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Abstract

Under the climate changes and human activities, large areas of lakes shrunk and wetlands
degenerated. Evapotranspiration (ET) is the primary water loss in the water balance of closed-basin
and lakes. However, ET is difficult to estimate, especially in the data-scarce or ungauged zones.
For a closed lake without outflow, the inflow could be used to estimate the water shortage of ecological
water demand. Based on meteorology data and the pan evaporation (ETpan) data, Penman-Monteith
and Hargreaves Model were used to estimate potential evapotranspiration (ET,), which was used to
estimate ET, and used the water balance model to assess the water inflow of Wolong Lake. PM model
proposed the satisfactory estimation of ET from Wolong Lake. The empirical formula of the net
radiation was built based on the coefficient that derived from data fitting with function of the measured
ET | and the estimated ET . The temperature was the dominant factor for the increment of the ET ..
In the data-scarce or ungauged zones, ET, could be used to evaluate the evapotranspiration from
the lake surface (ET, ), instead of the ET.. The results found that the inflow of Wolong Lake could not
meet the demand of the evaporation and water volume advancement.

Keywords: potential evapotranspiration, pan evaporation, water balance, water inflow, inland plain lake

Highlights WL lake water inflow could not meet the demand of
the water loss over WL lake.
Temperature was the dominant factor affecting ETO could be used to evaluate the lake loss in the
the water loss over WL lake. data-scarce or ungauged zones.
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Introduction

Lake water is the key element of terrestrial water
storage. Quantification of terrestrial water storage is
important and useful for water resources planning
and management, socio-economic development and
ecological sustainability [1, 2]. It was found that
extensive lakes shrink and wetlands degenerate [3-5]
were partially resulted from the climate change and
intensive human activities [6]. Evapotranspiration (ET)
is the main water loss in the water budget of closed-
basin with lakes [7-9]. The atmospheric and lake-
surface processes influence the evapotranspiration from
lake surface (ET ). Changes of hydro-climatic and
climatic variables, such as air temperature, humidity,
wind speed, and energy flux, affect the variation of
ET, .. Compared with climate warming from 1850
t0o1900, the average global surface temperature has
increased by around 0.87°C from 2006 to 2015 [10].
It was assumed that temperature rising enhanced
of evapotranspiration capacity and amount [11-13].
ET is a fundamental component of the hydrological
and energy cycle [14, 15] that transferred 65% of
precipitation back to the atmosphere [16]. For planning
and management of water resource and irrigation
projects, ET affects the regional water balance and
decides the water demand of crops. However, ET is
difficult to measure and parameterize [16-18]. The
current observations were not enough to the research on
ET. The requirement to estimate the crop water demand,
support the irrigation management and hydrological
predictions cannot be satisfied, especially in ungauged
regions.

The estimation of ET usually refers to the potential
evapotranspiration (ET) [13, 19], which was defined
as the amount or rate of water evaporated from a
large area without any water supply limitation or any
vegetation stress [20, 21]. ET, is a climatic element
that can effectively depict the capacity and energy of
evapotranspiration, assuming no limitation on water
supply [22]. Meanwhile, it is also a characteristic
variable in hydro-climatic water cycle, an important
parameter in irrigation system planning and scheduling,
and a robust input of hydrological models [23], as well

as an essential part of water balance [24]. Thus, it is
vital to estimate the ET,,.

Massive physical, empirical and semi-empirical
models can estimate the ET, in a specific region.
Recommended by Food and Agriculture Organization
(FAO), Penman-Monteith formulation has been
implemented widely in hydrological, agricultural and
hydro-climatic fields [25-27]. Thornthwaite equation
was also proposed and has been widely used to
estimated ET [24, 28]. Hargreaves model could estimate
ET, with limited climatological dataset [29, 30]. Among
the various methods, different studies have developed
the specific measurement to simulate ET;, such as
combination models [31], temperature-based models
[28] and energy-based models [29].

In recent years, numerous studies focus on
documenting the spatial-temporal variations of ET [32-
34], comparison of ET, estimation methodology [16,
21], the environmental and climatic driving factors of
ET, [35-37], influences of land use on ET, [23, 38, 39]
and other hydrological and agricultural fields [36, 40].
For example, Han et al. [41] proved that 1991 was a shift
point of ET, in the Jing-Jin-Ji region that annual ET,
decreased before 1991 and increased after 1991. Xu and
Singh [19] employed eight radiations-based models to
estimate ET, and selected the model that agreed most
with pan evaporation (ET ) that measured over a pan
with diameter of 20 cm in the north-western Ontario.

Most studies used the dynamic water balance model
to investigate the variation of the water volume (or level)
at the annual, seasonal, and monthly scales [42-44].
Gibson et al. [45] examined the potential impacts of the
water levels variation of Great Slave Lake from 1964
to 1998. Wale et al. [46] estimated the contributions of
runoff from ungauged catchment to Lake Tana’s water
balance. Xu et al. [47] explored the change of runoff and
water level of Poyang Lake. These researches needed
to obtain the data of discharge (involving both surface
and groundwater runoff), precipitation and evaporation.
However, for the lake (or reservoir) water balance, few
studies have documented the arithmetic of water inflow
by using ET , especially in the data-scarce or ungauged
zones. Therefore, how to evaluate the water loss through
ET, from a lake in the ungauged zones? Whether ET |
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could be optimized through the estimation of ET,?
And what is the relationship between ET and ET,?
All the above questions are needed to be answered
and will solve in the study.

To answer the above questions, this study estimated
the ET, through two widely-used models (Penman-
Monteith (PM) Model and Hargreaves (Har) Model),
as well as the inflow of inland plain lake water through
a water balance model. The objectives of this study
are as follows: (a) to explore the dynamic traits of
climatic factors in the study region; (b) to investigate
the relationship between ET = and climatic factors;
(c) to recalibrate the accuracy of ET, through local
ET . observation data and deriving the coefficient
to optimize empirical formula of net radiation (R );
and (d) to estimate the inflow of the lake based on ET.
The results and conclusions of this study is helpful
to fill in gaps in the measured hydrological data.

Material and Methods
Study Site
Wolong Lake (WL), as a wetland, is the ecological

barrier and site for birds migrating [48]. Studies asserted
that wetlands stored 15% of total carbon over the Earth

and played a significant role in ecological balance [49,
50]. Affected by climate changes and human activities,
extreme hydrological events occurred more frequently
and intensively [51, 52]. With insufficient water
resources and intensive water consumption, the inflow
of WL is seriously squeezed in the region. Water level
of the WL affected the birds and their habitat [48].

As shown in Fig. 1, WL (42°39-42°46'N,
123°7'-123°19'E), located in Kangping county, which
has an area of 50.54 km? and is the largest freshwater
lake in Liaoning province and the second largest
in Northeast China. WL reservoir volume has changed
from 6, 289.7 x 10* m? 5,308.6 x 10* m® and 4,
615.0 x 10* m®in 2015, 2016 and 2017. Large areas
of WL had shrunk. As a semi-artificial and semi-
natural wetland, WL (also known as Xipaozi
Reservoir) was built in 1958 that stores water from
East and West Malian River and flows into the Liao
River. Liao River is the largest river in Liaoning
Province. WL is vital ecological green core for
eastern Asia birds’ migration and for migratory
birds’ propagation [53]. In 2001, it was listed as
a provincial natural protection area. WL Natural
Scenic Resort was established to protect the waterfowl
habitat and water biological resources. As recorded,
More than 75% White Cranes rest here in the migration
season of 2008 to 20009.
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Table 1. Basic parameter information of the Kangping national meteorological station.
Parameter name Mean Annual Value Data Duration
Precipitation Pe 522.52 mm 1960.1.1 —2016.12.31
Average air temperature ean 7.5°C 1960.1.1 —2016.12.31
Minimum air temperature - 13.1°C 1960.1.1 —2016.12.31
Maximum air temperature in 2.5°C 1960.1.1 —2016.12.31
Sunshine duration SD 227.8 h 2000.1.1 —2016.12.31
Wind speed WS 3.0 m/s 2000.1.1 -2016.12.31
Relative humidity RH 60% 2000.1.1 -2016.12.31
20 cm pan evaporation ETpcm 1973.9 mm 1960.1.1 —2013.12.31
WL is an important environmental protection parameter information of the meteorological data was

zone in the area. It is not only an ideal transit depot
in migration for birds but also an ecological shield
for the Northwest Liaoning Province. However,
with insufficient water resources and high water
consumption, the inflow of WL is seriously squeezed.
Meanwhile, the intensity and frequency of drought
events increases under climatic change. The ecological
water demand of WL is not satisfied for a long time.
The ecological environment of WL has deteriorated
and its ecological security protection foundation has
been fall behind. The retrograde ecological succession
has taken place and the ecosystem service function has
seriously deteriorated, which threatened the ecological
security in northwest Liaoning Province.

Measurements and Data Processing

Daily observation from the Kangping national
meteorological station (42°45'N, 123°20'E) (Fig. 1) were
collected as the basic data and training set, including
the daily precipitation (P) from 1961 to 2016, daily
average air temperature (T __ ), daily minimum (T )
and maximum (T _ ) air temperature from 1961 to
2016, sunshine duration (SD) from 2000 to 2016, wind
speed at 10 m height (WS) from 2000 to 2016, relative
humidity (RH) from 2000 to 2016, and 20 c¢cm pan
evaporation (ETpan) from 1960 to 2013 (Table 1). Basic
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shown in Table 1. Considering the spatial-scales of the
study area, the Kangping national meteorological station
data was used to represent the hydro-climatological
characteristics of the whole study area.

The variation of area of WL from 1995 to 2017 was
extracted from the Landsat TM data (30 m x 30 m),
National Aeronautics and Space Administration (NASA)
(https://search.earthdata.nasa.gov). The monthly water
volume of WL in 2015 and 2016 were also collected as
an input of water balance model.

The flowchart of this study is shown in Fig. 2.
The temporal variations of major climatic factors and
ET in WL were investigated at first. Secondly, the
Penman-Monteith (PM) Model and Hargreaves (Har)
Model were explored to estimate the ET,. Then the
relationship between ET and ET,, was established and
evaluated. Based on the water balance model, ET was
used to estimate the inflow of WL (Fig. 2).

Models
Penman-Monteith (PM) Model
The FAO PM equation has been widely applied to
derive ET [25, 54, 55], whose performance has been

widely validated [56]. The PM equation is shown
as Eq. (1).

a. Water volume data
b. Landsat TM data

Calculation of water
inflow

Fig. 2. Flowchart of the investigation of water inflow calculation.
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where ET is the daily potential evapotranspiration rate
(mm d7); G is the soil heat flux density (MJ m? day™);
T is the mean daily air temperature at 2 m height (°C);
U, is the mean 24™ wind speed at 2 m height (m s™);
e, and e is the saturated and actual vapor pressure
respectively (kPa); y is the psychometric constant
(kPa °C™); A is the slope of vapor pressure (kPa °C™)
and Rn is the net radiation at the ground surface
(MJ m? day™).
The R [57]can be expressed as:

Rn = Rns - Rnl (1_1)
R =(1-a)R, (12)

R =(a +b )R,
N (1-3)

where R __is the net short-wave radiation (MJ m? day™);
R, is the net outgoing long-wave radiation (MJ m day™);
R, is the incoming solar radiation (MJ m? day'); R,
is the extraerrestrial radiation (MJ m? day'); a is the
albedo coefficient; a_and b_are regression constants and
are set to the original empirical values 0.25 and 0.50,
respectively; n represents actual daily sunshine duration
(h); N is the maximum possible sunshine duration at
Kangping station (h); n/N means the relative sunshine
duration.

The wind speed at 10 m height was converted to the
wind speed at 2 m above the ground surface to estimate
ET, through:

In(2/z,)
P77 In(z/z) (1-4)

where U, is the wind speed at a height of 2 m above
the surface (m s); U, is the wind speed at z m height
(m s™), and z, is the surface roughness height = 0.002 m
for water.

Hargreaves (Har) Model
Har model can be described as Eq. (2) [21].

ET, = 0.00232%
A

(T

max

- Tmin )OAS(T

mean

+17.8)
@

where T T and T . are the daily mean, maximum,
and minimum temperature (°C), respectively; R is the
daily extraterrestrial radiation (MJ m? day'); and A is

the latent heat of vaporization (2.45 MJ kg™).

Water Balance Model

Except for two sluices in the south and north of the
lake for flood management, there is no other channel
connecting WL with outside region. WL was treated
as a closed-basin lake in this study. For a closed-basin,
precipitation and runoff are the main water sources,
and evaporation is the main water loss [58]. Reservoirs
and farmlands all locate in the upper reaches of WL
intercepting the inflow. In addition, no hydrological
monitors were set along the river side. Thus, for a
closed-basin lake, the basic hydrologic balance model
must balance the precipitation for inputs and evaporation
for outputs [2]. Water inflow could be estimated from
the water balance model [59-61]. The water balance
equation in WL can be expressed as the following:

P+R—-ET—-1=xAW 3)
WI=P+R “)

where P is monthly precipitation within the lake (10* m?);
R is monthly runoff (10* m?®) containing both the surface
and groundwater runoff; ET is monthly evaporation from
lake surface (10* m?), as the main water loss in WL; AW
is monthly mean variation of lake volume (10* m?); WI
is the water inflow of WL (10* m?). Based on the records
from technical literatures and geophysical reports, the
geological structure of WL bottom is the tertiary period
sandstone, with infinitesimal permeable ability. It was
treated as impervious bed and the infiltration loss of
lake is zero: I = 0. The water balance model is usually
used as a basic technique to estimate ET for a catchment
area [62]. In turn, combined the water volume variation,
ET is used to calculate the water inflow in WL.

Evaluation of Model Performance

Among empirical methods to estimate the ET,
different equations may have different definitions.
Different definitions of models need to extract different
initial conditions and cause the different results.
To evaluate the performance of different models in
estimating ET, several criteria were used to include
the Nash-Sutcliffe efficiency coefficient (NSE), the root
mean square error (RMSE), the mean absolute error
(MAE), and the coefficient of determination (R?) [23,
63, 64]. These criteria are calculated as follows:

N

Y (obs, — sim,)’
NSE=1-—

N

" (obs, —obs)’

®)

N

0.5
RMSE= LZ(obsi — sim,)’
N ©

i
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i

N X —
2 (obs, —obs)? 2 (sim, — sim)’
i i (8)

where obs, is the observed ETpan (mm/day) and sim,
the estimated ET, (mm/day), and N is the number
of observations (days). According to the previous
advancements, simulation results are considered to be
good for NSE>0.75; NSE between 0.75 and 0.36 the
simulation results are considered to be satisfactory
[65]. NSE between 0.6 and 0.8 indicate that the model
performs reasonably well [46]. NSE The closer to 1 NSE
is, the better performance of the model has [64]. When
R*>0.6 and [RE|<15%, the model can be applied in the
study area [66].

Results and Discussion
Changes of Climatic Factors

Fig. 3 and Table 2 show the temporal variability
of the annual climatic factors in WL. At annual scale,
P, T ., T.> T, and SD show increasing tendency,
while ETpan, SW, and RH decreased. This is consistent
with the study about climatic variation trends in
Northeast China [67]. Annual P, increased slightly by
6.78mm per decade during the 1960-2016. Mean annual
P, was around 52 2mm and precipitation concentrates
in rainy season from June to August. The highest value
of annual Pe was over 840 mm in 1998 and the lowest
was less than 310mm in 1982. Annual T, T and

T ., increased at rates of 0.31°C, 0.15°C ;nd 0.42°C
per decade from 1960 to 2016, respectively. Annual
T ... was 7.54°C and the variation range of annual T
was 0.47°C to 14.72°C. ET | decreases by 44.76mm
per decade from 1960 to 2013. The multi-year average
of annual ET , was about 1974 mm. Annual SW was
3 m s! and annual RH was around 60%. Annual SW
decreased sharply by 0.4 m/s per decade, and annual
RH also shows the decreasing trend at a rate of 0.27%
per decade.

Fig. 4 shows the seasonal variations of key climate
factors in the WL. Variables changes showed temporal
differences in seasonal distribution. Changes of the P,
T e ETo0 and SD showed the single-peak trends from
the seasonal variation. Except ET . other variables
revealed as follows: summer had median maximum
value and winter had minimum value. Seasonal changes
of T performed relative concentration. RH and WS
changed oppositely in boxplots which had low-high and

high-low peaks, respectively. Except T ., influenced

Table 2. The slope and Z-Values of linear regression in various
climatic factors.

Climatic factors Slope/10a Z-Value
P, 6.78 0.97
0.31%%x 9.08
o 0.15%%% 4.62
- 0.42%%% 12.02

ET,, -44.776%*+* -3.46
WS -0.40%** -3.88
SD 0.02 0.84
RH -0.27* -1.80

* significance level of 0.1; ** significance level of 0.05; ***
significance level of 0.01.

mainly by RH and WS, the variation of the ET  was
larger in spring than in summer. Compared with other
three seasons, WL need more water inflow to meet its
ecological water demand because ET  and water loss
was strongly and fiercely in the spring.

Relationship between ET,
and other Climatic F actors

ET was affected by multiple climatic elements, such
as T (temperature), SD, RH and SW. R? and partial
correlation coefficient were used to illustrate the mutual
relationship between ET  and meteorological variables
from 2000 to 2013, shown in Fig. 5 and Table 2.

Table 3 shows that T __ , WS and SD had a strong
positive correlation with ET , at the 0.01 significance
level, while RH was negatively correlated with ET  at
the 0.05 significance level. Among the meteorological
variables, T _was the most sensitive factor, followed
by WS, SD and RH. P, also affected the ET .. Previous
studies concluded that the precipitation caused higher
RH, but led to relative low vapor pressure [57], which
means the precipitation had an inhibitory effect on
ET to some extent. Gharbia et al. [16] found that the
decreased precipitation in winter could reduce summer
precipitation of the next year and increase ET. Thus,
the concrete relation between P, and ET in need to be
studied in future researches.

Fig. 5 showed that the monthly ET, is relatively
higher from April to July, accounting for 50%-60% of
total annual ET . The summer monthly P_account for
50%-80% of total annual P. The monthly RH is high
in summer, while the monthly SD is lower in JJA (June,
July, and August). The monthly highest T, varying
from 20.43°C to 26.26°C, mainly occurred in JJA.
The monthly WS is high in April and May and low in
August, September and January.

T was the dominant factor for the increases of ETpan,
followed by WS and SD. On the contrary, RH has
negative effects on ET .- P, T and RH are in phase,
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while the peak of T lagged behind ET .. However, a
comprehensive relationship existed between ETO and
climatic factors. The dominant meteorological variable
varies with regions. He et al. [68] showed that P, mainly
drove the inter-annual variation of land ET during 1982
to 2014 in the Loess Plateau. But SD mainly drove
the daily ET of farmland in the Loess Plateau [69].
Feng et al.[70] reported that T was the most influential
parameter on ET , which was in accordance with this
study. Yang &Yang [67] argued that the global SD and
WS were the principal factors affecting changing ET .
around China. Fan & Thomas [71] found that WS was
the most influential climatic variable related to ET
variability. Other studies show that T and SD were the
main dominator of ETpan[72, 73].

Relationship between ET and ETpan

Due to the lack of observed ET, after 2014, the
daily ET , was calculated by daily ET Two methods
were apphed to calculate the daily ET for 13 years
(2000-2013) and a linear regression model was employed
to correlate ET to further investigate the rationality of
ET, estimation. Fig. 6 presented the regression together

with the cross-correlation (R?) between daily ETpan and
estimated daily ET by two methods. Fig. 6 indicated
that PM Model has better performance with R? of 0.89,
while the Har Model has lower R? as 0.68. Table 4
showed the estimated ET, by two methods The results
demonstrated that PM model proposed a satisfactory
estimation of ET, in WL. For the PM model, NSE was
0.45, RMSE was 3.19% and MAE was 2.23%, which
is better than that of Hargreaves model (NSE = 0.10,
RMSE = 4.08%, MAE = 2.89%.).

As Har model uses only temperature in the
estimation, it may fail in capturing the characteristics
of evapotranspiration with extreme humidity and wind
environments [19, 74]. In this study, WS is the secondary
dominant factor of ET. Except P, PM model contained
multiple meteorological elements, such as T, SD, RH
and SW. Meanwhile, this method was considered as a
standard equation and tested worldwide [64]. Thus, PM
model was recommended to evaluate ET in this study.

When applying the PM model, R_is calculated
at first. Several studies suggested the site-specific
empirical coefficients when estimating the R . Makin
et al. calibrated coefficients a_and b_as 0.26 and 0.48,
respectively, through a local experiment conducted

and other meteorological factors.

Table 3. Correlation coefficients and Partial correlation coefficients between ETpan

Pe ean WS SD RH
Correlation Coefficients 0.307*%* 0.830%** 0.408%*%* 0.640%*** -0.167%*
Partial Correlation Coefficients -0.123 0.834%** 0.401%** 0.270%** -0.27%**

* significance level of 0.1; ** significance level of 0.05; *** significance level of 0.01.
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between February and May, 1974, at a daily time-
step [75]. FAO proposed the original constant values
(a, = 0.25; b, = 0.50) [25]. Louche et al. estimated
the values of a_and b_ (0.206 and 0.546) at a French
Mediterranean site [76]. The CGMS model simulated
R, for Spain and found a_= 0.253 and b_= 0.502 [77].
Podesta et al. recommended the a_ and b_ varied values
in various month when calculating the R_[78]. China
territory is expansive and crosses multiple climatic
zones. Therefore, the R_ formulae is modified by
comparing the ET ., and ET. PM model was applied
to estimate the daily ET, for 8 years (2000-2008) and
a linear regression equation was used to correlate with
ET .. Then the coefficient linear regression equation k
was determined at around 1.86. According to previous
discussion, six sets of parameter values were proposed
to evaluate ET for 8 years (2000-2008). k was used
to optimized the formula of R to calculate ET for
4 years (2009-2013). Finally, results from models were
compared using the NSE, RMSE, MAE and R2.

A comparison of the original model parameter
constants with the recalibrated values was shown in
Table 5. Small errors were expected when applying the
modified constants in empirical formula. Although R?
shows slightly decreased, the original equations were
also modified to improve results with the recalibrating
constants as a whole. When applying the original
constant values, of the three sets ((i), (iii) and (v))
evaluation resulted in validation (2000-2008) and
modification (2009-2013) metrics showed a significant
bias. NSE values were less than 0.5 in validation and
0.6 in modification. RMSE values were over 3% in

Table 4. Comparison of Nash-Sutcliffe efficiency coefficient
(NSE), the root mean square error (RMSE), the mean absolute
error (MAE) and the coefficient of determination (R*) for
relationship between daily estimated ET, and observed ET,
using two methods for estimated ET,.

pan

NSE | RMSE (%) | MAE (%) | R

Penman-Monteith
Model

Hargreaves Model | 0.10 4.08 2.89 0.68

0.45 3.19 223 0.89

validation and less than 3% in modification. MAE
values were higher than 2% in validation and less than
2% in modification. When optimizing the R  equation
with coefficient k of the three sets ((ii), (iv) and (vi))
evaluation resulted in validation (2000-2008) and
modification (2009-2013) metrics showed a significant
improvement. NSE values were more than 0.75 in two
periods. RMSE values were less than 2.5% in validation
and less than 2% in modification. MAE values were
less than 1% during two periods.

Although the arithmetic errors still existed, the
R formula was properly calibrated that could give
the satisfactory ET estimation (Eq. 5). With properly
determined constant values, the set (vi) was selected for
ET, evaluation.

Rn = k ’ (Rns - Rnl) (9)

Calculation of Water Inflow
Estimation of Precipitation

From the observations from the Kangping
meteorological station close to WL, precipitation on the
lake surface was 4354 mm, 491.1 mm and 637.9 mm
in 2014, 2015, and 2016, respectively. The precipitation
increased, which was consistent with findings
in Section 3.1.

Estimation of WL ET,

ET is a major component and loss of the lake
water balance. Its the variation of ET was estimated
and measured indirectly. The World Meteorological
Organization (WMO) suggested that a Russian
GGI-3000, a 20 m? evaporation tank, and a Class A
evaporator from the USA could measure free water
surface evaporation [79]. E601 and D20 evaporation pan
were constructive, efficient, and widely used in China
[13, 80]. The E601 evaporator, as for a modified GGI-
3000 evaporator, was a standard evaporator in China
[79]. Therefore, ETINm was converted into evaporation of
E601 evaporator by conversion coefficients to evaluate
the water surface evaporation of WL.
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Table 5. Comparison of predictions NSE, RMSE, MAE and R2 values for estimating ETO considering various constants.

Parameter Validation (2000-2008) Modification (2009-2013)
Group Values NSE R?)ZS)E 1\2[02)15 R? NSE R&S)E 1\2[02)15 R?
1) a=0.25,b =0.50 0.41 3.43 2.39 0.89 0.51 2.7 1.82 0.89
(ii) a=025,b=0.50, k 0.74 2.3 0.81 0.78 0.8 1.73 0.26 0.81
(iii) a =0.25,b =0.65 0.49 3.18 2.15 0.86 0.6 2.45 1.59 0.87
(@iv) a=0.25b=0.65k 0.75 2.25 0.37 0.75 0.77 1.85 -0.17 0.79
W) Monthly coefficients a_and b_ 0.42 341 2.38 0.89 0.52 2.68 1.81 0.89
(vi) Monthly coefficients a_and b, k 0.74 2.28 0.79 0.78 0.8 1.72 0.24 0.81

*a,=0.25, b = 0.50 referred to the result by FAO (Allen et al., 1998); a = 0.25, b = 0.65 consulted the research by Liu & Dan (2011);
Monthly coefficients a_and b_was set as reported by Podesta et al. (2004).

Table 6. The conversion coefficients of various months between D20 evaporation and E601 evaporator.

Month 1 2 3 4 5 6 7 8 9 10 11 12
Conversion coefficients 0.48 | 0.57 | 0.46 | 0.50 | 0.53 | 0.54 | 0.55 | 0.55 | 0.59 | 0.57 | 0.58 | 0.58
It was found that the ET existed has linear and national meteorological station and evaporation

positive relationship with ET,. Meanwhile, due to the
lack of the ETpan observation after 2014, ET, was used
to replace ET . and convert it into E601 evaporation
pan to evaluate the ET from lake as ET_ = kp'ET,
where kp is the evaporation conversion coefficient of
ET ., and E601.

To quantify the daily ET of WL from 2014 to 2016,
the monthly coefficients (a_ and b ) and k were applied to
calculating R and used PM model to estimate the ET,
(2014-2016). This method gave annual ET of 1824.34
mm, 1791.98 mm and 1744.84 mm in 2014, 2015, and
2016, respectively. Table 6 showed the conversion
coefficients of months between D20 evaporation and
E601 evaporator. ET, = were 986.38mm, 956.74mm and
931.35mm in 2014, 2015, and 2016, respectively, with a
decreasing trend that was consistent with our finding in
Section 3.1.

Estimation of Lake Area and Water
Volume Change

Based on the DEM of WL, TM remote sensing
data (1995-2017) and lake level observation data
(1995-2017), the lake area variations and acquired lake
water volume changes were calculated during different
phases. Fig. 7 showed the correlation between lake area
and corresponding water levels, which shows a strong
correlation (R? = 0.82). With the increment of the water
level, the lake area of WL augmented during 1995 to
2017 that was consistent with the results by Chen &
Zhao [81]. The increments for WL area and water level
were 1.71 km? and 0.05 m from 1995 to 2017.

Fig. 8 Water balance derived from observations
and model outputs. Precipitation was from Kangping

was from the retrospective modeling. The negative
evaporation presented here indicated water loss from the
WL to the atmosphere. Runoff was the monthly runoff
and included the surface and groundwater runoff. Water
Inflow was the sum of monthly precipitation and runoff
into the WL. The change in water was the observations
from May to October in 2015 and 2016.

Fig. 8 showed the monthly water balance terms
estimated based on the observation data and the
retrospective model outputs over 2015 and 2016.
The average monthly precipitation was 4.05 x 10°m? and
4.97 x 10 m? in 2015 and 2016, respectively. The mean
monthly runoff was 4.57 x 10°m? and 5.18 x 10° m?
in 2015 and 2016, respectively. The mean monthly total
ET,, were 10.35 x 10°m® and 10.47 x 10°m?® in 2015
and 2016, respectively. The average monthly water
volume loss was 1.72 x 10°m? and 0.33 x 10°m? in 2015
and 2016, respectively. The water inflow to the WL
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Fig. 7. Scatter plots between water level and lake area.



5438

YuZ, etal

BN Precipitation (P)
Evaporation (ETlake)

s Runoff (R)

—¥— Water Inflow (W)

1000

500

Water Balance (10* m*> month')

-1000 A

-1500 G\X\e——e/@\e

1700
1500
1300
1100
900
700
500
300

- 100
GL\@/E/G\E/@ - -100

- =300

Water Volume (10* m* month")

Fig. 8. Water balance derived from observations and model outputs. Precipitation was from Kangping national meteorological station
and evaporation was from the retrospective modeling. The negative evaporation presented here indicated water loss from the WL Lake to
the atmosphere. Runoff was the monthly runoff and included the surface and groundwater runoff. Water Inflow was the sum of monthly
precipitation and runoff into the WL Lake. The change in water was the observations from May to October in 2015 and 2016.

was evaluated from the balance residual by assuming
a simplified water balance = AW + ET,, = P + R,
where AW was the change in water volume. The water
volume was 8.63 x 10°m? and 10.14 x 10°m? in 2015
and 2016. It was found that the lake water inflow could
not meet the demand of the evaporation and water
volume advancement.

The previous study found that climate changes
and human activities had affected on the lake water
volume directly or indirectly, which was the critical
driving factors for lake evolutions and lake ecological
[82, 83]. Zhou et al. announced that temperature
augmentation and area construction were the primary
driving force in the degradation of lake wetlands
[83]. Landes et al. estimated that climatic variation
reduced the water surface of wetlands by 5.3%-13.6%
during the periods 1961-2000 and 2081-2100 in the
Northwest France [84]. As an ecological sensible
region for semi-arid zone to humid zone, precipitation
and surface runoff were the major input of WL
[81]. The water regime was the most imperative
ecological element for wetlands. This study suggested
that precipitation decrement caused the reduction of
water inflow [85]. Otherwise, excessive utilization
of water resources caused the loss of water volume.
For a closed lake without outflow, given the data-scarce
or the lack of observation hydrologic data, water inflow
could estimate the water shortage of ecological water
demand. Meanwhile, the minimum water demand
of lake could be guaranteed with the water inflow
available.

Conclusions

In this study, it is found that the annual
precipitation, the annual average air temperature,
minimum and maximum air temperature, and annual
SD shows increasing trends. Contrarily, the annual pan
evaporation, WS and RH decreased in WL. Meanwhile,
temperature, pan evaporation, and WS changed at
the 0.01 significance level. The temperature was the
dominant factor for the increment of pan evaporation,
followed by WS and SD, while RH showed a decreasing
effect on pan evaporation.

ET, estimated through PM model shows linear and
positive relationship (R? = 0.89) with ETpan. Then we
maintained the coefficient linear regression equation k
(k = 1.86) and annual ET, of 1824.34 mm, 1791.98 mm
and 1744.84 mm in 2014, 2015, and 2016, respectively.
And the evaporation on the lake surface was derived as
986.38mm, 956.74mm and 931.35mm in 2014, 2015, and
2016, respectively. The average monthly water volume
loss was 1.72 x 10° m*® in 2015 and 0.33 x 10° m® in
2016. The water inflow to the WL was evaluated by
water balance: AW + ET = P + R. The lake water
inflow could not meet the demand of the evaporation
and water volume advancement.

This study investigated the ET, application in the
water inflow of inland plain lake, fill in gaps in the
measured hydrological data, especially in the data-
scarce and ungauged areas. Meanwhile, this study
developed the empirical formula of R by utilizing
the coefficient, which was derived from data fitting
of observational ETpan and estimated ET,. In sum, our
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research is helpful for understanding for planning
and management of water resource and irrigation
projects.

Due to the limitation of data, only two models
were chosen in this study to estimate the ET, and
calculated less than 3 years water balance in the WL.
Using different models may have different results. This
study provided an idea for evaluating water balance of
the closed-basin lake, especially in the data-scarce or
ungauged zones. And if the water inflow did not meet
the lake wetlands outflow, extreme climate events, such
as drought, could occurr. In this study, the effects of
the wetland drought were not considered. In the future,
drought evaluation of wetlands utilizing the water
balance could be studied prolong.

This study provides a valuable and scientific
reference to recognize the water balance in the
ungauged inland plain lake. With combined effects
of the climatic changes and human activities, wetland
protection and restoration measures should be paid more
attention. Optimizing the utilities of water resources,
such as rainwater harvesting, flood water utilization
and seawater desalination [86], could enhance the water
inflow of the WL in the future.
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