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Abstract

Different evapotranspiration (ET) schemes can affect significantly the performance of
land surface models in capturing the soil water dynamics and ET partitioning over var-
ious land cover and climates, the accurate understanding of which is crucial to deter-
mine the effective irrigation. In this study, a land model considering the coupled transfer
of water, vapor and heat in the soil, with two alternative ET schemes, was used to in-
vestigate how the coupled mechanism can affect the soil water dynamics in a crop field
and how the ET partitioning was influenced. There are two different evapotranspiration
(ET) schemes, one is based on reference crop evapotranspiration (ET,) and use LAl to
partition into soil evaporation and transpiration, denoted as the ET;,4 scheme; the other
is one-step calculation of actual soil evaporation and potential transpiration by incor-
porating canopy minimum resistance and actual soil resistance into Penman—Monteith
model, denoted as the ETy, scheme. Results indicated that the coupled model with
the two different ET schemes differed in simulating soil water content and crop evap-
otranspiration components while agreed well for the simulation of soil temperature.
Considering the aerodynamic and surface resistance terms made the ETy, scheme
better in simulating soil evaporation especially after irrigations. Furthermore, the re-
sults of different crop growth scenarios indicated that the uncertainty in LAl played an
important role in estimating the relative transpiration and evaporation fraction. The soil
drying seemed to intensify the disturbance of maximum rooting depth and root growth
rate in calculating ET components. The former was more important at the late growing
season while the latter dominated at the early growing season.

1 Introduction

The soil water movement is the central physical process of the land surface models
(LSMs), which interacts with surface infiltration, evaporation, root extraction and under-
ground water recharge. Accurate description of this process is necessary for the appli-

9978

Jladed uoissnosiq | Jadeq uoissnosiq | Jedeq uoissnosiq | Jaded uoissnosiqg

HESSD
12, 9977-10022, 2015

Investigating effects
of different ET
schemes on soil
water dynamics and
ET partitioning

L. Yu et al.

: III III


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/12/9977/2015/hessd-12-9977-2015-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/12/9977/2015/hessd-12-9977-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

cation of LSMs to achieve efficient and optimum water resources management. While
it has been widely accepted that water vapor and heat transport should be coupled into
the soil water model, especially in arid or semi-arid environment (Bittelli et al., 2008;
Saito et al., 2006; Zeng et al., 2009a, b, 20114, b), it is still not clear how such coupling
can affect the soil water dynamics in crop fields, via different evapotranspiration (ET)
schemes.

The ET plays a critical role in the process of soil water movement, as it controls
the water distribution of surface and root zone soil layers through soil evaporation and
transpiration. A common procedure to estimate ET is the so-called indirect ET scheme
(ET;nq), Which transfers the reference crop evapotranspiration (ET,) into actual crop
evapotranspiration (ET;) using a simple multiplicative crop factor. Recent theoretical
developments allow the adoption of a more robust Penman—Monteith (PM) equation
description of ET. The direct ET scheme (ETy;,) is a one-step calculation procedure,
which expresses the stomatal and aerodynamic controls in terms of various resis-
tances 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 var-
ied with the characteristics of land cover and climate (Shuttleworth and Wallace, 2009;
Zhou et al., 2007). Ershadi et al. (2015) highlighted the need to provide guidance on
selecting the appropriate ET method for use in a specific region.

Further evaluation confirmed that different ET schemes 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). Vérdsmarty et al. (1998) made a compar-
ison between reference surface (PETr) and surface cover-dependent (PETs) potential
ET schemes in a global-scale water balance model (WBM) and concluded that WBM
simulations were highly sensitive to the PET schemes and using the PETs methods
would produce quite reasonable estimates of actual ET over a broad geographic do-
main. Recent assessment of HYDRUS-1-D model with different ET schemes indicated
that using PM equation gave a better model performance in simulating soil water con-
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tent (Mastrocicco et al., 2010). However, most of these results evaluated the model
performances only for individual variable (e.g. soil water content or ET) or neglecting
the heat or vapor transport effect (Anothai et al., 2013; Kemp et al., 1997; Vérdésmarty
et al., 1998).

The other fact is that the uncertainties of crop growth parameters were not fully tested
although with a significant influence on the model performance (Federer et al., 2003).
Previous studies generally concluded based on the combined analysis of the entire
growing season (Padilla et al., 2011). However, these results could be inappropriate
to some extent. Unlike the soil properties, the crop growth parameters had a signifi-
cantly interactive effect with changing environment during the growing season (Teuling
et al., 2006). The roughly seasonal assessment would conceal the crop modulating
mechanism with changing environment.

The objectives in this paper are two fold: (i) investigating how different ET schemes
will affect the soil water dynamics in a crop field located in Northwest China, semi-arid
environment, with a coupled model considering transfer of water, vapor and heat in the
soil, (ii) with the calibrated coupled model, the sensitivity analysis will be implemented
to explore the influence of crop growth parameters on the ET portioning. In the fol-
lowing section, the field experiment, data collection and the numerical models will be
introduced. The results were discussed in Sect. 3. The summary and conclusion were
drawn in Sect. 4.

2 Material and method
2.1 Field experiment

The lysimeter experiment was conducted in the Yangling Irrigation Experiment Station
located in northwest of China (34°17' N, 108°04’ E, and elevation 521 ma.m.s.|. —above
mean sea level). The experimental site is located at a semi-arid to sub-humid climatic
region with a mean annual precipitation of 630 mm and a mean annual air temperature
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of 12.9°C. The soil at the location is silt clay loam with the field capacity of 23.5 % and
the bulk density of 1.359cm_3. The groundwater level is at least 50 m lower than the
soil surface (Kang et al., 2001), thus the capillary rise from the groundwater can be
neglected for the current study.

The lysimeter is made of steel with the size of 3m length, 2.2 m width and 3 m depth.
There are a filter layer, a weighing facility and a drainage system for measuring the
amount of deep percolation at the bottom of the lysimeter. In order to apply the irrigation
water, the steel wall is 5 cm higher than ground surface. The detailed description of the
lysimeter is given in Fig. 1. A mobile rainproof shelter above the lysimeter was installed
to control the precipitation. Summer maize was sown on 23 June and harvested on
2 October with the plant population of 40 plants within the area of 6.6 m?. Irrigation
was applied when soil water content dropped to a pre-set lower limit (i.e. 60 % of the
field capacity). The amount of irrigation was crop ET measured by the lysimeter during
the intervals of two irrigation events. Two supplemental irrigations were applied at the
starting days (DOY 178 and 184) to ensure summer maize uniformly grow.

2.2 Data collection

Soil moisture and temperature was measured using the pre-calibrated sensors, which
were installed at the depth of 20, 40, 60, 80, 100, 200, 225, 250 cm. Hourly measure-
ments were made throughout the growing season. Considering the possible damage
caused by tillage and other agricultural management, soil moisture and temperature
sensors were not equipped at top soil layers. Top soil water content was measured us-
ing gravity oven method weekly. Crop ET was determined using the lysimeter weight-
ing system (e.g. with the precision of 0.021 mm). The ET measurements were made
hourly and summed to daily values during the growing season. Soil evaporation (E)
was measured by weighing the micro-lysimeter at 08:00 LT daily. The micro-lysimeter
was placed between two crop rows with the diameter of 12 cm and the depth of 20 cm.
After significant precipitation and irrigation, we replaced the soil in the micro-lysimeter
to keep the soil moisture in the micro-lysimeter similar to that of field conditions. Other
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details are referred to previous studies over this lysimeter (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 temper-
ature, air humidity, daily precipitation, sunny hours 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, detail description can be found in
Saito et al. (2006).

Leaf stomatal conductance was measured using the portable photosynthesis equip-
ment (LI-6400, Li-Cor, USA) a few days after irrigation. Measurements were made
on three functional leaves within the time intervals between 10:00-14:00 LT, when the
stomatal conductance of summer maize reached its peak and kept steady (Zhang et al.,
2011). Leaf area and plant height were measured from the average of at least 3 plant
samples at intervals of 7—10 days starting at 14 days after planting. The crop stages or
phenology were assessed following the recommendation by Allen et al. (1998). Dates
for each crop development phase were shown in Table 1.

2.3 Numerical model

The STEMMUS (Simultaneous Transfer of Energy, Mass and Momentum in Unsatu-
rated 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 macro-
scopic root water uptake module was incorporated into the STEMMUS.

2.3.1 STEMMUS

In STEMMUS, the extended version of Richards’ equation with modification made by
Milly (1982) was numerically solved to consider the vertical interactive process be-
tween atmosphere and soil. The governing equation of the liquid and vapor flow can
be expressed as:
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— (06, +py0) = -—L - =L =S (1)

where p, and py (kg m'3) are the density of liquid water and water vapor; 6, and
Oy (m3 m'3) are the volumetric water content (liquid and vapor); z (m) is the vertical
space coordinate; g, and gy (kg m~2 s‘1) are the soil water fluxes of liquid and water
vapor (positive upwards), respectively; and S (3’1) is the sink term for the root water
extraction.

The liquid water flux, separated into isothermal q, ,, (pressure head driven) and ther-
mal g, ; (temperature driven), is described as:
aL =qun +qi1 = —Kin (% + 1) - KLT% )

where K|, (m s‘1) and K1 (m2 s °C‘1) are the isothermal and thermal hydraulic con-

ductivities, respectively; h (m) is the pressure head; and T (°C) is the soil temperature.
The water vapor flux, separated into isothermal gy, (pressure head driven) and thermal
gyt (temperature driven), is described as:

oh oT
L Dy—
0z VT oz
where Dy, (kg m~2s™") is the isothermal vapor conductivity; and Dyt (kg m~'s™'°Cc™")

is the thermal vapor diffusion coefficient, given in Zeng et al. (2011a).
The root water uptake term described by Feddes et al. (1978) is

S(h) = a(h)s, (4)

(3)

Qv = Qvn *+ Qyt = =Dy,

where a(h) (dimensionless) is the reduction coefficient related to soil water potential;
Sp (3‘1) is the potential water uptake rate.

S, = b(X)T, (5)
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where b(x) is the normalized water uptake distribution, which describes the vertical
variation of the potential extraction term, S,,, over the root zone, described in Simtinek
etal. (2008). 7, is the potential transpiration. Following De Vries (1958)’s work, the heat
transport function in unsaturated soil can be expressed as

0 00
37 —[(0s0sCs + 0 OC + pyOCYIT =T,) + pyOyLyl - p W — m

0 orT aq
= E ( effE) a L L(T T) —[Lo CV(T_Tr)]_CLS(T_Tr) (6)

where Cq, C and Cy (J kg'1 °C'1) are the specific heat capacities of solids, liquid
and water vapor, respectively; pg (kg m'3) is the density of solids; &, is the volumetric
fraction of solids in the soil; T, (°C) is the arbitrary reference temperature; L (J kg’1) is
the latent heat of vaporization of water at temperature 7,; 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 A4 (Wm™'°C™") is the effective thermal conductivity of
the soil.

Dry air transport in unsaturated soil is originally taken into account in STEMMUS,
the balance equation can be written as Thomas and Sansom (1995)

0 004a SaKy OF, qL

[8,0da(S +HSL)] 6f De 8z * Pda U, 5z Hcpdap (9 DVg) (7)

where ¢ is the porosity; py, (kg m’s) is the density of dry air; S, (= 1-5,) is the degree
of air saturation in the soil; S| (= 6, /¢) is the degree of saturation in the soil; H, is the
Henry’s constant; D, (m2 s'1) is the molecular diffusivity of water vapor in soil; K, (m2)
is the intrinsic air permeability; 1, (kg m™2 3'1) is the air viscosity; Dy (m2 3'1) is the
gas phase longitudinal dispersion coefficient. Note that the effects of dry air movement
were not considered in the current study.
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2.3.2 Initial and boundary conditions

In general, the soil surface water flow boundary can be characterized as a flux-type
boundary controlling by the atmospheric forcing, including soil evaporation, precipita-
tion and irrigation.

(QL+ay),c0=Es—0oL(P+]) (8)

where Eg (kg m=2 3'1) is the actual soil evaporation rate; P and / (m s'1) are precipita-
tion and irrigation rate, respectively.

After an intense irrigation or precipitation, ponding would occur at the soil surface,
the surface boundary thus changed to a pressure-type boundary. It is assumed that
surface runoff at the study site was negligible and the maximum height of the surface
ponding layer was assigned 5cm according to 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 as a seepage
face condition (Simtnek et al., 2008). The soil surface temperature deduced from the
in-situ measurements was set as the upper boundary condition for the heat transfer,
and the bottom temperature was fixed as the lower boundary condition. The initial soil
moisture and temperature profile could be determined by interpolating the measured
values at the starting day.

2.3.3 Transpiration and soil evaporation

Two different parameterizations of ET components were adopted in land surface mod-
els. A common procedure is based on reference crop evapotranspiration (ET,) and
then partition into soil evaporation and transpiration using crop factors (Feddes et al.,
1974; Sim(inek et al., 2008; Wu et al., 1999), which was noted as the ET,,qy scheme.

0.408(R,, - G) + y%uz(eS -e,)

A+y(1+0.34u,)

ETy = )
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where ET, (mm day‘1) is the reference ET; R,, (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; T, (°C) is the air temperature
at 2m height; u, (m s'1) is the wind speed at 2m height, can be obtained from wind
speed data at 10 m height using a logarithmic wind profile function; e, and e (kPa) are
the actual and saturation vapour pressure; A (kPa°C’1) is the slope of vapor pressure
curve; y (kPa°C'1) is the psychrometric constant. The actual potential transpiration
(Tp) can be estimated by multiplying ET, with the crop basal coefficient K, describing
the difference between actual and reference crop surface.

T, = KepETo (10)

Several researches have related K, to the dynamics of vegetation (Er-Raki et al.,
2007; Gonzalez-Dugo and Mateos, 2008; Sanchez et al., 2012), the general expression
defined by Duchemin et al. (2006) is

ch = ch, max(1 - exp(—TLAI)) (1 1)

where 7 is the extinction coefficient, chosen as 0.6 (Kemp et al., 1997). Although 7 may
slightly change in responses to the structural differences in crop development (Allen
et al., 1998; Tahiri et al., 2006), it is convenient here to consider 7 as a constant (Allen
et al., 1998; Shuttleworth and Wallace, 1985; Zhou et al., 2006). K, max iS the basal
crop coefficient at effective full ground cover.

Instead of the evaporation coefficient used in FAO dual K, - ET,, we adopted a sim-
ple evaporation parameterization similar to (Feddes et al., 1974; Kemp et al., 1997; Wu
et al., 1999), in which the potential soil evaporation is given by Ritchie (1972)

A
E,=—R —-0.39LAl 12

where 1 (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
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et al. (1997) for bare soil. Three successive stages are arbitrarily divided as:

E,=E, (61/61.r0) > (Ep/K)'/2, hy > ~100000cm
Es=k(61/61)" (61/61c) < (Ep/k)'/?,hy > ~100000cm
Es=k(01.2/01427)" hy <—-100000cm (13)

where 64 and 6, ¢, are the actual volumetric water content and water content at field
capacity of the top soil layer; hy (cm) is the water matric potential of top soil layer; k
and m are the 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 20cm; 61,, and 64, ¢,
are the actual volumetric water content and water content at field capacity of the top
1st and 2nd soil layers.

The other scheme is one-step calculation of actual soil evaporation and potential
transpiration by incorporating canopy minimum surface resistance and actual soil resis-
tance into Penman—Monteith model. LAl is implicitly used to partition available energy
into canopy and soil. We call it the ET;, scheme. Compared to an alternative approach
proposed by Shuttleworth and Wallace (1985), the interactive effect between canopy
and soil was assumed negligible in the ET;, scheme. This simplicity sounded reason-
able, as indicated by Kemp et al. (1997) that no significant difference in simulating
transpiration and soil evaporation was found for both schemes.

A (RS - G) + pac, el

C
ra

T = (14)
(7))
A (R -G) +pacp%
ST i aer (142) "o
where RS and RS (MJm 2day™') are the net radiation at the canopy surface and

soil surface, respectively; p, (kg m‘3) is the air density; ¢, (J kg'1 K'1) is the specific
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heat capacity of air; r; and r3 (s m‘1) are the aerodynamic resistance for canopy sur-
face and bared soil, respectively; romin (S m‘1) is the minimum canopy surface resis-
tance; rg (s m‘1) is the soil surface resistance.

The net radiation reaching to the soil surface can be calculated using the Beer’s law
relationship of the form

RS = R, exp(-TLAl) (16)
and the net radiation intercepted by the canopy surface is the residual part of total net
radiation

RS = R,(1 — exp(-7LAl)). (17)
The minimum canopy surface resistance ., is given by

Temin = rlmin/LAIeff (18)

where i, is the minimum leaf stomatal resistance; LAl is the effective leaf area
index, which considers that generally 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),

rg =ryg 64 > Opmin, 11 > —100000cm,

re = rye®®mn=61) g, <@ . h, >-100000cm

rg =00 hy < -100000cm (19)

where ry (10sm™") is the resistance to molecular diffusion of water surface; a (0.3565)
is the fitted parameter; 6, is the topsoil water content; 6,,,;, is minimum water content
above which soil is able to deliver vapor at a potential rate.

9988

Jladed uoissnosiq | Jadeq uoissnosiq | Jedeq uoissnosiq | Jaded uoissnosiqg

HESSD
12, 9977-10022, 2015

Investigating effects
of different ET
schemes on soil
water dynamics and
ET partitioning

L. Yu et al.

: III III


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/12/9977/2015/hessd-12-9977-2015-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/12/9977/2015/hessd-12-9977-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

2.4 Model parameters
2.4.1 Soil properties parameters

The Van Genuchten’s analytical model (Van Genuchten, 1980) was used to simulate
the soil moisture retention curve, which described the relationship between soil wa-
ter potential and water content. Soil samples of top 20cm were taken to obtain the
parameters of the moisture retention curve.

Soil saturated hydraulic conductivity could be determined by laboratory method,
which was 10.50cm day'1. This value is lower than the recommended value for silt
clay loam (13.60cm day'1) by Saxton et al. (1986), but within the range of 10.30 to
14.30cm day'1, given by Wang et al. (2008) for the local soil. The soil hydraulic and
thermal properties are given in Table 2.

2.4.2 Crop growth parameters

Leaf area index (LAI) was determined using measured leaf area. To simulate the sea-
sonal dynamics of LA, a linear interpretation was used between dates from the emer-
gence to the first measurement and a simple quadratic function gave a good fitting for
the measurements of LAI (/-?2 = 0.96) (Fig. 2a). Effective leaf area index (LAl), used
in the ETg, scheme, was equal to actual LAl when LAl was lower than 2m?m~2, and
was assigned to half of the actual LAI for values higher than 4 and was assumed equal
to 2m?m™2 for the transition from 2 to 4m?m™2 (Tahiri et al., 2006).

Maximum rooting depth was set to 1.2m according to Allen et al. (1998). A clas-
sical logistic growth function was used to estimate root growth dynamics throughout
the growing season, in which the root growth rate was determined from the assump-
tion that 50 % of the rooting depth would be reached after 50 % of the growing season
had elapsed, as described in Simunek et al. (2008) (see Fig. 2b for the root growth
dynamics). The normalized water uptake distribution b(x), which described the verti-
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cal variation of the potential extraction term, Sp, over the root zone was determined

following Simtinek 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 a(h).
The input water potential parameters were: (i) —15cm for the water potential 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 —325cm and lower limit
—-600cm for the limiting water potential values below which roots can no longer ex-
tract water at the maximum rate (assuming a potential transpiration rate of 0.5 and
0.1cm day_1, respectively), (iv) —15000cm for the water potential below which root
water uptake ceases.

2.5 Numerical simulations and experiments

The extended STEMMUS model was run using either the ET;,4 scheme or the ET,
scheme. Coupled water flow and heat transport equations were numerically solved us-
ing the Galerkin’s finite element method for the spatial discretization and a fully implicit,
backward difference approach for the temporal discretization. Plant root water uptake
and soil water flow are fully coupled and equations are solved simultaneously at the
same time step. The soil profile considered in this study was set to 3m, as deep as the
lysimeter, which was divided into 38 nodes with a finer discretization at upper soil lay-
ers (1.cm) than the lower soil layers (20 cm). Large lysimeter measurements, including
soil moisture, soil temperature, ET and soil evaporation were used to assess the 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
uncertainty may exist in the estimation of crop growth parameters, sensitivity test was
implemented to explore how the simulation results vary with fluctuate precipitation and
irrigation under different crop growth scenarios.
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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

6, +6;
V, = ZAX/‘% (20)
rz

where V; is the soil water storage in the root zone at the specific time ¢; Ax; is the
thickness of ith soil layer; 8, and 6,,, are model simulations of water content at the
upper and lower surface of the /ith soil layer, at the specific time ¢; 3, represents the
summation over the root zone.

Soil water storage could be also derived by the inversion of water balance equation
within the root-zone

t t
V=V~ [Todt + [(ao - awpet (21)
0 0

where V, is the soil water storage in the root zone at initial time, calculated by the
integration of initial soil moisture over the root zone; T, is the actual crop transpiration,
derived from the integration of root water uptake over the root zone; q, and g, are
simulated water flux at the surface and bottom of the root zone.

2.5.2 Crop growth scenarios

To investigate how biological factors control shallow soil water dynamics, three addi-
tional crop growth scenarios were used: (i) changed leaf area index (LAl), (ii) changed
maximum rooting depth (Z,,ax) and (iii) changed root growth rate (Ay) scenarios. The
reference scenario (REF) was compared with changed LAI (LAI/LAI (), Zmax @nd Ry,
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(Z,/Z, .e1) to show the impact of changed biological factors. These three growth param-
eters were set to a 20 % increase or decrease based on their reference values. The
influence of a 20 % increase and decrease of LAl, Z,,,, and Ry was shown in Fig. 2.
The influence of 20 % increase of LAl on relative LAl 4 could be divided into three
stages: (i) constantly 1.2 times larger stage, (ii) constantly equal stage, (iii) transition
stage (Fig. 2b). The influence of 20 % decrease of LAl showed a similar three-stage
trend. However, the 20 % decreased LAl (Fig. 2b, dash grey line) made the relative val-
ues of LAl entered stage ii, i.e. constantly equal stage, later at the leaf growing stage
while earlier at the leaf senescent stage than the 20 % increased LAl (Fig. 2b, solid
grey line). Compared to the reference root depth dynamics, for the 20 % increased
Zimax SCenario, the relative values of root depth (Z,/Z, ) increased gradually until
reached its maximum value at the late growing season. While for the 20 % increased
Ry scenario, the Z,/Z, . had a rapid increase up to the maximum value and then
dropped down during the late growing season. On the contrary, the influence of a 20 %
decrease of Z,,,, and Ay, showed opposite trends to the 20 % increase on the relative
root depth dynamics. The influence of 20 % decreased Ay showed a lag effect on the
Z,/Z, o compared to the 20 % increase of Ry, (Fig. 2d). Thus, the values of Z,/Z,
for the 20 % decreased A, scenario were smaller at earlier growing season (before
around DQOY 196) while larger at late growing season (after around DOY 196) than the
20 % increased Ay, scenario.

2.6 Performance matrixes

To assess the model performance, several performance matrixes were used as in pre-
vious studies (Wei et al., 2015; Zhao et al., 2013). The determination coefficient RQ,
achieved by performing a linear regression between observed and model simulated
values; 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) could be computed as follows:
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(22)

(23)

(24)

where n is the number of observations, P, and O; 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. A good agreement between
observed and model predicted values is characterized as a high value for the determi-
nation coefficient, d index and a low value for RMSE.

3 Results and discussion
3.1 Soil water content

Simulated soil water content, with two ET schemes, were compared with observations
at the depth of 20, 40, 60, 80 and 100 cm (Fig. 3). The soil water content at the 20cm
with the ET,,y scheme was in good agreement with the observation. Though a slight
underestimation at the initial stage, the effects of incoming water flux (precipitation and
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irrigation) on soil water dynamics were well represented, as evidenced with d index
of 0.81 and RMSE of 0.017 cm®cm™2. For the deeper soil layers, however, sensor-
observed fluctuations of soil water content were much smaller when compared to sim-
ulated values, thus induced large discrepancies. The values for d index ranged from
0.26 to 0.66 and RMSE ranged from 0.019 to 0.025 cm® cm™ for the soil depth from
40 to 100cm.

Soil water content simulated with the ETg, scheme had similar results as with the
ET;.,q scheme (Fig. 3). However, owning to more underestimation, the model with ETy;,
scheme performed a little worse than with the ET,,4 scheme. The d index values ranged
from 0.20 to 0.73 and RMSE ranged from 0.020 to 0.036 cm® cm™2 for the soil depth
from 20 to 100cm.

Using both ET schemes, the extended STEMMUS model underestimated soil wa-
ter content at early the growing season. From the point of water balance, this under-
estimation may be explained by more soil water consumption mainly due to topsoail
evaporation, indicating that both ET schemes overestimated soil evaporation at early
the growing season. The other possible reason was that the irrigation applied during
this period was too small to be uniformly distributed and thus single-point soil mois-
ture observation lost its ability to represent the heterogeneous soil moisture variations.
Such underestimation disappeared when large amount of water was applied at later
the growing season (Fig. 3, 20cm).

The discrepancies increased with soil depth for both ET schemes. The reason lay
here may be two-fold. On one hand, the soil moisture observations were doubtable,
as no significant fluctuation with irrigation occurred at deeper soil layers, which was
also inconsistent with the results for the same experiment site (Kang et al., 2001).
The doubtable observations may be linked to the installing position of the soil moisture
sensors (either equipped at positions dominated by preferential flow or adjacent to the
macropores). On the other hand, the assumption of homogeneous soil texture was
inappropriate as discussed by previous studies (Zeng et al., 2011a). Soil hydraulic
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parameters controlled the liquid water flux partition through soil layers, larger infiltration
rate could result in greater fluctuation of soil water content at deeper soil layers.

3.2 Root zone water balance

According to Egs. (20) and (21), simulated soil water storage based on the integration
of soil water content and the inversion of water balance equation over the root-zone
with two ET scheme were compared in Fig. 4. Soil water storage calculated with both
schemes agreed well for the ET,,y scheme. The value of RMSE was 5.88 mm and the
d index value was 0.98. Similarly, a good agreement was found when using the ET
scheme with values of RMSE and d index equaled to 5.13 mm and 0.99. 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 ET; 4y and ET;,
scheme effectively reproduced the closure of water balance even under dramatically
changed surface boundary flux conditions.

Simulated results using two ET schemes showed similar trends of soil water storage
throughout the growing season (Fig. 4). As expected, the largest increases occurred
after large irrigations. Using the ETy, scheme tended to result in lower soil water stor-
age than the ET,;,4 scheme. The differences between two ET schemes were generally
increasing while soil drying.

3.3 Soil temperature

Figure 5 presented the dynamics of sensor-observed and the simulated soil temper-
ature with two ET schemes at various soil depths. Compared to the observation, the
simulation with both ET schemes started with a good agreement and followed with
a slight overestimation after the first main irrigation. Irrigation events had a significant
impact on the soil temperature simulation due to the uncertainties of soil surface tem-
perature. Nevertheless, the seasonal variations of soil temperature could be satisfacto-
rily achieved with both ET schemes. The overall d index values, for the soil depth from
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20 to 100 cm, ranged from 0.76 to 0.95 with the ET;,y scheme and 0.78 to 0.95 with the
ETgi, scheme. The values of RMSE ranged from 1.19 to 1.71 °C with the ET;,4 scheme
and 1.14 to 1.61°C with the ET;, scheme for the soil depth from 20 to 100 cm.

3.4 Estimation of ET

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

3.4.1 ET at hourly time scale

The performance of both ET schemes to estimate the diurnal pattern of ET throughout
the growing season was shown in Fig. 6a—c and Table 3. The hourly ET rates sim-
ulated using the ET,,y scheme generally agreed well with lysimeter-observed ones
(Fig. 6a). The comparison at hourly time scale in Fig. 6a indicated that the ET,,4
scheme tended to underestimate ET after main irrigation events. The largest under-
estimation was found after the third main irrigation, occurring at the mid-season of the
maize growth stage. The results summarized in Table 3 suggested that the greatest
disagreement among the growth stages was found at the initial stage with the values of
d index and RMSE being 0.84 and 0.10 mm h™', compared to 0.94 and 0.11 mm h,
0.93 and 0.11mmh~", 0.90 and 0.07 mmh™" during other development stages.
Compared to the ET,,y scheme, the ETy, scheme performed better in simulating
hourly revolution of ET over the entire maize growing season (Fig. 6b and Table 3).
There was no significant underestimation after main irrigation events. The main dis-
agreement for the ETg, scheme occurred at early the growing stage. The values

for d index and RMSE were 0.90 and 0.10mmh~', 0.96 and 0.09mmh~", 0.98 and
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0.08mmh~", 0.93 and 0.06 mmh~" for the initial, crop development, mid-season and
late season growing stages, respectively.

Furthermore, Fig. 6¢ presented a detail diurnal pattern of observed and simulated
ET at mid-season stage, in which two ET schemes showed different behaviors after
irrigation. Better performance was achieved using the ET,, scheme when compared to
the ET;,4 scheme. For the ET;,,4 scheme, significant underestimation was found at mid-
day hours when the ET rates greater than 0.5 mm h~'. This underestimation could be
explained by the underestimated soil evaporation during this period (see Fig. 8), indicat-
ing that the parameterization of soil evaporation in the ET;,4 scheme was inappropriate
during high water demand conditions. Considering the aerodynamic component, the
ET,4, scheme showed a reasonable representation of hourly ET rates. Nevertheless,
the main diurnal patterns simulated using the ET;,y scheme agreed with observed ET
variations as well as the ETy, scheme except for the high water consumption periods.

3.4.2 ET at daily time scale

Compared to lysimeter observed daily ET rates, both ET schemes showed similar
trends over the entire growing season (Fig. 7). Lacking of considering the blocking
effects of stochastic clouds on the net radiation, large overestimation of ET rates for
both schemes would occur on some cloudy days (Fig. 6, DOY 196, 197, 221 and 241).
Daily ET rates simulated with the ET 4, scheme had a more fluctuation than the ET,,4
scheme. Moreover, two ET schemes differed in the crop stage-specific behavior. There
was an average underestimation for the ET;,qy scheme while a slight overestimation for
the ETy, scheme at initial growing season. Daily ET rates at mid-season growth sea-
son tended to be underestimated by the ET;,; scheme while successfully described
by the ETg;, scheme. Overall, daily ET rates simulated by the ETy;, scheme performed
better than the ET,,4 scheme as indicated by the d index and RMSE values being 0.96
and 0.74mmday~" for the ETg4, scheme, while 0.89 and 1.06 mm day™" for the ETing
scheme.
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Observed soil evaporation with micro-lysimeter was used to assess the performance
of both ET schemes to simulate soil evaporation (Fig. 8). Statistical results indicated the
ET4 scheme had a closer agreement than the ET;,,; scheme with values of RMSE and
d index being 0.51 mm day'1 and 0.84, 0.73mm day'1 and 0.64. Unfortunately, during
periods between two supplemental irrigations at early the growing season (DOY 177-
183), the soil evaporation measured by the micro-lysimeter was not available. Thus, it
was difficult to make a conclusion on the model performance during this period. At late
the growing season, using both ET schemes tended to underestimate daily evaporation
rates after main irrigation events. Such underestimation may be caused by the use
of micro-lysimeter. The observed soil evaporation may be higher than the actual soll
evaporation, since the micro-lysimeter cut off the soil water loss due to the root water
extraction in the evaporative soil layer. The similar behavior was reported for maize by
Zhao et al. (2013) and Wei et al. (2015) at the same latitude sites. Compared to the
ETg, scheme, using the ET;,4 scheme resulted in a much lower values of evaporation
rates, especially after irrigations at the initial and mid-late growing season (see also
Table 4). During these periods, the local irrigations intensified the vertial vapor gradient
and the relative sparse vegetation cover highlighted the importance of aerodynamics
component. Thus, larger underestimation and less fluctuation of soil evaporation with
the ET,,q scheme could be partially explained by the simplification of aerodynamic and
surface resistance components in the calculation.

3.4.3 Cumulative ET

A comparison between cumulative ET of observed and simulated using the ET,,4 and
ET4 scheme was shown in Fig. 9. The cumulative ET for lysimeter observed, ET,,q and
ETg, simulated are 334.18, 369.37 and 354.89 mm, respectively. Both ET schemes
overestimated seasonal ET when compared to lysimeter observations. Two periods,
crop development and late season stage, were contributed to the overestimation when
using the ET;,q scheme. While for the ET, scheme the primary overestimation ap-
peared at initial and crop development stage, accounting for 70 % of the overestima-
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tion (Table 4). The deviation of total ET to the observed value for the ET;, scheme was
greater than the ET,,qy scheme, 35.18 and 20.71 mm, respectively. This nearly 15 mm
difference was mainly attributed to a larger amount of evaporation for the ET g, scheme
during the initial growth stage (Table 4), which consequently resulted 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 (T'), evapotranspiration (ET)
and evaporation fraction (E/ET, EF) were presented in Table 4. Similar to previous stud-
ies (Kang et al., 2003; Zhao et al., 2013), the proportion of evaporation (e.g. the evap-
oration fraction) was largest at the initial stage, then decreased over crop development
and reached its smallest value at mid-season stage, whereas a significant rebound was
found during the late season. The dynamic role of evaporation was mainly attributed
to the crop vegetation development (Hu et al., 2009; Liu et al., 2002). The evapora-
tion fraction of four development stages ranged from 24.38 to 86.58 % for the ET,
scheme and 10.31 to 81.01 % for the ET,,4 scheme, 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 two different
ET schemes. The ET, scheme showed a larger evaporation and smaller transpiration
than the ET,,4 scheme throughout the growing season, resulting in an overall greater
evaporation fraction.

The overall evaporation fraction for both ET schemes was 24.05 and 36.44 %, lower
than the range from 43.57 to 52.52 %, a 4 year field observations in the same region
but with significantly higher frequency of wetting events (Wang et al., 2007), close to
observations of 30.3 % (Liu et al., 2002) and 33 % (Kang et al., 2003) and within the
range of 20 to 40 %, reviewed by Kool et al. (2014) for most of row crops.
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3.5 Crop growth scenarios

To investigate the uncertainty of crop growth parameters, different crop growth scenar-
ios introduced in Sect. 2.5.2 were adopted to run the STEMMUS with both ET schemes
(Fig. 10). The reference scenario (REF) was compared to changed LAI, Z,,., and Ay,
scenarios. The relative values (e.g. T /T, and EF/EF,.) were used here to facilitate
comparisons between parameters and scenarios.

Under the changed LAl scenario, the dynamics of seasonal relative values of transpi-
ration (T /T,«) Was a tradeoff between increasing LAl and decreasing soil water avail-
ability while other factors maintained unchanged throughout the growing season. It
was showed in Fig. 10a that, for the ET;,4y scheme, the sensitivity of transpiration to
LAl decreased until its value approached to 2 m? m’2, leveled off as both factors were
equally important and finally elevated as soil water availability was decreasing. For the
ET,,q scheme, more sensitive to LAl was presented at early the growing season, which
was consistent with previous studies. In Fig. 10 g, the dynamics of the relative values
of evaporation fraction (EF/EF,) showed a similar trend with the seasonal variation
of LAI (Fig. 2a), indicating that small differences in soil water availability appeared to
have a negligible effect on the relative evaporation fraction (EF/EF,) over the entire
growing season. The LAl dynamics could explain much of the seasonal variation of the
relative EF. It was worth to be noted that there was an asymmetry variation of relative
EF for the same LAl disturbance, indicating that EF was nonlinearly dependent on LAI
disturbance (Fig. 10Q).

For the ETg, scheme, more complicated behavior of the relative transpiration than
the ET;,4 scheme was showed (Fig. 10d). Compared to the ET;,4 scheme, similar trend
of the sensitivity of relative transpiration to LAl was found when LAI dominated at the
early growing season. More fluctuation was showed at the middle season. A suppres-
sion effect appeared at the end of growing season (i.e. Increasing LAl resulted in lower
transpiration than the reference scenario). This behavior could be explained by the
different selection of LAl in estimating transpiration between two ET schemes (LAl
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for ET;,q scheme, LAl for ETy, scheme) (Fig. 2a). Compared to the ET,,q scheme,
the response of relative EF to LAl showed similar trends at early the growing season
with a less sensitivity for the ET;, scheme. Differences were found at late the growing
season with a negligible effect of LAl on relative EF when the maize got senescent
(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 evaporation fraction were explored. Seasonal transpiration ratio was an increasing
function of soil water depletion until reaching its threshold in both scenarios. The effects
of changed maximum rooting depth on relative transpiration and evaporation fraction
were elevated as the soil was drying. Larger sensitivity was found at late the growing
stage. On the contrary, the influence of soil drying on the sensitivity of transpiration
and evaporation fraction to root growth rate was decreasing until no significant effects
was found when the root reached its maximum depth. The most influenced period oc-
curred at the early growing season. This behavior can be explained by the difference
of root depth dynamics in both scenarios. As shown in Fig. 2b and c, the effects of
changing maximum rooting depth is increasing until reach its maximum value at late
the growing season while the effects of changing root growth rate primarily dominates
at the early growing season. Furthermore, there was an asymmetric variation of rela-
tive transpiration and evaporation fraction for the same disturbance of root growth rate,
larger variation for conditions of decreasing root growth rate by 20 % while less varia-
tion for the increasing conditions (especially at DOY 225, in Fig. 10c, f, i, and I). Such
asymmetric variation can be explained by the lag effect described in Sect. 2.5.2. Two
ET schemes differed in their variations of sensitivity to root growth parameters, with
a higher sensitivity for the ETy, scheme with the same parameter disturbance. This
is probably due to the ETy, scheme is more sensitive to soil water depletion than the
ET,.q scheme (Fig. 3), with the consideration of aerodynamic and surface resistances.

Based on the crop growth scenarios results, some suggestions could be presented
to reduce the proportion of soil evaporation in total evapotranspiration. Under the same
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irrigation and atmospheric forcing conditions, we can increase the leaf area index by
properly increasing the planting density (Fig. 10g and j). Unlike the LAl the sensitivity
of transpiration to root growth parameters depended more on the soil water depletion,
which indicated that the effects of dynamic root growth parameters should not be dis-
missed in arid environment. In fact, a variety of maximum rooting depth values were
reported for maize previously (Canadell et al., 1996; Hsiao et al., 2009; Liu et al., 1998),
due to different genotypes and rhizosphere environment. Under conditions of soil dry-
ing, plants tend to increase root depth to maintain a certain of water extraction (Hund
et al., 2009; Verma et al., 2014), which was also evidenced with Fig. 10b, ¢, e and f.

4 Summary and conclusion

With the in situ data collected in a large lysimeter experiment, we used the extended
STEMMUS model in a semi-arid environment to investigate how the coupling transfer
of water, vapor and heat in the soil can affect the soil water dynamics in a crop field,
with different evapotranspiration schemes (ET,,q and ETg;,). The simulated soil water
content using the ET,,4 scheme had a closer agreement than those simulated with the
ETg, scheme when compared with measured values at the 20 cm soil depth. However,
disagreements increased for deeper soil layers, either the inaccuracy of soil moisture
observations or the heterogeneity of soil hydraulic parameters was responsible for the
discrepancies and required further investigation. Simulation of soil temperature was
relatively good for both ET schemes.

Evaluating the performance of the two ET schemes in estimating hourly, daily and cu-
mulative evapotranspiration showed that the ETy;, scheme performed better except for
the cumulative evapotranspiration, 15 mm more overestimation, than the ET,,4 scheme
when compared to lysimeter observations. Caution should be taken in partitioning ET,
because individual ET components (soil evaporation, transpiration) were not fully or
accurately measured. This study suggests that the ETy, scheme gave better simula-
tion of soil evaporation than the ET,;,4 scheme, especially at the late growing season.
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It confirmed that the aerodynamic and surface resistance terms were necessary for
evaporation estimation.

The crop growth scenarios results revealed the interactive effects of LAI, maximum
rooting depth and root growth rate with soil water availability on relative transpiration
and evaporation fraction. When LAl is smaller than 2 m?m~2, LA played an important
role in controlling transpiration. The effects of maximum rooting depth and root growth
rate only functioned at drying period, the former was more important at late the growing
season while the latter dominated at the early 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 with changing environment
is needed.
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Table 1. Crop growth stages and crop height for maize.

Crop growth stages Date Crop height (m)
Initial Start 23 Jun (DOY 174) 0
Crop development  Start 6 Jul (DOY 187) 0.22
Mid-season Start 14 Aug (DOY 226) 1.65
Late season Start 14 Sep (DOY 257) 2.17

Harvest 2 Oct (DOY 275) 217

DOY, day of the year
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Table 2. Soil hydraulic (Van Genuchten, 1980) and thermal (De Vries, 1963) properties includ-
ing saturated (6,) and residual (6,) water content; curve-fitting parameters (a and n); saturated
hydraulic conductivity (K); specific heat capacities of the water (C,,), air (C,), quartz (C,), clay
(C.) and organic matter (C,).

Soil sample Hydraulic properties Thermal properties
0, 6, a n K, (o C, Cq C. C,
cm®cm™ cm™’ / cmd™’ Jg K™
0-20cm 0.45 0.105 0.0045 1.41 10.50 418 1.01 0.80 0.90 1.92
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Table 3. Summary statistics of correlation between observed and simulated hourly ET for each

crop development stage, when using the ETy, scheme and ET,,4; scheme separately.

Crop stage Number of ET;,q scheme ETg;, scheme
observations  a b R*  RMSE d a b R®*  RMSE d
(mmh™" (mmh™"

Initial 336 0.47 0.054 040 0.10 0.84 0.94 0.043 063 0.10 0.90
Crop develop- 936 0.69 0.064 0.70 0.10 0.94 0.81  0.041 0.78 0.09 0.96
ment

Mid-season 744 0.62 0.065 0.80 0.11 0.93 0.89 0.027 0.90 0.08 0.98
Late season 432 070 0.051 0.72 0.07 0.90 075 0.029 0.77 0.06 0.93
Total season 2448 0.65 0.056 0.72 0.11 0.90 0.85 0.085 0.82 0.09 0.95

* The regression relation is ETg;, = @ x ETops + b; a is the slope and b is the intercept.
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Table 4. Evaporation (E), transpiration (T), evapotranspiration (ET) and evaporation fraction
(E/ET, EF) for each development stage of maize, when using the ET, scheme and ET,.q
scheme separately. The actual evapotranspiration (ETc) was shown as well.

Crop stage ETc ET,,q scheme ETg;, scheme

(mm) E ET EF E ET EF

(mm)  (mm)  (mm) (%) (mm)  (mm)  (mm) (%)
Initial 37.72 29.13 6.83 35.96 81.01 43.32 6.71 50.03 86.58
Crop 140.48 34.57 122.73  157.31 21.98 45.17 107.13  152.30 29.66
development
Mid-season 124.74 12.15 105.75 117.91 10.31 32.01 99.26 131.26 24.38
Late season 31.23 9.50 34.22 43.72 21.73 14.10 21.66 35.77 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 1. The schematic of the large lysimeter structure.
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Figure 2. The seasonal variation of crop growth parameters used in the simulations: (a) leaf
area index (LAIl), (b) relative values of LAl compared to the reference scenario, (¢) root depth
(Z,), and (d) relative values of root depth compared to the reference scenario. +20, —20 %
indicate that 20 % increase or decrease based on their reference values. The vertical gridlines
in (d) highlight the lag effect of 20 % decreased A, scenario compared to 20 % increased A,
scenario.
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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 +/ (mm)”). The black dot is measurement, the solid black line is the
simulation with the ET;,q4 scheme, the solid gray line is the simulation with the ET;, scheme.
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Figure 4. Comparison of simulated root-zone water storage with measured precipitation and
irrigation. The gray dotted and solid lines are water storage calculated as the integration of
soil water content and the inversion of water balance equation within the root-zone, using the
ET.q scheme, i.e. V4, V2 ing, respectively. The black dotted and solid lines are with the ET;,
scheme.
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Figure 5. Comparison of observed and simulated soil temperature, at selected depths: 20, 40,
60, 80 and 100cm, with measured precipitation and irrigation. The black dots represent the
observation, the solid black line is the simulation with the ET,,4 scheme, and the solid gray line

Time (h)

is the simulations with the ET 4, scheme.
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Figure 7. Daily variation of observed and simulated ET: (a) estimated using ET, scheme,
(b) estimated using ET,,q scheme, on the right, the regression between observed and simulated
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Figure 9. Cumulative variation of observed and simulated ET with the two ET schemes.
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