbo et al., 2011).
Energy imbalance may also be exacerbated by horizontal heat
transport via water currents (Jonsson et al., 2008), which are on
the order of 10–30 cm s�1 at Lake Taihu (Qin et al., 2000). Further-
more, advection fluxes associated with the large roughness and
thermal contrasts between the water surface and the adjacent land
may also contribute to low EBC (Vesala et al., 2006).

After adjustment for energy balance (Section 2.3), the annual
mean H was enhanced by 3.3, 2.7 and 2.1 W m�2, and kE by 25,
19.7 and 22.3 W m�2 at MLW, DPK and BFG, respectively. At the
DS land site, H was reduced by 4.4 W m�2 and kE reduced by
4.1 W m�2. In the following analysis, the monthly and annual flux
values were based on the adjusted fluxes data.

4.2. Seasonal variations in the lake energy fluxes

Because of its long data record, MLW site is chosen here to
depict the seasonal variations in the energy fluxes over Lake Taihu.
Net radiation Rn and latent heat flux kE showed a strong seasonal
cycle (Fig. 3e and f), but sensible heat flux H and heat storage DQ
did not (Fig. 3d and g). Net radiation peaked in July or August
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Fig. 3. Monthly mean (a) air temperature (Ta), (b) surface temperature (Ts), (c) difference
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and reached its minimum near the winter solstice (Fig. 3f), with
monthly mean values ranging from the minimum of 27.6 W m�2

(December 2011) to the maximum of 176.3 W m�2 (July 2012).
During the summer season, Rn showed some interannual variabil-
ity due to variations in cloud cover: the July value was
139.9 W m�2 in 2010, 143.7 W m�2 in 2011 and 176.3 W m�2 in
2012. The wintertime value seemed to have a lower interannual
variability, with the monthly mean of 27.9 W m�2 and
27.6 W m�2 for December 2011 and December 2012, respectively.

The seasonal course in kE (Fig. 3e) can be divided into a
warming phase (January to July) and a cooling phase (August to
December) according to the trend of the lake water and air temper-
ature (Fig. 3a and b). During the warming phase, Rn was the main
energy input to the lake system, and nearly 75% of it was used by
evaporative loss, with the rest used to heat the atmosphere via H
and to warm the lake water. The maximum monthly mean kE
was 155.6 W m�2 (July 2012). In this phase, kE closely followed
the temporal pattern of Rn. The maximum ratio of kE/Rn (90%)
was observed in May 2011. In the cooling phase, kE reached its
minimum (20.9 W m�2) in January 2011, about one month later
than the minimum of Rn. Similarly, latent heat flux also lags by
one month behind net radiation at Sparkling Lake in northern
Wisconsin, USA (mean depth 10.9 m; Lenters et al., 2005) and Lake
W DPK BFG

21021

A S O N D J F M A M J J A

between surface temperature and air temperature (Ts–Ta), (d) sensible heat flux (H),
ace heat flux (G) at three lake sites (MLW, DPK and BFG) and one land site (DS).
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Vegoritis, in Greece (mean depth 20 m; Gianniou and Antonopoulos,
2007). The phase lag is greater for deeper lakes with higher heat
capacity. For example, Lake Ikeda, in Japan (mean depth 125 m)
has a delay of 2 months (Momii and Ito, 2008) and phase lag of
5 months were found for Lake Superior, in North America (mean
depth 148 m; Blanken et al., 2011).

The seasonal evolution of heat storage DQ consisted of a
7-month storage (January to July, DQ > 0) and a 5-month release
(August to December, DQ < 0) (Fig. 3g). Compared to deep lakes,
Lake Taihu has smaller thermal inertia owing to its shallow depth.
Heat storage ranged from �29.0 W m�2 in December 2010 to
25.4 W m�2 in March 2012, which is comparable in magnitude to
that reported for an agricultural water reservoir in southern Spain
(mean depth 5 m; Gallego-Elvira et al., 2010) and slightly smaller
than the results at the Ross Barnett Reservoir in Mississippi, USA
(depth 5 m; Liu et al., 2012a), but is one order of magnitude lower
than that for Lake Superior (Blanken et al., 2011). In the winter
months when Rn was low, the energy used for evaporation was
partially drawn from the internal heat storage in Lake Taihu.

In comparison to the latent heat flux kE, sensible heat flux H
was relatively small, with month mean values being less than
20 W m�2. On the monthly basis, the lake surface temperature Ts

of Lake Taihu was always higher than air temperature Ta

(Fig. 3a–c), although inverse gradients happened occasionally on
nights with low wind speed and clear skies. The water temperature
at the 20 cm depth was 2.7, 0.6, and 1.2 �C higher than air temper-
ature in August 2011, January 2012 and on the annual basis,
respectively (Fig. 3a–c, Table 2). The much larger temperature gra-
dient existed in August than in January because of stronger solar
energy input in the summer than in the winter.

Bowen ratio (b) as an indicator of energy partitioning was quite
small compared to that for land ecosystems (e.g., Eaton et al., 2001;
Wilson et al., 2002a), increasing from 0.07 in July to 0.3 in Febru-
ary. Seasonality of b has been reported for temperate lakes. It in-
creases from 0.1 in May to 0.85 in early November in Sparkling
Lake (Lenters et al., 2005). Similar seasonality has also been found
in Williams Lake, in the USA (Sturrock et al., 1992). For Lake Ikeda
in similar climatic conditions to Lake Taihu, a gradual increase of b
from �0.1 in April to 0.4 in the winter has been documented (Mo-
mii and Ito, 2008). There was no ice formation in Lake Taihu
throughout the year, and its monthly mean b was always positive.
In contrast, in deep temperate and boreal lakes, Ts can be lower
than Ta in the late spring and early summer, causing negative b
(Blanken et al., 2011; Momii and Ito, 2008).

4.3. Diurnal variations in the lake energy fluxes

The diurnal composite energy fluxes are presented for DPK,
MLW and DS in Fig. 4. Computed as the average values of the valid
half-hourly observations made at the same time of the day in a
complete year (September 2011–August 2012), these composites
have removed the influences of weather fluctuations and brought
out clearly the diurnal variations. The reader is reminded that no
energy balance adjustment was made to the 30-min observations.
Dominated by the incoming shortwave radiation K;, the composite
Rn followed a smooth curve, peaking at solar noon and becoming
Table 2
Annual mean meteorological variables, radiation components and energy fluxes from Sep

Site Ta (�C) U (m s�1) RH (%) Tw20/Ts5 (�C) K; (W m�2) K" (W m�2) L;

DS 17.0 2.3 67.3 19.2 144.6 27.3 36
MLW 16.6 2.4 67.9 17.8 145.3 9.0 36
DPK 16.6 3.7 70.7 17.4 142.9 11.2 36

Ta, air temperature; U, wind speed; RH, relative humidity; Tw20, water temperature at 20
shortwave radiation; K", reflected shortwave radiation; L;, incoming longwave radiation;
flux; kE, latent heat flux; b, Bowen ratio.
negative during the nighttime (Fig. 4a–c). The 30-min Rn value ran-
ged from 431.5 W m�2 at 12:30 Beijing time to �39.3 W m�2 at
midnight at DPK (Fig. 4a). The nighttime radiative cooling was
attributed to a much stronger outgoing longwave radiation L" from
the water body than the corresponding one from atmosphere (L;).

The heat storage term DQ showed a similar diurnal behavior to
Rn with comparable magnitudes (Fig. 4d and e). It peaked around
noon with the value of 363.2 W m�2 and reached its minimum at
19:30 with a value of �166.1 W m�2 at DPK (Fig. 4d). The heat re-
lease from the lake water during the nighttime (DQ < 0) was strong
enough to compensate the negative Rn, supplying energy to sup-
port the positive H and kE into the atmosphere.

Direct measurement of lake heat storage has been seldom re-
ported for lack of measurement of the water temperature profile
with high temporal resolutions. Instead it is often evaluated as
the residual of the energy balance equation (DQ = Rn � H � kE)
(Blanken et al., 2011; Venäläinen et al., 1999). A diurnal range be-
tween �100 and 400 W m�2 was reported by Venäläinen et al.
(1999) for Lake Råksjön, in Sweden from May to August 1995,
and a smaller variation range from �210 to 280 W m�2 was ob-
served at Lake Valkea-Kotinen, in Finland in June 2007 (Nordbo
et al., 2011).

The sensible heat flux H showed a much smaller diurnal varia-
tion than net radiation and heat storage. At DPK, the composite H
varied from 0.1 W m�2 at 18:00 to 13.3 W m�2 at 9:30. This diurnal
pattern follows closely to the temperature gradient between the
lake surface (Ts) and the overlaying atmosphere (Ta), with the
phase of the former lagging slightly behind that of the latter due
to the water thermal inertia. Quantitatively, the temperature dif-
ference Ts � Ta reached 1.7 �C around 9:30 and decreased to
0.3 �C around sunset. Similarly small diurnal variations of H were
found in the shallow Swedish Lake Tämnaren (depth 1.2 m, 0 to
20 W m�2; Venäläinen et al., 1999), whereas larger variations were
observed in another Swedish Lake Räksjön (depth 4.3 m, 0 to
40 W m�2; Venäläinen et al., 1999), in Finnish Lake Valkea-Kotinen
(depth 2.5 m; �45 to 32 W m�2; Nordbo et al., 2011) and in Ross
Barnett Reservoir, in the USA (depth 5 m; 0 to 45 W m�2; Liu
et al., 2009).

The latent heat flux kE also showed small diurnal variations. At
DPK, the strongest kE occurred at 13:30 with a composite mean va-
lue of 80.6 W m�2 and the minimum of 60.1 W m�2 at 6:00. Unlike
land ecosystems, nocturnal evaporation was quite high, averaged
at 65.5 W m�2 for the hours from 18:30 to 6:00, emphasizing the
importance of the nighttime measurement in the assessment of
the hydrological and energy budget of the lake. Nighttime evapora-
tion loss was maintained by the energy stored in the water volume
during the daytime. On the annual basis, nighttime evaporation ac-
counted for 48% of the total evaporation at Lake Taihu, which is
similar to the value reported for a temperate reservoir in 2008
(Liu et al., 2012a).

4.4. Spatial variations in the evaporation and energy fluxes across the
lake

Spatial variations in the evaporation and energy fluxes were
evaluated at multiple temporal scales (diurnal, seasonal and
tember 2011 to August 2012.

(W m�2) L" (W m�2) a Rn (W m�2) H (W m�2) kE (W m�2) b

1.5 411.3 0.19 67.6 24.8 43.1 0.58
2.2 406.7 0.06 91.8 10.7 80.1 0.13
7.7 407.3 0.08 92.0 9.8 80.8 0.12

cm depth at MLW and DPK; Ts5, soil temperature at 5 cm depth at DS; K;, incoming
L", outgoing longwave radiation; a, surface albedo; Rn, net radiation; H, sensible heat
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Fig. 4. Diurnal composite of radiation and energy balance components from September 2011 to August 2012 at DPK, MLW and DS sites.
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annual) among the three measurement sites on Lake Taihu. The
three sites had nearly identical air temperature Ta but different
wind speed U (Fig. 3a, Table 2). According to the modeling study
by Deng et al. (2013), the lake surface temperature is insensitive
to wind speed, increasing by 0.3 �C for a 50% decrease in wind
speed. The nearly identical surface temperature among the three
sites (Fig. 3b) corroborated their modeling result.

The contrast in the radiation components between DPK and
MLW is shown in Fig. 4g as the difference in the diurnal composites
(The BFG site does not have a full annual dataset for a similar com-
parison.). The largest difference was found of the incoming short-
wave radiation K; at 9:00; at this time, this component was
41.1 W m�2 higher at MLW site than at DPK site. We interpret this
as an indication of slightly higher cloudiness at DPK in the morn-
ing. The higher cloudiness contributed at least partly to the higher
albedo (Katsaros et al., 1985) at DPK (annual mean 0.08) than at
MLW (annual mean 0.06; Table 2).

Turning attention now to the energy balance components, the
largest contrast occurred in heat storage DQ (Fig. 4i) due to the dif-
ference in water depth between these two sites. The DQ difference
(DPK minus MLW) was 72.2 W m�2 at 13:00 and was �41 W m�2

at around 19:30. As a result, the evaporation flux (as measured
here by kE) showed clear spatial variations at the diurnal time
scale. Due to the extra heat release from the water at night, the
nighttime (18:30–6:00) kE at DPK was 20.4 W m�2 higher than at
MLW. In the mid-afternoon, the extra heat storage at DPK caused
the kE to be 16.2 W m�2 lower than at MLW. The difference in H
was small (<7.3 W m�2) between DPK and MLW.

At the monthly to the seasonal time scale, the energy fluxes
were nearly identical among the three lake sites (Fig. 3d–g;
Table 2). At these longer time scales, evaporative flux is insensitive
to water depth. The water at MLW and DPK was more polluted
than at BFG (Wang et al., 2011). Another difference is that sub-
merged macrophytes were abundant at BFG but were absent at
MLW and DPK. The lack of spatial variations indicate a lack of sen-
sitivity of the turbulent fluxes to water quality and the influence of
the submerged vegetation at least on the monthly time scale, even
though water quality can interfere with solar radiation penetration
in the water (Deng et al., 2013) and the presence of submerged
vegetation can reduce the momentum roughness (Xiao et al.,
2013). In comparison, Lofgren and Zhu (2000), Spence et al.
(2011) described some spatial variations in turbulent fluxes across
Lake Huron and Lake Superior. The lack of spatial variations im-
plies that at this shallow lake, evaporation was strongly controlled
by the available radiation energy and was insensitive to the bio-
physical properties of the water itself.

The results in Fig. 3 and Table 2 suggest that the land influence
on the monthly and annual mean turbulent fluxes was small at
MLW despite its close proximity to the shoreline (distance
150 m). To support this inference, we computed the flux footprint
using the model proposed by Hsieh et al. (2000). Using a momen-
tum roughness from Deng et al. (2013), the peak contribution of
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the surface source to the observed flux occurred a distance of 88 m
and 27 m away from the EC instrument under neutral stability (z/
L = 0, where z is the measurement height and L is the Obukhov
length) and unstable conditions (z/L = �0.1), respectively. Under
stable conditions (z/L = 0.1), the peak distance extended to
207 m. Fortunately, stable stability (that is, negative H) occurred
less than 7% of the observations.

4.5. Annual mean fluxes

On the annual basis (from September 2011 to August 2012), the
difference in the radiation components between MLW and DPK
was within the measurement uncertainty (5 W m�2) of the radi-
ometer (Table 2). Owing to more turbid water and cloudier weath-
er at DPK, the annual mean albedo was 0.02 higher than at MLW.
Averaged over the annual scale, the heat storage DQ was zero, indi-
cating that the lake was neither a heat sink nor a heat source. The
difference in H and kE was less than 1 W m�2 between the two
sites with nearly identical annual Bowen ratio of 0.12–0.13.

The observed annual mean albedo is in good agreement of the
values used in climate models for water bodies which vary be-
tween 0.06 and 0.08 (Cogley, 1979; Henderson-Sellers, 1986; Hen-
derson-Sellers and Wilson, 1983; Parker et al., 1970). Shallow lakes
are typically more turbid than deep ones owing to wind-induced
suspension of sediment particles (Jackson, 2003). Stefan et al.
(1982) showed that the presence of suspended sediment should in-
crease water surface albedo by an amount that depends on sedi-
ment load. That our observed values did not differ much from
those of clear water implies that this effect was minor at Lake
Taihu.

On the basis of the Priestley–Taylor relationship (Priestley and
Taylor, 1972), Brutsaert (1982) expresses the Bowen ratio b over
a water body as a function of the slope of the saturation vapor
pressure curve. His expression suggests that b should have a neg-
ative relationship with air temperature. The tropical Lake Tangany-
ika had a small annual Bowen ratio of 0.06 (Verburg and Antenucci,
2010). Yin and Nicholson (1998) estimated an annual b of 0.15 for
Lake Victoria in tropical Africa. For the subtropical Lake Ikeda and
Ross Barnett Reservoir, the annual b was 0.19 (Momii and Ito,
2008) and 0.20 (Liu et al., 2012a), respectively. In North America,
Mirror Lake (Rosenberry et al., 2007), Sparkling Lake (Lenters
et al., 2005) and Lake Williams (Rosenberry et al., 2007) had a
mean b of 0.27, 0.23 and 0.25, respectively during the open-water
period. A multi-year EC observation yielded a slightly higher value
of 0.38 for Lake Superior (Blanken et al., 2011). Further north in the
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from September 1 2011 to August 31 2012.
boreal Canada, much higher b values have been reported for the
Great Slave Lake (0.61) and for the Great Bear Lake (0.82) during
open-water seasons (Rouse et al., 2008). Our b value (0.12–0.13)
is lower than most of the published annual values owing to a high
annual mean lake temperature. According to the Priestley–Taylor
model (Priestley and Taylor, 1972), b should decrease with increas-
ing temperature.

The annual evaporation rate determined with the EC method
does not agree with a previous estimate based on the lake water
balance. The cumulative evaporation was 1061 mm and
1109 mm at MLW and DPK respectively in the 12 month period
from September, 2011 to August, 2012 (Fig. 5), and was slightly
less than the total precipitation measured during the same period
at the surface weather stations in Wuxi (1124 mm), Dongshan
(1131 mm) and Huzhou (1405 mm) (Fig. 1). According to a water
balance study based on a survey of 115 rivers connected to Lake
Taihu, the annual lake evaporation is only 760 mm for the period
from May 2001 to April 2002 (Qin et al., 2007). The most likely rea-
son for this discrepancy lies in the difficulty of deriving evapora-
tion as a small residual of two large terms of the water balance:
the lake inflow and outflow. According to Qin et al. (2007), these
two terms are five times as large as the evaporative loss. That
the combination lake evaporation models yielded similar annual
evaporation estimates to the EC value (supplementary Table 2) fur-
ther supports the interpretation that the water balance estimate
was biased low.

4.6. Comparison between the lake and the land sites

In this section, we compare the radiation and energy balance
components at DPK, a lake site with open fetch, with those mea-
sured on land at DS (Fig. 1), at the diurnal, monthly and annual
scales. Obvious diurnal contrast existed in the two shortwave radi-
ation components K; and K" and the outgoing longwave radiation
L" (Fig. 4h). The incoming shortwave radiation K; was lower in
the morning and higher in the afternoon at DPK than at DS. This
spatial variation may have been related to local cloud cover associ-
ated with lake–land thermal circulations. The daytime reflected
shortwave radiation K" and the outgoing longwave radiation L"
were lower at DPK, due to smaller albedo and cooler surface tem-
perature than at DS, with the largest differences of 56.6 and
49.4 W m�2 occurring at 12:30, respectively. As a result, the lake
water at DPK received much higher Rn than the land at DS in the
daytime, with the peak difference of 123.7 W m�2 observed at
13:30. At night, L" and L; were 14.9 W m�2, 8.1 W m�2 higher at
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DPK than at DS, respectively, resulting in 6.8 W m�2 lower Rn re-
ceived at DPK.

With regard to the energy balance components, the two turbu-
lent fluxes (H and kE) showed little diurnal variations at DPK as
noted above but large variations at DS (Fig. 4d and f). The largest
difference was detected in the heat storage due to the much great-
er effective heat capacity of water than that of soil. In addition,
eddy motions in water enable heat to diffuse deeper than in soil
by molecular heat conduction (Vallis, 2011). The heat storage dif-
ference (DPK minus DS) was positive during the day, achieving
the maximum of 337.6 W m�2 at 13:00, and always negative dur-
ing nighttime with an average difference of �133.3 W m�2. The ex-
tra heat storage at DPK caused the daytime H and kE to be lower
than at DS; at 12:00, these differences were �74 and
�110 W m�2, respectively. In contrast, the nighttime extra heat re-
lease from the lake fueled 11.1 W m�2 and 50 W m�2 more sensi-
ble and latent heat flux, respectively, to the atmosphere at DPK
from 18:30 to 6:00.

The monthly mean energy fluxes are different between the two
sites (Fig. 3). The monthly Rn was higher at DPK than at DS
throughout the year, with the largest contrast of 46.5 W m�2

observed in May 2011 (Fig. 3f). The monthly H was lower at DPK
than at DS, with the largest difference (�34.7 W m�2) occurring
in April 2012 (Fig. 3d). The monthly kE was higher at DPK than
at DS (Fig. 3e), with the largest difference of 69.9 W m�2 in
September 2011.

The small magnitude of the monthly heat storage at DS
confirms that heat conductance in the soil was less effective than
in the lake water (Fig. 3g). The lake behaved as a heat sink
(DQ > 0) from January to July and a source (DQ < 0) from August
to December, whereas the land switched from being a heat sink
to a heat source in October. The cumulative sum of the heat storage
also indicates a two-month phase lag between DPK and DS (Fig. 5).
The more fluctuating monthly heat storage and its cumulative sum
at DPK was a result of the higher sensitivity of lake energy balance
to environmental factors such as cold front incursions (Blanken
et al., 2000, 2003; Liu et al., 2011; Rouse et al., 2003; Schertzer
et al., 2003).

The annual mean differences are summarized in Table 2. The
annual mean H at DPK was less than half of that at DS. The pattern
was reversed for kE. The annual mean Bowen ratio at DPK was only
0.12, or 20% of that at DS. If we use the lake kE as the reference
state with unlimited water supply, soil moisture availability at
the DS land site limited the land evapotranspiration by �45%.

Our lake–land contrast is greater than that at Lake Superior
(Fig. 6). The University of Michigan Biological Station (UMBS;
Fig. 6. Annual mean turbulent fluxes and Bowen ratio at two lake-land site pairs:
Lake Superior (Blanken et al., 2011; Spence et al., 2011) versus the University of
Michigan Biological Station (UMBS) (Schmid et al., 2003), and Lake Taihu (DPK)
versus DS land site. Open bars denote lake observations and filled bars denote land
observations.
Schmid et al., 2003), a deciduous broadleaf forest site, was selected
as the adjacent land site to Lake Superior for this comparative
analysis. Two-year (October 2008 to September 2010) turbulent
flux data at UMBS archived by AmeriFlux (http://public.ornl.gov/
ameriflux/dataproducts.shtml) were analyzed for comparison with
the observations conducted at Lake Superior (Blanken et al., 2011).
For the Lake Superior and UMBS site pair, the annual H was nearly
identical and the lake kE exceeded that from the land by about
20 W m�2. The Bowen ratio of Lake Superior was 39% lower than
that at UMBS. In the present study, the Bowen ratio of Lake Taihu
was 79% lower than the land value. It appears that in the Lake
Taihu catchment, land evaporation was more limited by the
availability of soil moisture, resulting in a larger lake–land
contrast. Additionally Lake Taihu will have lower Bowen ratio than
Lake Superior because the former is much warmer.

Venäläinen et al. (1999) compared the sensible and latent heat
fluxes between two Swedish lakes and an adjacent forest site. They
found that during the warm season (May to September) the Bowen
ratio of the Lake Råksjön and Lake Tämnaren was only 24–37% of
that at the forest site.

4.7. Evaluation of evaporation models against the EC observation

The comprehensive dataset we have obtained provides an
excellent opportunity for testing various lake evaporation models.
In this section, monthly evaporation (in mm d�1) was simulated
with the 19 evaporation models (Supplementary Table 1) with in-
puts of meteorological and radiation data from the MLW site
(26 months) and the DPK site (12 months) and then compared
with the EC observations. The model skill is graphically summa-
rized by a Taylor diagram (Fig. 7; Taylor, 2001). In the diagram,
the similarity between the modeled and the observed results was
quantified in terms of linear correlation coefficient, root mean
square difference (RMSD) and standard deviation. Therefore, the
simulated patterns that agree well with the observations should
lie near the point marked ‘‘EC’’ (Fig. 7). Monthly differences be-
tween the simulations and the EC observations are also presented
(Supplemental Fig. 1). All the models have captured the seasonal
variation in the lake evaporation, showing high correlation (>0.8)
with the EC observations (Fig. 7). A rigorous validation should go
beyond the seasonal variations to look at residues after the sea-
sonal signal has been removed (Lofgren et al., 2011).

Among the five groups of models, the combination group agreed
most closely with the EC observations, emphasizing the impor-
tance of energy balance observation for lake evaporation predic-
tion. The Bowen ratio energy budget method, which is widely
considered as the standard when EC is unavailable (Elsawwaf
et al., 2010b; Rosenberry et al., 2007; Winter et al., 1995), had
the highest accuracy at both the monthly and the annual scale
(Fig. 7; Supplementary Table 2 and Fig. 1). The Penman method
and the Brutsaert–Stricker method had systematical biases at the
monthly and annual scales (Supplementary Table 2 and Fig. 1).
The Penman method overestimated the annual (September,
2011–August, 2012) evaporation by 13%, while 17% underestimate
was found in the Brutsaert–Stricker method at the MLW site.
Moreover, the error of the two methods was sensitive to wind
speed, having a larger bias for the windier DPK site (Supplemen-
tary Table 2). Intercomparison within the combination group sup-
ports the finding that the most influential model input is DQ
followed by the radiation parameter (Elsawwaf et al., 2010a;
Rosenberry et al., 2007).

The Priestley–Taylor model with the standard coefficient value
of 1.26 is often used to estimate lake evaporation in the absence of
direct flux measurement (Priestley and Taylor, 1972; Stewart and
Rouse, 1976). The monthly mean coefficient at the MLW site varied
from 1.14 in 2010 July to 1.94 in 2011 January. The annual mean

http://www.public.ornl.gov/ameriflux/dataproducts.shtml
http://www.public.ornl.gov/ameriflux/dataproducts.shtml
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Fig. 7. A Taylor diagram showing the relative performance in the 19 evaporation models (Online Supplement) compared to the eddy covariance observations (marked as EC)
at the MLW site from July, 2010 to August, 2012. The RMSDs and standard deviations are indicated by green and black arcs, respectively. The blue contours indicate the
correlation coefficients. The 19 evaporation models were assigned by letters and classified into five groups (blue dots: the combination group; red triangles: the solar
radiation–temperature group; green squares: the Dalton group; purple prismatic: the temperature–daylength group; cyan stars: the temperature group). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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value (from September, 2011 to August, 2012) was 1.34 and was in
the middle of the range (1.15–1.45) reported in the literature (Deb-
ruin and Keijman, 1979; Hobbins et al., 2001; McAneney and Itier,
1996). Our observed Priestley–Taylor coefficient is about 0.08
greater than the standard value, indicating a moderate advection
(Venäläinen et al., 1998) occurring at this near-shoreline site. At
the more offshore DPK site with open fetch, the annual coefficient
(1.29) was much closer to the standard value. The positive bias in
the MLW Priestley–Taylor coefficient would result in 50 mm, or 4%
overestimation of the annual lake evaporation. In other words, the
annual lake evaporation was insensitive to the near-shore advec-
tive influence.

The six radiation–temperature based models compared less
favorably (RMSD 0.3–0.6 mm d�1) with most of the combination
methods (RMSD 0.1–0.5 mm d�1 except the deBruin model;
Fig. 7). Among this group, the Hargreaves model showed the best
performance, while the Makkink and the Stephens�Stewart model
yielded substantial negative biases (Supplementary Fig. 1). The
Jensen�Haise and the Doorenbos�Pruitt model biased seasonally
with opposite extents (Supplementary Fig. 1) which would cancel
out when integrated over the annual cycle resulting in good agree-
ment with the EC observations (Supplementary Table 2). The re-
sults indicate that the performance of these empirical models is
climate-dependent. The Hargreaves model (Hargreaves, 1975)
turned out to be the most precise one because it was developed
for a warm and humid climate similar to that at Lake Taihu, while
the Jensen�Haise model, developed for the arid western U.S. (Jen-
sen and Haise, 1963) and the Makkink model, developed for the
cold Netherland (Makkink, 1957; McGuinness and Bordne, 1972),
presented the poorest estimates.

The three Dalton models had variable accuracy. The mass trans-
fer and bulk transfer models ranked badly, while the Ryan�Harl-
eman model ranked much better (Fig. 7). The transfer coefficient
parameterized as a function of the lake surface area (Harbeck,
1962) or obtained from marine observations (Garratt, 1992) is
not appropriate for Lake Taihu (Xiao et al., 2013).

The models containing temperature and daylight length
showed unsatisfactory results (Fig. 7; Supplementary Table 2 and
Fig. 1). The Blaney�Criddle model, originally designed for the
western U.S. (McMahon et al., 2013), systematically overestimated
the monthly evaporation (Supplementary Fig. 1), resulting in a
large annual bias of 55% at the two sites (Supplementary Table 2).
The two temperature-based models underestimated the lake
evaporation by 28% (the Papadakis model) and 20% (the Thorn-
thwaite model) (Supplementary Table 2).
5. Conclusions

This study aims to investigate the temporal and spatial varia-
tions in evaporation and energy balance across Lake Taihu and to
evaluate the accuracy of conventional evaporation models with
the EC observations. The key findings are:

(1) At the diurnal time scale, heat storage had a similar behavior
to net radiation with comparable magnitudes. Nocturnal
evaporation, fueled by heat release from the water column,
was a major component of the local hydrologic cycle,
contributing to 48% of the annual evaporation. Owing to
the high temperature, its annual Bowen ratio was very small
(0.12–0.13). A previous estimate of the lake annual evapora-
tion, based on water balance of the lake (Qin et al., 2007),
had a large low bias of about 30% in comparison to the EC
observations.

(2) The net all-way radiation was surprisingly uniform across
the lake. Contrary to the hypothesis stated in the introduc-
tion, at the monthly and annual time scales, the latent heat
flux also showed little spatial variations (within 16 W m�2 at
the monthly time scale and 1 W m�2 at the annual scale).
The lack of spatial variations implies that at this shallow
lake, evaporation was dominantly controlled by the avail-
able radiation energy and was insensitive to other biophys-
ical drivers (wind speed, water depth, water pollution status
and the presence of submerged macrophytes). A practical
implication is that evaporation measured at a single point
can be used for the whole lake. From the modeling perspec-
tive, Lake Taihu can be parameterized as one grid cell in cli-
mate models at least on the monthly and annual scale.

(3) On the annual cycle, the land–lake thermal contrasts were
larger at Lake Taihu than at Lake Superior in the temperate
latitudes. The Lake Taihu latent heat flux was 37.7 W m�2

or 87% greater than that of an adjacent land site. Its sensible
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heat flux was 15 W m�2 or 60% less than that at the land site.
More comparative studies are needed to confirm if the
results obtained for these two lake catchments are typical
of subtropical and temperate lakes.

(4) Among the 19 widely used evaporation models, the combi-
nation models, which are constrained by energy balance
principles and uses the observed net radiation as an input
parameter, ranked the best in the lake evaporation estimates
at the monthly and annual scale. For example, the Priestley–
Taylor model agreed well with the observed annual evapora-
tion with an annual bias of less than 4%. These results
provide further support for our conclusion that it was the
available radiation energy that exerted dominant control
on evaporation of this lake.
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