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Soil evaporation is an important component in the water and energy cycles on land, especially for areas
that are moderately or densely covered by bare soil. Soil evaporation parameterizations that scale down
potential evaporation with the soil surface temperature (Ts) and/or the air humidity are regionally appli-
cable because of the advantage of omitting pixel-scale near-surface soil moisture. In this paper, we pro-
vide an intercomparison study among these parameterizations. Potential evaporation indices are
estimated from the Priestley-Taylor method, the Penman method, and the mass transfer method (with
or without Ts). The surface dryness indices that indicate the water availability of the soil surface are based
on Ts and/or the air humidity. We establish and evaluate ten such soil evaporation parameterizations
through combinations of different types of potential evaporation indices and surface dryness indices at
near-instantaneous scales (30 min). The results show that incorporating the soil temperature in the sur-
face dryness index instead of the potential evaporation index can improve soil evaporation estimations.
Poorer but still reasonable estimations are achieved when only the air humidity-based surface dryness
index is used. In addition, the energy balance factor is crucial in the surface dryness indices. Our study
indicates that the potential evaporation indices that are based on the Penman equation are generally
more useful and robust than those that are based on the Priestley-Taylor approach or the mass transfer
method. However, when the surface dryness index is only based on air humidity data, the Priestley-
Taylor potential evaporation index performs as well as the index that is estimated from the Penman
equation. In contrast, a soil evaporation parameterization that estimates the potential evaporation
through the mass transfer method (with Ts) and the surface dryness index from the soil moisture content
did not perform as well as the above ten parameterizations.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Evapotranspiration (ET), which includes evaporation from soil
and water and transpiration from plants, is a major component
in the land surface water cycle and energy balance (Oki and
Kanae, 2006; Trenberth et al., 2009, 2007). The spatial estimation
of daily ET, especially its partitioning between the canopy and soil
layers is therefore useful to improve irrigation design (Colaizzi
et al., 2004), climate simulations (Lawrence et al., 2007) and
environmental assessments (Newman et al., 2006). Transpiration
at daily or smaller time scales has been successfully estimated by
using remote-sensing based vegetation indices (VIs) and physio-
logical canopy conductance models (Gan and Gao, 2015; Leuning
et al., 2008; Mu et al., 2011; Zhang et al., 2010). However, estimat-
ing soil evaporation is more complicated and less constrained com-
pared to transpiration calculations, which may cause great
estimation errors in moderately and sparsely vegetative areas.

Evaporation at remote-sensing-pixel scales is usually estimated
by tuning down the potential rate of evaporation with the soil
moisture availability at the near suface. For example, the Penman
hypothesis assumes that the actual evaporation is proportional to
the potential evaporation, and one method to estimate the relative
evaporation LE/LEp, where LE and LEp are the actual and potential
ET, respectively, is introducing a function of soil water availability
dices. J.

http://dx.doi.org/10.1016/j.jhydrol.2016.08.027
mailto:gaoyanc@igsnrr.ac.cn
mailto:ganguojing10@gmail.com
http://dx.doi.org/10.1016/j.jhydrol.2016.08.027
http://www.sciencedirect.com/science/journal/00221694
http://www.elsevier.com/locate/jhydrol
http://dx.doi.org/10.1016/j.jhydrol.2016.08.027


Table 1
Summary of all the variables that are used in the soil evaporation parameterizations.

Variables Descriptions/Definitions

Potential
evaporation
LEs⁄

LEs_pt Potential LEs estimated using the PT approach
with soil surface available energy, Eq. (1)

LEs_pm Potential LEs estimated using the PM approach
with soil surface available energy and the air
humidity, Eq. (2)

LEs_mt Potential LEs estimated using the MT approach
with soil surface temperature and the air
humidity, Eq. (3)

LEs_air Potential LEs estimated using the MT approach
with air temperature and the air humidity, Eq.
(23)

Surface dryness
index SDI

SDI1 Surface dryness index based on LEs_mt and soil
surface energy balance, Eq. (7)

SDI2 Surface dryness index based on LEs_mt and relative
humidity of the air, Eq. (8)

SDI3 Surface dryness index based on LEs_air and soil
surface energy balance, Eq. (21)

SDI4 Surface dryness index based on LEs_air and relative
humidity of the air, Eq. (22)
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(Yang et al., 2006). However, the operational retrievals of regional
soil moisture at moderate resolution (approximately 1 km) remain
a challenge even with the great development of microwave remote
sensing techniques because passive microwave systems measure
the soil moisture at relatively coarse resolution (e.g., 25 km) and
active microwave systems require local calibration to minimize
the effects of vegetation and surface roughness on radar signals
(Wagner et al., 2007). In addition, the surface soil moisture may
experience rapid changes over short time scales, so the difficulty
of this method is further highlighted at near-instantaneous scales
(e.g., 30 min in this study).

A possible way to avoid using the pixel-scale soil moisture con-
tent is to estimate the actual ET directly from the potential ET. For
example, Bouchet (1963) stated that the actual ET is not necessar-
ily proportional to the potential ET; in contrast, as the surface dries,
a decrease in the actual ET is accompanied by an identical increase
in the potential ET if the total available energy is constant. This is
known as the complementary relationship. Thus the actual ET can
be readily estimated from the potential ET by using such comple-
mentary models (Brutsaert and Stricker, 1979; Granger, 1989a;
Morton, 1983). However, such models usually require a hypothesis
on the exact relationship between the changes in the energy that is
used in the actual ET and the energy that is available for the poten-
tial ET, which may not be valid in all spatial and temporal scales.

Another way to directly estimate the actual ET from the poten-
tial ET is to return to the relative evaporation perspective but
explore the usage of potential evaporation in indicating the surface
dryness. The actual evaporation is estimated as the product of the
potential evaporation and the relative evaporation, and the latter is
estimated from the surface dryness index (SDI), which is parame-
terized as a function of the potential ET. The key of such parame-
terizations is to model the SDI from the potential evaporation.

Granger and Gray (1989) modeled the SDI as a dimensionless
index that combines the available energy at the land surface and
the drying power of the air. The drying power of the air is an index
that indicates the potential ET and is estimated from the mass
transfer method by using the air humidity. The air humidity is
influenced by land-atmosphere feedbacks through ET (Brutsaert
and Stricker, 1979), and thus reflects the surface dryness to some
extent (Granger and Gray, 1989). Compared to the soil moisture,
the air humidity is a more readily available variable that can be
obtained from weather station measurements or regional atmo-
spheric simulations. However, the coupling between the atmo-
spheric humidity and the near-surface soil moisture deviates
from the equilibrium state because of the large-scale advection
effect, in which case the atmospheric humidity is no longer a good
indicator of the near-surface soil moisture content.

Compared to the air humidity, the soil surface temperature is
more directly linked to the near surface soil moisture conditions.
This factor can be used to scale down the potential evaporation
to estimate the actual evaporation, for example, within the LST-
VI framework (Long and Singh, 2012; Merlin et al., 2014; Nishida
et al., 2003) and the PT-JPL model (Garcia et al., 2013), which
was first proposed by Fisher et al. (2008). In addition, a potential
evaporation index can be estimated by using the mass transfer
method with the land surface temperature thanks to the develop-
ment of thermal remote sensing techniques. Crago and Crowley
(2005) compared several versions of complementary ET models
that use different combinations of potential ET indices (with and
without land surface temperature) at near-instantaneous time
scales. However, their models were applied to estimates the total
ET instead of the soil evaporation.

In this study, we focus on the parameterization of soil evapora-
tion. We attempt to directly establish the relationships between
the relative evaporation and the surface dryness indices for differ-
ent situations with different data availability by using model sim-
Please cite this article in press as: Gao, Y., et al. Evaluating soil evaporation para
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ulations and in-situ measurements. First, we incorporate the land
surface temperature (LST) in potential evaporation indices and sur-
face dryness indices and then determine the best incorporation
method by comparing the strength of six combinations of potential
evaporation indices and surface dryness indices when estimating
the soil evaporation. Such formulations can be useful in diagnostic
and process-based models, in which energy fluxes and the LST are
simultaneously determined. Second, we evaluate the usage of air
humidity data in estimating the near-instantaneous soil evapora-
tion and determine the best formulation out of four parameteriza-
tions for modeling soil evaporation. When LST data are not
available or when the LST is not considered in the surface energy
balance, such formulations can be used together with a canopy
conductance model to estimate total the ET. Third, the parameter-
ization that uses the soil moisture content is also used for compar-
ison. In this study, the above-mentioned evaluations are performed
at pixel scales, in which case a sound thermal-based two-source
energy balance model (TSEBTR) is used to determine the ‘‘actual”
evaporation and transpiration at the pixel scale by using the remo-
tely sensed LST, measured energy fluxes and atmospheric
conditions.
2. Methods

2.1. Parameterizations of the soil evaporation

The soil evaporation is usually estimated by tuning down the
potential rate of evaporation (LEs⁄) according to the surface dry-
ness indices, i.e., LEs_predicted = LEs⁄ � fun(SDI), in which fun(SDI) is
the relative evaporation. First, we introduce three parameteriza-
tions of the potential evaporation and then the formulations of
the SDI and relative evaporation with respect to the SDI. A sum-
mary of all the variables that are used in the soil evaporation
parameterizations is shown in Table 1.

The concept of potential ET, which refers to the evapotranspira-
tion rate that would occur for a large uniform surface with an ade-
quate water supply, was first proposed and used by Thornthwaite
(1948) for climate classifications. However, as Brutsaert (1982) had
indicated, the water/heat feedbacks of the saturated surface to the
air are unknown, so the potential rate that is calculated under
actual air conditions is not the same as what would occur for a sat-
urated surface. Granger (1989b) noted that the potential rate is
indeterminable under the original definition of Thornthwaite
meterizations at near-instantaneous scales using surface dryness indices. J.
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(1948), but defining useful potential ET indices that represent real
and attainable situations is more important.

We applied the potential ET indices that were summarized by
Granger (1989b) to the soil layer of a mosaic pixel of the land sur-
face. The first index, which is known as the equilibrium evapora-
tion, refers to the evaporation rate that would occur for a surface
that becomes saturated with the energy supply unchanged. The
equilibrium evaporation is mainly constrained by the available
energy and thus represents a minimal advection situation. The
Priestley-Taylor (PT) approach (Priestley and Taylor, 1972) is often
used to estimate this potential rate. We apply the PT approach to
estimate the equilibrium evaporation for the soil layer (LEs_pt) of
a partially vegetated surface, where a is set to 1.26:

LEs pt ¼ a
D

Dþ c
ðRns � GÞ ð1Þ

where c is the psychrometric constant (0.667 hPa/K) and D is the
slope of the saturated vapor pressure to the air temperature. Rns
is the net radiation in the soil layer and G is the soil heat flux.

The second index, which is known as the wet environment
evaporation, refers to the evaporation rate that would occur for a
surface that becomes saturated with the energy supply and the
atmospheric conditions unchanged. This index is usually estimated
through the Penman equation (Penman, 1948), which is denoted as
LEs_pm:

LEs pm ¼ DðRns � GÞ þ qcpðe�ðtaÞ � eaÞ=ðra þ rsÞ
Dþ c

ð2Þ

where q is the air density (1.25 kg/m3) and cp is the specific heat of
the air (1005 J/kg/K) at a constant pressure. ea is the atmospheric
water vapor pressure (hPa) and e⁄(ta) is the saturated water vapor
pressure of the air at the given air temperature ta. LEs_pm considers
the effects of both the available energy and advection on the poten-
tial evaporation. Therefore, this function is larger than LEs_pt, and
the actual evaporation. ra and rs are the aerodynamic and under-
canopy resistances in TSEBTR, respectively, which will be shown in
Section 2.2.

The third index refers to the evaporation rate that would occur
for a surface that becomes saturated with the current atmospheric
conditions and the surface temperature remaining unchanged. This
potential evaporation is calculated by the mass transfer equation,
which is denoted as LEs_mt. Because no energy limit exists for such
cases, LEs_mt represents the upper limit for the potential
evaporation:

LEs mt ¼ qcp
c

e�ðTsÞ � ea
ra þ rs

ð3Þ

where e⁄(Ts) is the saturated vapor pressure at the soil surface tem-
perature Ts.

Surface dryness indices have usually been based on atmo-
spheric humidity data in previous studies to model the ET with
minimal data. For example, the surface dryness indices that were
proposed by Granger and Gray (1989) and Fisher et al. (2008) are
shown in Eqs. (4) and (5), respectively. Granger and Gray (1989)
modeled the SDI as a dimensionless index that consists of the
available energy at the land surface and the drying power of the
air. Higher actual ET and rising soil moisture tends to increase
the vapor pressure in the air, thus decreasing the drying power
(Ea, Eq. (6)), and vice versa. As a result, the drying power reflects
the surface soil moisture content to some extent. Furthermore,
Granger and Gray (1989) noted that the sum of the available
energy and the drying power represents the upper limit of ET, so
the surface dryness index can be formulated as a dimensionless
variable, Ea/(Ea + Rn � G). This index falls into the range of 0–1.
As the land surface becomes saturated, the SDI in Eq. (4)
Please cite this article in press as: Gao, Y., et al. Evaluating soil evaporation para
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approaches 0 because Ea tends to be 0. On the other hand, if the
land surface is completely dry, Ea reaches its maximum value for
the given air conditions, as does the surface dryness index.

SDI ¼ Ea

Ea þ Rn � G
ð4Þ

SDI ¼ ðRHÞðe�ðtaÞ�eaÞ ð5Þ
Ea ¼ f ðuÞðe�ðtaÞ � eaÞ ð6Þ

Fisher et al. (2008) also used the air humidity to model the SDI,
although their formulation did not consider the surface’s available
energy (Eq. (5)). The basic logic was also that the air humidity can
reflect the surface soil moisture conditions, but, they found that
the relative humidity (RH) of the air is lower than the expected rel-
ative evaporation at a high vapor pressure deficit (VPD) and higher
than the expected relative evaporation at a low VPD, so they mod-
eled LEs/LEs⁄ as RHVPD/b, where b is a parameter.

Although the atmospheric humidity is a good indicator of the
soil moisture conditions when the surface is in a equilibrium state
with the overlying air, such an equilibrium state rarely occurs
because of the large-scale advection effect. Instead, the soil surface
temperature is strongly influenced by evaporation and can serve as
a good indicator of the soil moisture conditions. As a result, we
modified the surface dryness indices that were first proposed by
Granger and Gray (1989) and Fisher et al. (2008) to incorporate
the soil surface temperature. The surface dryness indices are
denoted as SDI1 and SDI2, as shown in Eqs. (7) and (8), respectively.

In this study, a constant of 100 in Eq. (8) was used to scale the
range of SDI2 to conveniently map the relationship between SDI2
and relative evaporation. This choice does not alter the fitting rela-
tionship between SDI2 and the relative evaporation because b
would change correspondingly if a constant other than 100 was
chosen. In addition, Fisher et al. (2008) modeled soil evaporation
at monthly scales and used the midday rather than daily mean
atmospheric conditions because the link between the surface
moisture status and the evaporative demand of the atmosphere
is the strongest at midday. Here, we use the near-instantaneous
atmospheric measurements to estimate SDI2 because we intend
to resolve soil evaporation at sub-daily scales. As with SDI1, SDI2
can be seen as a function of LEs_mt.

SDI1 ¼ LEs mt

LEs mt þ Rns � G
ð7Þ

SDI2 ¼ ðRHÞðe�ðTsÞ�eaÞ=100 ð8Þ
The relative evaporation f is calculated as follows:

f ¼ LEs

LEs�
ð9Þ

LEs

LEs�
¼ 1

1þ a expðb � SDI1Þ ð10Þ
LEs

LEs�
¼ SDIb2 ð11Þ

Under adequate water supply conditions, the relative evapora-
tion approaches 1, which indicates that a small coefficient a in
Eq. (12) is appropriate. In contrast, when the surface becomes com-
pletely dry, SDI1 and the relative evaporation tend to be 1 and 0,
respectively, which indicates that bmust be a relatively large num-
ber (Eq. (12)). In addition, a is negative when LEs/LEs_pt is >1. There-
fore, the range of awas set to [�0.5, 0.1], and the range of b was set
to [0, 15], for LEs/LEs_pt = fun(SDI1). For LEs/LEs_pm = fun(SDI1) and
LEs/LEs_mt = fun(SDI1), the range of a was set to [0, 0.1] and the
range of b was set to [0, 15]. Similarly, we set the range of b to
be [0, 10].

These three types of potential evaporation indices (Eqs. (1)–(3))
and two types of surface dryness indices (Eqs. (10) and (11))
meterizations at near-instantaneous scales using surface dryness indices. J.
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Table 3
Soil evaporation parameterizations without Ts.

Cases Potential evaporation
index LEs⁄

Surface dryness
index SDI

Relationships between
relative evaporation
and SDI

7 LEs_pt SDI3 LEs
LEs�

¼ 1
1þa expðb�SDI3Þ

8 LEs_pm SDI3

9 LEs_pt SDI3 LEs
LEs�

¼ SDIb4
10 LEs_pm SDI3
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produce six combinations of parameterizations of soil evaporation
if the soil surface temperature is available. These combinations can
be written in two general forms, which are shown in Eqs. (12) and
(13), where a, b and b are the aforementioned parameters. Table 2
shows the details of all these combinations.

LEs ¼ LEs� � LEs

LEs�
¼ LEs�

1
1þ a expðb � SDIÞ ð12Þ

LEs ¼ LEs� � LEs

LEs�
¼ LEs� � SDIb ð13Þ

The two forms of soil evaporation parameterizations that
correspond to Eqs. (12) and (13) are shown in Eqs. (14)–(16) and
in Eqs. (17)–(19), respectively.

LEs ¼ LEs pt � LEs

LEs pt
¼ LEs pt

1
1þ a expðb � SDI1Þ ð14Þ

LEs ¼ LEs pm � LEs

LEs pm
¼ LEs pm

1
1þ a expðb � SDI1Þ ð15Þ

LEs ¼ LEs mt � LEs

LEs mt
¼ LEs mt

1
1þ a expðb � SDI1Þ ð16Þ

LEs ¼ LEs pt � LEs

LEs pt
¼ LEs pt � SDIb2 ð17Þ

LEs ¼ LEs pm � LEs

LEs pm
¼ LEs pm � SDIb2 ð18Þ

LEs ¼ LEs mt � LEs

LEs mt
¼ LEs mt � SDIb2 ð19Þ

The above equations (Eqs. (14)–(19)) attempt to establish the
relationship between the potential evaporation and the actual
evaporation directly without using the pixel-scale soil moisture
content as input. For example, we can obtain Eq. (20) if we substi-
tute Eq. (7) into Eq. (16). LEs is then a function of LEs_mt. In Section 4,
we will evaluate the fitness of the parameterizations for actual
evaporation data and determine the parameterization with the
best performance.

LEs ¼ LEs mt
1

1þ a exp b � LEs mt
LEs mtþRns�G

� � ð20Þ

For conditions in which the soil surface temperature is unavail-
able, we apply the original formulations of the surface dryness
indices that were proposed by Granger and Gray (1989) and
Fisher et al. (2008) to the soil layer, as shown in Eqs. (21) and
(22), respectively. The ranges of the parameters for SDI3 and SDI4
were the same as for SDI1 and SDI2, respectively.

SDI3 ¼ LEs air

LEs air þ Rns � G
ð21Þ

SDI4 ¼ ðRHÞðe�ðtaÞ�eaÞ=100 ð22Þ
LEs_air is calculated as follows:

LEs air ¼ qcp
c

e�ðtaÞ � ea
ra þ rs

ð23Þ
Table 2
Soil evaporation parameterizations that incorporate Ts.

Cases Potential evaporation
index LEs⁄

Surface dryness
index SDI

Relationships between
relative evaporation
and SDI

1 LEs_pt SDI1 LEs
LEs�

¼ 1
1þa expðb�SDI1Þ

2 LEs_pm SDI1
3 LEs_mt SDI1

4 LEs_pt SDI2 LEs
LEs�

¼ SDIb2
5 LEs_pm SDI2
6 LEs_mt SDI2
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Because the soil surface temperature is unavailable, two poten-
tial evaporation indices (LEs_pt and LEs_pm) and two surface dryness
indices (SDI3 and SDI4) provide four parameterization combina-
tions for soil evaporation. These combinations can also be written
in two general forms, which are shown in Eqs. (12) and (13). The
two forms of soil evaporation parameterizations that correspond
to Eqs. (12) and (13) are shown in Eqs. (24) and (25) and in Eqs.
(26) and (27), respectively. Table 3 shows the details of all these
combinations.

LEs ¼ LEs pt � LEs

LEs pt
¼ LEs pt

1
1þ a expðb � SDI3Þ ð24Þ

LEs ¼ LEs pm � LEs

LEs pm
¼ LEs pm

1
1þ a expðb � SDI3Þ ð25Þ

LEs ¼ LEs pt � LEs

LEs pt
¼ LEs pt � SDIb4 ð26Þ

LEs ¼ LEs pm � LEs

LEs pm
¼ LEs pm � SDIb4 ð27Þ
2.2. ET partitioning method for evaluating the soil evaporation

The true values of the near-instantaneous soil evaporation at
MODIS pixel scales are required to evaluate the parameterizations
that were established in Section 2.1. A detailed review of ET parti-
tioning methods can be found in Kool et al. (2014). In this study,
we used the TSEBTR model to compute the soil evaporation as a ref-
erence to test our soil evaporation parameterizations.

The capability of the TSEBTR model to estimate ET components
has been validated by Colaizzi et al. (2012), who used sap flow
data. In addition, the TSEBTR model has been used to partition
observed LE measurements from an eddy covariance system into
transpiration and soil evaporation (Agam et al., 2010). Agam
et al. (2010) iteratively ran the TSEBTR model at each time point
with a series of a to achieve minimal error in LE prediction (com-
pared to the LE measurements). Then, the reference LE components
that were considered the ‘‘true” values were obtained from the
minimal error case. We used their method to estimate LE compo-
nents by using detailed measurements of the atmospheric condi-
tions, the energy fluxes (including soil heat flux), and the land
surface temperature.

The calculation procedure is shown in Fig. 1. The net radiation
(Rn) and its partitioning between the canopy (Rnc) and soil (Rns) lay-
ers are determined by the atmospheric forcings, the LST and the
leaf area index. Then the transpiration (LEc) is estimated for each
a through the PT approach, and the sensible heat flux in the canopy
layer (Hc) is calculated as the residue of the energy balance equa-
tion for the canopy layer. The canopy temperature can then be esti-
mated by inverting the heat transfer equation for Hc. The
component temperature of the soil layer (Ts) can be determined
by decomposing the LST with the vegetative cover (fc) and Tc.
The sensible heat flux in the soil layer (Hs) can then be calculated
by the heat transfer equation, and the latent heat flux in the soil
layer (LEs) can be estimated as the residue of the energy balance
equation for the soil layer, given that soil heat flux measurements
meterizations at near-instantaneous scales using surface dryness indices. J.
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Fig. 1. Procedure for solving the soil evaporation (LEs), potential evaporation indices (LEs⁄), relative evaporation, surface dryness indices (SDI), and soil surface’s resistance
(rss) to water vapor.
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are available. The aerodynamic resistance (ra) is estimated from the
wind speed and the surface roughness (Li et al., 2005). The under-
canopy resistance (rs) is the resistance to sensible and latent heat
fluxes between the soil surface and the canopy displacement
height. A detailed description of calculating rs can be found in
Gan and Gao (2015).

At this derivation stage, the soil evaporation (LEs), the potential
evaporation indices (LEs_pt, LEs_pm, and LEs_mt), the corresponding
relative evaporation, the surface dryness indices (SDI1, SDI2, SDI3
and SDI4) and the soil surface resistance (rss) to water vapor can
be estimated. The soil evaporation from the optimized TSEBTR is
considered as the reference LEs, which is used as the approxima-
tion of the actual evaporation. We then use the reference LEs to
evaluate each parameterization that was established in Section 2.1
to estimate the soil evaporation.
3. Study sites and data description

We evaluated the soil evaporation parameterizations at two
crop sites, i.e., the Daxing site and Tongyu site, which are located
in semi-humid and semi-arid areas in China, respectively. Assess-
ing and improving agricultural water use efficiency are important
for water resource sustainability in these areas. In-situ measure-
ments from the Daxing site were provided by the Cold and Arid
Regions Science Data Center at Lanzhou (http://westdc.westgis.
ac.cn/haihe/daxing) (Liu and Xu, 2013), and the data from the Ton-
gyu site were obtained from the Coordinated Energy and Water
Cycle Observations Project’s (CEOP) reference site data archive
(http://www.ceop.net/).

The Daxing site (39.6123�N, 116.4270�E) is located in a crop-
land with very flat terrain (Jia et al., 2012; Liu et al., 2013) in the
Hai River Basin in the northern plain of China. The mean annual
precipitation in the Hai River Basin (1956–2000) is 527 mm, which
only constitutes 1.5% of the national total water resources but sup-
plies water to 10% of the population of the country (Liu et al., 2013;
Sun, 2013). Winter wheat, maize, and vegetables are planted at this
crop site, with maximum heights of 0.7 m, 2.2 m, and 0.5 m,
respectively (Liu et al., 2013).
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The Tongyu site is located on the SongNen plain, which is the
second largest plain and one of the most important areas of grain
production in China. The SongNen plain, which is located in north-
eastern China, is characterized by a temperate, semi-arid continen-
tal monsoon climate (Yu et al., 2014). The sustainable development
of agriculture in this area has long been restricted because of
drought and water shortage (Wang et al., 2003). The annual mean
air temperature at the Tongyu site is 5.2 �C, and the annual mean
precipitation is 404.3 mm. Corn is planted at this crop site
(44.5921�N, 122.8773�E) and reaches its maximum height
(�1.8 m) in September (Tu, 2007).

All the data that were used in this study are summarized in
Table 4. The land surface temperature, albedo, and leaf area index
data at the study sites were obtained from the MODIS products,
which were downloaded from the Goddard Space Flight Center
(http://ladsweb.nascom.nasa.gov/data/). The data sets that were
used to evaluate the soil evaporation parameterizations were col-
lected when the highest quality MOD11L2/MYD11L2 LST data were
available, i.e., the quality control (qc) flags equaled 0, during the
study periods (2009 at the Daxing site, and 2003 and 2004 at the
Tongyu site). These data sets include remotely sensed products,
atmospheric forcing, and soil moisture and energy flux
measurements.

All the in-situ measurements at both sites were recorded at an
interval of 30 min, except for the atmospheric and sub-surface
measurements at the Daxing site, which were recorded every
10 min. However, these data were averaged to match the 30-min
scale.

The EC systems measured fluxes at the spatial scale of the
MODIS LST (approximately 0.01�) because the stations were sur-
rounded by homogeneous flat terrain and were not sheltered by
tall obstacles. Closure corrections were performed on the sensible
and latent heat fluxes from the EC systems before the flux mea-
surements could be used. We partitioned the available energy (Rn -
� G) between the sensible and latent heat fluxes by using the 30-
min average evaporative fraction LE/(H + LE) that was calculated
from the EC measurements (Twine et al., 2000).

Soil heat flux measurements below the surface usually do not
equal the corresponding surface values. At the Tongyu site, we
used the calorimetric method (Heusinkveld et al., 2004) to esti-
meterizations at near-instantaneous scales using surface dryness indices. J.
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Table 4
Summary of the data that were used in this study.

Data Measurements Height/m Usage

Tongyu Daxing

Forcings Incoming radiation 3 28 Rs;, Rl;a

Air temperature 3.95 10 Ta
Specific humidity 3.95 27 Estimate ea
Air pressure 1.5 27 Pa
Wind speed 17.06 27 u

Subsurface measurements Soil temperature �0.02 �0.02 Estimate G
Soil moisture �0.05 �0.02 swc

Flux measurements Sensible heat fluxes 3.5 3 H
Latent heat fluxes 3.5 3 LE
Soil heat flux �0.05 �0.02 Estimate G

MODIS products MOD11L2/MYD11L2 – – LST
MOD15A2 – – LAI
MCD43B3 – – albedo

a Rs; and Rl; are the incoming shortwave and longwave radiation, respectively.
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mate the soil heat flux at the surface by combining the heat storage
in the top 0.05-m soil layer and the soil heat flux at 0.05 m below
the surface. However, both the soil heat flux and the soil tempera-
ture at the Daxing site were measured at a depth of 0.02 m, so we
used the original measurements of the soil heat flux as a surrogate
of the surface values.
4. Results and discussion

4.1. TSEBTR model performances

We iteratively ran the TSEBTR model at the timings in which the
MODIS LST data with the highest quality were available to obtain
the total LE and its partitioning between the canopy and soil layers.
In addition, we calculated a series of potential evaporation indices
by using the PT approach, the Penman approach, and the mass
transfer method, for all the timings (qc = 0 for LST) of the study
periods. The drying power of the air, LEs_air, was also determined
by using the mass transfer equation with the atmospheric water
vapor deficit. Table 5 shows the minimum, maximum and mean
values of all the above-mentioned variables and the EC measure-
ments. The relative evaporation and the surface dryness indices
(SDI1, SDI2, SDI3, and SDI4) could also be determined.

Soil evaporation comprised a considerable fraction of the total
ET, i.e., 53.4% and 34.0%, at the Daxing and Tongyu sites, respec-
tively (Table 5). Time series of the LAI and the soil moisture content
are shown in Figs. 2–4. The timings of the data at the Tongyu site
mainly lay in the growing periods of the crop, which indicates that
the fraction of soil evaporation in the total ET would have been
>34.0% at an annual scale. An urgent need exists to study soil evap-
oration parameterization.
Table 5
Ranges of the predicted LE values, the LE components and the potential evaporation
indexes at both sites. LE_EC represents the EC measurements.

Daxing Tongyu

Min Max Mean Min Max Mean
(W/m2) (W/m2)

LE_EC 18.4 521.9 251.8 39.4 496.6 213.5
LE 10.6 525.0 253.7 49.0 493.2 223.4
LEc 2.7 327.6 118.1 18.1 396.1 147.4
LEs 0.5 353.8 135.6 4.0 202.2 76.0
LEs_pt 34.9 341.2 203.3 75.0 312.4 192.6
LEs_pm 73.8 465.7 286.0 95.8 503.1 255.7
LEs_mt 101.1 1758.9 745.4 125.3 2581.8 930.5
LEs_air 76.1 1085.1 460.9 91.8 1563.5 406.2
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Table 5 shows that the total LE that was predicted by the opti-
mized TSEBTR model matched the EC measurements well, with
similar ranges and mean values. In addition, the RMSE and mean
bias in the total LE at the Daxing site were 25.7 W/m2 and 1.9 W/
m2, respectively, whereas the RMSE and mean bias in the total LE
at the Tongyu site were 36.1 W/m2 and 18.1 W/m2, respectively
(Table 6). The mean LE that was measured by the EC system (LE_EC)
was 251.8 W/m2 and 213.5 W/m2 at the Daxing and Tongyu sites,
respectively (Table 6). Therefore, the ratios of the RMSEs to the
mean EC measurements, which are called ‘‘relative RMSEs” in the
rest of the paper, were quite small, which indicate the capability
of the optimized TSEBTR model to reproduce the energy fluxes.

We compared the performances of the model that used the
qualified LST data (qc = 0) and the un-qualified LST data (qc > 0)
over the entire study periods to further evaluate the capability of
the optimized TSEBTR model. At the Daxing site, the fraction of
LST data that were qualified was relatively high (78%), and the rel-
ative RMSEs were only 8.1% and 11.0% for the timings when qc > 0
and qc = 0, respectively (Table 6). In contrast, the fraction of LST
data at the Tongyu site that were qualified was only 48.7%. In addi-
tion, the relative RMSE for the model that used the unqualified LST
data (32.9%) was much higher than that for the model that used
the qualified LST data (12.9%) (Table 6). Thus, we only selected
the timings when the qualified LST data were available.

Figs. 2–4 show that the optimized TSEBTR model that used
quality-controlled LST data reproduced the LE values throughout
the range of fractional vegetation cover at both sites. These good
performances, especially during periods with low vegetation cover,
during which the effects of adjusting awere quite minor, indicated
that the parameterizations of net radiation partitioning and the
resistance terms of heat transfer in TSEBTR were reasonable. There-
fore, LE partitioning is assumed to be reasonable after iteratively
running the TSEBTR model with both flux measurements and the
land surface temperature serving as constraints to force closure
on the LE partitioning.
4.2. Evaluating the soil evaporation parameterizations that
incorporated the LST

In this section, we establish and evaluate the relationships
between the relative evaporation and the surface dryness indices
(SDI1 and SDI2) that incorporate LST and determine how well the
soil evaporation parameterizations (Eqs. (14)–(19)) that are based
on the potential evaporation and relative evaporation concepts can
fit the observation data. The fitted curve between LEs/LEs_pt and
meterizations at near-instantaneous scales using surface dryness indices. J.
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Fig. 2. Time series of the soil moisture content, LAI, latent heat flux predictions and EC measurements at the Daxing site in 2009.

Fig. 3. Time series of the soil moisture content, LAI, latent heat flux predictions and EC measurements at the Tongyu site in 2003.
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SDI1 was denoted as LEs/LEs_pt = fun(SDI1). Similar notations are
used in the rest of this study.

The simulated annealing technique (Dekkers and Aarts, 1991;
Kirkpatrick et al., 1983) was used to estimate the parameters in
the relationships between the relative evaporation and SDI. The
simulated annealing technique can achieve global optima by so-
called hill-climbing moves to avoid being trapped in local minima.
The estimated parameters, RMSEs and biases of the predicted rel-
ative evaporation values are shown in Table 7. For SDI1, the results
at both sites indicated that LEs/LEs_mt = fun(SDI1) performed the
best, followed by LEs/LEs_pm = fun(SDI1), whereas LEs/LEs_pt = fun
(SDI1) performed the worst. Similar results were found for SDI2.

In addition, SDI1 was generally better than SDI2 for modeling
the same LEs/LEs⁄ at the same site for most cases, except for the
bias in LEs/LEs_pt = fun(SDI1) at the Daxing site, which was much
larger than those in the other cases (Table 7). Both surface dryness
indices SDI1 and SDI2 include the factor e⁄(Ts) � ea to indicate the
water availability of the surface. However, the soil temperature
itself is the result of the surface energy balance and can change if
the available energy changes under the same water supply condi-
tions. This indicates that no one-to-one matching relationship
Please cite this article in press as: Gao, Y., et al. Evaluating soil evaporation para
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exists between the soil temperature and the soil water availability.
Compared to SDI2, SDI1 is a normalized factor that considers both
the soil temperature and the energy balance effect of the surface
when indicating the surface dryness.

We also examined whether LEs can be expressed as a function of
a potential evaporation index and a surface dryness index (Eqs.
(14)–(19)). Such functions can be denoted as, e.g., LEs = Fun(LEs_mt,
SDI1) for Eq. (14). Similar notations are used in the rest of the
paper. Although LEs/LEs_mt can be modeled quite well with both
surface dryness indices SDI1 and SDI2, the accuracy of reproducing
the evaporation by using LEs_mt as the potential evaporation index
may be unsatisfactory (Tables 7 and 8, Figs. 5 and 6). For example,
the case LEs = Fun(LEs_mt, SDI2) performed the worst at both sites
compared to the other parameterizations. The main reason was
that LEs_mt was much larger than the other potential evaporation
indices (Table 5), which means that relatively small errors in LEs/
LEs_mt could induce large errors in the predicted LEs. Although
the LEs estimation was found to be quite accurate at both sites
for LEs = Fun(LEs_mt, SDI1), where the RMSEs for LEs/LEs_mt = fun
(SDI1) were the lowest, our results indicated that LEs_mt was not
a robust potential evaporation index to estimate the soil
meterizations at near-instantaneous scales using surface dryness indices. J.
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Fig. 4. Time series of the soil moisture content, LAI, latent heat flux predictions and EC measurements at the Tongyu site in 2004.

Table 6
Statistical results of the TSEBTR model performances at both sites.

Count RMSE
(W/m2)

Bias
(W/m2)

Mean LE_EC
(W/m2)

Daxing LSTqc>0 24 17.2 2.1 213.4
LSTqc=0 85 27.6 1.9 251.8

Tongyu LSTqc>0 117 42.6 25.7 129.3
LSTqc=0 111 27.6 9.9 213.5

Table 7
Fitting results of the relative evaporation curves.

Relative evaporation
parameterizations

a b RMSE BIAS

Daxing LEs/LEs_pt = fun(SDI1) 0.03539 4.22 0.259 �0.076
LEs/LEs_pm = fun(SDI1) 0.00021 11.59 0.170 0.007
LEs/LEs_mt = fun(SDI1) 0.00182 10.32 0.102 0.006

Tongyu LEs/LEs_pt = fun(SDI1) 0.00059 9.81 0.128 0.004
LEs/LEs_pm = fun(SDI1) 1.65e�5 14.92 0.082 �0.006
LEs/LEs_mt = fun(SDI1) 0.00029 13.01 0.038 0.003

Relative evaporation
parameterizations

b RMSE BIAS

Daxing LEs/LEs_pt = fun(SDI2) 0.264 0.264 0.006
LEs/LEs_pm = fun(SDI2) 1.739 0.248 0.006
LEs/LEs_mt = fun(SDI2) 3.942 0.190 �0.006

Tongyu LEs/LEs_pt = fun(SDI2) 1.764 0.177 0.001
LEs/LEs_pm = fun(SDI2) 2.300 0.150 �0.003
LEs/LEs_mt = fun(SDI2) 5.600 0.100 �0.018

Table 8
RMSEs and biases of LEs from different parameterizations that incorporated the soil
temperature in the potential evaporation indexes or the surface dryness indexes.

LEs parameterizations RMSE (W/m2) BIAS (W/m2)

Daxing LEs = Fun(LEs_pt, SDI1) 55.6 �20.7
LEs = Fun(LEs_pm, SDI1) 40.6 �4.6
LEs = Fun(LEs_mt, SDI1) 51.0 3.1

Tongyu LEs = Fun(LEs_pt, SDI1) 25.3 3.3
LEs = Fun(LEs_pm, SDI1) 21.3 �0.1
LEs = Fun(LEs_mt, SDI1) 29.0 8.4

LEs parameterizations RMSE (W/m2) BIAS (W/m2)

Daxing LEs = Fun(LEs_pt, SDI2) 51.2 �6.7
LEs = Fun(LEs_pm, SDI2) 60.7 �7.2
LEs = Fun(LEs_mt, SDI2) 89.9 �15.0

Tongyu LEs = Fun(LEs_pt, SDI2) 34.0 1.5
LEs = Fun(LEs_pm, SDI2) 37.9 1.2
LEs = Fun(LEs_mt, SDI2) 70.4 �9.9
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evaporation estimation. However, if LEs_mt is used, the surface
dryness index SDI1 is suggested.

When LEs_pt was used as the potential evaporation index, the
LEs estimation was generally reasonable, except for LEs = Fun
(LEs_pt, SDI1), which resulted in a relatively large bias (�20.7 W/
m2) at the Daxing site. The major advantage of LEs_pt is that this
factor requires minimal data as input, compared to other potential
evaporation indices. In contrast, both LEs = Fun(LEs_pm, SDI1) and
LEs = Fun(LEs_pm, SDI2) performed quite well, which suggests that
LEs_pm is a robust potential evaporation index for soil evaporation
estimation. The relative RMSEs in LEs for LEs = Fun(LEs_pm, SDI1)
were relatively low, i.e., 29.9% and 28.0% at the Daxing and Tongyu
sites, respectively.
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Incorporating the soil temperature into the estimation of soil
evaporation and evaluating such parameterizations with a
thermal-based ET model are not meaningless. The limited avail-
ability of high-quality LST images remains an obstacle to continu-
ous daily ET estimation because of the effects of clouds on thermal
remote sensing. In contrast, the soil evaporation parameterizations
that were formulated in this section could still be used to solve LEs
when the LST is unavailable through the use of the soil surface
energy balance equation (i.e., Hs(Ts) + LEs(Ts) + G = Rns), in which
only Ts is unknown. Thus, the method that was proposed here
shows potential in diagnostic or process-based ET models.
4.3. Evaluating the soil evaporation parameterizations that used the
atmospheric humidity

In this section, we establish and evaluate the relationships
between the relative evaporation and the surface dryness indices
(SDI3 and SDI4) that mainly use the atmospheric humidity and
test the fitness of the soil evaporation parameterizations
(Eqs. (24)–(27)) that are based on the potential evaporation and
relativeevaporation concepts to theobservationdata. The calibrated
parameters, RMSEs and biases of the predicted relative evaporation
are shown in Tables 9 and 10. For SDI3, the results at both sites
indicated that LEs/LEs_pm = fun(SDI3) performed better than
meterizations at near-instantaneous scales using surface dryness indices. J.
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Fig. 5. Results for the cases of LEs/LEs⁄ = fun(SDI1) and LEs = Fun(LEs⁄, SDI1). a, b, and c show the scatter plots and fitting curves of the surface dryness index SDI1 and the
relative evaporation LEs/LEs_pt, LEs/LEs_pm, and LEs/LEs_mt, respectively. d, e, and f show the scatter plots of the reference LEs and the LEs that was predicted by the
parameterizations of LEs = Fun(LEs_pt, SDI1), LEs = Fun(LEs_pm, SDI1), and LEs = Fun(LEs_mt, SDI1), respectively.

Fig. 6. Results for the cases of LEs/LEs⁄ = fun(SDI2) and LEs = Fun(LEs⁄, SDI2). a, b, and c show the scatter plots and fitting curves of the surface dryness index SDI2 and the
relative evaporation LEs/LEs_pt, LEs/LEs_pm, and LEs/LEs_mt, respectively. d, e, and f show the scatter plots of the reference LEs and the LEs that was predicted by the
parameterizations of LEs = Fun(LEs_pt, SDI2), LEs = Fun(LEs_pm, SDI2), and LEs = Fun(LEs_mt, SDI2), respectively.

Table 9
Evaluation of the fitting of the relative evaporation curve and its usefulness in
estimating the soil evaporation. SDI3 was used as the surface dryness index.

Relative evaporation
parameterizations

a b RMSE BIAS

Daxing LEs/LEs_pt = fun(SDI3) 0.0215 5.07 0.284 �0.002
LEs/LEs_pm = fun(SDI3) 0.0122 7.02 0.228 0.004

Tongyu LEs/LEs_pt = fun(SDI3) 0.0100 4.23 0.222 �0.002
LEs/LEs_pm = fun(SDI3) 0.0535 5.80 0.181 0.002

LEs parameterizations RMSE
(W/m2)

BIAS
(W/m2)

Daxing LEs = Fun(LEs_pt, SDI3) 58.6 �6.0
LEs = Fun(LEs_pm, SDI3) 66.4 �4.8

Tongyu LEs = Fun(LEs_pt, SDI3) 41.2 3.7
LEs = Fun(LEs_pm, SDI3) 42.2 5.7

Table 10
Evaluation of the fitting of the relative evaporation curve and its usefulness in
estimating the soil evaporation. SDI4 was used as the surface dryness index.

Relative evaporation
parameterizations

b RMSE BIAS

Daxing LEs/LEs_pt = fun(SDI4) 1.452 0.309 0.027
LEs/LEs_pm = fun(SDI4) 2.644 0.285 0.020

Tongyu LEs/LEs_pt = fun(SDI4) 4.097 0.243 0.005
LEs/LEs_pm = fun(SDI4) 5.474 0.203 �0.005

LEs parameterizations RMSE (W/
m2)

BIAS (W/
m2)

Daxing LEs = Fun(LEs_pt, SDI4) 62.8 �3.0
LEs = Fun(LEs_pm, SDI4) 77.4 �4.0

Tongyu LEs = Fun(LEs_pt, SDI4) 46.1 3.0
LEs = Fun(LEs_pm, SDI4) 49.2 �0.3
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LEs/LEs_pt = fun(SDI3). Similar results were found for SDI4. In addi-
tion, SDI3 was always better than SDI4 when modeling the same
LEs/LEs⁄ at the same site (Tables 9 and 10). Both surface dryness
indices include the factor e⁄(ta) � ea to indicate thewater availability
of the surface; however, compared to SDI4, SDI3 is a normalized fac-
tor that considers both the atmospheric forcing and the energy bal-
ance effect when indicating the surface dryness.

The evaporation was estimated by using the fitted curves of the
relative evaporation (Figs. 7 and 8). Although LEs/LEs_pm = fun(SDI4)
had better fitting results than LEs/LEs_pt = fun(SDI4) in terms of rel-
ative evaporation, the accuracy of estimating the evaporation with
this curve proved to be poorer than LEs = Fun(LEs_pt, SDI4) at the
Daxing site. However, the accuracies of using LEs_pt and LEs_pm in
estimating the soil evaporation were quite close when SDI3 was
used.
Fig. 7. Results for the cases of LEs/LEs⁄ = fun(SDI3) and LEs = Fun(LEs⁄, SDI3). a and b show
evaporation LEs/LEs_pt and LEs/LEs_pm, respectively. d and e show the scatter plots of the
(LEs_pt, SDI3) and LEs = Fun(LEs_pm, SDI3), respectively.

Fig. 8. Results for the cases of LEs/LEs⁄ = fun(SDI4) and LEs = Fun(LEs⁄, SDI4). a and b show
evaporation LEs/LEs_pt and LEs/LEs_pm, respectively. d and e show the scatter plots of the
(LEs_pt, SDI4) and LEs = Fun(LEs_pm, SDI4), respectively.
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Although the PT approach is the simplest formulation to esti-
mate the potential evaporation, LEs_pt is a useful potential evapora-
tion index to estimate the soil evaporation. The PT approach
represents the lower limit of potential evaporation because this
method does not consider the drying power of the air. As a result,
the sensitivity of LEs to the error of LEs/LEs_pt is also the smallest. In
addition, the parameterization that used LEs_pt to estimate LEs
could be as sound as that with LEs_pm, especially when SDI3 was
used because the surface dryness indices in this study include
the effect of the drying power of the air.

Table 11 shows the relative differences in the RMSEs of LEs from
the parameterizations that incorporated the LST in the surface dry-
ness indices and those that did not. For example, the RMSEs of
LEs = Fun(LEs_pm, SDI1) were 38.9% and 49.5% smaller than those
of LEs = Fun(LEs_pm, SDI3) at the Daxing site and Tongyu site,
the scatter plots and fitting curves of the surface dryness index SDI3 and the relative
reference LEs and the LEs that was predicted by the parameterizations of LEs = Fun

the scatter plots and fitting curves of the surface dryness index SDI4 and the relative
reference LEs and the LEs that was predicted by the parameterizations of LEs = Fun

meterizations at near-instantaneous scales using surface dryness indices. J.
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Table 11
Relative differences in the RMSEs of LEs from different parameterizations.

Relative differences in LEs RMSEs (%)

PT PM

SDI1 vs. SDI3 SDI2 vs. SDI4 SDI1 vs. SDI3 SDI2 vs. SDI4

Daxing �5.1 �18.5 �38.9 �21.6
Tongyu �38.6 �26.2 �49.5 �23.0
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respectively. This result indicates that incorporating the soil tem-
perature in the surface dryness indices had improved the soil evap-
oration estimation. However, the parameterizations that used SDI3
or SDI4 still performed quite well (Tables 9 and 10). In addition,
such formulations that used the atmospheric humidity could be
used with a canopy conductance model to estimate the total ET
when LST data were not available or when the LST was not consid-
ered in the surface energy balance.
4.4. Evaluating the soil evaporation parameterizations that were based
on the soil surface resistance and near-surface soil moisture

Diagnostic and process-based ET models usually use the con-
cept of soil surface resistance (rss) to consider the degree of un-
saturation of the soil water. LEs is estimated by the mass transfer
equation and rss is simulated by an exponential function of the soil
moisture (Sellers et al., 1992). In this paper, rss includes both the
Fig. 9. Results for the case of ln(rss) = fun(sm). a and b show the scatter-plots and fitting
respectively. d and e show the scatter-plots of the reference LEs and the LEs that was pred
respectively.

Table 12
Prediction accuracies of the soil surface resistance and the soil evaporation.

rss parameterizations a0

Daxing ln(rss) = fun(sm) 9.08
sm < 0.31
ln(rss) = fun(sm) 9.48
0.31 < sm < 1

Tongyu ln(rss) = fun(sm) 8.04

LEs parameterizations

Daxing LEs = Fun(rss, sm)
Tongyu LEs = Fun(rss, sm)
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effects of the un-saturation of the soil water on the surface water
vapor pressure e⁄(Ts) and the resistance of the soil surface to water
vapor:

LEs ¼ qcp
c

esðTsÞ � ea
rss þ rs þ ra

ð28Þ

lnðrssÞ ¼ a0 � a1 � sm ð29Þ

where sm = swc/swcsat. swc and swcsat are the actual and saturated
soil water content, respectively.

We fit the curve of ln(rss) to sm and then evaluated the param-
eterization of LEs = Fun(rss, sm). Fig. 9 shows that the scatter points
were divided into two categories approximately by the line
sm = 0.31 for the Daxing site. The time when sm was smaller than
0.31 at the Daxing site mainly lay in two periods, i.e., DOY 1–58
and DOY 286–365. A similar phenomenon was found at the Tongyu
site when all the LST data (qc = 0 and qc > 0) were used (not shown
in Fig. 9). However, the data points when sm was small were basi-
cally ruled out because the LST at such timings was not qualified at
the Tongyu site (see Figs. 3 and 4). In general, the timings of the
points when sm was small at both sites mainly lay in winter and
spring, when soil moisture would experience freezing and thawing
cycles because of the cold weather. The relationships between the
soil surface resistance and soil moisture would therefore be differ-
ent under different weather conditions. Thus, we fit the curve into
separate groups at the Daxing site. The parameters and statistical
results at both sites are shown in Table 12 and Fig. 9.
curves of the dryness index swc/swcsat and ln(rss) for the Daxing and Tongyu sites,
icted by the parameterizations of LEs = Fun(rss, sm) for the Daxing and Tongyu sites,

a1 RMSE BIAS

13.18 1.212 0.005

6.00 1.551 0.030

1.69 1.153 �0.02

RMSE (W/m2) BIAS (W/m2)

123.3 �2.3
63.8 �3.8

meterizations at near-instantaneous scales using surface dryness indices. J.
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The RMSEs of ln(rss) in the three cases at both sites exceeded 1,
with the maximum value being 1.551, which indicates that rss and
therefore the estimated LEs could be several times greater than the
actual values. The RMSEs in LEs from the parameterization of
LEs = Fun(rss, sm) were 203.7% greater and 199.5% greater than
those from the parameterization of LEs = Fun(LEs_pm, SDI1) at the
Daxing and Tongyu sites, respectively. At the same time, the RMSEs
in LEs from the parameterization of LEs = Fun(rss, sm) were 110.4%
greater and 54.9% greater than those from the parameterization
of LEs = Fun(LEs_pt, SDI3) at the Daxing and Tongyu sites,
respectively.

The parameterization of LEs = Fun(rss, sm) performed worse
than those of LEs = Fun(LEs_pm, SDI1) and LEs = Fun(LEs_pt, SDI3),
which indicates that accurate estimations were difficult to achieve
even with the soil moisture measurements. One of the drawbacks
of the parameterization of LEs = Fun(rss, sm) was that the soil mois-
ture at 2 cm and 5 cm may have been unable to represent the sur-
face moisture conditions because of the decoupling effect of the
soil moisture at different depths (Capehart and Carlson, 1997)
and because the soil surface energy balance is more strongly cou-
pled to the surface’s (several millimeters) moisture conditions than
at deeper layers (2 cm and 5 cm) (Kustas et al., 2003).
5. Conclusions

In this study, we evaluated 11 parameterizations of soil evapo-
ration at near-instantaneous scales at two semi-humid and semi-
arid crop sites, where detailed measurements of heat fluxes and
atmospheric conditions were available. The relationships between
the relative evaporation and SDI and their usefulness in estimating
soil evaporation were studied.

Incorporating the soil temperature in the surface dryness
indices improved the soil evaporation estimation. However, the
parameterizations that used the LST-based potential evaporation
index sometimes produced less accurate soil evaporation values.
Therefore, the soil temperature should be used in the surface dry-
ness indices instead of the potential evaporation indices when esti-
mating soil evaporation.

The evaporation that was estimated by using the fitted curve of
the relative evaporation, which used the air humidity, showed rea-
sonable results for the potential evaporation indices that were cal-
culated by both the PT approach and the Penman equation. The PT
approach represented the lower limit of potential evaporation, and
the sensitivity of LEs to the errors of LEs/LEs_pt was also the small-
est. In addition, the parameterization of LEs = Fun(LEs_pt, SDI3) was
as sound as that of LEs = Fun(LEs_pm, SDI3) because the dryness
indices in this study included the effect of the drying power of
the air. In contrast, the RMSEs in LEs from the parameterization
of LEs = Fun(rss, sm) were much larger than those from the cases
that used atmospheric humidity data at both sites.

The surface dryness indices that considered the surface energy
balance (SDI1, SDI3) were generally better than those that only
used the water vapor deficits (SDI2, SDI4) for the same potential
evaporation index at the same site, however, the latter indices
required less data and were easier to use. Our study indicated that
the potential evaporation indices that were based on the Penman
equation were the most useful and robust.
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