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A B S T R A C T   

The two-source energy balance (TSEB) model using the land surface temperature (LST) as a key boundary has 
been used to estimate land surface evapotranspiration (ET) over various landcovers and environmental condi
tions. However, LST may not always provide an adequate boundary condition to simultaneously constrain the 
soil evaporation and plant transpiration especially under water limited conditions. A refinement to TSEB model 
by coupling surface soil moisture information to derive the soil and vegetation component temperatures and a 
new transpiration algorithm was developed (TSEB-SM). The TSEB-SM model was evaluated under a wide range 
of surface soil water content values and vegetation cover conditions and compared with the performance with 
the original TSEB model using only LST. While the results showed that the TSEB-SM model produced similar 
agreement in the fluxes and ET as the original TSEB for the cropland and grassland sites, TSEB-SM model per
formance was notably improved at the shrub-forest and desert steppe sites with a significant reduction in mean 
absolute percent difference in daily ET from nearly 65% to 25% and from approximately 50% to 40%, respec
tively. It also appears to be more reliable in partitioning ET into soil evaporation and plant transpiration when 
compared to the partitioning using the water use efficiency (uWUE) approach in combination with the eddy 
covariance measurements. With satellite data such as MODIS LST and leaf area index, and surface soil moisture 
retrievals from microwave satellite observations, the TSEB-SM model may potentially be a more reliable tool for 
monitoring regional ET partitioning under sparse canopy cover conditions.   

1. Introduction 

Land surface evapotranspiration (ET) and its components of soil 
evaporation (E) and plant transpiration (T) are a nexus of the water, 
energy and carbon cycles (Jung et al., 2010), which has been applied in 
climate, hydrology, drought monitoring and crop yield predicting 
(Wang and Dickinson, 2012). The ET and E and T partitioning can be 
measured at canopy and patch scale representative areas, but it is very 
difficult to extrapolate these measurements to field, landscape and 
regional scales. Energy balance models using the land surface temper
ature (LST) as a key boundary condition have been applied to estimate 

convective and radiative exchange across the land-atmosphere inter
face. LST can be derived from ground measurements and observations 
from unmanned aerial vehicle (UAV), manned aircraft and satellite. 
These sources of LST observations have been used to primarily estimate 
ET from canopy to regional and global scales. The two-source energy 
balance (TSEB) model proposed by Norman et al. (1995) has been shown 
to address key convective and radiative exchange processes for many 
complex canopies, additionally partitioning the ET in to E and T. In the 
TSEB model, the plant transpiration was initially formulated using the 
Priestly-Taylor approach but other methods have been proposed such as 
the Penman-Monteith (TSEB-PM, Colaizzi et al. (2012)) or light use of 
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efficiency (TSEB-LUE, Anderson et al. (2008) and Houborg et al. 
(2011)), for more reliable estimation of the plant transpiration and 
introducing microwave soil moisture data to estimate the soil evapora
tion (TSEBSM, (Kustas et al., 2003a, 2018). 

In the original TSEB model, the value of Priestley-Taylor coefficient 
αPT is initially assumed to equal its classic value of 1.26, and the value 
would decline as the canopy became water stressed which would be 
indicated by a modeled derived elevated soil temperature resulting in a 
negative daytime soil latent heat flux or condensation due to soil sen
sible heat flux exceeding the soil surface available energy, which is a 
non-physical solution during daytime convective conditions. This 
reduction in αPT elevates the canopy temperature and modulates the 
derived soil temperature so that the value of daytime soil evaporation/ 
latent heat flux will become greater than zero. However, under advec
tive conditions where energy is being added beyond the available energy 
(net radiation less soil heat flux) the TSEB model is unable to account 
through any iterative solution for this additional evaporative demand 
but is shown to be related to the vapor pressure deficit (Agam et al., 
2012). This can result in an underestimation of T and ET being under
estimated under such advective conditions (Song et al., 2016). There 
may be other uncertainties in the model key boundary conditions, 
namely LST, leaf area index and green vegetation fraction (Kustas et al., 
2019). The soil and canopy water use not only affects their kinetic 
temperatures which are estimated via the radiometric temperature 
observation, the key boundary of the TSEB model, and both tempera
tures are correlated to atmospheric demand and the soil moisture con
tent affecting the evaporation from the soil surface and transpiration 
from plant stomata (Ait Hssaine et al., 2018; Gan and Gao, 2015; Kustas 
et al., 2003a, 2003b; Stocker et al., 2019). Remotely-sensed soil mois
ture information has been introduced into ET models providing addi
tional constraints on soil evaporation improving performance of ET 
models such as Penman-Monteith and Priestley-Taylor mainly over the 
semi-arid regions (Brust et al., 2021; Purdy et al., 2018; Yao et al., 2017). 
The soil moisture constraint on plant transpiration should also be 
considered due to the land surface ET is often dominated by plant 
transpiration. Therefore, introducing information about the soil mois
ture content coupled to the transpiration algorithm in combination with 
the LST may be able to better constrain the transpiration estimates in the 
TSEB model, and as a result also improve the agreement with measured 
surface fluxes (Ait Hssaine et al., 2018; Song et al., 2016). In fact, Ait 
Hssaine et al. (2021) found that incorporating surface soil moisture from 
Sentinel-1 radar in the TSEB model significantly improved flux estimates 
over three semi-arid agricultural sites, mainly by adjusting the Priestley- 
Taylor coefficient αPT. 

In this study, the objective is (i) to define stress indices for con
straining evaporation from soil surface and transpiration from the can
opy, (ii) revise the TSEB model by introducing the surface soil moisture 
stress indices (TSEB-SM) coupled to the evaporation and transpiration 
algorithm to estimate more accurately the soil evaporation and plant 
transpiration over study areas spanning well-watered to extremely dry 
soil moisture conditions. 

Four in situ/tower-based micrometeorological and remote sensing 
observations were selected to evaluate both the TSEB-SM and original 
TSEB model. The sites included a rain fed grassland with seasonal soil 
moisture variation, irrigated cropland with no water stress during the 
growing season and an arid area with native vegetation, namely shrub- 
forest and desert steppe ecosystems, respectively. Finally, values of the 
ratio of T/ET partitioned by the TSEB-SM and TSEB models were 
compared with the values partitioned by uWUE (underlying water use 
efficiency) approach (Bai et al., 2019; Zhou et al., 2016) using the flux 
tower measurements over the grassland and irrigated cropland sites. 

2. Materials and method 

2.1. Sites and data 

The meteorological and surface heat fluxes measurements were ob
tained from four flux towers which were deployed over grassland 
(2013–2017), irrigated cropland (2013–2017), sparse shrub-forest 
(2014–2017) and desert steppe (2014–2016) in the Heihe river basin 
(Fig. 1). The grassland site is located at A’rou (100.46◦ E, 38.05◦ N, 
3033 m over the sea level) where the land surface is an alpine meadow, 
with an annual average air temperature and precipitation of 1 ◦C and 
450 mm, respectively, but the potential evaporation is over 3500 mm. 
The irrigated cropland and desert steppe sites (100.37◦ E, 38.86◦ N, 
1556 m above the sea level; 100.318◦ E, 38.765◦ N, 1731 m above the 
sea level) are located at Zhangye where the annual air temperature and 
precipitation are 7.3 ◦C and 130 mm, respectively, but the annual po
tential evaporation is 3200 mm. The shrub-forest site (101.14◦E, 
42.00◦N, 873 m over the sea level) is located at E’jina is an arid area 
with average annual precipitation less than 50 mm but the potential 
evaporation is more than 4400 mm. 

The sensible (H) and latent (LE) heat fluxes were measured by eddy 
covariance (EC) systems with a sampling frequency of 10 Hz and a 
description of the data post-processing can be found in Liu et al. (2018). 
The energy balance closure was enforced in these observations (H, LE, 
Rn (net radiation), G (soil heat flux)) by using the Bowen ratio approach 
(Twine et al., 2000). Closure ratios (H + LE)/(Rn-G) for the sites were 
between 0.8 and 0.95. The ancillary meteorological measurements 
included air temperature, relative humidity, wind speed/direction and 
rain were measured by a weather station. The upward and downward 
solar and longwave radiations were measured using a four-component 
radiometer, which also was used to calculate the land surface temper
ature with estimates of the surface emissivity (Li et al., 2019). The soil 
moisture and temperature were measured at various depths (2, 4, 10, 20, 
40, 80, 120, 160 cm) under the ground; here, the soil moisture mea
surement at 4 cm depth was used to calculate the soil stress factor for soil 
evaporation. Three heat transfer plates were buried at 6 cm with soil 
thermocouples above the plate for computing the heat storage term at 
each site for estimating the soil heat flux. Thus all four energy balance 
components, namely net radiation, soil heat flux and sensible and latent 
heat fluxes were measured at each of the sites (Liu et al., 2016; Liu et al., 
2013; Xu et al., 2013). Another key input of leaf area index was obtained 
from 8-day 500 m MODIS LAI product (MOD15A2), which were 
temporally smoothed and gap-filled to the time-series data. 

2.2. Models 

Given current limitations in TSEB to estimate the T and E, respec
tively, the canopy transpiration and soil evaporation limited by soil can 
be adjusted by two factors related to canopy stomatal conductance (gstress

ga
) 

and soil wetness factor (fs): 

Tc = Ta +
RncRah

ρcp

(

1 − αcfg
gstress

ga

Δ
Δ + γ

)

(1)  

Ts = Ta +
(Rns − G0)(Rah + Rs)

ρcp

(

1 − αsfs
Δ

Δ + γ

)

(2) 

Where Rnc and Rns are the net radiation for soil and canopy and are 
initially calculated with Tc estimated as a minimum of Ta, air tempera
ture at the reference height, and LST and Ts derived from Eq. (3) and are 
updated along with the new Tc and Ts, and Rah is the aerodynamic 
resistance (s m− 1) to turbulent heat transport between the canopy source 
height and reference height of the wind and temperature measurements 
in the surface layer (see Norman et al., 1995). The symbol αc is the 
Priestley-Taylor coefficient for the canopy and its value for the canopy 
transpiration under non-stressed conditions is assumed to be ~1.26 
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derived empirically by Priestley and Taylor (1972), fg is the fraction of 
green vegetation which is able to transpire, gstress

ga 
is the stress factor to the 

plant transpiration, Δ is the slope of the saturation vapor pressure versus 
air temperature curve (kPa K− 1) and γ is the psychometric constant of 
~0.06 kPa K− 1. The value of fg can be estimated using remote sensing 
(Fisher et al., 2008; Guzinski et al., 2013; Zhang et al., 2019). The 
resistance Rs is the soil aerodynamic resistance using the original 
formulation in TSEB (Norman et al., 1995), G0 is surface soil heat flux, fs 
is the factor of soil water stress which is used to adjust soil evaporation 
under drier surface soil moisture conditions, and αs is the Priestley- 
Taylor coefficient applied to the soil. This differs from how TSEB uses 
the LST boundary condition by invoking the radiative temperature 
balance so that Ts and Tc must combine in Eq. (3) with fraction of 
vegetation coverage (fc) to reproduce the radiometric temperature (Trad) 
observation at the view angle. 

T4
rad(θ) = fc(θ)T4

c + [1 − fc(θ) ]T4
s (3) 

However, in TSEB-SM the final values of Ts and Tc from TSEB-SM 
may not aggregate to exactly match the LST in Eq. (3) as they are 
computed via Eqs. (1), (2) with updated Rnc and Rns. Water stress acting 
on the soil evaporation can be expressed using the soil wetness factor for 
the decrease in the soil surface evaporation under the wet conditions. 
This soil moisture stress factor (fs-song) had been introduced in TSEB 
model under irrigated agricultural field during the growing season, 
which can certainly improve the model performance (Song et al., 2016). 
While a similar factor (fs-merlin) was proposed using an analytical 
approach (Merlin et al., 2011), which can be appropriately used under 
the dry conditions given the availability of the soil texture information. 

However, the processes of water loss from soil surface may not be 
constrained adequately by fs-song under surface soil moisture conditions 
near or at field capacity leading to an underestimation in surface soil 
temperature (Fig. 2. a), while the fs-merlin has a greater constraint on soil 
evaporation over the full range in soil moisture content. Therefore a new 
stress function between fs-song and fs-merlin is defined for the full range of 
soil moisture content conditions using a multiplicative surface soil 
moisture stress factor (fs) similar to the soil moisture stress module in 
GLEAM (Global Land Evaporation Amsterdam Model) (Martens et al., 
2017). The multiplicative fs can compensate for the limitations in the 
two stress factors, where the fs-song can underestimate the soil water 
constraint under relatively wet conditions and the fs-merlin causes greater 
stress under higher surface soil moisture content conditions. The new 
soil moisture stress factor is calculated as follows (Merlin et al., 2011; 
Song et al., 2016): 

fs− song =
2

1 +

(
θ
θ0

)− 2 (4)  

fs− merlin =
1
2
−

1
2
cos

(
θ

θmax
π
)

(5)  

fs =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
fs− songfs− merlin

√
(6) 

The value of fs = 1.0 when soil moisture is greater than θmax, where 
θ0 is the wilting soil moisture content. To account for effect of the soil 
water content constraints on plant transpiration for short and tall 
vegetation explicitly, the canopy stomatal conductance stress factor, 

Fig. 1. Map of landcovers in Heihe river basin and EC flux tower sites at grassland, irrigated cropland and shrub-forest.  
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defined as a ratio between canopy stomatal conductance with and 
without water stress, is introduced to simulate the plant transpiration. 
The canopy stomatal conductance stress factor at ecosystem scale can be 
calculated as follows (De Kauwe et al., 2015; Kala et al., 2015): 

gstress

ga
=

g0*LAI + 1.6
(

1 + g1*fs̅̅̅̅̅̅̅
VPD

√

)
A
Cs

g0*LAI + 1.6
(

1 + g1̅̅̅̅̅̅̅
VPD

√

)
A
Cs

(7)  

where g0 = 0.01 molH2O m− 2s− 1, is the leaf level minimum conductance 
which can be scaled from leaf to the canopy by accounting for LAI (leaf 
area index), g1 is a plant functional type dependent parameter which is 
set the same as used in CABLE (Community Atmosphere Biosphere Land 
Exchange) model; Cs and VPD are the CO2 concentration and vapor 
pressure deficit, respectively. A is the leaf photosynthetic rate which can 
be calculated according to BEPS (Boreal Ecosystem Productivity Simu
lator) model (Chen et al., 1999; Qiu et al., 2019). As the soil moisture 
stress factor decreases, gstress/ga decreases, since water becomes less 
available for plant roots, but the falling rate of gstress/ga is also associated 
with the vegetation cover conditions (Fig. 2. b). The gstress/ga function is 
mainly defined both by surface moisture content and LAI. If the fs and 
LAI both reach zero, the gstress/ga ratios equals zero. When fs is zero but 
the LAI is high, the magnitude of gstress/ga is also large. Although only 
surface soil moisture information is contained in the ecosystem canopy 
stomatal conductance stress factor, the plant transpiration will more 
strongly correlate to the soil water content in the root zone. However, as 
seen from Eq. (5) and Fig. 2, when the LAI is low under sparse vegetation 
cover condition, gstress/ga mainly depends on surface soil moisture. On 
the contrary, when the LAI is large under dense vegetation cover con
ditions, gstress/ga has a weak correlation to surface soil moisture content. 

Given the derived soil and canopy temperatures, the net radiation 
partitioned between the soil (Rns) and canopy (Rnc) components can be 
calculated using the shortwave and longwave radiation divergence 
formulations of Kustas and Norman (1999). Then the sensible heat 
fluxes for soil (Hs) and canopy (Hc) surface can be calculated with the 
constraint of the soil (Rs) and canopy (Rx) aerodynamic resistances 
defined in Norman et al. (1995). With the energy balance equations of 
the soil and canopy surface, the soil (LEs) and canopy (LEc) latent heat 
flux can be calculated as the residual when the soil heat flux is consid
ered as a fraction of Rns (Kustas and Anderson, 2009; Kustas and Nor
man, 1999). 

2.3. Model validation 

Compared with original TSEB model, the above framework not only 
uses the LST as an initial boundary condition but that can deviate from 
the radiative temperature balance constraint required by TSEB (Eq. 3) 
because it couples the soil moisture data into energy balance equation, 
TSEB-SM, and hence constrains both soil and canopy flux components. 
The new model was evaluated under a wide range of soil moisture 
content and environmental conditions with the meteorological mea
surements including LST, incoming shortwave radiation, wind speed, air 
temperature, atmosphere pressure, ambient CO2 concertation at 3–5 m 
over the canopy, surface soil moisture measurement at 4 cm depth and 
satellite data of MODIS LAI with a spatial resolution of 500 m. Here, the 
model intercomparison of performance was quantified using the bias 
(average value of modeled outputs-measurements), mean absolute 
percent difference (MAPD, average of absolute difference between 
modeled outputs-measurements divvied by average measurements) and 
root mean square error (RMSE, square root of the sum of the differences 
between model outputs and measurements squared divided by the 
number of measurements). 

Estimates of T and E partitioning were computed using the water use 
efficiency (uWUE) method. Details of the method can been found in 
Zhou et al. (2016). Briefly the canopy transpiration and CO2 assimilation 
both across the leaf stomata, and was modeled using a stomatal 
conductance formulation (Beer et al., 2009). The water use efficiency at 
leaf scale was simulated as the ratio of gross primary productivity (GPP) 
and canopy transpiration associated with environmental forcing, pri
marily vapor pressure deficit (VPD). The water use efficiency for an 
ecosystem is described as the ratio of GPP and ET, which is a function of 
the local environment (Zhou et al., 2014; Zhou et al., 2016). The water 
use efficiency at leaf scale was assumed to be nearly constant for a 
particular ecosystem under steady state conditions. While the water use 
efficiency of an ecosystem can vary mainly due to the variation of non- 
stomatal direct evaporation from soil and wet canopy surfaces, the 
nearly constant water use efficiency at leaf scale allows the determina
tion of water use efficiency using the quantile regression between the ET 
and the GPP multiplied by VPD 0.5 using all the half-hourly EC mea
surements. Hence with the EC measurements, the variability of water 
use efficiency for an ecosystem was derived from daily to monthly time 
scales (Bai et al., 2019; Zhou et al., 2014; Zhou et al., 2016). Finally, the 
ratio of the ecosystem water use efficiency and leaf water use efficiency 
was assumed to be indicative of the ratio T/ET. 

Fig. 2. Illustration of the soil moisture stress factor, fs, and canopy stomatal conductance stress functions implemented in TSEB-SM under various range of surface 
soil moisture content and vegetation cover conditions. 
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3. Results 

3.1. Models performance using EC flux measurements 

The daytime half-hourly averaged meteorological and hemispherical 
LST data were used to run the TSEB and TSEB-SM which mainly require 
additional inputs of surface soil moisture data as a surrogate for mi
crowave retrieval of surface soil moisture along with the MODIS LAI 
product to estimate the surface heat fluxes over different environmental 
conditions. Since the focus is on evaluation and comparison of the TSEB- 
SM model with ground measurements and original TSEB model, the 
measured and model results were first compared using half-hour fluxes. 
Then the modeled and measured LE values were accumulated during 
daytime and converted into mm for assessing the model performance for 
estimating daytime ET. Finally, the TSEB and TSEB-SM models parti
tioned T/ET were compared with the uWUE based method with EC 
measurements computed on a daytime basis during the growing season 
(DOY 153–273) since the vegetation is senescent during the no-growing 
season. 

The agreement between the estimated and observed fluxes from the 
two models are acceptable over the selected period at the four sites over 
the wide range in environmental conditions, but better performance was 
obtained from the TSEB-SM model under low canopy cover conditions 
when the soil plays a more dominate role in the ET (cf. Figs. 3-5). This is 
particularly the case for the shrub-forest and desert steppe sites which 
remained under sparse vegetation cover (LAI < 1) over the whole 
growing season. This is likely due to the original soil resistance term in 
TSEB not being properly parameterized under sparse cover conditions as 
shown by Li et al. (2019). However, for the alpine meadow and irrigated 
cropland, one observes greater scatter and bias in all four energy balance 
components exists from both models under low cover conditions, which 
occurs primarily after the growing season when there is virtually no 
transpiration. This suggests other factors are not accounted for by both 
models related to the non-transpiring vegetation. 

There is better agreement with the LE observations forcing closure 
using the TSEB-SM at the shrub-forest and desert steppe sites. For the 
shrub-forest site this is due to a lower bias in the estimate of Rn which is 

underestimated by TSEB. Interestingly, the bias is lower in G0 and H for 
TSEB, but greater scatter and the underestimate in Rn leads to an un
derestimate (and bias) in LE. There is a known bias in the LAI product 
from MODIS under sparse canopy conditions (Song et al., 2018) which is 
likely to affect TSEB more than TSEB-SM since the Ts and Tc partitioning 
is strongly constrained by Eq. (3) for TSEB. For the desert steppe, the 
TSEB model overestimates Rn, causing an overestimate and G0, which to 
some extent corrects for this overestimate, but H is underestimated 
which is likely to do with using the default coefficients in the soil 
aerodynamic resistance formulation used in TSEB as indicated by Li 
et al. (2019). The model error values of MAPD for Rn and H were slightly 
reduced at the meadow and cropland site but more significantly at the 
shrub-forest and desert steppe sites using the TSEB-SM model. The 
resulting impact on modeled LE was mainly an improvement using 
TSEB-SM at the shrub-forest and desert steppe sites with MAPD being 
reduced by 22% and 13%, respectively. 

There are slightly greater errors in the TSEB-SM model output with 
ground measured G0, with both models overestimating G0 during the 
non-growing season. This likely because over the winter and early spring 
period the soil is typically frozen and consequently does not follow the 
assumed relationship with Rns used in the TSEB formulation. Further
more, the surface soil heat fluxes were measured from three plates which 
have a very limited spatial sampling associated with the level of het
erogeneity in the landscape and likely contribute to the significant 
scatter observed between the modeled and ground measured G0. How
ever, the relatively larger errors in estimating G0 at the four sites do not 
adversely affect both TSEB model output of LE significantly due its value 
being relatively smaller than the other energy balance components, 
except during low canopy cover conditions, which occurs primarily 
during the non-growing season. However, this is not the case for the 
shrub-forest site where the impact of uncertainty in G0 is larger. 

3.2. Daily ET from models and observations 

In Fig. 7, daily ET estimated from TSEB and TSEB-SM models are 
compared with EC observations from 2013 to 2017 for alpine meadow 
and irrigated cropland sites, from 2014 to 2017 for the arid shrub-forest 

Fig. 3. Scatterplots of comparing measured half-hour net radiation, soil heat flux, sensible heat flux and latent heat flux from EC system and estimates from the TSEB 
and TSEB-SM models for the alpine meadow site. 
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site and from 2014 to 2016 for the desert steppe site. As illustrated in 
Fig. 7 and the statistics in Table 1, the TSEB and TSEB-SM models per
formed similarly in the irrigated cropland site and grassland site, but the 
TSEB-SM model has significantly better agreement with the closed EC 
measurements at the shrub-forest and desert steppe sites, with MAPD 
reducing from 64% to 24% and from 52% to 40%, respectively. This is 
mainly due to the bias in daytime ET from TSEB under such low LAI 
conditions where, as illustrated in Figs. 5 and 6, the model biases 
particularly in Rn, and to some extent in H for the desert steppe site 

contribute to greater errors in daytime ET. However, Li et al. (2019) 
showed that when the soil aerodynamic resistance is properly parame
terized for sparsely vegetated sites, TSEB can compute reliable and un
biased estimates of H. Note that both models overestimate daily ET 
under low LAI conditions for the alpine meadow and irrigated cropland 
sites, but tend to have a better agreement with ground measurements as 
the LAI values increase. 

A temporal plot of daily modeled versus measured ET for 2014/2015 
is illustrated in Figs. 8 through 11, a typical year with near continuous 

Fig. 4. Scatterplots of comparing measured half-hour net radiation, soil heat flux, sensible heat flux and latent heat flux from EC system and estimates from the TSEB 
and TSEB-SM models for the irrigated cropland site. 

Fig. 5. Scatterplots of comparing measured half-hour net radiation, soil heat flux, sensible heat flux and latent heat flux from EC system and estimates from the TSEB 
and TSEB-SM models for shrub-forest site. 
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EC measurements. Both modeled and observed daily ET show similar 
temporal patterns for all three sites. Daily ET values are low and stable 
for a prolong period before crop emergence in the irrigated cropland and 
leaf out for the mixed shrub forested sites by early April (DOY ~100) as 
indicated in Figs. 9 and 10. The values increase gradually in the early 
May (~DOY 150) and then increase rapidly, reaching maximum daily 
ET values by mid-July. The values decease gradually starting by the end 
of July (DOY ~215) as plants mature and then begin to go into senescent 
stage, resulting in a steady decrease in daily ET, which is further 
amplified after the first frost typically in September. Finally, the daily 
values become extremely low after vegetation has undergone senes
cence with frozen soils, over the winter. 

The two modeled ET can track the yearly dynamics of the water 
consumption measured by the EC systems, the ET values varied along 
with the variation of daily incoming shortwave radiation and soil 
moisture content. However, the two models both underestimated the 
daily ET in the peak of growing season and the periods following heavy 
rainfall events which is due in part to the lack of being able to estimate 
evaporation from plant intercepted water. These discrepancies due to 
rain events contributing to the bias and MAPD statistics. The flood 
irrigation and heavy rain events can rapidly elevate the soil moisture 

content and the values can sometimes exceed the field capacity. The 
daily ET yielded by the TSEB exhibit a slight departure from the ground 
measurements under these saturated soil conditions (Figs. 9 and 11). 

Figs. 12 and 13 illustrate the comparison of daily T/ET computed 
with TSEB and TSEB-SM models versus the uWUE method and the 
associated trend of LAI during the growing season in grassland and 
irrigated cropland sites from 2013 to 2017, respectively. As expected, 
the temporal trend in computed daily T/ET follows the temporal vari
ations of LAI in the irrigated crop land during the growing season. 
However, the daily values of T/ET fluctuate with the variation in daily 
incoming shortwave radiation. The TSEB-SM model produced lower T/ 
ET values compared with TSEB model but is in better agreement with the 
values computed by the uWUE method. The uWUE method computed 
larger magnitudes of T/ET values on clear days versus cloudy or rainy 
days. The large divergence in daily T/ET produced by the TSEB model 
may not only be related to the energy partitioning being strongly 
dependent on the LAI value (Kustas et al., 2019) but also on the fraction 
green fg, more so than with TSEB-SM having a soil moisture-based 
transpiration algorithm. For the cropland in the early season, the 
maize seedlings emerge, but has minimal contribution to T, resulting in a 
low T/ET value. Then, T/ET values increase rapidly as the maize crop 
develops increasing LAI. By the middle of July (~DOY 190), the crop
land features transpiring maize at nearly 100% canopy cover. As the T/ 
ET values reach near unity particularly during sunny days with high 
canopy cover, there begins a gradual decline from late July through 
August (DOY 190–245) when the maize cobs start filling and green LAI 
decreases. The downward trend of T/ET is further amplified as the crop 
goes through senescence and harvest (September, DOY 246–273) at the 
irrigated crop site and the grass undergoes senescence at the meadow/ 
grassland site. This is the period where the T/ET is significantly over
estimated by TSEB which is likely caused by the lack of accurate fg 
values. This affect does not seem to be apparent with the TSEB-SM 
model, which maybe due to the fact that in this period, the rapid 
decline of LAI which affects the transpiration algorithm in TSEB-SM and 
more accurate soil E results in a more reliable T/ET ratio. 

Table 1 
Statistical results of TSEB and TSEB-SM modeled vs EC system measured daily 
ET over alpine meadow, irrigated cropland and shrub-forest sites.  

models sites Mean observed 
mm/day 

MBE 
mm/day 

MAPD 
(%) 

RMSE 
mm/day 

TSEB- 
SM 

alpine 
meadow 

1.86 0.01 25% 0.61 

irrigated 
cropland 

2.00 − 0.1 26% 0.71 

shrub-forest 1.51 − 0.14 24% 0.50 
desert steppe 0.6 − 0.15 40% 0.39 

TSEB alpine 
meadow  

− 0.13 28% 0.69 

irrigated 
cropland  

− 0.17 26% 0.73 

shrub-forest  − 0.93 64% 1.31 
desert steppe  0.26 52% 0.48  

Fig. 6. Scatterplots of comparing measured half-hour net radiation, soil heat flux, sensible heat flux and latent heat flux from EC system and estimates from the TSEB 
and TSEB-SM models for desert steppe site. 
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Fig. 7. Scatterplots of comparing measured daily ET from EC system and estimates from the TSEB and TSEB-SM models.  

Fig. 8. Daily ET estimated from TSEB and TSEB-SM models compared with measurements from EC system at grassland site for 2015.  

Fig. 9. Daily ET estimated from TSEB and TSEB-SM models compared with measurements from EC system at irrigated cropland site for 2015.The red circles 
represent the flood irrigation events. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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4. Discussion 

The TSEB-SM model estimated more reliable E and T partitioning 
over the grassland and cropland sites based on the uWUE method while 
significantly better agreement in modeled-measured daily ET for the 
forest-shrub and desert steppe sites. The maximum divergence of the T/ 
ET estimated from the two models appeared during the period of 
decreasing vegetation cover/leaf area as the fraction of green actively 
transpiring vegetation decreases as plants undergo seed development 
and ripening, especially towards the end of the growing season. The two 
models both can provide the temporal behavior of increased T/ET along 
with the plant growth indicated by the variation of LAI values. These 
seasonal trends have smaller day-to-day fluctuations when compared 

with the results partitioned from the uWUE approach. Additionally, the 
two models also can respond to the dynamics of the environmental 
conditions such as the rainfall events, where the modeled T declined 
rapidly. Finally, the canopy stress factor introduced in the TSEB-SM 
model can provide a reasonable constraint on the daily T value when 
the plant water use is limited using the near surface soil moisture in 
combination of environmental factors. TSEB model has a larger T/ET 
ratio than the uWUE and TSEB-SM model estimates during the latter part 
of the growing season. This may be associated with the soil and vege
tation flux partitioning in TSEB model is strongly dependent on the fg 
along with the magnitude in LAI. The errors in estimating fg tend to 
increase later in the growing season when the senescent leaves do not 
contribute to T, while satellite spectral sensors mainly detect green 

Fig. 10. Daily ET estimated from TSEB and TSEB-SM models compared with measurements from EC system at shrub-forest site for 2015. The red circle represents a 
major flood irrigation event that always is conducted in the Spring. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

Fig. 11. Daily ET estimated from TSEB and TSEB-SM models compared with measurements from EC system at desert steppe site for 2014.  

Fig. 12. Daily ratio between T and ET separated from TSEB and TSEB-SM models compared with partitioning using uWUE method from EC measurements at 
grassland site during growing season in 2013–2017. 
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actively transpiring vegetation and hence cannot easily provide reliable 
fg values. 

The E presented an opposite temporal trend with T, as E would have 
significant variation early in the growing season from wetting and 
drying cycles due to precipitation but declined gradually as the plants 
grew/greened up and increased in leaf area. This decrease was due in 
part to the increased vegetation coverage resulting in less radiation 
reaching the soil surface under the canopy layer and reduced wind and 
turbulent exchange. The two models provided similar E values for the 
irrigated cropland site, but the TSEB-SM model produced higher E 
values at shrub-forest and desert steppe sites with sparse vegetation 
cover, which increased the daily ET contribution from the soil and thus 
reduced the underestimation of ET. For the shrub-forest site, the peri
odic flood irrigations to mitigate tree stress and maintain growth during 
extended periods of hot and dry conditions results in a high surface soil 
moisture content which appears to be replenished by upward movement 
of available water from deeper layers in between irrigation events. 
Additionally, there is a salt crust at the soil surface which likely affected 
application of the standard soil aerodynamic resistance used in TSEB (Li 
et al., 2019). Moreover, observed cracks in the salt crust on the soil 
surface would be a significant source of E given the wet soil surface 

moisture conditions throughout the growing season (Fig. 10) while the 
salt crust would cause elevated soil temperatures using TSEB resulting in 
an underestimate in E. In addition, field measurements of LAI at the 
shrub-forest site indicates that the MODIS LAI product underestimated 
the actual LAI within the smaller source area of flux tower by approxi
mately 50% contributing to the underestimate by TSEB. However, even 
with a LAI increase there is still a significant soil contribution so the 
results with TSEB are not significantly improved with increasing LAI 
(not shown). 

The soil water content at root zone is assumed to be a greater 
constraint on ET than the surface soil due to the fact that plant tran
spiration is closely tied to plant available water in the root zone How
ever, this relationship varies with the vegetation type, phenology, 
season and root distribution (Qiu et al., 2020). The surface soil moisture 
also contains information that can be related to deeper soil moisture 
conditions. Additionally, observations of the root zone soil moisture at 
regional scales do not exist at fine enough resolution to be used in 
mapping ET whereas the near-surface soil water content can be mapped 
from the microwave observations (Entekhabi et al., 2010). Therefore, in 
this study the plant transpiration constraining factor, gstress/ga, is defined 
according to the vegetation growth, surface soil moisture and 

Fig. 13. Daily ratio between T and ET separated from TSEB and TSEB-SM models compared with partitioning using uWUE method from EC measurements at 
irrigated cropland site during growing season in 2013–2017. 

Fig. 14. Scatterplots of comparing measured half-hour latent heat flux from EC system and estimates from the TSEB-SM model with soil moisture data measured 
from surface to root zone (2, 4, 10, 20, 40, 80, 120, 160 cm) at the shrub forest site. 
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environmental conditions and combined with land surface temperature 
to provide an improved metric of surface and root zone water avail
ability. The formulation is shown to compute reliable ET for the shrub- 
forest and desert steppe semi-arid sites where the vegetation is adapted 
for water limited conditions but can still be stressed. To evaluate the 
performance of gstress/ga using the surface soil water content as input, the 
soil moisture measured at various vertical depths (2, 4, 10, 20, 40, 80, 
120, 160 cm) at the shrub-forest site were used as input to the gstress/ga 
formulation then the modeled LE values from the TSEB-SM were 
compared to the ground measurements (Fig. 14). The TSEB-SM model 
performances were quite similar when using the soil moisture mea
surements at 4, 20, 40, and 80 cm as input to gstress/g, with RMSE values 
all around 55–60 W/m2 except when using the water content at 160 cm, 
which produced an RMSE value slightly higher at 65 W/m2. These re
sults suggest that the gstress/g using near-surface soil moisture as input 
can perform similarly to water content values in the root zone at least for 
the site and conditions evaluated in this study. As mentioned, the gstress/g 
function is mainly determined by the LAI, near-surface soil moisture and 
VPD, which are metrics of the plant phenology, soil water availability 
and the atmosphere demand, respectively. These parameters influence 
the canopy stomatal closure which when combined with land surface 
temperature better determine the variation of plant transpiration. 

To compare the performance of TSEB-SM model with another widely 
used ET model, the Penman-Monteith algorithm was applied at the 
shrub-forest and desert steppe sites. The results showed that TSEB-SM 
outperform this modeling approach. 

The Penman-Monteith algorithm gave very poor results for esti
mating LE at shrub-forest site and the desert steppe site. Without a priori 
calibration, the Penman-Monteith algorithm has difficulty reproducing 
the ET in these semi-arid environments (Zhang et al., 2019). 

The TSEB-SM model proposed in this study can provide reliable 
estimation of ET under the sparse vegetation cover and dry soil surface 
(Figs. 5, 6 and 15) and can produce similar results with the TSEB model 
over the denser vegetation cover and wetter soil surface (Figs. 3 and 4). 
It also can yield a more consistent in ET partitioning than TSEB model 
when compared with the uWUE approach separated results using the 
flux tower measurements (Figs. 12 and 13). 

5. Conclusions 

A new algorithm using surface soil moisture data to constrain soil 
evaporation coupled to a new transpiration algorithm containing a 
stomatal resistance-based stress factor was introduced into the TSEB 
model (TSEB-SM) to generate ET in a semi-arid region over four 
different land covers, irrigated cropland, grassland a sparsely vegetated 
shrub-forest and desert steppe ecosystem. The TSEB-SM was assessed 
using the flux tower based EC measurements with forced closure over 
multiple growing seasons, and was compared with the performance of 
original TSEB model. The estimated surface fluxes from TSEB-SM yiel
ded generally better agreement with ground measurements for the 
shrub-forest and desert steppe sites in Rn and LE but yielded no real 
improvement for the cropland and grassland or meadow site, except 

Fig. 15. Scatterplots of comparing measured half-hour latent heat flux from EC system and estimates from the TSEB-SM, and Penman-Monteith models for shrub- 
forest and desert steppe site. 
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under low canopy cover/non-growing conditions. 
The TSEB-SM model computed more reliable fluxes than TSEB when 

the canopy cover is low or non-existent and for the shrub-forest site 
throughout the year (Fig. 5) suggesting that the soil aerodynamic 
resistance formulation is not properly parameterized for these arid 
ecosystems (Li et al., 2019) and that the significant underestimation of 
LAI using MODIS also affects the roughness and hence soil and canopy 
aerodynamic resistance terms. Moreover, the bias in the estimated net 
radiation from TSEB is a significant factor, which could be improved 
with more reliable soil albedo estimates. The seasonal trends in T/ET 
over the grassland and irrigated cropland sites produced by the TSEB 
and TSEB-SM models both follow the temporal trend in LAI, but it ap
pears that TSEB-SM generally has better agreement with T/ET estimated 
using the uWUE method. The largest disagreement in T/ET between 
TSEB-SM and TSEB is in the period of cropland/grassland senescence as 
the green LAI decreases (Figs. 10 and 11) suggesting the fg was not 
properly prescribed in TSEB. The TSEB-SM with a different transpiration 
formulation is not as sensitive to the value of fg. 

The TSEB-SM model requires additional inputs of soil moisture data 
which are being produced using the observations from active microwave 
sensors (Sentinel-1) or by combining the microwave soil moisture data 
and a data fusion approach. However, the accuracy of these high- 
resolution soil and soil moisture data may need further refinement to 
be applicable to monitoring ET. Additionally, sun-introduce chlorophyll 
fluorescence (SIF) data have potential to provide information on plant 
transpiration useful in defining the parameters for the proposed tran
spiration algorithm and as a metric or indicator of the soil moisture 
status at the root zone (Jonard et al., 2020). SIF has the potential to 
further constrain TSEB model transpiration estimates resulting in both 
an improved daily ET and T/ET partitioning. However, the spatially and 
temporally sparse data supplied by the current sensors is challenge for 
field scale applications. 
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