
  

Improving the Van Bavel-Hillel model for soil evaporation in grasslands by
introducing vegetation coverage resistance

Lanjun Li1, Xiaoyu Song1*, Lu Xia2, Faning Dang1, Xinkai Zhao1,
Pengfei Meng1, Dan Feng3, Huaiyou Li4

(1. State Key Laboratory of Eco-hydraulics in Northwest Arid Region of China, Xi’an University of Technology, Xi’an 710048, China;
2. College of Resources and Environment, Shanxi Agricultural University, Jinzhong 030801, Shanxi, China;

3. Lantian Water Conservancy and Soil and Water Conservation Workstation, Xi’an 710500, China;
4. Xifeng Experimental Station on Soil and Water Conservation of Yellow River Conservancy Committee, Qingyang, 745000, Gansu, China)

Abstract: Modeling  the  soil  evaporation  under  vegetation  conditions  is  of  theoretical  and  practical  significance  for  water
resources management in the Loess Plateau. In this study, a three-year field experiment was conducted in a bare land and three
grasslands to measure soil evaporation using micro-lysimeters. The Van Bavel-Hillel model was then validated in the bare land.
Based on this, the vegetation coverage resistance was proposed to reflect the comprehensive effects of vegetation, and it was
applied into the Van Bavel-Hillel model to improve the model’s applicability under vegetation conditions. The results showed
that the Van Bavel-Hillel model was effective in simulating evaporation from bare land, and the application of validated soil
surface  resistance  and  vegetation  coverage  resistance  can  make  it  perform  well  in  the  evaporation  simulation  in  all  studied
grasslands.  The obtained vegetation coverage resistances  decreased linearly  with  the  increase of  soil  moisture  contents  in  all
three grasslands, and the decreasing rates were similar in the M. sativa and P. giganteum plots, which were higher than that in
the  I.  cylindrica  plot.  Soil  surface  resistances  ranged  between  533.4-746.5,  767.4-1154.7,  and  133.4-1334.5  s/m  in  the  I.
cylindrica, M.  sativa,  and P.  giganteum  plots,  respectively,  and  all  showed  the  characteristics  of  first  increasing  and  then
decreasing during the growing season. When compared with natural grassland, M. sativa increased the soil surface resistance in
all months, while P. giganteum reduced it in the early growing season, but increased it in the middle and late growing season.
This  research  proposes  a  new  idea  for  the  simulation  of  soil  evaporation  under  vegetated  conditions,  and  provides  a  basic
reference for water resources management in the vegetation restoration of the Loess Plateau.
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1    Introduction
Soil evaporation (E) plays an important role in the water cycle

and energy balance in ecosystems, and its occurrence processes and
quantitative  characteristics  will  directly  affect  the  water
management  and  regulation  in  the  field[1,2].  E  is  a  kind  of  non-
productive  water  loss  since  it  does  not  directly  participate  in  the
vegetation  physiological  processes[3].  Therefore,  accurately
quantifying  E,  and  based  on  which,  putting  forward  specific
measures  to  reduce  this  part  of  water  consumption,  is  of  great

significance  to  deepen  the  understanding  of  regional  hydrological
processes,  utilization  of  water  resources,  and  the  improvement  of
water use efficiencies[4,5].

E  is  controlled  by  meteorological  conditions  (e.g.,  solar
radiation, temperature, and wind speed) and water supply conditions
(mainly  soil  water  supply)[6].  Previous  studies  have  shown that  the
introduction of vegetation tended to greatly block solar radiation or
increase  the  resistance  of  soil  water  movement[7,8],  and  eventually
lead to a decrease of E[4,6]. Based on the above understanding, many
empirical or semi-empirical models have been developed, and have
undoubtedly  greatly  facilitated  the  calculation  of E  under  specific
vegetation conditions[9-12]. However, their applicability always varied
geographically[13],  as  a  result  of  which  the  understanding  of  E
calculation is still insufficient to date. Affected by the heterogeneity
of  climatic  and  underlying  conditions,  influence  degrees  of
meteorological  and  soil  moisture  conditions  on  E  are  often  not
fixed, and always differ greatly in various ecosystems[6,14,15].  In fact,
there  is  always  no  significant  relationship  between  E  and
meteorological  factors  or  soil  water  supply[4].  Therefore,  it  is
necessary  to  develop  more  universal  models  to  further  clarify  the
role of meteorological conditions and soil moisture. However, when
this  type  of  model  is  applied,  the  acquisition  of  the  evaporation
resistance  is  an  important  limiting  factor.  Taking  the  widely  used
Van Bavel-Hillel model as an example, although it can simulate soil
evaporation  in  bare  land  well,  the  calibration  of  its  parameters
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requires a lot of field experiments[9]. When the impact of vegetation
is  taken  into  account,  its  applicability  will  also  be  limited,  which
further  demonstrates  the  necessity  of  conducting  in-depth  research
to improve the applicability of such models.

The Loess Plateau (6.4×105 km2) situated in northwest China is
one  of  the  areas  with  the  most  serious  soil  erosion  in  the  world[16].
To  mitigate  soil  erosion  and  land  degradation,  the  Chinese
government  launched  the  ‘‘Grain  to  Green’’  project  in  1999,  and
has  converted  16  000  km2  of  slope  cropland  to  planted
vegetationon[17].  These  planted  vegetations,  including  afforestation
and  grass,  indeed  significantly  altered  hydrological  processes,  and
thus  greatly  reduced  runoff  generation  and  soil  lossss[17].  However,
they  simultaneously  bring  some negative  effects  on  regional  water
resources and ecology, such as the reduction of runoff available and
the  formation  of  soil  desiccationon[18,19].  Among  the  planted
vegetation,  grass  species  were  highly  recommended  since  they
always  consumed  less  water  than  trees,  and  were  more  likely  to
achieve  the  trade-off  between  soil  erosion  mitigation  and  water
resources  limitationon[18].  In  fact,  numerous  studies  have  been
conducted  to  study  the  transpiration  characteristics  in  grassland
ecosystems,  while  limited  research  has  involved  their  E
processes[4,20].  Moreover,  research  comparing  the  different  effect
mechanisms  of  natural  and  planted  grasslands  on  E  is  lacking.
However,  such  information  provides  the  basis  for  developing
policies  for  grassland  conservation  and  water  resources
management.  Therefore,  it  also  needs  to  be  taken  seriously  and
studied in depth.h.

This study was carried out in these contexts. A three-year field
experiment  was  conducted  in  an  abandoned  bare  land  and  three
typical  grasslands  (one  natural  and  two  planted  grasslands)  in  the
semi-arid  Loess  Plateau,  to  observe  their  E  processes  and  to
measure  their  related  influencing  factors  (i.e.,  meteorological
factors  and  soil  moisture  contents).  The  main  objectives  of  this
study were to: 1) investigate the effect of soil water conditions on E
characteristics;  2)  establish  the  calculation  formula  of  E  under
vegetation  conditions;  and  3)  compare  differences  of  soil
evaporation resistances between natural and planted grasslands. The
results  of  the  study  will  enhance  our  comprehension  of  the  E
processes in typical grasslands, and provide theoretical and practical
guidance  for  grass  species  selection  and  water  resources
management in the Loess Plateau. 

2    Materials and methods
 

2.1    Study area and experimental plots
Field  experiments  were  conducted  in  Nanxiaohegou  Basin

(35°41 ′-35°44 ′N,  107°30 ′-107°37 ′E;  altitude:  1058-1450  m),  a
typical  small-scale  basin  (36.5  km2)  selected  by  the  Yellow  River
Conservancy  Committee,  China,  which  is  situated  in  the  central
Loess  Plateau.  The  study  area  experiences  a  warm  temperate
continental  climate,  with  average  annual  precipitation  and  daily
temperature  reaching  535.9  mm  and  8.7°C,  respectively[4].  Intra-
annual precipitation varies greatly in each month, and above 65.0%
of  the  annual  precipitation  occurred  in  June-September  as  heavy
rainstorms. The area has a single geology characteristic, with almost
all  of  the  basin  being  covered  by  the  loess  soil  (more  than  200  m
thick),  which  is  prone  to  water  erosion[21].  The  dominant  land  use
types  include  grasslands  (Imperata  cylindrica,  Medicago  sativa,
Pennisetum giganteum, and Celosia cristata), shrublands (Hippophae
rhamnoides  and  Sophora  viciifolia),  forestlands  (Platycladus
orientalis,  Robinia  pseudoacacia,  Pinus  tabuliformis,  and  Prunus
armeniaca),  and  abandoned  bare  land,  and  the  growing  season  for

most vegetation species is from mid-April to mid-October.
After  field  surveys,  a  natural  grassland  (the  I. cylindrica  plot)

and two planted grasslands  (the M. sativa and P. giganteum plots)
were  selected  as  experimental  plots  since  they  are  typical  and
widely distributed in the study area. In addition, an abandoned plot
of  bare  land  was  also  selected  as  the  control  group,  to  reveal
different effects of each grass species on E. These plots were close
to each other and had similar environmental conditions. I. cylindrica
and  P.  giganteum  are  perennial  gramineous  species,  whereas  M.
sativa  is  a  perennial  leguminous  species.  M.  sativa  and  P.
giganteum  were  planted  in  late  April  2014  to  increase  grass
production.  Between  them,  M.  sativa  was  sown  in  drills,  with  a
sowing  density  of  2.0  kg/hm2  and  a  row space  of  30  cm,  while P.
giganteum  was  planted  using  the  stem  segment  cottage  method,
with a planting distance of 20 cm and a row space of 50 cm. During
growing  seasons,  no  management  measures  or  harvesting  were
implemented,  in  order  to  prevent  rainstorm-induced  soil  erosion.
More detailed information about  the  experimental  plots  is  listed in
Table 1.
  

Table 1    Detailed information about the vegetation and
topography of experimental plots

Plots Plant
height/m

Coverage
degree

Altitude/
m Terrain Slope

position
Slope
grade/°

I. cylindrica 21.4±4.6 0.91 1214 Terrace of
sloping field Middle 11

M. sativa 44.9±8.1 0.75 1189 Terrace of
sloping field Middle 32

P. giganteum 224.6±21.8 0.84 1221 Terrace of valley Down 0
  

2.2    Measurements and observations
The experimental periods lasted for three consecutive growing

seasons  (April  15th-October  15th  in  2015-2017).  The  vegetation
height  was  measured  using  a  tape  (accuracy  1  mm),  with  a  time
interval of approximately one week, and with nine replicates. As the
soil  evaporation  mainly  consumes  the  water  from  shallow  soil[2,22],
the  soil  properties  in  this  study were  mainly  determined at  surface
layers  (0-5  cm)  soon  before  the  first  growing  seasons.  Soil  water
retention  curves  and  soil  texture  were  measured  once  by  a
centrifuge  system  (Kokusan  Ltd.,  H-1400p  F,  Japan)  and  a  laser
sizer (Malvern Instruments Ltd.,  Malvern Master Sizer 2000, UK),
respectively. Soil organic matter was determined three times by the
potassium  dichromate  methods[4].  The  bulk  density,  field  water
capacity,  and  saturated  water  content  were  determined  using  the
cutting  ring  method[16],  with  three  replicates.  Detailed  information
about the soil properties is listed in Table 2.
  

Table 2    Detailed information of soil properties in the
experimental plots

Plots SOM/
%

α/
cm–1 n θf/

cm3∙cm–3
θs/

cm3∙cm–3 BD
Particle size
distribution/%
Clay Silt Sand

I.
cylindrica

1.48±
0.06 0.0141 1.2019 0.328±

0.01
0.489±
0.02

1.26±
0.03 9.7 74.6 15.7

P.
giganteum

0.88±
0.04 0.0098 1.2644 0.339±

0.02
0.502±
0.03

1.20±
0.01 8.2 78.3 13.5

M. sativa 1.04±
0.02 0.0277 1.2291 0.332±

0.01
0.484±
0.03

1.24±
0.02 4.3 86.0 9.7

Notes: SOM denotes soil organic matter; α and n are reciprocal of inlet air suction
and the parameter of pore size distribution in the van Genuchten-Mualem model[23,24],
respectively. θf, θs, and BD are field water capacity (cm3/cm3), saturated soil moisture
content, and bulk density, respectively. Particle size distribution is classified according
to soil textural classes of United States Department of Agriculture (USDA).
 

Three  meteorological  stations  (Spectrum  Technologies,  Inc.,
Watchdog  2000  series,  USA)  were  set  up  to  record  hourly
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meteorological  data,  including  precipitation,  air  temperature,  wind
speed,  solar  radiation,  and  relative  humidity  at  height  of  2  m.
Hourly data were then converted to daily data for later analysis. The
frequency  of  measuring  soil  evaporation  was  set  to  once  every  1-
7  d  according  to  weather  conditions.  A  total  of  nine  micro-
lysimeters  (25  cm in  height  and  16  cm in  diameter,  three  for  each
plot)  were  randomly  installed  in  the  selected  plots  to  monitor  E
(accuracy  0.01  g).  It  should  be  noted  that  the  spacing  between
grasses  in  each  plot  was  relatively  close  (30-50  cm  in  the  planted
grasslands), and their canopy increased rapidly, quickly resulting in
a  high  level  of  coverage  (Table  1).  Therefore,  the  lysimeters  are
closely  affected  by  shading  and  root  water  use,  making  them very
representative  for  the  studied  plots.  Soil  moisture  content  and  soil
temperature  were  measured  using  two  tubular  time  domain
reflectometers  (Aozuo  Ecology  Instrumentation  Ltd.,  Trime-Pico
TDR,  China).  The  measuring  time  was  consistent  with  the
observation  of  the  soil  moisture  contents,  and  the  measurement
depths were set as 0, 10, 20, 30, and 40 cm soil layers, respectively,
considering  that  E  is  mainly  affected  by  the  moisture  content  of
surface soil[2,22]. As the measurement of 0 cm layers (surface layers)
was difficult to operate, these values were measured from the layers
slightly  lower  than  the  soil  surface  (about  1  cm  below).  Multiple
readings  of  observations  (three  for  E,  and  two  for  soil  moisture
content  and  soil  temperature)  were  averaged  to  represent  the
average level of each plot and soil depth. 

2.3    The model of soil evaporation 

2.3.1    The model of soil evaporation from the bare land
The numerical  simulation model  developed by Van Bavel  and

Hillel[9,25] has the advantages of having a simple theoretical basis and
easy  parameter  acquisition,  and  has  therefore  been  successfully
applied in E calculation with straw coverage or gravel mulching[22,26].
However,  to our knowledge, it  has not been proven to be effective
under  vegetated  conditions.  Therefore,  its  application  deserves
further research. The basic form of the Van Bavel-Hillel model for
bare soil is as follows[22,25]:

Eb =
Hvs −Hva

ra + rs

(1)

where, Eb is the soil evaporation rate of the bare land, mm/s; Hvs is
the  absolute  air  humidity  on  the  soil  surface,  kg/m3;  Hva  is  air
humidity,  kg/m3;  ra  is  the  aerodynamic  resistance  of  water  vapor
when entering from the soil surface to the atmosphere, s/m; rs is the
soil surface resistance of water vapor in soil pores, s/m. Hvs, Hva, ra,
and rs can be calculated as following[9,27,28]:

Hvs = Hvss · exp
(

ϕg
R (T s +273.16)

)
(2)

where, φ is the water potential of the surface soil, m, which could be
obtained based on the measured soil moisture content and soil water
retention curve; g is the gravitational acceleration, 9.8 m/s2; R is the
universal  or  ideal  gas  constant,  8.314  J/(mol·K);  Ts  is  the  soil
surface  temperature,  °C; Hvss  is  the  saturated  humidity  of  the  soil
surface, kg/m3, which can be calculated as:

Hvss =

1.323exp
( 17.27T s

T s +237.3

)
T s +273.16

(3)

In Equation (1), the parameter Hva can be calculated as:

Hva =
2.185

273.16+Ta

· ea (4)

where,  Ta  is  the  air  temperature,  °C;  ea  is  the  actual  air  vapor
pressure, kpa, which can be calculated as:

ea =
RH
1000.6108exp

( 17.27Ta

Ta +237.3

)
(5)

where,  RH  is  the  average  relative  humidity,  %;  Ta  is  the  air
temperature, °C.

ra in Equation (1) can be calculated as:

ra =
1

uk2
· ln

(Zref −d+ZH

ZH

)
· ln

(Zref −d+Zm

Zm

)
(6)

where, u is the measured wind speed, m/s; k is the Karman constant
with  a  value  of  0.41; Zref  is  the  reference  height  for  measuring  air
temperature and wind speed, 2 m; ZH and Zm are surface roughness
for  heat  flux  and  momentum  flux,  respectively,  m;  d  is  the  zero
plane  displacement,  m. ZH, Zm,  and  d  can  be  calculated  using  the
following equationsns[22]:

ZH = 0.1Zm (7)

Zm = 0.123hp (8)

d = 0.67hp (9)

where, hp is the measured height of vegetation, m, with a value of 0
for the bare land.

rs in Equation (1) can be calculated as:

rs =


3.5

(
θv

θs

)2.3

+33.5,
θv

θs

> 0.45

−805+4140(θs − θv) ,
θv

θs

≤ 0.45
(10)

where,  θs  and  θv  are  saturated  surface  soil  moisture  content  and
observed surface soil moisture content, respectively, cm3/cm3.

Based  on  the  derivation  processes  above,  the  calculation
equations of soil evaporation rate could be eventually expressed as
follows:

Eb =

exp
(

ϕg
R (T s +273.16)

) 1.323exp
( 17.27T s

T s +237.3

)
T s +273.16

− RH
100

1.323exp
( 17.27

Ta +237.3

)
Ta +273.16

ra + rs

(11)
 

2.3.2    The model of soil evaporation under vegetation conditions
The  Van  Bavel-Hillel  model  has  not  been  used  under

vegetation  conditions,  but  has  been  successfully  applied  in  soils
with  straw  coverage  or  gravel  mulching[22,26].  In  these  studies,  the
effects of straw or gravel were reflected by a resistance parameter.
With  reference  to  this  approach,  the  effects  of  vegetation  into  a
vegetation  coverage  resistance  were  considered,  and  therefore
modified the Van Bavel-Hillel model as follows:

Ev =
Hvs −Hva

ra + rs + rv

(12)

where, Ev  is  the  soil  evaporation  rate  under  vegetation  conditions,
mm/s;  rv  is  the  newly  introduced  vegetation  coverage  resistance,
s/m, which was hypothesized to reflect the comprehensive influence
of vegetation on E. 

2.3.3    Acquisition  of  vegetation  coverage  resistance  and  soil
surface resistance

Numerous  studies  have  shown  that  when  the  soil  moisture
content  exceeds  a  threshold,  there  is  sufficient  water  in  the  soil
pores,  and  the  status  of  the  water  supply  from  the  soil  is  not
destroyed (the  soil  surface  resistance  is  considered  to  be  zero)[11,12].
At  this  time, E  is  mainly  controlled  by  meteorological  factors  and
vegetation  effects.  Therefore,  measured  E  under  such  conditions
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could  be  used  to  derive  the  vegetation  coverage  resistance.
According to the modified Van Bavel-Hillel  model,  Equation (12),
the  calculation  formula  of  vegetation  coverage  resistance  could  be
expressed as follows:

rv =
Hvs −Hva

Ev

− ra (13)

After obtaining vegetation coverage resistance, the soil surface
resistance could be obtained using the measured E under conditions
of  soil  moisture  content  lower  than  the  soil  moisture  content
threshold. The calculation equation is as follows:

rs =
Hvs −Hva

Ev

− ra − rv (14)
 

2.4    Model calibration and validation
In this study, the coefficient of consistency (Cc) and root mean

square error (RMSE) were adopted to evaluate the accuracy of the
simulation, and their calculation equations are as follows[29]:

Cc = 1−

n∑
i=1

(S i −Oi)
2

n∑
i=1

(∣∣S i −Oavg

∣∣+ ∣∣Oi −Oavg

∣∣)2

(15)

RMSE =

√
1
n

n∑
i=1

(S i −Oi)
2 (16)

where,  Si  and  Oi  are  simulated  and  observed  values  for  the  ith
sample,  respectively; Oavg  is  the  average  observed  values; n  is  the
number  of  samples.  The  value  of Cc  is  distributed  between  0  and
1.0, and the closer its value is to 1.0, the better the simulation effect
obtained.  It  is  generally  considered  that  a  value  of Cc  greater  than
0.8  indicates  good  simulation  results[29].  For  RMSE,  lower  values
show better simulation results. 

3    Results
 

3.1    Effects of soil moisture conditions on soil evaporation
Changes  of E  with  soil  moisture  content  may  exhibit  various

patterns, such as linear and nonlinear patterns[30,31]. To eliminate the
influence  of  vegetation,  measured E  of  the  bare  land  was  used  to
analyze  its  relationship  with  soil  moisture  contents.  As  numerous
studies have suggested that the use of surface soil moisture content
would get better results in E simulation[2,22], the surface soil moisture
content  was  used  in  this  study  for  later  analysis.  Meanwhile,  the
relative  E  (defined  as  E/ET0

[12];  ET0  is  the  reference  crop
evapotranspiration  calculated  by  the  Penman-Monteith  formula[9])
was  also  used to  eliminate  the  influence of  meteorological  factors.
Based  on  the  related  research[22],  this  study  chose  a  piecewise
function  to  describe  the  relationships  between  E,  E/ET0,  and  soil
moisture  content  since  they  exhibited  higher  coefficients  of
determination and had passed the significance test (Figure 1).

It  can  be  seen  that  both  E  and  E/ET0  showed  piecewise
characteristics with changes of soil moisture (p<0.01). According to
related studies[11,22], the 60% field water capacity (0.210 cm3/cm3 for
the bare land) was recognized as the threshold of two stages in this
study. E and E/ET0 increased linearly and rapidly with the increase
of soil moisture when the soil was relatively dryer. However, when
the soil moisture exceeded the threshold, E and E/ET0 showed little
variations  with  it.  Notably, E  and E/ET0  were  relatively  scattered
when the soil moisture content was higher, which may be due to the
replacement  of  soil  moisture  content  by  the  average  soil  moisture
content  in  the  analysis.  The  results  above  indicated  that  the  60%

field water capacity was indeed an effective soil moisture threshold
to divide different stages of E in the bare land, which may provide
the basis for calculating E in the studied grasslands.
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Figure 1    Relationships between soil evaporation, relative soil

evaporation, and soil moisture content in the bare land
  

3.2    Simulation results of soil evaporation from the bare land
The  basic  form  of  the  Van  Bavel-Hillel  model,  Equation  (1),

and  related  parameters  were  adopted  to  simulate E  from  the  bare
land  during  three  experimental  periods,  and  the  measured  E  was
used to verify the accuracy of the simulation, as shown in Figure 2.
It  was evident that RMSE was 2.732, 2.302, and 2.405 mm during
years  2015,  2016,  and  2017,  and  corresponding Cc was  as  high  as
0.930, 0.934, and 0.931, respectively. Such results showed that the
simulated  E  agreed  well  with  measured  ones,  indicating  that  the
Van Bavel-Hillel model was effective in simulating E from the bare
land, which also implied that the basic form of the model could be
used to deduce related soil evaporation resistances under vegetation
conditions. 

3.3    Model calibration and validation in typical grasslands 

3.3.1    Calibration and validation of vegetation coverage resistance
Based  on  the  method  described  in  section  2.3.3,  measured E

and  related  meteorological  factors  under  the  condition  of  soil
moisture  content  exceeding  the  60%  field  water  capacity  in  2015
and 2016 were used to calibrate the vegetation coverage resistance
in  three  typical  grasslands.  Considering  the  obvious  dynamics  of
vegetation coverage degrees during growing seasons, the calibration
was carried out in each month, and the result was listed in Table 3.
It can be seen that vegetation coverage resistances were distributed
from  533.4-746.5,  767.4-1154.7,  and  133.4-1334.5  s/m  in  the  I.
cylindrica, M. sativa, and P. giganteum plots, respectively. Specific
values  in  three  grasslands  all  showed  a  unimodal  characteristic
during growing seasons, and reached the maximum value in July in
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the I. cylindrica and M. sativa plots, and August in the P. giganteum
plot,  respectively.  Overall,  variations  of  vegetation  coverage
resistances were larger in the M. sativa and P. giganteum plots than
in  the  I.  cylindrica  plot,  indicating  that  planted  grass  species  are
more likely to increase the uneven distribution of E during growing

seasons.  When  compared  with  I.  cylindrica,  M.  sativa  increased

vegetation coverage resistances in every month, while P. giganteum

reduced it at the beginning of the growing season, but increased it in

the middle and late growing seasons.
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Figure 2    Comparison between observed and simulated soil evaporation in the bare land
 
  

Table 3    Calculation results of vegetation coverage resistances
in three typical grasslands

Plots Types Apr May Jun Jul Aug Sept Oct

I. cylindrica Natural grassland 533.4 580.4 674.1 746.5 733.5 699.1 567.4

M. sativa Planted grassland 864.1 964.8 1042.4 1154.7 1065.7 933.1 767.4

P. giganteum Planted grassland 133.4 388.9 961.5 1241.1 1334.5 1106.7 668.1

Note: The unit of data in the table is s/m.
 

Calibrated  vegetation  coverage  resistances  and  field  observ-
ations in 2017 were used to run the model, and the measured E was
used  to  verify  the  reliability  of  the  simulations  (Figure  3).  It  was
evident  that  the  simulations  fitted  well  with  the  observations,
reaching  low  RMSE  (0.810,  0.623,  and  0.863  mm  in  the  I.
cylindrica, M. sativa, and P. giganteum plots, respectively) and high
Cc  (above  0.900  in  all  three  plots).  These  values  show  good
performances of the models, indicating that the calibrated vegetation
coverage resistances are of acceptable accuracy and practicability.
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Figure 3    Validation results of vegetation coverage resistances in three typical grasslands
 
 

3.3.2    Calibration and validation of soil surface resistance
After  validating  vegetation  coverage  resistances,  their  values,

together  with measured E and related meteorological  factors  under
conditions  of  soil  moisture  content  lower  than  60%  field  water
capacity  in  2015  and  2016  were  used  to  calibrate  soil  surface
resistances in three studied grasslands, and the results are shown as
Figure 4. It can be found that soil surface resistances had ranges of
103.6-1610.2,  150.1-2405.3,  and  105.7-1446.1  s/m  in  the  I.
cylindrica, M. sativa, and P. giganteum plots, respectively. All these
resistances  showed  a  decreasing  trend  with  the  increase  of  soil

moisture  content,  and  their  relationships  could  be  expressed  with
three  robust  linear  functions  (p<0.01).  It  is  noteworthy  that  the
downward  slopes  of  linear  regressions  in  the  M.  sativa  and  P.
giganteum plots were obviously lower than that in the I. cylindrica
plot,  showing  that  planted  grasslands  would  make  soil  surface
resistances  change  more  rapidly  with  soil  moisture.  In  terms  of
specific  values,  soil  surface  resistances  were  similar  in  the  I.
cylindrica  and  P.  giganteum  plots,  and  were  considerably  lower
than that of the M. sativa plot, especially under lower soil moisture
content,  indicating  that M.  sativa  is  more  conducive  to  preventing
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the ineffective loss of soil water under dryer conditions.
Calibrated  soil  surface  resistances,  validated  vegetation

coverage resistances, and corresponding observations in 2017 were
used to execute the model, and the measured E was used to test the
accuracy of simulations (Figure 5). It can be seen that RMSE and Cc

were  0.312  mm  and  0.896,  respectively,  in  the  M.  sativa  plots,
implying  that  simulated  values  were  in  better  agreement  with
measured ones.  It  should  be  noted that E  is  inherently  small  when
the soil moisture content is low, and at this time, just a small change

in  E  would  have  a  great  impact  on  the  value  of  Cc.  Therefore,
although Cc  in  the  I. cylindrica  and P. giganteum  plots  was  0.762
and  0.789,  respectively,  and  did  not  reach  the  good  simulation
threshold of 0.800, their RMSE was only 0.436 mm, which was still
relatively  low.  Hence,  it  can  also  be  considered that  the  validation
results  of  soil  surface  resistances  in  the  I.  cylindrica  and  P.
giganteum plots are still practical. To sum up, calibrated soil surface
resistances  in  three  plots  could  reasonably  reflect  the  actual
situation, and could be utilized to simulate E in all three plots.
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Figure 5    Validation results of soil surface resistances in three typical grasslands
 
 

4    Discussion
 

4.1    Different stages of soil evaporation
The stages of soil  evaporation are comprehensively influenced

by  multiple  factors,  such  as  soil  moisture  content,  soil
characteristics,  meteorological  factors,  and  vegetation
conditions[2,32,33].  Numerous studies have shown that the variation of
E  with  soil  moisture  content  can  be  divided  into  three  stages,
namely the stage where E remains stable (the first stage), the stage
where E increases with the moisture content (the second stage), and
the  water  vapor  diffusion  stage  where E  is  very  small  or  does  not
exist  (the  third  stage)[1,11,22],  and  changes  of  soil  water  contents  are
the  main  reason  why  E  is  at  different  stages[6,26].  It  is  generally
accepted  that  the  soil  moisture  content  threshold  for  the  third  and
second  stages  is  the  wilting  point[6,10],  while  the  split  point  for  the
second and first stages is the soil capillary rupture moisture content,
and  its  value  is  close  to  50%-80% field  water  capacity[6,11].  In  this

study,  the  60%  field  water  capacity  was  selected  as  the  threshold
according to previous studies[11,22] and field observations,  and based
on this, the change of E also showed obvious phased characteristics
(Figure  1).  The  results  above  were  similar  to  numerous  previous
studies[6,15,22], which further emphasized that the simulation model of
E should have the ability to accurately reflect various characteristics
of E at different stages.

In  addition  to  the  thresholds,  an  interesting  phenomenon
concerning  relationships  between E  and  soil  moisture  can  also  be
seen  in  Figure  1:  E  and  E/ET0  increased  sharply  with  the
improvement  of  soil  moisture  content  in  the  second  stage,  and  the
upward  slopes  were  considerably  larger  than  those  in  numerous
previous  studies[11,12,22],  implying  that  when  in  this  stage,  a  small
increase of soil moisture would remarkably increase the amount of
ineffective  water  loss  in  the  studied  grasslands.  Such  results  also
suggest  the  necessity  and  feasibility  of  adopting  appropriate
measures (e.g., vegetation and crop measures) to reduce ineffective
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water loss through the regulation of soil moisture[26,34]. 

4.2    Soil surface resistance and vegetation coverage resistance
When  E  was  in  the  second  stage,  the  influence  of  moisture

content on E was mainly reflected by the soil surface resistance. As
the  soil  surface  resistance  was  often  not  directly  available,  its
relationships  with  soil  moisture  content  had  been  widely
investigated under various underlying conditions[28,35].  However,  the
change  patterns  of  such  research  have  been  inconsistent;  some
studies reported nonlinear patterns, such as exponential[35] or power
functions[27],  while  others  found  linear  relationships  between
them[22,28], possibly due to the high heterogeneity in mulch types and
soil conditions. Despite these change modes, soil surface resistances
were  all  found  to  decrease  with  the  increase  of  the  soil  moisture
content  in  studies  above[22,27,28,35],  which  were  similar  to  this  study’s
results  (Figure  4).  When  obtaining  soil  surface  resistances,  it  is
inevitably  necessary  to  manually  set  the  threshold  of  soil  moisture
content  that  divides  E  stages,  which  may  cause  errors  in  the
simulations[2,22].  In this  study,  the threshold was selected as 60% of
field  water  capacity.  Based  on  this,  this  study  derived  that  there
were  significant  linear  relationships  (p<0.01)  between  soil  surface
resistance  and  soil  moisture  content  in  all  three  grasslands  (Figure
4),  which  is  consistent  with  many  previous  studies[22,28].  Validation
results of these parameters showed that they can ideally reflect the
actual situation of E processes (Figure 5), which in turn verified the
correctness  and practicability  of  the  assumed soil  moisture  content
thresholds in the three grasslands.

In  addition  to  meteorological  factors  and  soil  moisture
conditions,  vegetation  or  crops  will  also  markedly  affect  E.  The
vegetation canopy would alter  the  energy exchange process  on the
soil  surface[7,8].  At  the  same  time,  root  water  absorption  will  also
change  the  actual  soil  water  potential[4,34].  The  above  effects  may
affect  the  resistance  of  water  movement  in  the  soil,  and  thereby
cause  changes  in E.  Therefore,  the  vegetation  coverage  resistance
obtained  in  this  study  is  a  parameter  reflecting  the  comprehensive
influence of vegetation characteristics (leaf area,  canopy thickness,
root  distribution,  etc.).  Considering  that  grass  growth  is  highly
dynamic[4,20],  the  vegetation  coverage  resistances  in  the  studied
grasslands were not constant, but changed with the growth of grass
(Table  2).  Validation  results  of  vegetation  coverage  resistances  in
all  three  grasslands  showed  that  they  can  reasonably  reflect  the
influence  of  different  grass  species  on  E  (Figure  3),  which  also
demonstrated  the  practical  significance  of  encompassing  various
effects  of  vegetation  into  comprehensive  resistance  parameters  to
calculate E. 

4.3    Limitations and future outlook
In this  study,  the vegetation coverage resistance was proposed

to  facilitate  the  E  simulation  under  vegetation  conditions.
Obviously,  the  vegetation coverage resistances  are  highly dynamic
in  different  months  and  differ  greatly  among grasslands  (Table  2),
which  is  mainly  because  of  the  large  differences  in  the
physiological characteristics of grass species that can cause changes
in  soil  surface  radiation  and  soil  water  distribution[20,36].  However,
how such characteristics influenced vegetation coverage resistances
was not analyzed and discussed in the present study due to the lack
of  and difficulties  in  measuring them[36].  Apart  from the  vegetation
factors,  soil  moisture content can also affect  the calculation results
of  vegetation  coverage  resistances  and  soil  surface  resistances.  In
this  study,  soil  moisture  contents  of  surface  soil  were  adopted  for
subsequent  analysis  based  on  the  analysis  of  bare  land  (Figure  1)
and other  related studies[2,22].  However,  several  studies  also showed
that the use of soil moisture contents from other layers (layers 5 cm

or  deeper)  would  also  achieve  better  simulation  results[3,9],  but  this
was not  considered in this  research.  Furthermore,  it  should also be
noted  that  the  related  soil  physical  properties  (the  saturated  soil
moisture  content,  field  water  capacity,  etc.)  were  deemed  to  be
unchanged  during  the  experimental  periods,  and  the  validation
results  showed  such  an  assumption  was  valid.  Nevertheless,  long-
term  vegetation  restoration  will  inevitably  cause  changes  in  these
properties[16],  and  may  ultimately  affect  vegetation  coverage
resistances  and  soil  surface  resistances[13].  The  contents  above  may
affect the simulation accuracy of E to a certain extent and should be
taken  into  consideration  in  follow-up  studies  to  improve  the
performance of the model, and to further deepen the understanding
of the effect mechanisms of vegetation on E. 

5    Conclusions
A three-year  field  experiment  was conducted in  a  bare  land,  a

natural  grassland  (Imperata  cylindrica  plot),  and  two  planted
grasslands  (Medicago  sativa  and  Pennisetum  giganteum  plots)  in
the  semi-arid  Loess  Plateau  to  test  the  effectiveness  of  the  basic
form of the Van Bavel-Hillel model in soil evaporation simulation.
The  soil  surface  resistance  and  the  newly  proposed  vegetation
coverage  resistance  were  calibrated  and  validated  in  three
grasslands.  The  results  revealed  that  the  soil  evaporation  showed
obvious  stage  characteristics  with  soil  moisture,  and  60%  of  field
water  capacity  was  effective  as  a  threshold  to  divide  the  different
stages  of  E.  The  basic  form  of  the  Van  Bavel-Hillel  model  was
effective to simulate the soil evaporation from bare land, and could
be  used  to  calculate  the  soil  surface  resistance  and  vegetation
coverage  resistance  under  vegetation  conditions.  Validated  soil
surface  resistances  and  vegetation  coverage  resistances  could
reasonably reflect the actual situations of soil evaporation processes
in  studied  grasslands.  Soil  surface  resistances  decreased  linearly
(p<0.01)  with  the  increase  of  the  soil  moisture  content  in  all  three
grasslands, and the decreasing rates were similar in M. sativa and P.
giganteum plots, which were considerably higher than that in the I.
cylindrica plot. Vegetation coverage resistances in the three plots all
showed  a  unimodal  characteristic  during  growing  seasons.  When
compared  with  I.  cylindrica,  M.  sativa  increased  the  vegetation
coverage resistance in every month, while P. giganteum  reduced it
at  the  beginning  of  the  growing  season,  but  increased  it  in  the
middle and late growing season.

This  study  shows  that  it  is  feasible  to  use  the  vegetation
coverage  resistances  to  comprehensively  reflect  the  influence  of
vegetation,  providing  a  new  perspective  for  the  calculation  of  soil
evaporation  in  semi-arid  ecosystems.  In  addition,  obtained
vegetation coverage resistances and soil surface resistances in three
typical  grasslands  can  also  provide  practical  references  for  grass
species selection and water resources management in the vegetation
restoration of the Loess Plateau. 
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