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Abstract Does lake evaporation increase or decrease under the scenario of climate warming? This paper
aims to answer this question by investigating the controlling mechanism of interannual variations in lake
evaporation at a subtropical lake. The research methodology is based on continuous eddy covariance
measurement over >7 years and a diagnostic analysis using the surface energy balance principle. The results
indicate that lake evaporation was enhanced mainly by increasing energy inputs including solar radiation
and incoming longwave radiation and was weakened by surface feedback through outgoing longwave
radiation. The incoming longwave radiation was positively correlated with cloud cover. Bowen ratio and
surface albedo had slight effect on the change of lake evaporation. The annual lake evaporation can be
predicted by the Priestly‐Taylor model using a larger coefficient of 1.39 than the original value of 1.26,
suggesting that advection or entrainment in the atmospheric boundary layer may play a role in
lake evaporation.

1. Introduction

Evaporation (E) is a major output term of the water balance of a lake system. There is a pressing need for a
predictive understanding of processes that control lake E in a changing climate (Friedrich et al., 2018;
Hunter et al., 2015). Energy conservation requires that lake evaporationmust satisfy the energy balance con-
straint. This constraint however manifests itself differently at different time scales, and the key drivers of E
also depend on the time scale of interest. At short time scales (hourly to daily), lake E is controlled by wind
speed u and vapor pressure difference (D) between the lake surface and the overlaying air (Blanken
et al., 2000, 2011; Liu et al., 2009; T. Wang et al., 2017) and can be described using the turbulent mass transfer
approach or the Dalton equation (Brutsaert, 1982; Garratt, 1994). Short‐term fluctuations in u and D can
cause substantial changes in E, even without changes in the solar energy input to the lake. A classic example
is the large E pulse associated with rises in u and D during the passage of a cold front (Blanken et al., 2000;
Liu et al., 2009, 2011). Here, the energy that fuels the increased E comes from the internal heat stored in the
lake water. Another mechanism underlying E temporal dynamics is changes in energy allocation, such as a
reduction in Bowen ratio, which allows more available energy to support E than the sensible heat flux (W.
Wang et al., 2018). At the seasonal time scale, the monthly E follows closely the net radiation Rn but with a
phase delay ranging from 1month for shallow lakes (W.Wang et al., 2014; Zhao & Liu, 2018) to 5 months for
deep lakes (Blanken et al., 2011), due to the buffering effect of heat storage of water. Lee et al. (2014) found
that the monthly E during the open‐water season can be predicted by the Priestley‐Taylor (PT) model if the
available energy, that is, Rn minus water heat storage change, is known. In high latitudes, ice phenology
influences the lake evaporation with significant latent heat flux release during the freezing period and
energy absorption during melting conditions due to latent heat of fusion associated with freezing and thaw-
ing (Franz et al., 2018; K. Xiao et al., 2018).

An outstanding question is whether the drivers at short time scales can be used to explain and predict vari-
abilities of lake E at annual and longer time scales. Traditionally, researchers argue that nonenergy‐related
meteorological variables, such as wind speed, air temperature, and cloud amount, determine the long‐term
trends of lake E (e.g., Blanken et al., 2011; McJannet et al., 2013; K. Xiao et al., 2018). More recently,
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W. Wang et al. (2018) proposed that changes in annual E can be interpreted as component contributions
from energy inputs into the system (incoming shortwave and incoming longwave radiation) and from
changes in energy allocation (Bowen ratio and albedo). The majority of the published papers on this topic
use both nonenergy variables and energy variables to explain statistically historical lake E variations
(Friedrich et al., 2018; Hu et al., 2017; Lazhu et al., 2016; Lenters et al., 2005). Such statistical approaches,
while helpful in uncovering processes underlying E trends at a specific location, cannot be easily extended
to other regions or be used for future predictions.

A hindrance to progress in the investigation of lake E is the lack of long‐term observational data. The major-
ity of the studies cited above either use pan evaporation data as a proxy for historical lake evaporation (e.g.,
Brutsaert & Parlange, 1998; Hu et al., 2017; Peterson et al., 1995) or rely on model‐calculated lake water
vapor flux (e.g., Feng et al., 2016; Guo et al., 2019; Ma et al., 2016; K. Xiao et al., 2018). One exception is
the study of Lenters et al. (2005), who measured the evaporation of Sparkling Lake in northern
Wisconsin, USA, using the energy budget method over a 10‐year period from 1989 to 1998. In recent years,
an increasing number of studies have deployed the eddy covariance technique to measure evaporation from
lakes and reservoirs (e.g., Blanken et al., 2000, 2003; Bouin et al., 2012; Du et al., 2018; Liu et al., 2009;
McGloin et al., 2015; Nordbo et al., 2011; Rouse et al., 2003; Tanny et al., 2011). Due to the difficulty of opera-
tion, the longest eddy covariancemeasurement so far has lasted 4 years with data gaps of several months (Du
et al., 2018) or four ice‐free seasons (Nordbo et al., 2011).

This study aims to characterize the interannual variability of lake evaporation and investigate the drivers of
the variability. Results are based on continuous eddy covariance data collected at a shallow lake in the sub-
tropical monsoon climate over a 7‐year period (2011–2017). The study seeks to address three questions: (1) Is
the interannual variation of lake evaporation caused by variation in radiation or in temperature? (2) Can the
classic Priestley and Taylor (1972) model predict lake evaporation at the annual scale? (3) To what extent is
the long‐term trend of lake evaporation predictable?

2. Materials and Methods
2.1. Eddy Flux Site and Data

The lake evaporation observation was conducted at Lake Taihu, the third largest freshwater lake in China
(area of 2,400 km2 and mean depth of 1.9 m), as part of the Taihu Eddy Flux Network (Lee et al., 2014).
The network consists of seven eddy flux sites in the lake and one site on land (Figure S1 in the supporting
information). In this study, we combined measurements from two lake sites (site IDs MLW and BFG) to
form continuous half‐hourly time series of the lake latent heat flux and other meteorological and flux vari-
ables from July 2010 to December 2017. Data collection at MLW (31°25′N, 120°13′E), located about 200 m
near the north shore of the lake, started in June 2010. The eddy covariance system (an open‐path infrared
gas analyzer [model LI7500, Li‐Cor, Inc., Lincoln, Nebraska, USA] and a three‐dimensional sonic
anemometer/thermometer [model CSAT3, Campbell Scientific, Inc., Logan, UT, USA]) was mounted on a
concrete pillar, at a measurement height of 3.5 m above the water surface (W. Xiao et al., 2013). The radia-
tion components were measured with a net radiometer (model CNR4, Kipp & Zonen B.V., Delft, The
Netherlands) mounted at a height of 3.7 m above water surface. According to a footprint analysis, the largest
contribution to the observed flux occurred at a distance of 88, 27, and 207 m away from the EC instrument
under neutral, unstable, and stable conditions, respectively (Wang et al., 2014). Stable stability
(pp. 953–1028) occurred less than 7% of the observations at MLW.

BFG (31°10′N, 120°24′E) is a site located in the eastern portion of the lake with open fetch (>4 km in all
directions). The eddy covariance system (an open‐path gas analyzer [model EC150, Campbell Scientific,
Inc.] and a CSAT3 sonic anemometer/thermometer) was mounted on a fixed platform, and the measure-
ment height was 8.5 m above the water surface (Lee et al., 2014). The radiometer was of the same type as
MLW and mounted at a height of 3.0 m above the water surface. Its data collection started in December
2011 and has continued more or less uninterrupted since then.

For the composite data presented in this study, measurements made at MLW were used for the period from
July 2010 to December 2011, and measurements at the BFG site for the period from January 2012 to
December 2017. According to Wang et al. (2014), the monthly mean evaporation flux and the associated
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driving variables have negligible spatial variations across the whole lake, so the MLW data were included
here to extend the data period for a better trend detection. But mindful of the site change, we did not use
the MLW data in the attribution analysis presented below.

Standard eddy covariance correction, quality control, and gap filling procedures were applied. Coordinate
rotation (Lee et al., 2004) and density corrections (Lee & Massman, 2011; Webb et al., 1980) were performed
on the latent heat flux measurement. Data were filtered to remove rain interference and instrument mal-
functions. All the time series were gap filled. Small gaps shorter than 2.5 hr were filled using linear interpo-
lation. Bigger gaps were filled using the data from the other eddy covariance sites according to the following
procedure. First, a linear regression wasmade for a variable to be gap filled, using valid observations at MLW
or BFG and those at the other lake sites during themonth when the gap occurred. Next, the data from the site
with the highest correlation were used to fill the data gap at MLW or BFG. During persistent rainstorms, the
eddy flux observations became unreliable from all the lake eddy covariance sites; in such cases, gaps in the
latent heat flux and sensible heat flux were filled with locally calibrated bulk transfer relationships (Xiao
et al., 2013). The fraction of the gaps is about 29%.

The complete half‐hourly time series include lake latent and sensible heat fluxes (without energy balance
adjustment), the four components of the radiation balance, and micrometeorological variables (air tempera-
ture and water vapor pressure; see supporting information). For monthly and annual latent and sensible
heat fluxes, energy balance closure was forced at the time step of 1 month, and the energy balance ratio
(the ratio of the sum of sensible and latent heat flux to the available energy) was 0.68. Mechanisms that con-
trol lake evaporation are based on the energy balance principle. To be consistent with this theoretical under-
pinning, it is a standard practice in micrometeorology to adjust sensible and latent heat fluxes so that the
energy is balanced (Blanken et al., 1997; Twine et al., 2000). The implicit assumption is that the energy
missed by the eddy covariance technique, such as that associated with horizontal and vertical advection,
can be reallocated to the eddy fluxes in proportion according to the measured Bowen ratio.

The heat storage change (G) was calculated from the temporal variation of depth‐weighted average tempera-
ture of the water column (Blanken et al., 2000). The water column was divided to five layers (0–0.20, 0.20–
0.50, 0.50–1.00, 1.00–1.50, and 1.50 m to sediment). The lake surface temperature was derived from the
incoming and outgoing longwave radiation observation. Water temperature at 0.20‐, 0.50‐, 1.00‐, and
1.50‐m depth and sediment temperature were measured using temperature probes (model 109‐L,
Campbell Scientific, Inc., Logan, UT, USA). The monthly G value ranged from about 20 W m−2 in June to
−20 W m−2 in November, comparable to the values reported by W. Wang et al. (2014). According to
Wang et al. (2014), the monthly G agreed well between MLW and BFG, indicating the robustness of the
estimation method.

A potential source of error in the energy balance adjustment was associated with the heat storage term G. In
deep lakes, the G term is difficult to obtain because temperature profile measurements are typically
restricted to the surface water layer. In our study, the profile measurement spanned the whole water column
(0‐ to 2‐m depth). However, our procedure omitted the heat exchange between the water column and the
sediment beneath it. To obtain a sense of the sediment flux, we ran a locally tuned version of the lake simu-
lator CLM4‐LISSS (Deng et al., 2013; Subin et al., 2012) using the meteorological observations over the full
experimental period. We also estimated the sediment heat flux using the method described by Wang and
Bras (1999). This method builds the relationship between the heat flux conducted into the soil and the time
series of sediment temperature at hourly time resolutions. In our calculation, we assumed a thermal conduc-
tivity of 3.436 × 106 J m−3 K−1 to represent saturated mineral soil with a porosity of 0.36. The results from
both the CLM4‐LISS model and the Wang procedure indicate that the monthly sediment flux was too small
to be consequential (−0.25 W m−2 in mid‐winter to 0.24 W m−2 in mid‐summer; positive value indicating
heat flux into the sediment).

2.2. Ancillary Meteorological Data

To analyze the effect of meteorological variables on lake evaporation, cloud cover data were obtained from
China Meteorological Data Service Center (http://data.cma.cn/data/). Cloud cover data at four weather sta-
tions around Lake Taihu were used, including Liyang (site ID 58345, 31.26°N, 119.29°E, 6 m above sea level)
to the west, Wuxi (site ID 58354, 31.37°N, 120.21°E, 3 m above sea level) to the north, Dongshan (site ID
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58358, 31.04°N, 120.26°E, 17 m above sea level) to the east, and Huzhou (site ID 58450, 30.52°N, 120.03°E,
7 m above sea level) to the south (Figure S1). To minimize the effect of spatial variations, we used the mean
value of cloud cover from the four sites to represent the condition over Lake Taihu. This spatial meanC value
was highly correlated with the annual incoming longwave radiation observed over the lake (linear correla-
tion of 0.84, p < 0.05; Figure S4a), supporting the use of the mean C as an indicator of sky conditions over
the lake.

The wind speed observation atMLWwasmade at a lower height (3.5 m above the water surface) than at BFG
(8.5 m above the water surface). Because wind speed is highly sensitive to measurement height, the MLW
wind speed is not suitable for time change analysis. Instead, we used a regression method to estimate the
wind speed over the lake in 2011. We first established a linear regression of the annual mean wind speed
at BFG with that at the Dongshan weather station, the station closest to the BFG site (linear distance of
10.43 km). We then used the regression to estimate the lake mean wind speed in 2011.

2.3. Analytical Frameworks

We use two analytical frameworks to develop a predictive understanding of interannual variations of the
lake E. The first one is the classic PT model of evaporation. The model expresses the lake latent heat flux as

λE ¼ α
S

sþ γ
Rn − Gð Þ; (1)

where λ is latent heat of vaporization of water, s is the slope of the saturated vapor pressure–temperature
curve, γ is psychrometric constant, and α is the PT constant with a default value of 1.26 (Priestley &
Taylor, 1972).

According to the PT model, the lake Bowen ratio is related to α as

β ¼ 1
α
þ γ
αs

− 1: (2)

According to equation 2, β is a function of temperature, decreasing from 1.0 at 0 °C to 0.08 at 25 °C.

The second framework allows attribution of the interannual variability of lake evaporation to contributions
by individual drivers. Using the surface energy balance constraint, Wang et al. (2018) express the change in
the lake latent heat flux as contributions of changes in Bowen ratio (β), albedo (a), incoming solar radiation
(K↓), incoming longwave radiation (L↓), outgoing longwave radiation L↑, and heat storage G:

Δ λEð Þ ¼ −
Rn − G

1þ βð Þ2 Δβ −
K↓

1þ β
Δaþ 1

1þ β
1 − að ÞΔK↓ þΔL↓ −ΔL↑½ � − 1

1þ β
ΔG; (3)

where Rn is the surface net radiation. Similar energy balance attribution analyses have been reported by Lee
et al. (2011), Richter and Xie (2008), and Roderick and Farquhar (2002). Here we applied equation 3 to diag-
nose drivers of the observed interannual changes in lake E. In this analysis, Δ denotes changes of the annual
mean value in 2013 to 2017 relative to the annual mean value in 2012. Because the annual mean value of
water heat storage change in Lake Taihu was close to 0, the last term in the above equation was ignored
in this study. Data in 2011 were not used in the attribution analysis to avoid the systematic bias caused by
the lake surface albedo change due to site switching (the albedo was 0.03 lower at MLW than at BFG).
Year 2012 was used as the baseline year because the annual lake E was the lowest among the six full obser-
vational years (2012–2017) at BFG.

3. Results
3.1. Interannual Trends of Environmental Variables

Interannual variabilities for meteorological variables and radiation budgets are shown in Figures S2 and S3
and Tables S1 and S2. During the period of 2011–2017, the annual mean air temperature (Ta) showed a sig-
nificantly increasing trend, with a regression slope of 0.20 °C year−1 and R2 = 0.76 between Ta and year and a
range of 16.2 to 17.6 °C. Cloud cover (C) increased significantly, with R2 = 0.76 and the minimum and
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maximum values of 45% and 66% in 2013 and 2016, respectively. The incoming longwave radiation (L↓) also
showed an increasing trend, at a rate of 1.7 W m−2 year−1 (R2 = 0.83). The outgoing longwave radiation
increased from 404.0 W m−2 in 2011 to 411.9 W m−2 in 2017. No clear interannual trends were found for
atmospheric vapor pressure (ea), wind speed (u), incoming shortwave radiation (K↓), lake surface albedo
(a), and the fraction of diffuse radiation to solar radiation.

The correlation between the annual mean L↓ and K↓ with meteorological variables is shown in Figure S4. A
positive correlation was observed between L↓ and Ta (linear correlation coefficient r = 0.84, p < 0.05), ea
(r = 0.77, p < 0.05), and C (r = 0.77, p < 0.05). A three‐variable linear regression yielded the equation

L↓ ¼ 315 ±104ð Þ − 0:135 ±9:58ð Þ × Ta þ 2:10 ±4:33ð Þ × ea þ 0:280 ±0:289ð Þ × C; (4)

with R2 = 0.91 and p < 0.05. If Ta was ignored, the linear regression equation became

L↓ ¼ 315 ±26:9ð Þ þ 2:05 ±1:81ð Þ × ea þ 0:279 ±0:201ð Þ × C; (5)

with R2 = 0.91 and p< 0.01. In these two equations, Ta is in the unit of °C, ea in hPa, and C in percentage, and
parameter bounds are 95% confidence intervals. The results suggest that the interannual variability of L↓was
driven primarily by ea and C. The two‐variable linear correlation performed better than the single variable
regression with either ea or C. In comparison, the correlation of K↓ with the meteorological variables was
not statistically significant, even though it showed a slight increasing trend with increasing Ta and ea and
with decreasing C.

3.2. Seasonal and Interannual Variabilities in Lake Evaporation

The time series data on monthly and annual latent heat flux λE are given in Figure 1 and Table S1. A slight
increasing trend in the annual lake evaporation was observed, at a rate of 1.2 ± 1.9 Wm−2 year−1 (R2 = 0.25,
p = 0.14). The λEwas lowest in 2011, with a mean value of 76.1 Wm−2, equivalent to 974 mm year−1 of lake
evaporation. It increased to a higher value of 87.4 W m−2 (1120 mm year−1) in 2013 and then decreased to a
lower value in 2014. From 2014 to 2017, λE increased consistently, from 78.7 to 87.2 W m−2 (1,008
to 1,118 mm year−1).

A strong seasonal variability was observed in each year. The lake evaporation was high in the summer and
low in the winter. The peak value usually occurred in July or August except for 2014 when the lake evapora-
tion was weak in summer (peak value in May). The mean value of λE over the seven summers (from June to
August 2011 to 2017) was 128.7 W m−2, which is about four times of the mean value over the seven winters
(from December to the next February, December 2010 to February 2017, 31.6 W m−2). The winter λE varied
only slightly between years, with the winter mean value ranging from 25.0 W m−2 (December 2012 to
February 2013) to 36.9 W m−2 (December 2016 to February 2017). But the peak monthly value in the sum-
mer varied substantially, from the lowest of 117.5 W m−2 in July 2011 to the highest of 222.5 W m−2 in
August 2016. In other words, the interannual variability in the lake E was primarily related to the summer
time variability.

The relationships between the annual λE with energy terms and nonenergy meteorological variables are
shown in Figure 2. Regarding the radiation terms, the annual λE was significantly correlated with K↓

(r = 0.87, p < 0.05); in other words, lake evaporation was enhanced when incoming shortwave radiation
was strong. Generally, λE was higher when L↓ was high or β was low, even though the correlations are
not statistically significant. Among the nonenergy terms, lake evaporation was positively correlated with
Ta (r = 0.89 and p < 0.01) and with ea (r = 0.75, p = 0.05) and was not correlated with wind speed
(r = −0.06, p = 0.89).

3.3. Comparison With the PT Model Prediction

The λE calculated by the PT model is compared with the observation at the monthly and annual scales
(Figure 3). At the monthly scale, the calculated λE using the default α agreed well with the observation if
all the monthly data during the 7‐year period were considered. If each season is analyzed individually, for-
cing good agreement requires smaller α values for the summer and the fall seasons (1.23 and 1.30, respec-
tively) and higher values for the spring and the winter seasons (1.36 and 1.60, respectively; Figure S5). At
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Figure 1. Time series of monthly and annual λE at Lake Taihu. Circles and squares denote monthly and annual means,
respectively. Filled symbols denote observations at MLW.

Figure 2. Correlation of annual latent heat flux with energy terms (left panels, a: incoming shortwave radiation; c:
incoming longwave radiation; and e: Bowen ratio) and nonenergy variables (right panels, b: air temperature; d:
atmospheric vapor pressure; and f: wind speed). Filled symbols denote observations at MLW.
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the annual scale, the default α value did not work anymore, and a systematic low bias in the calculated λE
was evident. The optimal α value should be 1.39 according to the annual data.

Themonthly tuned α showed statistically significant and negative correlation with the saturation vapor pres-
sure deficit (D) and temperature (Figures 4a and 4b; p < 0.001) but without significant correlation with D/s
(Figure 4c; p = 0.069). A moderate correlation was also found with wind speed (Figure S6, p < 0.05). The
annual composite α showed a U pattern from January to December, with a peak value of 1.63 in
December and the lowest value of 1.22 in August (Figure S7). The seasonality of αmirrors the seasonal pat-
terns of D and temperature (Figure S7).

3.4. Attribution of Annual Lake Evaporation Change

The results of energy balance attribution of the latent heat flux change are shown in Figure 5. The changes in
latent heat flux (ΔλE) and energy balance components were calculated in reference to the values in 2012
(Table 1). The intermediate variables used in this calculation are given in Table S1. In all, there is a total
of five annual change calculations. The results are plotted for individual years (Figure 5a). Generally, the
contribution of Δβ to ΔλE was relatively small, ranging from −0.7 to 1.4 W m−2. Surface albedo had consis-
tently positive contributions to ΔλE, ranging from 0.9 to 2.4 W m−2. Contributions from the incoming solar
radiation change 1

1þβ 1 − að ÞΔK↓½ � and incoming longwave radiation change 1
1þβ ΔL↓½ � to ΔλE (equation 3)

varied between −1.6 and 11.1 W m−2 and between 0.4 and 7.6 W m−2, respectively.

Figure 5b shows the mean component contributions to ΔλE from the 5 years (2013–2017, all in reference to
2012). On average, the major positive contributions came from ΔL↓ (3.6 ± 2.6 W m−2) and ΔK↓

(3.3 ± 4.9 W m−2). About half of these were offset by the surface feedback or changes in the outgoing long-
wave radiation (ΔL↑) due to warming of the water surface (−3.8 ± 1.4 W m−2) (note that these values are
contributions from the change terms according to equation 3 and are different from the change
terms themselves).

4. Discussion
4.1. The Dominant Role of Energy Inputs

The attribution analysis indicates that energy inputs (L↓ and K↓) to the lake played a dominant role in the
interannual variability the lake evaporation (Figure 5). The incoming longwave radiation was higher from
2013 to 2017 than in 2012 and played a positive role in enhancing lake evaporation, especially when ΔλE
was moderate (2014 and 2015). The highest annual lake evaporation occurred in 2013; during the same year,
the incoming shortwave radiation was the highest (Table S1).

Statistical analysis supports the conclusion that it was the energy inputs instead of nonenergy forcing vari-
ables that drove the observed interannual variability in the lake evaporation. In a single variable correlation
analysis, the annual Ewas correlated with three energy variables (β, L↓, and K↓; Figure 2, left panels) and two

Figure 3. Latent heat flux λE as a function of s/(s + γ) (Rn − G). Circles denote observations, and solid and dashed lines
represent slopes of 1.26 and 1.39, respectively. Filled symbols denote observations at MLW.
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nonenergy variables (Ta and ea). Based on such correlation patterns, it would be tempting to conclude that
energy and nonenergy variables had played equal roles in regulating the lake E. However, in a stepwise
multivariable linear regression between annual λE and annual Ta, β, ea, L↓, and K↓, only L↓ and K↓

remained as significant predictors. The resulting regression equation is

λE ¼ −198:2 ±28:5ð Þ þ 0:508 ±0:076ð Þ L↓ þ 0:644 ±0:052ð Þ K↓ R2 ¼ 0:97; p < 0:001; n ¼ 7
� �

: (6)

The regression result indicates that energy inputs were the main control of interannual variability of lake
evaporation, while nonenergy terms including air temperature and atmospheric vapor pressure had minor
effects. Change in energy allocation via Bowen ratio was a minor contributor (Figure 5) despite appreciable
interannual variability in air temperature (Table S2). This is because lake Bowen ratio in subtropical cli-
mates is not sensitive to temperature (Wang et al., 2018).

Figure 4. The Priestley‐Taylor coefficient versus vapor pressure deficit (a), air temperature (b), and the ratio of vapor
pressure deficit to the slope of the saturation vapor pressure curve D/s (c) for each month from 2011 to 2017. Filled
symbols denote observations at MLW.

Figure 5. Attribution of the annual lake evaporation change ΔλE. (a) Results for individual years from 2013 to 2017. (b)
Multiyear means. Error bars are ±one standard deviation.
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Our results agree with the long‐term observation by Lenters et al. (2005) for Sparking Lake in northern
Wisconsin, USA. These authors found that interannual variations in the lake E are attributed mainly to
changes in net radiation and moderately to variations in temperature and humidity.

4.2. PT Model Performance

A number of studies have reported the performance of the PT model at subday time scales (Assouline
et al., 2016; Bello & Smith, 1990; X. Guo et al., 2015; Stewart & Rouse, 1976). In the present study, the focus
is annual evaporation. The PT model, when applied at the annual time scale, underestimated the lake eva-
poration by 9.3% (Figure 3). Forcing agreement with the observation requires that the model coefficient be
increased from the original value of 1.26 to 1.39 (Figure 3). Similarly, W. Wang et al. (2018) reported that the
annual lake E predicted by the original PT model is biased low in comparison with the E calculated by a lake
simulator imbedded in the Community Land Model. They found an optimized coefficient of 1.31 for
global lakes.

The original PT coefficient was based on observations at subday time scales (Priestley & Taylor, 1972). Since
the slope of the vapor saturation curve (s) is a nonlinear function of temperature, strictly, the PT model
should be applied at shorter time steps instead using the annual mean temperature (as was done in
Figure 3) to avoid nonlinear errors. Figure 6 shows three additional sets of PT model calculation. In the first
set, the PT model with the original coefficient was applied at the daily time step using the observed daily
mean temperature and available energy, and the calculated daily latent heat flux was summed over the
annual period to give the annual flux. The second set was identical to the first set except that the calculation
was done at the monthly time step. In the third set, the calculation was also done at the monthly time step,
but the coefficient was a temperature‐dependent function (Figure 4b). The PT model performance was not
improved at the daily and monthly time steps, suggesting that temperature nonlinearity is not the main
source of themodel bias errors. By changing the PT coefficient either to a constant value of 1.39 at the annual
time step or to a temperature‐dependent function at the monthly time step, the model achieved near‐perfect
agreement with the observed annual evaporation.

We caution that the daily calculation may be more uncertain than the monthly and annual calculations
because of errors in the lake heat storage G at the daily time step. The daily G values were relatively large
in magnitude (25‐percentile and 75‐percentile values of −31 and 41 W m−2, respectively) in comparison
to the daily Rn (25‐percentile and 75‐percentile values of 34 and 145Wm−2, respectively). Some of the devia-
tions from the 1:1 line in Figure 6a could be caused by errors inG, such as those associated with disturbances
by air turbulence to the water temperature profile (Nordbo et al., 2011).

Theoretically, α is bounded by a lower limit of unity. This limit corresponds to the situation where the
saturation vapor pressure deficit D is 0 and therefore, evaporation occurs at the equilibrium rate
(Monteith & Unsworth, 1990). As D increases, E will be greater than the equilibrium rate, and α will
increase. However, the negative correlation between the observed α and D (Figure 4a) seems to contradict
this theoretical expectation. This paradoxical behavior can be understood with the Penman‐Monteith equa-
tion for saturated surfaces:

Table 1
Changes of Latent Heat Flux (Λe), Incoming Solar Radiation (K↓), Incoming Longwave Radiation (L↓), Outgoing Longwave Radiation (L↑), Net Radiation (Rn),
Surface Albedo (α), Bowen Ratio (β), Air Temperature (Ta), and Water Vapor Pressure (ea) in Reference to Their Respective Values Observed in 2012

ΔλE (W m−2) ΔK↓ (W m−2) ΔL↓ (W m−2) ΔL↑ (W m−2) ΔRn (W m−2) Δα Δβ ΔTa (°C) Δea (hPa)

2011 −2.1 −1.6 −3.7 −1.5 −0.2 −0.024 0.011 −0.3 −0.16
2013 9.1 13.4 0.4 4.0 9.6 −0.006 −0.008 0.8 0.04
2014 0.4 0.1 1.4 2.4 1.2 −0.015 −0.002 0.4 −0.06
2015 2.6 −1.9 4.8 3.0 2.7 −0.019 −0.005 0.4 −0.06
2016 4.1 −0.2 8.6 5.5 5.5 −0.018 0.010 0.9 0.13
2017 9.0 8.5 5.1 6.4 8.7 −0.015 −0.017 1.1 0.10
Average 5.0 4.0 4.1 4.3 5.5 −0.015 −0.002 0.7 0.03
Standard deviation 3.5 6.0 2.9 1.5 3.3 0.004 0.010 0.3 0.08
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λE ¼ s
sþ γ

Rn − Gð Þ þ ρcp
ra

D
s

� �
; (7)

where ρ represents air density, cp is specific heat at constant pressure, and ra is aerodynamic resistance. The
second term on the right‐hand side of the equation, commonly interpreted as the contribution of energy
advection to lake evaporation, is the reason for the larger‐than‐unity α. If all other parameters remained con-
stant, equation 7 shows that α would increase with increasing D. However, in the current study, D and tem-
perature were correlated: D was higher in months with higher temperatures (and higher s values).
Equation 7 suggests that the ratio D/s may be a better measure of the advective influence than D alone
because the former considers both D and temperature. The results show a slight positive correlation of
monthly α with D/s, increasing from 1.28 at D/s = 2 K to 1.50 at 6.5 K (Figure 4c).

The E underestimation by the original PTmodel was more severe in the cold season than in the warm season
(Figure S5), consistent with the fact that the tuned α showed larger positive deviations from the original
value at lower temperatures (Figure S5d). Similar seasonal behaviors were reported by de Bruin and
Keijman (1979) and Gallego‐Elvira et al. (2010). At present, the mechanism underlying this seasonal tem-
perature dependence is unclear. A mathematical explanation, offered by de Bruin and Keijman (1979), is
that the linear relationship between the actual E and the equilibrium E has a positive offset. Alternatively,
α would increase with decreasing temperature if the Bowen ratio remained unchanged across seasons
according to equation 2 (Gallego‐Elvira et al., 2010), although in the present study, the Bowen ratio dis-
played a strong seasonality with the highest monthly value of 0.31 in February and the lowest monthly value
of 0.05 in July (Figure S8). Regardless of the underlying mechanism, the temperature dependence based on
seasonal variations (Figure 4b) should not be used to predict interannual and geographic variations in lake E

Figure 6. Observed annual λE versus annual λE calculated by four Priestley‐Taylor procedures. (a) PT with original
coefficient applied at the daily time scale; (b) PT with original coefficient applied at the monthly time scale; (c) PT
with a temperature‐dependent coefficient α = −0.017Ta + 1.69 applied at the monthly time scale; (d) PT with tuned
coefficient (1.39) applied at the annual time scale. Filled symbols denote observations at MLW.
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(Woolway et al., 2018). A recent study on ocean evaporation suggests that the PT relation has an internal
inconsistency between surface temperature, radiation, and evaporation (Yang & Roderick, 2018).

4.3. Future Predictions

In the above analysis, equation 3 was used in a diagnostic mode to help us understand driving mechanism of
the interannual variability in the observed lake E. This equation also provides a framework for making pre-
diction on how E may change in response to climate change. Since an unambiguous result of rising CO2 is
rising air temperature, it is instructive to quantify how each of the terms in equation 3 may change in
response to changes in air temperature ΔTa.

According to the Bowen ratio formulation from the PT model (equation 2), the Bowen ratio change is nega-
tively proportional to temperature change. The relationship is given by

Δβ ¼ −
γ
αs2

ds
dTa

� �
ΔTa: (8)

At the mean temperature of 290.1 K in the present study, the above equation gives a linear slope of
−0.022 K−1 with tuned annual α of 1.39. The decreasing trend of Bowen ratio with increasing surface tem-
perature has been verified by theoretical and observational investigations (Assouline et al., 2016; X. Guo
et al., 2015; Priestley & Taylor, 1972; Yang & Roderick, 2018).

The relationship between changes in outgoing longwave radiation and ΔTa can be approximated by differ-
entiation of the Stephan‐Boltzmann law as

ΔL↑ ¼ 4σT3
sΔTs ≈ 4σT3

aΔTa; (9)

where the lake surface temperature Ts is approximated by the air temperature Ta and σ is the
Stephan‐Boltzmann constant. This equation predicts a slope value of 5.5 W m−2 K−1 for the linear relation-
ship between ΔTa and ΔL↑.

The incoming longwave radiation L↓ can be parameterized as

L↓ ¼ ϵaσT4
a; (10)

where ϵa is apparent atmospheric emissivity. The change in L↓ in response to ΔTa is then given by

ΔL↓ ¼ 4ϵaσT3
a þ σT4

a
dϵa
dT

� �
ΔTa: (11)

Here, we use the Brutsaert (1975) clear‐sky formula for ϵa:

ϵa ¼ 1:24 ea=Tað Þ1=7; (12)

where ea is atmospheric vapor pressure. We further assume that relative humidity is not sensitive to changes
in Ta, or in other words, we assume that changes in ea are driven primarily by changes in the saturation
vapor pressure. With this assumption, we have

dϵa
dTa

¼ 1
7
ϵa

RH
ea

s −
1
Ta

� �
; (13)

where RH is relative humidity in fraction. Equation 13 is combined with equations 12 and 11 to obtain a lin-
ear relationship between ΔTa and ΔL↓. For the conditions in the present study (mean RH = 0.84, mean
ea = 16.3 hPa, mean Ta = 290.1 K), the slope of this relationship is 7.4 W m−2 K−1.

The performance of equations 8, 9, and 11 is shown in Figures 7a to Figure 7c. Once again, all the change
terms are relative to their respective values observed in 2012. Except for the Bowen ratio change in 2016,
these equations captured the observations reasonably well. The prediction of ΔL↓ based on Brutsaert's emis-
sivity formula is especially worthy noting because equation 12 is a parameterization for clear‐sky conditions.

10.1029/2019JD031264Journal of Geophysical Research: Atmospheres

XIAO ET AL. 11 of 15



The good performance of equation 11 suggests that the water vapor amount in the atmosphere dominated
over cloudiness in controlling interannual variability in L↓. The remarkable agreement between ΔL↑ and
the Stephan‐Boltzmann law prediction (Figure 7c) confirms that our radiation measurement was of
high quality.

We are not aware of a predictive model for changes in the incoming shortwave radiation ΔK↓ in relation to
ΔTa. Our observations indicated a positive correlation between ΔK↓ and ΔTa, with a slope of 7.7 W m−2 K−1

(Figure 7d). According to the global analysis by Fildier and Collins (2015), the global mean clear‐sky short-
wave radiation at the surface should decline with climate warming due to more water vapor in the atmo-
sphere. The opposite result observed here suggests that the relationship between ΔK↓ and ΔTa may vary
with spatial and temporal scales.

In Figure 7, we did not show the albedo change versus temperature change, because Lake Taihu is ice free
throughout the year. In midlatitude to high‐latitude lakes, the annual mean albedo should decrease with
increasing temperature due to the shortening of ice period (W. Wang et al., 2018). In other words, for lakes
in cold climates, albedo change may play an important role in the lake energy budget.

The effect of future temperature changes on lake evaporation can be roughly predicted according to equa-
tion 3. With rising temperatures, the energy input terms ΔL↓ and ΔK↓ were shown to increase at rates of
7.4 and 7.7 W m−2 K−1, respectively, and the outgoing longwave term ΔL↑ to increase at a rate of
5.5 W m−2 K−1. Furthermore, the Δβ term in equation 3 was equal to 1.6 W m−2 K−1 using the mean Rn

and β (Table S1). The overall effect of rising temperature is equivalent to a rate of latent heat flux increase
of 11.2 Wm−2 K−1 or 13% K−1 (we have omitted the albedo change in this calculation). This rate of increase
is greater than the temperature sensitivity of the global lake evaporation (4% K−1; W. Wang et al., 2018) or

Figure 7. Comparison of observed (dots) and predicted (lines) temperature responses: (a) Bowen ratio change Δβ versus
temperature change ΔTa; (b) incoming longwave radiation change ΔL↓ versus ΔTa; and (c) outgoing longwave radiation
change ΔL↑ versus ΔTa. Also shown is the relationship between the observed incoming shortwave radiation changes ΔK↓
versus ΔTa (panel d, with the regression line shown). Filled symbols denote observations at MLW.
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global Earth's surface evaporation (1 to 3% K−1; Kirtman et al., 2013). The large K↓ change appears to be the
main reason for this discrepancy. If we set ΔK↓ to 0, we would obtain a lower evaporation temperature sen-
sitivity of about 4% K−1. Regardless of the K↓ trend, our results strongly imply that warming should enhance
the evaporation of this lake.

The results of the correlation and the attribution analyses presented in the previous section showed that tem-
perature as a nonenergy variable was not the main driver of the observed interannual variability in E. In this
section, however, temperature was used as an independent variable to make prediction of future E change.
This apparent contradiction can be understood from two different perspectives. The first perspective is the-
oretical, emphasizing the fact that evaporation is a process that consumes energy and therefore can be con-
strained by the energy balance principle. The second perspective is practical, requiring functional
relationships to make prediction using easily measurable variables such as air temperature. Our approach
is similar to that commonly used in studies of the global hydrological cycle in a warming climate. In those
studies, changes in global evaporation and precipitation are constrained by the surface (e.g., Andrews
et al., 2009) or the atmospheric energy balance (e.g., Myhre et al., 2017) to gain a mechanistic understanding,
and individual terms of the energy balance equations are expressed as functions of temperature change to
help predict how global precipitation may intensify with rising temperatures (DeAngelis et al., 2015;
Kleidon et al., 2015; Pendergrass & Hartmann, 2014).

While the attribution analysis and the PT model performance are based on the observational data, the valid-
ity of future prediction depends on the accuracy of the underlying assumptions, namely, the PT model for
the lake Bowen ratio, the extension of the Brutsaert's (1975) clear‐sky parameterization to all‐sky conditions,
the assumption that climate warming does not change the near‐surface RH, and the approximation that the
lake albedo does not change with temperature. The constant RH assumption has been confirmed at the glo-
bal scale from observations and climate models (Kirtman et al., 2013). It is encouraging that this assumption
combined with the Brutsaert parameterization can predict reasonably well the interannual variability of the
incoming longwave radiation at a local site (Lake Taihu). Whether these assumptions are valid at other lake
sites requires further investigation. Nevertheless, our study shows that they provide a useful reference frame
for interpreting long‐term lake evaporation data.

5. Summary of Findings

In this paper, we analyzed the interannual variability of lake evaporation observed at Lake Taihu with eddy
covariance over a 7‐year period (2011–2017). The key findings are as follows:

1. The results confirmed that the attribution method based on the surface energy balance principle (W.
Wang et al., 2018) is a useful tool for diagnosing changes in local lake evaporation.

2. The key drivers of the change of lake evaporation were incoming longwave radiation L↓ and incoming
shortwave radiation K↓. The lake E was higher in years with higher L↓ and K↓. The outgoing longwave
radiation L↑ had an opposite effect, offsetting about half of the K↓ and L↓ contributions to the lake eva-
poration changes.

3. The PT model underestimated the annual E by 9.3%. Forcing good agreement with the observed E
requires that the PT α be increased from the original value of 1.26 to 1.39.

4. Climate change in the future has several consequences for lake evaporation, including reduction in
Bowen ratio with rising temperature according to the PT model, increase in L↓ due to water vapor
buildup in the atmosphere, and increase in L↑ due to warming of the lake water. Our results show that
the interannual changes in these energy terms are predictable as functions of the temperature change.
We found that Brutsaert's (1975) parameterization for atmospheric emissivity can be used to predict
interannual changes in L↓.
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