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Abstract. Different methods for assessing evapotranspiration (ET) can significantly affect the performance of land surface models in portraying soil water dynamics and ET partitioning. An accurate understanding of the impact a method
has is crucial to determining the effectiveness of an irrigation scheme. Two ET methods are discussed: one is based
on reference crop evapotranspiration (ET0 ) theory, uses leaf
area index (LAI) for partitioning into soil evaporation and
transpiration, and is denoted as the ETind method; the other
is a one-step calculation of actual soil evaporation and potential transpiration by incorporating canopy minimum resistance and actual soil resistance into the Penman–Monteith
model, and is denoted as the ETdir method. In this study, a
soil water model, considering the coupled transfer of water,
vapor, and heat in the soil, was used to investigate how different ET methods could affect the calculation of the soil water
dynamics and ET partitioning in a crop field. Results indicate that for two different ET methods this model varied concerning the simulation of soil water content and crop evapotranspiration components, but the simulation of soil temperature agreed well with lysimeter observations, considering aerodynamic and surface resistance terms improved the
ETdir method regarding simulating soil evaporation, especially after irrigation. Furthermore, the results of different
crop growth scenarios indicate that the uncertainty in LAI
played an important role in estimating the relative transpiration and evaporation fraction. The impact of maximum root-

ing depth and root growth rate on calculating ET components
might increase in drying soil. The influence of maximum
rooting depth was larger late in the growing season, while the
influence of root growth rate dominated early in the growing
season.

1

Introduction

Soil water movement forms the central physical process in
the land surface models (LSMs), interacting with surface infiltration, evaporation, root extraction, and underground water recharge. An accurate description of this process is necessary for the application of LSMs to achieve efficient and optimum water resource management. While it has been widely
accepted that water vapor and heat transport should be incorporated in a soil water model, especially in arid or semi-arid
environments (Bittelli et al., 2008; Saito et al., 2006; Zeng et
al., 2009a, b, 2011a, b), it is still not clear how these factors
affect soil water dynamics in crop fields.
ET plays a critical role in the process of soil water movement, as it controls the water distribution of surface and rootzone soil layers through soil evaporation and transpiration.
A common procedure to estimate ET is the so-called indirect ET method (ETind ), which transfers the reference crop
evapotranspiration (ET0 ) into actual crop evapotranspiration
(ETc ) using a simple multiplicative crop factor. Recent theo-
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retical developments allow for the adoption of a more robust
Penman–Monteith (PM) equation description of ET. The direct ET method (ETdir ) is a one-step calculation procedure,
which expresses the stomatal and aerodynamic controls in
terms of various resistances in the PM equation. Independent from land surface models (LSMs), much effort has been
made to compare the performances of different approaches to
estimate ET (Federer et al., 1996; Stannard, 1993). The performance of different ET equations varies with the characteristics of land cover and climate (Shuttleworth and Wallace,
2009; Zhou et al., 2007). Ershadi et al. (2015) highlighted the
need for guidance in selecting the appropriate ET method for
use in a specific region.
Further evaluation confirms that different ET methods can
significantly affect the performance of LSMs (Anothai et al.,
2013; Chen et al., 2013; Federer et al., 1996; Kemp et al.,
1997; Mastrocicco et al., 2010). Vörösmarty et al. (1998)
made a comparison between reference surface and surface
cover-dependent potential ET (PETr and PETs, respectively)
methods in a global-scale water balance model (WBM) and
concluded that WBM simulations were highly sensitive to
the PET method used and that the PET method would produce quite reasonable estimates of actual ET over a broad
geographic domain. Recent assessment of the HYDRUS-1D
model with different ET methods indicated that using the PM
equation gave a better model performance in simulating soil
water content (Mastrocicco et al., 2010). However, most of
this research only evaluates model performance for an individual variable (e.g., soil water content or ET) or neglects the
heat or vapor transport effect (Anothai et al., 2013; Kemp et
al., 1997; Vörösmarty et al., 1998).
In addition, uncertainties of crop growth parameters are
not fully tested despite having a significant influence on
model performance (Federer et al., 2003). Previous studies
generally based conclusions on the combined analysis of
the entire growing season (Padilla et al., 2011). However,
these results could be inappropriate to some extent. Unlike
soil properties, crop growth parameters are significantly affected by a changing environment during the growing season
(Teuling et al., 2006). A roughly seasonal assessment would
conceal the crop modulating mechanism associated with a
changing environment.
The objectives of this study are twofold: (i) compared with
observations obtained through a lysimeter experiment, we investigate how different methods for measuring ET will affect the assessment of soil water dynamics in a crop field located in a semi-arid environment in Northwest China, based
on a coupled model considering the transfer of water, vapor,
and heat in the soil; (ii) with the calibrated coupled model,
a sensitivity analysis is conducted to explore the influence of
crop growth parameters on the ET partitioning. In the following section, the field experiment, data collection, and the numerical models will be introduced. The results are discussed
in Sect. 3. The summary and conclusions are presented in
Sect. 4.
Hydrol. Earth Syst. Sci., 20, 975–990, 2016
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2.1

Materials and methods
Field experiment

The lysimeter experiment was conducted at the Yangling
Irrigation Experiment Station located in Northwest China
(34◦ 170 N, 108◦ 040 E; at an elevation of 521 m a.s.l.). The experimental site is located in a semi-arid to sub-humid climatic region with a mean annual precipitation of 630 mm
and a mean annual air temperature of 12.9 ◦ C. The soil at
the location is silt clay loam with a field capacity of 23.5 %
and bulk density of 1.35 g cm−3 . The groundwater level is at
least 50 m below the soil surface (Kang et al., 2001); thus,
the capillary rise from groundwater can be neglected in the
current study.
The lysimeter is made of steel and is 3 m×2.2 m×3 m
(length, width, and depth, respectively) in size. It contains
a filter layer, a weighing facility, and a drainage system for
measuring the amount of deep percolation at the bottom of
the lysimeter. Weight data generated by the weighing system
and drainage system were stored in the data logger. The data
collector was programmed to record weight readings hourly
with a precision of 139 g (i.e., 0.021 mm of water) for the
weighing system and 1 g for the drainage system, respectively. In order to be able to apply irrigation water, the steel
wall rises 5cm above the ground surface. A detailed drawing
of the lysimeter is presented in Fig. 1. A mobile rainproof
shelter was installed above the lysimeter to control precipitation. Summer maize was sown 23 June 2013 and harvested
2 October 2013 with a plant population of 40 plants within
an area of 6.6 m2 . Irrigation was applied when the soil water
content dropped below a pre-set limit (i.e., 60 % of the field
capacity). The level of irrigation was set to replace crop water
consumed since the previous irrigation, as measured by the
lysimeter. Two supplemental irrigations were applied in the
early growing season (DOY 178 and 184) to ensure uniform
growth of the summer maize.
2.2

Data collection

Soil moisture and temperature were measured using the precalibrated sensors, which were installed at depths of 20,
40, 60, 80, 100, 200, 225, and 250 cm. The type of soil
moisture sensors used was ThetaProbe ML2x (Delta-T Devices Ltd, Cambridge, UK), which specifies a range of 0 to
100 % volumetric water content, and 1 and 2 % precision for
temperatures between 0–40 and 40–70 ◦ C, respectively. Soil
temperature was measured by QYWD100, made by Xi’An
QingYuan Measurement & Control Technology Co. Ltd.,
with a range from −30 to 50 ◦ C; and a higher than 1 ◦ C accuracy. Hourly measurements were taken throughout the growing season. Considering the possibility of damage caused by
tillage and other agricultural management, soil moisture and
temperature sensors were not placed in the top soil layers.
Top soil water content was measured using the gravimetric
www.hydrol-earth-syst-sci.net/20/975/2016/
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Table 1. Crop growth stages and crop height for maize. DOY, day
of the year.
Crop growth stages
Initial
Crop development
Mid-season
Late season

Date
Start
Start
Start
Start
Harvest

23 Jun (DOY 174)
6 Jul (DOY 187)
14 Aug (DOY 226)
14 Sep (DOY 257)
2 Oct (DOY 275)

Crop height (m)
0
0.22
1.65
2.17
2.17

few days after irrigation. Measurements were taken from
three functional leaves at time intervals between 10:00 and
14:00 LT (local time), when the stomatal conductance of
summer maize reached its peak and remained steady (Zhang
et al., 2011). Leaf area and plant height were measured, based
on the average of at least three plant samples, at intervals
of 7–10 days starting at 14 days after planting. The crop
stages or phenology were assessed according the recommendations by Allen et al. (1998). Dates for each crop development phase are shown in Table 1.
2.3

Figure 1. Schematic drawing of the large lysimeter structure.

method weekly. Crop ET was determined using the lysimeter weighting system (with an accuracy of 0.021 mm). The
ET measurements were taken hourly and summed to daily
values during the growing season. The micro-lysimeter, with
a diameter of 12 cm, a depth of 20 cm, and containing a small
isolated volume of bare soil, was placed between two crop
rows (Fig. 1). Soil evaporation (E) was measured by weighing the micro-lysimeter at 8:00 LT daily. After significant
precipitation or irrigation, we replaced the soil in the microlysimeter to keep the soil moisture in the micro-lysimeter
similar to that of surrounding field. Changes in the weight
of the micro-lysimeter were assumed to be equivalent to the
amount of water evaporated from the soil surface (Boast and
Robertson, 1982). The source of error inherent in the microlysimeter method was discussed and some recommendations
for the use of the micro-lysimeter were made in our study
area (Kang et al., 2003; Wang et al., 2007).
Meteorological data were obtained from a standard
weather station located inside the experimental site. The data
included daily maximum and minimum air temperature, air
humidity, daily precipitation, hours of sun, and wind speed at
10 m height. Hourly values of air temperature, air humidity
and wind speed were generated from daily measurements using a trigonometric function, of which a detailed description
can be found in Saito et al. (2006).
Leaf stomatal conductance was measured using portable
photosynthesis equipment (LI-6400, Li-Cor, USA) a
www.hydrol-earth-syst-sci.net/20/975/2016/

Numerical Model

The STEMMUS (Simultaneous Transfer of Energy, Mass
and Momentum in Unsaturated Soil) model was used to simulate coupled liquid water, water vapor, and heat flow in unsaturated soil. In order to use STEMMUS for the lysimeter
experiment, a macroscopic root water uptake module was incorporated into the STEMMUS model.
2.3.1

STEMMUS

In STEMMUS, the extended version of Richards (1931)
equation with modifications made by Milly (1982) was numerically solved to consider the vertical interactive process
between atmosphere and soil. The governing equation of the
liquid and vapor flow can be expressed as
∂qL ∂qV
∂
−
− S,
(ρL θL + ρV θV ) = −
∂t
∂z
∂z

(1)

where ρL and ρV (kg m−3 ) are the density of liquid water and
water vapor, respectively; θL and θV (m3 m−3 ) are the volumetric water content (liquid and vapor, respectively); z (m)
is the vertical space coordinate; qL and qV (kg m−2 s−1 ) are
the soil water fluxes of liquid water and water vapor (positive
upwards), respectively; and S (s−1 ) is the sink term for the
root water extraction.
The liquid water flux, separated into isothermal qLh (pressure head driven) and thermal qLT (temperature driven), is
described as
∂h
∂T
qL = qLh + qLT = −ρL KLh (
+ 1) − ρL KLT
,
(2)
∂z
∂z
where KLh (m s−1 ) and KLT (m2 s−1 ◦ C−1 ) are the isothermal and thermal hydraulic conductivities, respectively; h (m)
is the pressure head; and T (◦ C) is the soil temperature.
Hydrol. Earth Syst. Sci., 20, 975–990, 2016
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The water vapor flux, separated into isothermal qVh (pressure head driven) and thermal qVT (temperature driven), is
described as
qV = qVh + qVT = −DVh

∂h
∂T
− DVT
,
∂z
∂z

(3)

where DVh (kg m−2 s−1 ) is the isothermal vapor conductivity; and DVT (kg m−1 s−1 ◦ C−1 ) is the thermal vapor diffusion coefficient, presented in Zeng et al. (2011a).
The root water uptake term described by Feddes et
al. (1978) is
S(h) = α(h)Sp ,

(4)

where α(h) (dimensionless) is the reduction coefficient related to soil water potential; and Sp (s−1 ) is the potential water uptake rate.
Sp = b(x)Tp ,

(5)

where b(x) is the normalized water uptake distribution,
which describes the vertical variation of the potential extraction term, Sp , over the root zone, as described in Šimůnek et
al. (2008).
Tp is the potential transpiration. Following the work of De
Vries (1958), the heat transport function in unsaturated soil
can be expressed as
∂
[(ρs θs Cs + ρL θL CL + ρV θV CV )(T − Tr ) + ρV θV L0 ]
∂t
∂θL
− ρL W
∂t
∂
∂T
∂qL
= (λeff
)−
CL (T − Tr )
∂z
∂z
∂z
∂qV
[L0 + CV (T − Tr )] − CL S(T − Tr ),
(6)
−
∂z
where Cs , CL , and CV (J kg−1 ◦ C−1 ) are the specific heat capacities of solids, liquid, and water vapor, respectively; ρs
(kg m−3 ) is the density of solids; θs is the volumetric fraction of solids in the soil; Tr (◦ C) is the arbitrary reference
temperature; L0 (J kg−1 ) is the latent heat of vaporization of
water at temperature Tr ; W (J kg−1 ) is the differential heat of
wetting (the amount of heat released when a small amount of
free water is added to the soil matrix); and λeff (W m−1 ◦ C−1 )
is the effective thermal conductivity of the soil.
Dry air transport in unsaturated soil is originally taken into
account in STEMMUS, and the balance equation can be written (Thomas and Sansom, 1995) as
Sa Kg ∂Pg
∂
∂
∂ρda
[ερda (Sa + Hc SL )] = [De
+ ρda
∂t
∂t
∂z
µa ∂z
qL
∂ρda
− Hc ρda
+ (θa DVg )
],
ρL
∂z

(7)

where ε is the porosity; ρda (kg m−3 ) is the density of dry
air; Sa (i.e., 1 − SL ) is the degree of air saturation in the soil;
Hydrol. Earth Syst. Sci., 20, 975–990, 2016

SL (i.e., θL /ε) is the degree of saturation in the soil; Hc is
Henry’s constant; De (m2 s−1 ) is the molecular diffusivity of
water vapor in soil; Kg (m2 ) is the intrinsic air permeability;
µa (kg m−2 s−1 ) is the air viscosity; and DVg (m2 s−1 ) is the
gas phase longitudinal dispersion coefficient. Note that the
effects of dry air movement are not considered in the current
study.
2.3.2

Initial and boundary conditions

In general, the soil surface water flow boundary can be characterized as a flux-type boundary controlled by atmospheric
forcing, including soil evaporation, precipitation, and irrigation.
(8)

(qL + qV )|z=0 = Es − ρL (P + I ),

where Es (kg m−2 s−1 ) is the actual soil evaporation rate; P
and I (m s−1 ) are precipitation and irrigation rate, respectively.
After intense irrigation or precipitation, ponding would occur at the soil surface, with the surface boundary thus changing into a pressure-type boundary. It was assumed that surface runoff at the study site was negligible and that the maximum height of the surface ponding layer was 5 cm in accordance with the lysimeter structure (Fig. 1). Since there is a
filter layer at the bottom of the soil profile (Fig. 1), saturated
water can be easily drained out of the lysimeter. The bottom
boundary was considered a seepage face condition (Šimůnek
et al., 2008). The soil surface temperature deduced from the
in situ measurements was used as an upper boundary condition for heat transfer, and the bottom temperature was used
as lower boundary condition. The initial soil moisture and
temperature profile could be determined by interpolating the
measured values at the starting date.
2.3.3

Transpiration and soil evaporation

Calculation of the ETind method
Two different parameterizations of ET components are
adopted in land surface models. A common procedure is
based on reference crop evapotranspiration (ET0 ), which is
then partitioned into soil evaporation and transpiration using
crop factors (Feddes et al., 1974; Šimůnek et al., 2008; Wu
et al., 1999), and noted as the ETind method.
ET0 =

0.408(Rn − G) + γ Ta900
+273 u2 (es − ea )
1 + γ (1 + 0.34u2 )

,

(9)

where ET0 (mm day−1 ) is the reference ET; Rn
(MJ m−2 day−1 ) is the net radiation at the crop surface; G (MJ m−2 day−1 ) is the soil heat flux density; Ta
(◦ C) is the air temperature at 2 m height; u2 (m s−1 ) is the
wind speed at 2 m height (which can be obtained from wind
speed data at 10 m height using a logarithmic wind profile
www.hydrol-earth-syst-sci.net/20/975/2016/
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function); ea and es (kPa) are the actual and saturation vapor
pressure, respectively; 1 (kPa ◦ C−1 ) is the slope of the
vapor pressure curve; and γ (kPa ◦ C−1 ) is the psychrometric
constant.
The potential transpiration (Tp ) can be estimated by multiplying ET0 with the crop basal coefficient Kcb , describing
the difference between actual and reference crop surface.
Tp = Kcb ET0

(10)

Several research studies have related Kcb to the dynamics of vegetation (Er-Raki et al., 2007; González-Dugo and
Mateos, 2008; Sánchez et al., 2012). The general expression
defined by Duchemin et al. (2006) is
Kcb = Kcb,max (1 − exp(−τ LAI)),

(11)

where τ is the extinction coefficient, set at 0.6 (Kemp et al.,
1997). Although τ may change slightly in response to structural differences in crop development (Allen et al., 1998;
Tahiri et al., 2006), it is convenient to consider τ as a constant
(Allen et al., 1998; Shuttleworth and Wallace, 1985; Zhou et
al., 2006). Kcb,max is the basal crop coefficient at effective
full ground cover.
Instead of the evaporation coefficient used in FAO dual
Kc −ET0 , we adopted a simple evaporation parameterization
similar to in other studies (Feddes et al., 1974; Kemp et al.,
1997; Wu et al., 1999), in which the potential soil evaporation
is given by Ritchie (1972)
1
Rn exp(−0.39LAI),
Ep =
λ(1 + γ )

(12)

where λ (MJ kg−1 ) is the latent heat of vaporization. Actual soil evaporation can be achieved using a simple relationship proposed by Linacre (1973) and verified by Kemp
et al. (1997) for bare soil. Three successive stages are arbitrarily divided into
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canopy minimum surface resistance and actual soil resistance
into the Penman–Monteith model. LAI is implicitly used to
partition available energy into canopy and soil. We call it the
ETdir method. Contrary to an alternative approach proposed
by Shuttleworth and Wallace (1985), the interactive effect between canopy and soil was assumed negligible in the ETdir
method. This simplification seemed reasonable, as Kemp et
al. (1997) indicated that no significant difference in simulating transpiration and soil evaporation was found for both
methods.
Tp =

a)
1(Rnc − G) + ρa cp (esr−e
c
a

λ(1 + γ (1 + rcmin
r c ))

,

(16)

,

(17)

a

Es =

a)
1(Rns − G) + ρa cp (es r−e
s
a

λ(1 + γ (1 + rrss ))
a

where Rnc and Rns (MJ m−2 day−1 ) are the net radiation at the
canopy surface and soil surface, respectively; ρa (kg m−3 ) is
the air density; cp (J kg−1 K−1 ) is the specific heat capacity
of air; rac and ras (s m−1 ) are the aerodynamic resistance for
canopy surface and bared soil, respectively; rcmin (s m−1 ) is
the minimum canopy surface resistance; and rs (s m−1 ) is the
soil surface resistance.
The net radiation reaching the soil surface can be calculated using Beer’s law:
Rns = Rn exp(−τ LAI),

(18)

and the net radiation intercepted by the canopy surface is the
residual part of total net radiation
Rnc = Rn (1 − exp(−τ LAI)).

(19)

The minimum canopy surface resistance rcmin is given by
(20)

Es = Ep , (θ1 /θ1,F c ) > (Ep /k)1/2 , h1 > −100 000 cm, (13)

rcmin = rlmin /LAIeff ,

Es = k(θ1 /θ1,F c )m , (θ1 /θ1,F c ) ≤ (Ep /k)1/2 ,

where rlmin is the minimum leaf stomatal resistance; LAIeff is
the effective leaf area index, which considers, in general, that
the upper and sunlit leaves in the canopy actively contribute
to the heat and vapor transfer.
The soil surface resistance can be estimated using an exponential form proposed by Van De Griend and Owe (1994):

h1 > −100 000 cm,
Es = k(θ1+2 /θ1+2,F c )m , h1 ≤ −100 000 cm,

(14)
(15)

where θ1 and θ1,F c are the actual volumetric water content
and water content at field capacity of the top soil layer, respectively; h1 (cm) is the water potential of the top soil layer;
k and m are parameters primarily dependent on soil depth
and soil texture, varying from 0.8 to 1 and 2 to 2.3, respectively, for a soil depth of 10 to 20 cm; θ1+2 and θ1+2, F c are
the actual volumetric water content and water content at field
capacity of the top first and second soil layers, respectively.
Calculation of the ETdir method
The second method used is a one-step calculation of actual
soil evaporation and potential transpiration by incorporating
www.hydrol-earth-syst-sci.net/20/975/2016/

rs = rsl , θ1 > θmin , h1 > −100 000 cm,
rs = rsl e

a(θmin −θ1 )

, θ1 ≤ θmin , h1 > −100 000 cm,

rs = ∞, h1 ≤ −100 000 cm,

(21)
(22)
(23)

where rsl (10 s m−1 ) is the resistance to molecular diffusion
of the water surface; a (0.3565) is the fitted parameter; θ1
is the topsoil water content; and θmin is the minimum water
content above which soil is able to deliver vapor at a potential
rate.
Hydrol. Earth Syst. Sci., 20, 975–990, 2016
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Table 2. Soil hydraulic (Van Genuchten, 1980) and thermal (De Vries, 1963) properties including saturated (θs ) and residual (θr ) water
content; curve-fitting parameters (α and n); saturated hydraulic conductivity (Ks ); specific heat capacities of the water (Cw ), air (Ca ), quartz
(Cq ), clay (Cc ), and organic matter (Co ).
Soil sample

0–20 cm

2.4
2.4.1

Hydraulic properties

Thermal properties

θs
θr
cm3 cm−3

α
cm−1

n
/

Ks
cm day−1

0.45

0.0045

1.41

10.50

0.105

Model parameters
Soil property parameters

The analytical model by Van Genuchten (1980) was used to
simulate the soil moisture retention curve, which describes
the relationship between soil water potential and water content. Soil samples of the top 20 cm were taken to obtain the
parameters for the moisture retention curve.
Soil saturated hydraulic conductivity could be determined
at the laboratory, and was 10.50 cm day−1 . This value is
lower than the value recommended by Saxton et al. (1986)
value for silt clay loam (13.60 cm day−1 ), but is within
the range of 10.30 to 14.30 cm day−1 , given by Wang et
al. (2008) for the local soil. The soil hydraulic and thermal
properties are presented in Table 2.
2.4.2

Crop growth parameters

LAI was determined using the measured leaf area. To simulate the seasonal dynamics in LAI, a linear interpretation was
used between dates from the emergence to the first measurement and a simple quadratic function presented a good fit for
the LAI measurements (R 2 = 0.96) (Fig. 2a). The effective
leaf area index (LAIeff ), used in the ETdir method, was equal
to the actual LAI where the LAI was lower than 2 m2 m−2 ,
was assumed to be half the actual LAI for actual LAI values
above 4 m2 m−2 and equal to 2 m2 m−2 , where actual LAI
values ranged between 2 to 4 m2 m−2 (Tahiri et al., 2006).
Maximum rooting depth was set to 1.2 m, in accordance
with Allen et al. (1998). A classical logistic growth function was used to estimate root growth dynamics throughout the growing season, in which the root growth rate was
determined from the assumption that 50 % of the rooting
depth would be reached after 50 % of the growing season had
elapsed, as described in Šimůnek et al. (2008) (see Fig. 2c for
the root growth dynamics). The normalized water uptake distribution b(x), which describes the vertical variation of the
potential extraction term, Sp , over the root zone was determined following Šimůnek et al. (2008).
A piecewise linear function, defined in Feddes et al. (1978)
and Feddes and Roats (2004), was used to describe the response of root to soil water potential α(h). The input water
potential parameters were (i) −15 cm for the water potential
Hydrol. Earth Syst. Sci., 20, 975–990, 2016

Cw
Ca
J g−1 K−1

Cq

Cc

Co

4.18

0.80

0.90

1.92

1.01

below which roots start to extract water; (ii) −30 cm for the
water potential below which roots extract water at the maximum possible rate; (iii) higher limit −325 cm and lower limit
−600 cm for the limiting water potential values below which
roots can no longer extract water at the maximum rate (assuming a potential transpiration rate of 0.5 and 0.1 cm day−1 ,
respectively); (iv) −15 000 cm for the water potential below
which root water uptake ceases.
2.5

Numerical simulations and experiments

The extended STEMMUS model was run using both the
ETind method and the ETdir method. Coupled water flow and
heat transport equations were numerically solved using the
Galerkin’s finite element method for the spatial discretization
and using a fully implicit, backward difference approach for
the temporal discretization. Plant root water uptake and soil
water flow were fully coupled and equations were solved simultaneously at the same time step. The soil profile considered in this study had a depth of 3 m, equal to that of the large
lysimeter, and was divided into 38 nodes with a finer discretization in the upper soil layers (1 cm) than in the lower
soil layers (20 cm). The large lysimeter measurements, including soil moisture, soil temperature, ET, and soil evaporation were used to assess model performance. The validation
of the soil water balance closure within the root zone gave
an additional test of the effectiveness of the extended STEMMUS. In addition, since the estimation of crop growth parameters could harbor uncertainties, a sensitivity test was implemented to explore how the simulation results varied with
fluctuating precipitation and irrigation under different crop
growth scenarios.
2.5.1

Water balance closure

The water balance closure was implemented by comparing
soil water storage using two different methods. The direct
method was based on the summation of soil water content
over the root zone
Vt =

X
θi + θi+1
1xi
,
2
rz

(24)

where Vt is the soil water storage in the root zone at time
t; 1xi is the thickness of the ith soil layer; θi and θi+1 are
www.hydrol-earth-syst-sci.net/20/975/2016/

(a)

LAI_obs
LAI_ref
LAI(+20%)
LAI(-20%)
LAIeff_ref

2

LAIeff(+20%)

4

LAIeff(-20%)

2

981

(b)
1.2

LAI / LAI_ref

6

-2

Leaf area index (m m )
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LAI(+20%)
LAI(-20%)
LAIeff(+20%)
LAIeff(-20%)

1.0

0.8
0

160

0

500

1000
1500
Time (h)

2000

0

2500

(c)
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Figure 2. The seasonal variation in crop growth parameters used in the simulations: (a) leaf area index (LAI), (b) relative values of LAI
compared to the reference scenario, (c) root depth (Zr ), and (d) relative values of root depth compared to the reference scenario; +20 and
−20 % indicate a 20 % increase or decrease, respectively, compared to the reference value. The vertical grid lines in (d) highlight the lag
effect of the 20 % decreased Rgr scenario compared to the 20 % increased Rgr scenario.

model simulations of water content at the upper and
P lower
surface, respectively, of the ith soil layer, at time t;
reprerz

sents the summation over the root zone.
Soil water storage could also be derived by the inversion
of the water balance equation within the root zone
Zt

Zt
Tc dt +

Vt = V0 −
0

(q0 − qN )dt,

(25)

0

where V0 is the soil water storage in the root zone at the initial
time, calculated by the integration of the initial soil moisture
over the root zone; Tc is the actual crop transpiration, derived
from the integration of root water uptake over the root zone;
q0 and qN are the simulated water fluxes at the surface and
base of the root zone, respectively.
2.5.2

Crop growth scenarios

To investigate how biological factors control shallow soil water dynamics, three additional crop growth scenarios were
used (i) a changed leaf area index, (ii) a changed maximum rooting depth (Zrmax ), and (iii) a changed root growth
rate (Rgr ) scenario. The reference scenario (REF) was compared with these changed LAI (LAI/LAI_ref ), Zrmax , and
Rgr (Zr /Zr_ref ) scenarios to demonstrate the impact changes
in biological factors may have. To select values for these
three growth parameters their reference values were either increased or decreased by 20 %. The influence of such a 20 %
increase and decrease in LAI, Zrmax , and Rgr is shown in
Fig. 2. The influence of a 20 % increase in the LAI on the
www.hydrol-earth-syst-sci.net/20/975/2016/

relative LAIeff encompassed three stages: (i) a constant 1.2
times enlarged stage, (ii) a constantly equal stage, and (iii) a
transition stage (Fig. 2b). The influence of a 20 % decrease
in the LAI depicted a similar three-stage trend. However, the
20 % decreased LAI scenario (Fig. 2b, dash gray line) entered stage (ii), i.e., the constantly equal stage, later in the
leaf growing stage and earlier in the leaf senescing stage, than
the 20 % increased LAI scenario (Fig. 2b, solid gray line)
did. Compared to the reference root depth dynamics, the relative values of root depth (Zr /Zr_ref ) of the 20 % increased
Zrmax scenario, increased gradually until it reached its maximum value late in the growing season. In the 20 % increased
Rgr scenario, the Zr /Zr_ref demonstrated a rapid increase up
to a maximum value and then dropped down during the late
growing season. On the other hand, a 20 % decrease in Zrmax
and Rgr showed opposite trends to the 20 % increase on the
relative root depth dynamics. A 20 % decreased Rgr showed
a lag effect for the Zr /Zr_ref , compared to the 20 % increased
Rgr (Fig. 2d). In other words, the values of Zr /Zr_ref for the
20 % decreased Rgr scenario were lower early in the growing season (before around DOY 196) and higher late in the
growing season (after around DOY 196) than for the 20 %
increased Rgr scenario.
2.6

Performance matrixes

To assess the model performance, several performance matrixes were used similar to in previous studies (Wei et al.,
2015; Zhao et al., 2013). The determination coefficient (R 2 ),
achieved by performing a linear regression between observed
Hydrol. Earth Syst. Sci., 20, 975–990, 2016

and model simulated values and the root mean square error
(RMSE), characterizing the variance of the model errors, as
well as the index of agreement (d-index) (Willmott, 1981;
Willmott et al., 1985), have been computed as follows:
v
uP
u n
u (Pi − Oi )2
t i=1
RMSE =
,
(26)
n
 n


 2
P
Pi − P Oi − O
i=1
R2 = n
,
(27)
n
2 P
2
P
Pi − P
Oi − O

θdir: RMSE = 0.032 , d = 0.56
0.2

(Pi − Oi )2

Pi − O + Oi − O

,
2

(28)

where n is the number of observations, Pi and Oi are pairs of
observed and model predicted values for a specific variable
(soil water content, ET, etc.), P and O are the overall mean
of observed and model predicted values. Good agreement between observed and model predicted values is characterized
by a high value for both the determination coefficient and the
d-index, and a low value for the RMSE.
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Results and discussion
Soil water content

Simulated soil water content, based on two ET methods, was
compared with observations at soil depths of 20, 40, 60, 80,
and 100 cm (Fig. 3). The soil water content at 20cm derived from the ETind method was in good agreement with
the observation. Though slight underestimation occurred in
the initial stage, the effects of incoming water flux (precipitation and irrigation) on soil water dynamics were well
represented, as evidenced by a d-index of 0.81 and RMSE
of 0.017 cm3 cm−3 . For the deeper soil layers, however, the
sensor-observed fluctuations in soil water content were much
smaller than the simulated values, thus inducing large discrepancies. The d-index values ranged from 0.26 to 0.66 and
the RMSE ranged from 0.019 to 0.025 cm3 cm−3 for soil
depths of 40 to 100 cm.
The results for soil water content simulated employing
the ETdir method were similar to those based on the ETind
method (Fig. 3). However, owning to more underestimation,
the model based on the ETdir method performed a little worse
than the model based on the ETind method. The d-index values ranged from 0.20 to 0.73 and the RMSE ranged from
0.020 to 0.036 cm3 cm−3 for the soil depths of 20 to 100 cm.
For both ET methods, the extended STEMMUS model underestimated soil water content early in the growing season.
From the point of water balance, this underestimation may
Hydrol. Earth Syst. Sci., 20, 975–990, 2016
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Figure 3. Comparison of observed and simulated soil volumetric
water content, at selected depths: 20, 40, 60, 80, and 100 cm, with
measured precipitation and irrigation (the solid black bar with the
right axis of “P + I (mm)”). The (connected) black dots represent
measurements, the black line depicts the simulation using the ETind
method, and the gray line depicts the simulation using the ETdir
method.

be explained by more soil water consumption mainly due to
topsoil evaporation, indicating that both ET methods overestimated soil evaporation early in the growing season. The
other possible reason was that too little irrigation was applied during this period to obtain uniform distribution, resulting in single-point soil moisture observation losing its ability
to represent the heterogeneous soil moisture variations. Such
underestimation disappeared when a large amount of water
was applied late in the growing season (Fig. 3, 20 cm).
The discrepancies increased with soil depth for both ET
methods. The reason may be twofold. On the one hand, the
soil moisture observations were doubtful, as, with irrigation,
no significant fluctuation occurred at the deeper soil layers,
which was also inconsistent with other results for the same
experimental site (Kang et al., 2001). The unreliable observations may be linked to the positioning of the soil moisture
sensors (either installed at positions dominated by preferential flow or adjacent to macropores). On the other hand, the
assumption of a homogeneous soil texture was inappropriate,
as was discussed in previous studies (Zeng et al., 2011a). Soil
hydraulic parameters controlled the liquid water flux partitioning through the soil layers. A larger infiltration rate could
result in greater fluctuation in soil water content at deeper soil
layers.
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Figure 4. Comparison between simulated root-zone water storage
using different methods (i.e., V1,ind , V2,ind , V1,dir , V2,dir ), with
measured precipitation and irrigation. The gray dotted line represents water storage calculated with the integration of soil water
content over the root-zone and the gray solid line represents water
storage calculated with the inversion of the water balance equation
within the root zone, using the ETind method, i.e., V1,ind , V2,ind ,
respectively. The black dotted and solid lines represent the ETdir
method.

3.2

Soil temperature

Figure 5 presents the dynamics of sensor-observed and simulated soil temperature using two ET methods at various soil
depths. Compared to the observation, the simulation started
with good agreement for both ET methods, followed by a
slight overestimation after the first main irrigation. Irrigation events had a significant impact on the soil temperature
simulation due to the uncertainties in soil surface temperature. Nevertheless, the seasonal variations in soil temperature could be satisfactorily portrayed with both ET methods. The overall d-index values, for soil depths of 20 to
100 cm, ranged from 0.76 to 0.95 using the ETind method
www.hydrol-earth-syst-sci.net/20/975/2016/
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Root-zone water balance

Applying Eqs. (20) and (21), simulated soil water storage
based on the integration of soil water content and the inversion of the water balance equation over the root zone, using
two ET methods, are compared in Fig. 4. Soil water storage1
calculated both ways agreed well for the ETind method. The
value of the RMSE was 5.88 mm and the d-index value was
0.98. Similarly, good agreement was found using the ETdir
method with values for the RMSE and the d-index equaling 5.13 mm and 0.99, respectively. Overall, the results based
on the performance matrixes and the visual comparison of
soil water storage dynamics revealed that the numerical solution using both the ETind and ETdir method effectively reproduced the closure of the water balance even under dramatically changed surface boundary flux conditions.
Simulated results using two ET methods showed similar
trends in soil water storage throughout the growing season
(Fig. 4). As expected, the greatest increases occurred after
large irrigations. Using the ETdir method tended to result in
lower soil water storage than using the ETind method. Differences between the two ET methods generally increased with
drying of the soil.
3.3
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Figure 5. Comparison of observed and simulated soil temperature,
at selected depths: 20, 40, 60, 80, and 100 cm, with measured precipitation and irrigation. The black dots represent the observation,
the solid black line shows the simulation with the ETind method,
and the solid gray line shows the simulations with the ETdir method.

and from 0.78 to 0.95 using the ETdir method. The RMSE
values ranged from 1.19 to 1.71 ◦ C using the ETind method
and from 1.14 to 1.61 ◦ C using the ETdir method for these
same soil depths of 20 to 100 cm.
3.4

Estimation of ET

Combined with simulation results for soil water content, accurate ET estimates could help with the visualization of soil
water balance, reduce deep percolation, improve irrigation
efficiency, and ultimately optimize water resources management. Therefore, the capability of the extended STEMMUS
model with different ET methods in reproducing the dynamics of ET is of great importance and requires a thorough evaluation with observed ET data.
3.4.1

ET at hourly timescale

The performance of both ET methods in estimating the diurnal pattern of ET throughout the growing season is shown in
Fig. 6 and Table 3. Hourly ET rates simulated using the ETdir
method generally agreed well with lysimeter-observed ones
(Fig. 6). There was no significant underestimation throughout the growing season. The results summarized in Table 3
suggest that the main disagreement for the ETdir method ocHydrol. Earth Syst. Sci., 20, 975–990, 2016
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Table 3. Statistical summary of the correlation between observed and simulated hourly ET for each crop development stage, for both the
ETdir method and the ETind method.
Crop stage

Number of
observations

a

b

ETind method
∗
R2
RMSE
(mm h−1 )

Initial
Crop development
Mid-season
Late season

336
936
744
432

0.47
0.69
0.62
0.70

0.054
0.064
0.055
0.051

0.40
0.70
0.80
0.72

Total season

2448

0.65

0.056

0.72

ETdir method
∗
R2
RMSE
(mm h−1 )

d

a

b

d

0.10
0.10
0.11
0.07

0.84
0.94
0.93
0.90

0.94
0.81
0.89
0.75

0.043
0.041
0.027
0.029

0.63
0.78
0.90
0.77

0.10
0.09
0.08
0.06

0.90
0.96
0.98
0.93

0.11

0.90

0.85

0.035

0.82

0.09

0.95

∗ the regression relation is ET
sim = a×ETobs + b; a is the slope and b is the intercept.

Simulated ET (mm)

1.5
1.0

ETind
ETdir

0.5
0.0
0.0
0.5
1.0
Observed ET (mm)

1.5

Figure 6. Scatter plot of hourly observed and simulated ET rates,
with × being estimations using the ETdir method and ◦ being estimations using the ETind method.

curred during the early growing stage. The values for the dindex were 0.90, 0.96, 0.98, and 0.93 and for the RMSE were
0.10 mm h−1 , 0.09, 0.08, and 0.06 mm h−1 for the initial, the
crop development, the mid-season, and the late season growing stages, respectively.
Compared to the ETdir method, no significant difference occurred for the ETind method when the values of
ET rates were small (Fig. 6). However, more underestimation was found when simulating higher ET values.
The greatest disagreement occurred during the initial growing stage with the values of the d-index and the RMSE
being 0.84 and 0.10 mm h−1 , respectively, compared to
0.94 and 0.11 mm h−1 , 0.93 and 0.11 mm h−1 , and 0.90
and 0.07 mm h−1 , respectively, during other developmental
stages.
3.4.2

ET at daily timescale

Compared to lysimeter observed daily ET rates, both ET
methods showed similar trends over the entire growing season (Fig. 7). When neglecting the effects of clouds on the net
radiation, large overestimation of ET rates for both schemes
occurred on some cloudy days (Fig. 7, DOY 196, 197, 221,
and 241). Daily ET rates showed more variability when simulated with the ETdir method than with the ETind method.
Hydrol. Earth Syst. Sci., 20, 975–990, 2016

Moreover, the crop stage-specific behavior differed between
the two ET methods. There was an average underestimation
with the ETind method, while a slight overestimation with
the ETdir method, during the initial crop development stage.
Daily ET rates during the mid-season stage tended to be underestimated by the ETind method, while successfully described by the ETdir method. Overall, with daily simulated
ET rates the ETdir method performed better than the ETind
method, as is indicated by the d-index and RMSE values of
0.96 and 0.74 mm day−1 , respectively, for the ETdir method,
compared to 0.89 and 1.06 mm day−1 , respectively, for the
ETind method.
Observed soil evaporation by the micro-lysimeter was
used to assess the performance of both ET methods in simulating soil evaporation (Fig. 8). Statistical results indicated
the ETdir method was in closer agreement with the observations than the ETind method, with RMSE and d-index values
for the ETdir method being 0.51 mm day−1 and 0.84, respectively, compared to 0.73 mm day−1 and 0.64, respectively,
for the ETind method. Unfortunately, during the period between two supplemental irrigations in the early growing season (DOY 177–183), no soil evaporation measurements by
the micro-lysimeter were available. Thus, it was difficult to
form a conclusion regarding model performance during this
period. Late in the growing season, both ET methods tended
to underestimate daily evaporation rates after main irrigation
events. This underestimation may be caused by the use of
the micro-lysimeter. The observed soil evaporation may have
been higher than the actual soil evaporation, since the microlysimeter disregarded the soil water loss due to the root water extraction in the evaporative soil layer. Similar behavior was reported for maize by Zhao et al. (2013) and Wei
et al. (2015) at same latitude sites. Compared to the ETdir
method, using the ETind method resulted in much lower values for the rate of evaporation, especially after irrigation during the initial and mid-late crop development stage (see also
Table 4). During these periods, the local irrigation intensified
the vertical vapor gradient and the relative sparse vegetation
cover highlighted the importance of the aerodynamics component. Thus, larger underestimation and less fluctuation of
soil evaporation using the ETind method could be partially
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Figure 7. Daily variation in observed ET and simulated ET, based on the ETind method (a) and the ETdir method (b). On the right: the
regression between observed and simulated ET for the ETind method (above) and the ETdir method (below).
Table 4. Evaporation (E), transpiration (Tc ), evapotranspiration (ET), and evaporation fraction (E/ET, EF) for each development stage of
maize, for both the ETdir method and the ETind method. The actual evapotranspiration (ETc) is shown as well.
Crop stage

ETc
(mm)

ETind method

ETdir method

E
(mm)

T
(mm)

ET
(mm)

EF
( %)

E
(mm)

T
(mm)

ET
(mm)

EF
( %)

29.13
34.57
12.15
9.50

6.83
122.73
105.75
34.22

35.96
157.31
117.91
43.72

81.01
21.98
10.31
21.73

43.32
45.17
32.01
14.10

6.71
107.13
99.26
21.66

50.03
152.30
131.26
35.77

86.58
29.66
24.38
39.43

Total season

334.18

85.36

269.53

354.89

24.05

134.60

234.76

369.37

36.44
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Figure 8. Daily variation in observed and simulated soil evaporation
based on the two ET simulation methods.

explained by the simplification of aerodynamic and surface
resistance components in the calculation.
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3.4.3

Cumulative ET

A comparison between cumulative observed ET and simulated ET, using both the ETind and the ETdir method, is shown
in Fig. 9. The cumulative ET observed by the lysimeter, as
well as simulated using the ETind and the ETdir methods,
were 334.18, 354.89, and 369.37 mm, respectively. Both ET
methods overestimated seasonal ET compared to the lysimeter observations. Two periods, i.e., crop development and
late season stage, contributed to the overestimation by the
ETind method. While, for the ETdir method, the initial and
crop development stage accounted for 70 % of the overestimation (Table 4). The deviation from the observed value of
total ET was greater for the ETdir method than for the ETind
method, i.e., 35.18 and 20.71 mm, respectively. This nearly
15 mm difference is mainly attributed to the larger amount of
evaporation determined by the ETdir method during the iniHydrol. Earth Syst. Sci., 20, 975–990, 2016
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Figure 9. Cumulative variation in observed ET and simulated ET
(as deducted from the two ET simulation methods).

tial growth stage (Table 4), consequently resulting in more
severe soil water depletion (Fig. 3, 20 cm).
3.4.4

Characteristics of ET partitioning

Crop stage-specific soil evaporation (E), plant transpiration (Tc ), evapotranspiration (ET), and evaporation fraction
(E/ET, EF) are presented in Table 4. Similar to previous
studies (Kang et al., 2003; Zhao et al., 2013), the proportion of evaporation (the evaporation fraction) was the largest
at the initial stage, then decreased during crop development
and reached its lowest value at the mid-season stage, with a
significant rebound occurring during the late season. The dynamic role of evaporation was mainly attributed to crop vegetation development (Hu et al., 2009; Liu et al., 2002). The
evaporation fraction of the four development stages ranged
between 24.38 and 86.58 % for the ETdir method and between 10.31 and 81.01 % for the ETind method, similar to
previously published results (Paredes et al., 2015; Wei et
al., 2015; Zhao et al., 2013). Some differences were found
in simulating individual components of crop ET when using the two different ET methods. The ETdir method showed
a greater evaporation and less transpiration than the ETind
method throughout the growing season, resulting in an overall larger evaporation fraction.
The overall evaporation fractions for the two ET methods
used were 24.05 % (ETind ) and 36.44 % (ETdir ). Figures that
are below the range of 43.57 to 52.52 % of a 4-year field
observation study in the same region that saw a significantly
higher frequency of wetting events (Wang et al., 2007), but
close to observations by Liu et al. (2002) of 30.3 % and Kang
et al. (2003) of 33 %, and within the range of 20 to 40 %,
reviewed by Kool et al. (2014) for most of row crops.
3.5

Crop growth scenarios

To investigate the uncertainty in crop growth parameters,
different crop growth scenarios, introduced in Sect. 2.5.2,
were adopted to run the STEMMUS with both ET methods
(Fig. 10). The reference scenario (REF) was compared to the
changed LAI, Zrmax , and Rgr scenarios. The relative values
Hydrol. Earth Syst. Sci., 20, 975–990, 2016

(i.e., Tc /Tc,ref and EF/EFref ) were used here to facilitate comparisons between parameters and scenarios.
Under the changed LAI scenario, the dynamics of seasonal
relative values of transpiration (Tc /Tc,ref ) formed a tradeoff between increasing LAI and decreasing soil water availability, while other factors remained unchanged throughout
the growing season. Figure 10a shows that, for the ETind
method, the sensitivity of transpiration to LAI decreased until its value approached 2 m2 m−2 , then leveled off with both
factors being of equal importance and finally elevated as soil
water availability was decreasing. For the ETind method, the
influence of LAI was more important in the early growing
season, which is consistent with previous studies. In Fig. 10g,
the dynamics of the relative evaporation fraction (EF/EFref )
show a trend similar to the seasonal variation of the LAI
(Fig. 2a), indicating that small differences in soil water availability appeared to have a negligible effect on the EF/EFref
over the entire growing season. The LAI dynamics could explain much of the seasonal variation in the relative EF. It is
worth noting that there was an asymmetric variation in the
relative EF for the same LAI disturbance, indicating that the
EF was nonlinearly dependent on LAI disturbance(Fig. 10g).
With the ETdir method, the relative transpiration presented
more complicated behavior than with the ETind method
(Fig. 10d). Compared to the ETind method, the ETdir method
revealed a similar trend in the sensitivity of relative transpiration to LAI in the early growing season, when LAI dominated. More fluctuation was visible in the middle season.
A suppression effect appeared at the end of the growing season (i.e., increasing LAI resulted in lower transpiration). This
behavior could be explained by the selection of a different
LAI in estimating transpiration for the two ET methods, i.e.,
LAI for the ETind method, and LAIeff for the ETdir method
(Fig. 2a). The response of relative EF to LAI showed similar trends early in the growing season between the ETind
method and the ETdir method, though with less sensitivity in
the ETdir method. Differences were found late in the growing
season with a negligible effect of LAI on the relative EF in
the senescing maize (Fig. 10j).
Under the changed maximum rooting depth and root
growth rate scenarios, the interactive effects of root depth
dynamics and soil water availability on transpiration and
the evaporation fraction were explored. Seasonal transpiration ratio was an increasing function of soil water depletion until reaching a threshold in both scenarios. The effects
of changed maximum rooting depth on relative transpiration
and the evaporation fraction increased, as the soil was drying.
Larger sensitivity was found late in the growing stage. On the
contrary, the influence of the soil drying on the sensitivity of
transpiration and the evaporation fraction to root growth rate
decreased until no significant effects were found when the
root reached its maximum depth. The period most influenced
occurred early in the growing season. This behavior can be
explained by the difference in root depth dynamics in both
scenarios. As shown in Fig. 2c and d, the effect of maxiwww.hydrol-earth-syst-sci.net/20/975/2016/
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Figure 10. Relative daily variations, under changed leaf area index (LAI), maximum rooting depth (Zrmax ), and root growth rate (Rgr ), in
crop transpiration: (a)–(c), using the ETind method, (d)–(f), using the ETdir method; and in the evaporation fraction: (g)-(i), using the ETind
method; (j)-(l), using the ETdir method, with measured precipitation and irrigation; ◦ depicting increased LAI, Zrmax , and Rgr by 20 %, •
depicting decreased LAI, Zrmax , and Rgr by 20 %. Note that the scale for (g) differs from for other figures.

mum rooting depth increased until reach its maximum value
late in the growing season, while the effect of root growth
rate primarily dominated early in the growing season. Furthermore, there was an asymmetric variation in the relative
transpiration and evaporation fraction for equal disturbance
of root growth rate, with a larger variation for conditions of
20 % decreased root growth rate and less variation for the increased conditions (especially at DOY 225, in Fig. 10c, f, i,
l). Such asymmetric variation can be explained by the lag effect described in Sect. 2.5.2. The two ET methods differed in
their variation in sensitivity to root growth parameters, with
higher sensitivity observed in the ETdir method with equal
parameter disturbance. This is probably due to the fact that
the ETdir method is more sensitive to soil water depletion
than the ETind method (Fig. 3), considering aerodynamic and
surface resistance.
Based on the crop growth scenario results, some suggestions may be presented to reduce the proportion of soil evaporation in the total evapotranspiration. Under the same irri-
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gation and atmospheric forcing conditions, the leaf area index can be increased by properly increasing the planting density (Fig. 10g, j). Unlike the LAI, the sensitivity of transpiration to root growth parameters depended more on soil water
depletion, which indicated that the effects of dynamic root
growth parameters should not be dismissed in an arid environment. In fact, a variety of maximum rooting depth values
were previously reported for maize (Canadell et al., 1996;
Hsiao et al., 2009; Liu et al., 1998), due to differences in
genotypes and rhizosphere environment. Under conditions of
soil drying, plants tend to increase root depth to maintain a
certain amount of water extraction (Hund et al., 2009; Verma
et al., 2014), as evidenced in Fig. 10b–c and e–f.

4

Summary and conclusion

Together with the in situ data collected in a large lysimeter
experiment in a semi-arid environment, the extended STEMMUS model facilitated the investigation of how the coupling
Hydrol. Earth Syst. Sci., 20, 975–990, 2016

988

L. Yu et al.: The effect of different ET methods on portraying soil water dynamics and ET partitioning

transfer of water, vapor, and heat in the soil affected soil water dynamics in a crop field, using two different evapotranspiration methods (ETind and ETdir ). The simulated soil water content values based on the ETind method were in closer
agreement with values measured at 20 cm soil depth than values based on the ETdir method. However, disagreement increased in deeper soil layers, with either the inaccuracy of
soil moisture observations or the heterogeneity of soil hydraulic parameters being responsible for the discrepancies
and requiring further investigation. The simulation of soil
temperature performed relatively well for both ET methods.
Evaluation of the performance of the two ET methods in
estimating hourly, daily, and cumulative evapotranspiration
demonstrated that the ETdir method performed better than
the ETind method, except regarding the cumulative evapotranspiration, with the ETdir method displaying a 15mm
higher overestimation than the ETind method, compared to
the lysimeter observations. Caution should be exercised in
partitioning ET, because individual ET components (soil
evaporation, transpiration) were not fully or accurately measured. This study suggests that the ETdir method provides a
better simulation of soil evaporation than the ETind method,
especially late in the growing season. It confirms that aerodynamic and surface resistance terms are necessary for evaporation estimation.
The crop growth scenario results revealed the interactive
effects of LAI, maximum rooting depth and root growth rate
with soil water availability on relative transpiration and the
evaporation fraction. When it was less than 2 m2 m−2 , the
LAI played an important role in controlling transpiration.
The effects of maximum rooting depth and root growth rate
only appeared in drying periods, with the first being more
important late in the growing season, while the latter dominated early in the growing season. As the disturbance of crop
growth parameters has a significant effect on the simulation
results, further consideration of the dynamics of crop growth
parameters in a changing environment is needed.
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