
Citation: Li, T.; Liu, D.; Han, S.; Ming,

G.; Fan, J.; Meng, X.; Huang, Q.

Closing the Feedback of

Evapotranspiration on the

Atmospheric Evaporation Demand

Based on a Complementary

Relationship. Atmosphere 2022, 13,

1431. https://doi.org/10.3390/

atmos13091431

Academic Editor: Stefan Liess

Received: 13 July 2022

Accepted: 31 August 2022

Published: 4 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

atmosphere

Article

Closing the Feedback of Evapotranspiration on the Atmospheric
Evaporation Demand Based on a Complementary Relationship
Tongtong Li 1, Dengfeng Liu 1,* , Songjun Han 2, Guanghui Ming 3, Jingjing Fan 1,4, Xianmeng Meng 5

and Qiang Huang 1

1 State Key Laboratory of Eco-Hydraulics in Northwest Arid Region, School of Water Resources and
Hydropower, Xi’an University of Technology, Xi’an 710048, China

2 China Institute of Water Resources and Hydropower Research, A1 Fuxing Road, Beijing 100038, China
3 Key Laboratory of Water Management and Water Security for Yellow River Basin (Ministry of Water

Resources), Yellow River Engineering Consulting Co., Ltd., Zhengzhou 450003, China
4 School of Water Conservancy and Hydroelectric Power, Hebei University of Engineering,

Handan 056002, China
5 School of Environmental Studies, China University of Geosciences, Wuhan 430074, China
* Correspondence: liudf@xaut.edu.cn

Abstract: Evapotranspiration is the important feedback of the catchment into the atmosphere. How-
ever, in catchment hydrological modeling, the feedback of evaporation into the atmosphere is not
closed and potential evaporation is always a meteorological forcing which is not dependent on the
actual evaporation. A modeling framework to close the feedback of evapotranspiration into the
atmosphere (FCEA) based on the evapotranspiration complementary relationship was proposed in
the catchment hydrological modeling, and the effect of land-use changes on the runoff and evapo-
transpiration in the upper reach of Han River of China was investigated in the FCEA. Brutsaert uses
the boundary condition analysis method to propose a nonlinear complementary relationship based
on polynomial formula (B2015 function), which was applied in the study area, and the parameters
were calibrated based on the catchment water balance of 1972–1990 and validated in 1991–2017. The
actual evapotranspiration (AET) in the study area was estimated based on the complementary model
in the upper reach of Han River. The SWAT model was used to simulate the catchment hydrological
processes in the study area from 1972 to 2017. The evapotranspiration in the upper reach of Han
River was studied in four scenarios to realize the feedback of evapotranspiration to the atmosphere
and analyze the impact of the evapotranspiration feedback to the change of runoff in the basin. The
results showed that the annual runoff in the upper reach of the Han River will increase, and the
annual actual evapotranspiration will decrease in the long-term simulations in Scenarios 1 and 4. In
Scenarios 2 and 3, with the increase of woodland, the annual runoff will decrease due to the feedback
to the atmosphere, and annual actual evapotranspiration will increase, which is related to the increase
in ecological water demand caused by the increase in woodland. Converting grassland into farmland
will increase the runoff of the watershed. It is important to improve the land-use planning policy in
the Han River Basin in order to realize the sustainable development of the river basin.

Keywords: hydrological model; evapotranspiration complementary relationship; land use;
CA–Markov model

1. Introduction

Over the past century, the impact of comprehensive climate change on the hydrological
cycle on a global scale cannot be underestimated [1,2]. Compared with the 1860s, the global
temperature has increased by 1 ◦C on average. According to predictions, the temperature
will continue to rise [3]. Warm air has the ability to hold more water vapor to accelerate the
water cycle [4]. Under the condition of global climate change, part of the precipitation forms
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runoff, and about 60% of the water returns to the atmosphere through evaporation [2,5]. At
the same time, half of the solar energy is absorbed by the earth’s surface [6].

Evapotranspiration is an important part of water balance, the main source of precip-
itation recycling in terrestrial ecosystem, and an important part of water carbon energy
cycle [7–9]. Evapotranspiration is also called actual evapotranspiration (AET). AET is
mainly affected by vegetation activities. The feedback to the atmosphere is completed by
soil evaporation, canopy interception, and vegetation transpiration [10,11]. Vegetation can
gradually change the underlying surface conditions, and then affect the water and heat
balance and hydrological process of the basin [12]. The potential evapotranspiration (PET)
is mainly affected by insufficient temperature and steam pressure [13]. The changes of
PET all over the world show different trends. For example, China has seven major basins
including the Yangtze River, the Yellow River, the Pearl River, the Hai River, the Huai River,
the Songhua River, and the Liao River. The PET of river basins has shown a downward
trend in recent decades, except the Yellow River Basin and the Songhua River Basin [14].

AET and runoff are the most important key components of the hydrological cycle and
are closely related to land-use and land-cover changes (LULCC), which affect the local
water balances [15]. AET occupies an important position in the hydrological cycle, but it is
generally difficult to obtain AET. AET is usually estimated based on PET in water resource
management and assessment [16]. LULCC will change the regional climate, the interaction
between the land surface and the atmosphere, and then the regional water resources will
also change. Ozdogan et al. [17] and Yang et al. [18] evaluated the effect of LULCC on
PET and flow. Han et al. [19] proposed that the land-use type of a region will affect the
meteorological parameters, and then affect the PET, and there are differences in the PET
changes that are induced by different land-use types. Therefore, it is necessary to study the
effect of LULCC on potential evapotranspiration in different regions.

Accurate estimation of AET is very important for hydrological process simulation
and water resources management [20]. Researchers are improving the method of estimat-
ing the AET. Nowadays, more meteorological data are used to estimate AET indirectly
through PET [21–23]. In recent years, the complementary principle has attracted extensive
attention [13,24,25]; the so-called “complementary relationship” means that the increase in
potential evapotranspiration is almost equal to the decrease in actual evapotranspiration
when the energy input is constant. When that is the case, a "complementary" change
occurs. This complementary relationship can calculate the AET without land-use, soil, and
vegetation data [26], and the results are consistent with the observation in the gauged river
basin. Since Bouchet [27] introduced the evaporation complementarity principle, it has
provided a theoretical basis for the method of estimating the actual evaporation using only
conventional meteorological data [28]. Brutsaert and Stricker [29] proposed a new linear
evapotranspiration complementary relationship advection aridity (AA) model, which is
based on Penman formula and priestly Taylor formula, and is suitable for general dry and
wet environments. Han et al. [30] proposed and verified a nonlinear function method for
normalizing an evaporation complementary relationship model, and they developed a
new sigmoid function, introduced the limitation of boundary conditions, and corrected
the deviation of AA model under dry and humid conditions. Brutsaert [31] also extended
the complementary relationship model to a dimensionless form, and proposed a quartic
polynomial function, called the B2015 function, based on the four boundary conditions
of dry wet transformation. Based on the work of Szilagyi et al. [32], Crago et al. [33]
modified the boundary conditions of the Brutsaert model. Han and Tian [26] developed
a sigmoid generalized complementary function based on reasonably derived zero-order
and first-order boundary conditions by analyzing the constraints under extreme drought
and humidity, and compared them with the Brutsaert model. These models have been
increasingly applied to arid or semi-arid areas [24,33–36]. The evapotranspiration comple-
mentary relationship takes into account the feedback effect of regional evapotranspiration
on the near stratum atmosphere, and clarifies the causal relationship between PET and
AET, which is of great significance to regional water resources management.
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Located in the Middle East of China, the Han River is the largest tributary of the
Yangtze River. In terms of watershed environment, it is an important surface water resource
and ecological protection barrier in China [37,38]. In terms of geographical location, it is
the water source of large-scale inter-basin water transfer projects, such as the middle route
of South-to-North Water Transfer and Han-to-Wei River Water Diversion Project [39,40].
Under the comprehensive impacts of climate change and human activities, the balance
of ecology and environment of Han River are related to the water safety of the water-
source area and the water-receiving area [37,41]. The watershed is very sensitive to the
feedback of hydrological cycle to climate change [41]. The research of Standard et al. [42]
and Vörösmarty et al. [43] showed that the hydrological model is very sensitive to PET in
humid areas. Therefore, it is of significance to study the response of hydrological process
in Han River basin to future climate change and land-use policy.

The objective of this study was to establish a modeling framework to close the feedback
of evapotranspiration into the atmosphere (FCEA) based on generalized evapotranspiration
complementary relationship when predicting hydrologic response to land-use changes,
and investigate the effect of land-use changes on the runoff and evapotranspiration in the
upper reach of Han River of China.

This study took the upper reach of Han River as the study area, established a SWAT
model, and simulated the actual evapotranspiration combined with B2015 function of the
evapotranspiration complementary relationship. The rest of this study is organized as
follows. Sections 2 and 3 describe the study area, data, and methods. In Section 4, the
AET in the study area is estimated and the modeling framework to close the feedback of
atmospheric evapotranspiration is constructed in the study area. In Section 5, different
land-use scenarios are set up and the modeling framework is applied to study the evolution
of evapotranspiration and runoff under land-use scenarios in the future. Section 6 is the
discussion on the simulation results and some suggestions for the development of the study
area. Finally, a conclusion is drawn in Section 7.

2. Study Area and Data
2.1. Study Area

The Han River originates from Ningqiang County, Shaanxi Province of China. The
study area is the upstream of Shiquan Hydrological Station in Han River (hereafter named
the upper reach of Han River). The upper reach of Han River is located at 106◦09′~108◦52′ E
and 32◦45′~34◦02′ N, and the catchment area is about 23,750 km2 [38]. The study area is
shown in Figure 1.

The landform types above the Shiquan Hydrological Station in the upper reach of the
Han River include mountains, hills, plains, and platforms, accounting for 75.24%, 10.24%,
7.86%, and 6.66% of the total area of the basin, respectively. The topographic features are
that the north is high and the south is low, Shiquan has the lowest altitude (about 361 m),
and Taibai has the highest altitude (about 3572 m).

The study area has a subtropical monsoon climate and there are many subcatchments,
which are Yudai River, Hongya River, Taibai River, Youshui River, Ziwu River, and Muma
River. The mean annual precipitation is 886 mm, and the precipitation is mainly in the
period from July to September. The mean annual PET is 1087 mm. The mean annual
runoff is 414 mm at Shiquan station. The mean annual temperature is 13.5 ◦C, the mean
annual minimum temperature is −8.56 ◦C, and the mean annual maximum temperature is
35.65 ◦C.
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Figure 1. The study area.

2.2. Data

Meteorological data include daily rainfall, daily maximum temperature, daily maxi-
mum minimum temperature, daily average temperature, daily relative humidity, sunshine
hours, daily average wind speed, and atmospheric pressure from eight meteorological
stations in the study area from 1972 to 2017. The spatial distribution of the meteorological
stations is shown in Figure 1, and the station information is shown in Table 1. At the same
time, the daily runoff data of Shiquan Hydrological Station from 1972 to 2017 were collected.
Meteorological data and measured runoff data were obtained from China Meteorological
Data Network and Han River Basin Hydrological Yearbook, respectively.

Table 1. Meteorological station information in the study area.

Meteorological Station Latitude Longitude Altitude(m)

Taibai 34◦03′ 107◦32′ 1543.6
Lueyang 33◦32′ 106◦15′ 794.2

Liuba 33◦63′ 106◦93′ 1032.1
Hanzhong 33◦07′ 107◦03′ 509.5

Foping 33◦52′ 107◦98′ 827.2
Ningqiang 32◦83′ 106◦25′ 836.1

Shiquan 33◦05′ 108◦27′ 484.9
Zhenba 32◦53′ 107◦90′ 693.9

The spatial data required in the SWAT model include digital elevation data (DEM),
soil data, and land-use data. The DEM data came from the ASTER GDEM 30 m spatial
resolution provided by the Geospatial Data Cloud of China. This study adopted the
Krasovsky_1940_Albers equal-area conic projection system. The land-use data in 1980,
1995, and 2010 were obtained from the Data Center of Resource and Environmental Sciences,
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Chinese Academy of Sciences, with a resolution of 1000 m. Soil data were from the World
Harmonized Soil Database (HWSD), and the scale is 1:1 million.

3. Methods
3.1. B2015 Function of Generalized Complementary Relationship

The AA model is the most widely used complementary linear evapotranspiration
model. It calculates the potential evapotranspiration through the Penman formula and the
humid environment evapotranspiration through the Priestly–Taylor formula. Han et al. [30]
carried out dimensionlessization of various complementary evapotranspiration models,
and first proposed a nonlinear sigmoid function based on the principle of complementary
evapotranspiration (H2012), which corrected the deviation of the AA model under dry
and humid conditions. Inspired by the nonlinear complementary model proposed by
Han et al. [30], Brutsaert et al. [31] also extended the evapotranspiration complementary
relationship model to a dimensionless form E/Ep = f

(
Ew/Ep

)
, let x = Ew/Ep,y = E/Ep.

At the same time, he defined E as the actual evapotranspiration, mm/d; Ep is the po-
tential evapotranspiration, mm/d; Ew is the wet environment evapotranspiration rate,

mm/d. Use a power function y = x−
n
∑

i=0
aixi to represent the relationship between y and

x,i = 0, 1, 2, 3, · · · , ai represent the coefficients in the polynomial.
The B2015 function is based on the following four boundary conditions:
(1) Under completely wet conditions, when x → 1, y = 1, at this time E = Ep = Ew;
(2) Under extreme drought conditions, when x → 0, y = 0, at this time E = 0, Ep is

very large;
(3) When, Ew → Ep, E→ Ep , instant x → 1 , at this time dy/dx = 1;
(4) When the drought situation becomes more and more serious, y will be closer

to 0 than x; if both reach 0 according to the boundary (2), then for a given increment
dx, the increment dy will be limited to be smaller, the limit of x approaching 0; at this
time, dy/dx = 0.

Through the analysis of the above four boundary conditions, Brutsaert proposed the
following quartic polynomial function:

y = (2− c)x2 − (1− 2c)x3 − cx4 (1)

In the formula, c is the parameter,−1≤ c ≤ 2. The B2015 generalized complementarity
is shown in Figure 2.
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Brutsaert [29] also sorted out the calculation formulas of Ep and Ew in AA model
(Brutsaert, 1979) and obtained the expression for calculating the actual evaporation E in
the basin:

E = α3 ∆
∆ + γ

(Rn − G)

[
(3− 2α) + 3 γ

∆ Ea/(Rn − G)
][

1 + γ
∆ Ea/(Rn − G)

]3 (2)

The generalized complementarity relationship can be expressed as follows. It can
be seen that the value of E/Ep(y) decreases with the increase of Ep/Ew(1/x) and in-
creases with the increase of E/Ew(y/x). When the external environment is completely
wet,

(
E = Ep = Ew

)
, Ep/Ew = E/Ew.

3.2. SWAT Model

The SWAT model is a distributed watershed hydrological model developed by the
Agricultural Research Service of United States Department of Agriculture [44,45]. Devel-
oped on the basis of SWRRB (Simulator for Water Resources in Rural Basins) and ROTO
(Routing Outputs to The Outlet), it has a good physical foundation. As a widely used hy-
drological model, it can combine the spatial data provided by GIS and RS (remote sensing)
to simulate surface runoff, evapotranspiration, and water quality conditions [46]. Thereby
predicting climate change [44], adjustment of land-use measures [47], non-point source
pollution and sediment modeling [48,49], the SWAT model is applied to watersheds rang-
ing in size from 102 to 105 km2 in areas with diverse topographic and climatic conditions,
including USA, China, Vietnam, Jordan, Australia, South Africa, Brazil, Germany and
Switzerland [50], with a wide range of applicability.

The simulated flows in this study were evaluated by the coefficient of determination
(R2), Nash–Sutcliffe efficiency coefficient (NSE), Kling–Gupta efficiency (KGE), and relative
error (Re).

The coefficient of determination (R2) is used to characterize the change trend between
the simulated value and the measured value of the model. When R2 is closer to 1, the
simulation is better. The calculation formula is:

R2 =

 ∑
(

M−M
)(

S− S
)√

∑
(

M−M
)2

∑
(
S− S

)2

2

(3)

where M is the simulated value; S is the measured value; M is the simulated average value;
S is the measured average value; n is the number of measured values.

The Nash–Sutcliffe efficiency coefficient (NSE) is used to characterize the overall
efficiency of the model, and its value is proportional to the reliability of the model. The
calculation formula is:

NSE = 1− ∑n
i=1(S−M)2

∑n
i=1
(
S−M

)2 (4)

KGE was proposed by Gupta et al. [51] and in optimization, KGE is subject to maxi-
mization, with an ideal value at unity.

The relative error is:

Re =
(M− S)

S
× 100% (5)

3.3. CA–Markov Model

The Markov model quantitatively predicts LULCC in different periods. According
to the state of the event at time t, it is transformed into the state at time t + 1. The state at
time t + 1 is only related to the state at time t [52,53]; the Cellular Automata (CA) model
has the concept of spatial information and the ability to simulate dynamic evolution [54].
The Markov model has an absolute advantage in predicting the area of each land-use for a
long time in the future, but it cannot predict the changes in the spatial distribution pattern
of land use. The CA model can effectively simulate the interaction between cells, and
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has unique and powerful capabilities in spatial analysis and simulation operations, but
there are limitations. The CA–Markov model combines the advantages of Markov and
CA spatiotemporal prediction, and can obtain the area-transfer matrix and area transfer
probability matrix between land-use states in different periods, which can be used to
simulate the spatial change of complex systems and quantitatively predict long time
series [55,56]. The formula is as follows [52,57]:

Sij =

s11 · · · s1n
...

. . .
...

sn1 · · · snn

 (6)

Pij =

p11 · · · p1n
...

. . .
...

pn1 · · · pnn

 (7)

St+1 = Pij × St (8)

where, i, j = 1,2, . . . , n respectively represent the types of land use, Sij are elements of
the transfer matrix of land-use area, Pij are elements of the transfer probability matrix of
land-use area, t refers to the time.

3.4. Modeling Framework to Close the Feedback of Evapotranspiration into the Atmosphere Based
on Generalized Evapotranspiration Complementary Relationship

The FCEA based on the generalized evapotranspiration complementary relationship
is proposed when predicting the hydrologic response to land-use changes and is shown in
Figure 3.

The SWAT model is driven by meteorological data and land-use data in the study area,
and the evapotranspiration complementary relationship and SWAT model are coupled by
AET and PET. Firstly, the calibrated SWAT model was used to simulate the runoff and AET
processes, and the daily AET and runoff data of sub basins were obtained. These data were
classified, sorted, and weighted to obtain the mean annual actual evapotranspiration (ETa)
of the basin. Second, through the generalized evapotranspiration complementary relation-
ship, the average potential evapotranspiration (EPCR) of the basin was calculated from ETa
simulated by the SWAT model. Next, the catchment average potential evaporation (Epmean)
derived from PET (Ep) calculated from the Penman–Monteith (PM) evapotranspiration
formula for each station was used to obtain the corrected potential evaporation (Epi+1) for
each station.

They are obtained by correcting the PET according to the following formula:

Epi+1 =
EpCR

Epmean

Ep (9)

where: EpCR is the average PET of the basin calculated by the evapotranspiration comple-
mentary relationship; Epmean is the average PET of the basin calculated from meteorological
data; Ep is the daily PET calculated of each station calculated by PM evapotranspiration
formula; Epi+1 is the corrected daily PET.

Finally, the simulated AET was compared with the last simulated AET. If equal,
the final simulated AET was obtained, otherwise the new potential evaporation (Epi+1)
was used to drive the SWAT hydrologic model to calculate the AET. This practice was
repeated many times until the AET of the last simulation and this simulation tended to
be equal, indicating that the feedback of the actual evapotranspiration to the atmosphere
reached equilibrium.
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4. Estimation of AET in the Upper Reach of the Han River
4.1. Evapotranspiration Complementary Relationship in the Upper Reach of the Han River

The hydrological cycle is a very complex process. In addition to precipitation, evapora-
tion, and runoff, infiltration and interception are also involved. In the hydrological process
of the basin, a part of the precipitation forms runoff, which forms observable runoff at the
outlet of the basin after routing through the river network. A part of the water returns
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to the atmosphere through evapotranspiration, and a small part penetrates into the soil.
To facilitate the study, only precipitation, runoff, and evapotranspiration in hydrological
processes were considered in this study.

In recent years, the principle of evaporation complementarity has been well applied in
estimating the AET of the basin. It can estimate the AET with high precision only by using
conventional meteorological data. Brutsaert [31] proposed the B2015 function based on the
nonlinear generalized complementarity principle. This function was adopted to analyze
the complementary relationship of evapotranspiration in this study.

In the study area, the parameters were calibrated using the data of 1972–1990 before
the runoff abrupt change based on the water balance method, and the data from 1991–2017
were used for verification. The water balance equation for a closed watershed can be
expressed as:

E = P− R± ∆W (10)

where, P is the annual average precipitation in the watershed, mm; R is the annual average
runoff, mm; and ∆W is the change of soil water storage and groundwater in the watershed,
mm. At the mean annual scale in the closed watershed, ∆W ≈ 0.

The AET of the basin calculated by water balance equation was used as the observed
value and the parameters of B2015 function were calibrated. In the upper reach of Han
River, α = 0.85, which is the empirical coefficient and the value is affected by factors such
as the type of underlying surface, soil water content, distance from the ocean, latitude
and longitude, and calculation time scale. Therefore, there is a certain degree of variation
in the value of α, which needs to be calibrated according to different research areas. The
calculated mean annual actual evaporation in 1972–1990 and 1991–2017 was 454.1 mm
and 467.1 mm, respectively, and the relative error was 0.92% and −3.69%, respectively, as
shown in Table 2. The relative error of the AET estimated by the calibrated B2015 function
was less than 5% in both the calibration period and validation period.

Table 2. AET of the different methods in the upper reach of Han River.

Years 1972–1990 1991–2017

Water balance method/mm 450.3 485.5
B2015 function/mm 454.1 467.1

Relative error of B2015 model/- 0.92% −3.69%

4.2. Catchment Hydrological Modeling without the Feedback

In order to ensure the reliability of the simulation results, the calibration and verifi-
cation of the model parameters should be carried out in the period when the hydrome-
teorological sequence is relatively stable. In this study, 1990 was detected as the year of
runoff mutation in the study area. The runoff before 1990 was considered as natural runoff,
so 1972–1990 was used as the simulation period of the model. 1972–1973 was used as the
warm-up period of the model, 1974–1982 was used as the calibration period, and 1983–1990
was used as the validation period.

When the SWAT model was constructed, the land-use index table was established
according to the land-use database provided by the model, and it was reclassified. At the
same time, the soil classification index table corresponding to the SWAT soil database was
established and the soil type raster data were reclassified. The Shiquan station was selected
as the outlet of the basin, and the threshold was set to 350 km2 when the sub-watersheds
were divided in the SWAT model. The watershed was divided into 35 sub-watersheds. In
this study, the thresholds of the three soil layers were set to 10%, 15%, and 10%, respectively,
and finally the study area was divided into 249 hydrological response units. Penman
method is generally applicable to field-scale evapotranspiration calculation. The reference
crop evapotranspiration was used as the external driving force of the atmosphere on the
Land Evapotranspiration process to indirectly estimate the actual evapotranspiration. The
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Penman method was used to calculate the PET, and the daily runoff simulation was carried
out in the study area of the upper reach of Han River.

There are many parameters in the SWAT model. Different parameters have different
effects on the hydrological process, and the impact on the accuracy of the model simulation
results is different. In order to improve the calibration efficiency of the model, it is necessary
to carry out parameter sensitivity analysis after the model runs to calibrate and validate
the sensitive parameters. This research combined expert advice by the literature and
the manual of input and output files of the SWAT model. The 14 parameters that are
sensitive to the simulation of the upper reach of Han River basin were selected for model
sensitivity analysis, and finally seven sensitive parameters were selected. In SWAT-CUP,
after 2000 iterations, the first seven parameters with the highest sensitivity were selected
according to the sensitivity from high to low, and then the optimal parameter values were
calculated through multiple iterations. The selected runoff sensitive parameters are shown
in Table 3. The simulated daily flow at Shiquan hydrological station is shown in Figure 4.

Table 3. Runoff sensitivity parameters of Shiquan hydrological station.

Sensitive Parameters Physical Meaning Unit
Ranges

Parameter Value
Lower Limit Upper Limit

r__CN2.mgt SCS runoff curve coefficient / 0.1 0.4 0.111
v__ALPHA_BNK.rte Baseflow Split Factor day 0.8 1 0.959

v__CH_K2.rte Main channel
hydraulic conductivity mm/hr 50 150 104.5

r__SOL_K( ).sol Saturated hydraulic
conductivity of soil mm/hr −0.3 0.3 −0.248

v__CH_N2.rte Manning Coefficient of
river channel / −0.1 0.1 0.093

v__SOL_AWC( ).sol Soil available water content mm/hr 0.2 0.4 0.333

v__ESCO.hru Soil evaporation
compensation coefficient / 0.8 1 0.923
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The observed daily flow and the simulated daily flow at Shiquan hydrological station
were well fitted, and the evaluation index of simulation results are shown in Table 4. The
R2, NSE, and KGE at Shiquan station were above 0.71 in the calibration and validation
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periods, and the absolution of relative error was within 12.40%. The SWAT model was
successfully constructed and had good applicability in the upper reach of Han River. The
following analysis is based on the simulation results from 1991 to 2017. We set this as the
baseline scenario using the simulation of the 2010 land-use scenario.

Table 4. Evaluation results of daily runoff simulation at Shiquan hydrological station.

Period R2 NSE KGE Re

Calibration Period (1972–1982) 0.73 0.73 0.76 1.80%
Validation Period (1983–1990) 0.71 0.71 0.76 12.40%

1991–2017 0.67 0.66 0.78 −5.50%

4.3. Evolution Process of Baseline Scenario in the FCEA

In the baseline scenario, the land use data in 2010 were used in the SWAT model,
and the daily AET data of the sub-watershed simulated by SWAT model from 1991 to
2017 were obtained. The data of the 27 years were extracted according to the number of
sub-watersheds to obtain the matrix of 27 years in 45 sub-watersheds. According to the
area weight of each sub-watershed, the annual AET of the whole study area in 27 years
was obtained. The mean annual AET of the basin was 500.6 mm.

The B2015 function of complementary relationship was used to calculate the average
PET of the basin, and its (EpCR) was 887.9 mm. The average potential evaporation of eight
meteorological stations from 1990 to 2017 were calculated by the meteorological data and
new daily potential evaporations were calculated as shown in Figure 3.

The new daily potential evaporations were applied to drive the SWAT hydrological
model to calculate the AET, and iterate four times. It was found that the AET value of the
current simulation and last simulation tended to be 496.3 mm, indicating that the feedback
of evapotranspiration to the atmosphere was almost balanced. The AET calculated by water
balance equation was 485.5 mm, which was reduced by 2.2% compared with the AET after
iteration. It indicates that the current land-use type and climate have tended to be stable, but
due to the influence of many complex factors in recent years, it has not reached a complete
equilibrium state. Hereafter, the AET will affect the hydrological processes in the upper
reach of Han River through the PET that represents the atmosphere-received feedback.

5. Evolution Process of Land-Use Scenario in the FCEA
5.1. Land-Use Scenarios

Based on the land-use data of the study area in 2010 and the meteorological data from
1991 to 2017, this study set it as the baseline scenario. Based on the change characteristics
of land use in 1980 and 1995, four land-use scenarios were set up to explore the changes of
mean annual runoff and evapotranspiration in different land-use scenarios.

In Scenario 1, it was assumed that the future land use in the study area will continue
to evolve according to the past trend. Based on the land-use data in 1995 and 2010, the step
of the transfer matrix is 15 years and the CA–Markov model combined with GIS software
was used to predict the land use in the study area in 2025. The land-use transfer matrix of
the study area in different years was obtained in the IDRISI, and the land use in 2025 was
predicted in the CA–Markov model.

In order to evaluate the simulation result of the CA–Markov model in the study area,
the land-use data in 1980 and 1995 were used in the CA–Markov model to simulate the land
use in 2010. The simulated land use was compared with the actual land-use map in 2010
to evaluate the simulated result. Generally, the Kappa coefficient is used to evaluate the
accuracy of remote sensing data spatial simulation, the Kappa coefficient of the land-use
map in 2010 and simulated by the CA–Markov model was 0.91, indicating that the model
simulation has high prediction accuracy and can be used to simulate and predict land use in
2025. Therefore, the land use of the study area in 2025 was simulated and predicted, which
is Scenario 1. The results showed that the woodland increased by 14 km2, the farmland
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decreased by 123 km2, the grassland increased by 18 km2, the construction land increased
by 64 km2, and the water area increased by 27 km2.

In Scenario 2, the farmland in the study area was transformed into woodland. The
result is that the woodland increased by 5818 km2 and the farmland decreased by 5818 km2.

In Scenario 3, the grassland in the study area was transformed into woodland. The
result is that the woodland increased by 8598 km2 and the grassland decreased by 8598 km2.

In Scenario 4, the grassland in the study area is transformed into farmland, the result
is that the farmland increases by 8598 km2 and the grassland decreases by 8598 km2.

The area of land use in different scenarios is shown in Table 5. The results of land
use in the study area are shown in Figure 5. The study area of the upper reach of Han
River are mainly woodland, grassland and farmland, which account for more than 98%
of the whole area. The area of woodland decreased from 1980 to 1995 and increased from
1995 to 2010. The grassland increased before 1995, and the area has decreased since then.
The area of farmland decreased from 1980 to 1995. The area of construction land and
water body decreased slightly from 1980 to 1995, and from 1995 to 2010, the area increased
significantly. From 1980 to 2010, the change of land use in the study area mainly occurred
among woodland, grassland, and farmland.

Atmosphere 2022, 13, x FOR PEER REVIEW 13 of 21 
 

 

In Scenario 2, the farmland in the study area was transformed into woodland. The 

result is that the woodland increased by 5818 km2 and the farmland decreased by 5818 

km2. 

In Scenario 3, the grassland in the study area was transformed into woodland. The 

result is that the woodland increased by 8598 km2 and the grassland decreased by 8598 

km2. 

In Scenario 4, the grassland in the study area is transformed into farmland, the result 

is that the farmland increases by 8598 km2 and the grassland decreases by 8598 km2. 

The area of land use in different scenarios is shown in Table 5. The results of land use 

in the study area are shown in Figure 5. The study area of the upper reach of Han River 

are mainly woodland, grassland and farmland, which account for more than 98% of the 

whole area. The area of woodland decreased from 1980 to 1995 and increased from 1995 

to 2010. The grassland increased before 1995, and the area has decreased since then. The 

area of farmland decreased from 1980 to 1995. The area of construction land and water 

body decreased slightly from 1980 to 1995, and from 1995 to 2010, the area increased sig-

nificantly. From 1980 to 2010, the change of land use in the study area mainly occurred 

among woodland, grassland, and farmland. 

 

 

(a) Scenario 1 (b) Scenario 2 

 

 

(c) Scenario 3 (d) Scenario 4 

Figure 5. Spatial change map of land use under each scenario. 

Table 5. Area of land-use type in each scenario. 

Land Use 1980 1995 
2010 (Baseline 

Scenario) 
Scenario 1 Scenario 2 Scenario 3 Scenario 4 

Woodland/km2 8977 8971 8986 9000 14,804 17,584 8986 

Grassland/km2 8599 8621 8598 8616 8598 0 0 

Farmland/km2 5870 5862 5818 5695 0 5818 14,416 

Figure 5. Spatial change map of land use under each scenario.



Atmosphere 2022, 13, 1431 13 of 20

Table 5. Area of land-use type in each scenario.

Land Use 1980 1995 2010 (Baseline
Scenario) Scenario 1 Scenario 2 Scenario 3 Scenario 4

Woodland/km2 8977 8971 8986 9000 14,804 17,584 8986
Grassland/km2 8599 8621 8598 8616 8598 0 0
Farmland/km2 5870 5862 5818 5695 0 5818 14,416

Construction
land/km2 178 171 219 283 219 219 219

Water body/km2 125 124 128 155 128 128 128

5.2. Analysis of Simulated Runoff in Different Scenarios

It is assumed that the precipitation remains unchanged, and the long-term evolution of
runoff in different scenarios are simulated in FCEA, and the feedback of actual evaporation
to the atmosphere is realized based on the complementary relationship of evaporation.
Some former studies on the hydrological effects of the afforestation emphasized that
runoff and soil moisture in temperate regions decreased due to increased AET [58]. In
terms of watershed water balance, under the condition of long-term evolution, when the
precipitation input in the model (the area-weighted average of annual precipitation at all
stations is 838.3 mm) remains unchanged, the AET decreases and the runoff increases.

The mean annual simulated runoff of each iteration in the baseline scenario and four
scenarios are shown in Table 6 and Figure 6. The mean annual simulated runoff was
352.2 mm in the baseline scenario (land use in 2010) in the initial simulation.

Table 6. Simulated runoff of multiple iterations in each scenario.

Land-Use
Scenario

Initial Simu-
lation/mm

Iterate 1
Time/mm

Iterate 2
Times/mm

Iterate 3
Times/mm

Iterate 4
Times/mm

Baseline
Scenario 352.2 356.7 354.9 355.5 355.3

Scenario 1 352.6 357.4 355.6 356.1 355.9
Scenario 2 351.1 344.8 346.7 346.0 346.2
Scenario 3 355.7 348.0 350.7 349.9 350.2
Scenario 4 357.8 359.4 358.6 358.7 358.6
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The mean annual runoff in Scenario 1 had a little change, which increased by 0.10% in
the initial simulation compared with the runoff in the baseline scenario. With the long-term
interaction of the atmosphere, the feedback of evapotranspiration increased the runoff to
355.9 mm in Scenario 1.

The conversion of farmland into woodland in Scenario 2 reduced the runoff by 0.33%
in initial simulation compared with the baseline scenario, but the watershed runoff under
the feedback of long-term evapotranspiration decreased by 2.55% in the final simulation
compared with the baseline scenario. In Scenario 3, grassland was transformed into
woodland, which increased by 0.98% in the initial simulation compared with the simulated
runoff in the baseline scenario, but the watershed runoff under the feedback of long-term
evapotranspiration decreased by 1.45% in the final simulation compared with the baseline
scenario. In Scenario 4, grassland is transformed into farmland, which increased by 1.58%
in the initial simulation compared with the simulated runoff in the baseline scenario, and
the watershed runoff under the feedback of long-term evapotranspiration increased by
0.94% in the final simulation compared with the baseline scenario. As shown in Figure 6,
the trends of the runoff changes from the initial simulation to the second simulation were
all different from those from the second simulation to the third simulation. The simulated
runoff in the fourth simulation was almost equal to that in the third simulation in all 5
scenarios. In the trends of the final simulation, the simulated runoff in Scenario 4 was the
maximum and that in Scenario 2 was the minimum.

5.3. Analysis of Simulated Evapotranspiration in Different Scenarios

Mean annual potential evaporation and mean annual evapotranspiration after multiple
iterations in four scenarios are shown in Tables 7 and 8. The PET in the final simulation
was smaller than the PET in the initial simulation in the four scenarios we set up earlier.The
AET in the final simulation was smaller than the PET in the initial simulation in the baseline
scenario, Scenario 1, and Scenario 4, and was larger in Scenarios 2 and 3. The changes of
the PET of every iteration under different scenarios are shown in Figure 7, and the changes
of AET of every iteration under different scenarios are shown in Figure 8.

Table 7. Annual potential evaporation in multiple iterations in each scenario.

Land-Use
Scenario

Initial Simu-
lation/mm

Iterate 1
Time/mm

Iterate 2
Times/mm

Iterate 3
Times/mm

Iterate 4
Times/mm

Baseline
Scenario 887.9 875.6 884.9 881.8 882.8

Scenario 1 888.1 876.1 885.9 882.7 883.7
Scenario 2 887.8 873.2 863.3 866.5 865.4
Scenario 3 887.8 882.1 866.6 871.2 869.8
Scenario 4 887.8 884.9 886.8 886.1 886.3

Table 8. Simulated annual evapotranspiration of multiple iterations in each scenario.

Land-Use
Scenario

Initial Simu-
lation/mm

Iterate 1
Time/mm

Iterate 2
Times/mm

Iterate 3
Times/mm

Iterate 4
Times/mm

Baseline
Scenario 500.6 494.8 496.7 496.1 496.3

Scenario 1 500.5 494.4 496.4 495.8 496.0
Scenario 2 502.1 508.4 506.4 507.0 506.8
Scenario 3 496.5 506.3 503.4 504.3 504.0
Scenario 4 494.8 493.6 494.0 493.9 493.9
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Compared with the baseline scenario, the input PET and output AET of the hydro-
logical simulation changed a little in Scenario 1, i.e., natural growth scenario, indicating
that the evapotranspiration in the basin almost reached a stable state under the natural
change condition.

In Scenario 2, the conversion of farmland to woodland increased by 0.30% compared
with the AET in initial simulation in the baseline scenario, but the AET under the long-term
evapotranspiration feedback increased by 2.12% in the final simulation compared with the
baseline scenario.

In Scenario 3, grassland is converted into woodland. Compared with the AET of the
baseline scenario, the AET in the initial simulation decreased by 0.81%, and the AET in
the final simulation after the long-term evapotranspiration feedback increased by 1.56%
compared with the baseline scenario.

In Scenario 4, the conversion of grassland into farmland reduced the AET by 1.15% in
the initial simulation compared with the baseline scenario, and the AET in the final simula-
tion after the long-term evapotranspiration feedback was reduced by 0.48% compared with
the baseline scenario.

The results of Scenario 2 and Scenario 3 indicate that the increase of woodland will
increase the AET of the watershed after the long-term evapotranspiration feedback, and
the result of Scenario 4 indicates that the conversion of grassland to farmland will reduce
the AET of the watershed after long-term feedback.
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6. Discussion

In previous studies, scholars used conventional meteorological data to estimate the
actual evaporation through the generalized nonlinear complementary relationship of evap-
oration [26–33]. Usually, they used different boundary conditions and different ideas to
analyze the influence of land surface moisture conditions. The models improved by the
AA model all use the α, as does the B2015 function used in this article. At present, α, as
an atmospheric characteristic parameter, represents the influence of the Priestly–Taylor
coefficient and surface dry and wet state, and is related to advection, aerodynamic con-
ditions, etc. [59]. In this study, the constant parameter α was used for different land-use
scenarios, and the impact of land-use change on the complementary relationship parameter
was not considered. This may have some impact on the simulation results. In the future, the
parameter α can be determined according to different land-use scenarios, and the impact
of the calibrated parameter α under different land-use scenarios on the simulated runoff
and AET can be analyzed.

The objective of this study was to close the feedback of evapotranspiration into the
atmosphere based on the evapotranspiration complementary relationship in the catchment
hydrological modeling, and simulate the effect of land-use changes on the runoff and
evapotranspiration. The purpose of this study was to simulate the impact of land-use
change on runoff and evapotranspiration based on the complementary relationship of
evapotranspiration in the hydrological model of the basin, close the feedback of evapo-
transpiration to the atmosphere. One of the steps of the iterative simulation method used
in the study is as follows: after correcting the weighted average value calculated by each
hydrological station in the basin, the potential evapotranspiration of the whole basin was
taken as a whole input for the model. To some extent, there is still room for improvement in
such calculation results. The potential evapotranspiration of the whole basin was the input
for the model, and each sub basin was allocated through the model. This model depends
on the structure of the hydrological model. The iterative simulation was completed by
the distributed SWAT model. Its own potential evapotranspiration input function hinders
the further development of this work. In future work, we will try to couple multiple
hydrological models, input different PET for different sub basins into different PET, further
refine the intermediate iteration work, and optimize the framework to close the feedback
of evapotranspiration to the atmosphere.

7. Conclusions

In this study, FCEA based on the evapotranspiration complementary relationship was
proposed in the catchment hydrological modeling, and the effect of land-use changes on the
runoff and evapotranspiration in the upper reach of Han River of China were investigated
in the FCEA.

In the framework, the SWAT model was established in the study area, and the evapo-
transpiration complementary relationship was verified. To close the feedback of watershed
evapotranspiration to the atmosphere, the evapotranspiration complementary relationship
was coupled to the SWAT model. The PET calculated by the complementary relationship
from the AET simulated by the SWAT model was used as the input of the SWAT model.
After several iterations, the AET of the simulation tended to be equal with that of last
simulation, which indicates that the feedback of evapotranspiration to the atmosphere
reached a balance. The impacts of evapotranspiration feedback on runoff in the basin in
four land-use scenarios were analyzed, and the runoff response and evapotranspiration
changes were discussed.

Based on the data of 1972–2017, the B2015 function of the evapotranspiration com-
plementary relationship in the study area was calibrated to obtain α = 0.85, and the AET
in the study area was estimated based on the water balance and the evapotranspiration
complementary relationship. The SWAT model was calibrated and validated in the study
area in 1972–1990. The simulation results of daily runoff at Shiquan hydrological station
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in the calibration and validation periods were evaluated. All of R2, NSE, and KGE were
greater than 0.71, and the absolution of Re was smaller than 12.40%.

The iteration simulation results of the baseline scenario showed that, when the feed-
back of evapotranspiration to the atmosphere reached a balance, the runoff change caused
by the natural increase of land use was small compared with the initial simulation. In
baseline scenario, Scenario 1, and Scenario 4, the runoff in the final simulation increased
compared with the initial simulation. In Scenarios 2 and 3, the runoff did not increase as
the woodland area increased. If the precipitation remains stable, increasing the woodland
will not achieve the effect of increasing the runoff of the watershed. It is shown that the
increase of the forest area will increase the runoff in the short term, but in the process of
long-term coupling with the atmosphere, the increase of the forest area will lead to an in-
crease in evaporation and a decrease in runoff. The study also shows that if some grassland
is converted into farmland, the runoff of the watershed will increase, which should be
considered in land-use planning. The results can provide some theoretical support for the
ecological governance of the Han River basin and the protection of water source region of
trans-boundary water transfer projects in the Han River basin. According to the 2006–2020
Land Use Planning of Shaanxi Province and the 14th Five-Year Plan of Shaanxi Province,
the planning requires the forest coverage rate in upper reach of Han River to reach more
than 46.5%. The upper reach of the Han River is a key ecological protection area in China.
The planning also proposes to effectively protect the ecological environment and basic
farmland in the study area, and implement the strictest land-saving system for construction
land. If the land use in the future follows the pattern of increasing woodland and farmland,
the runoff of the river basin will not increase after the long-term feedback. The increase
of woodland will increase the evapotranspiration of the river basin and reduce the runoff
when the long-term precipitation remains stable. Because of the influence of various factors,
the formulation of land-use planning policy is difficult in the sustainable development of
the Han River.
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