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Abstract: The accurate estimation of evapotranspiration (ET) in arid regions is important for
improving the water use efficiency of vegetation. Based on successive observations from May to
October of 2014, we estimated the ET of a Populus euphratica Oliv. forest during the growing season
in an extremely arid region using the PM (Penman-Monteith), SW (Shuttleworth-Wallace) and SSW
(an improved canopy transpiration model) models. Estimated ET values were compared with those
of the eddy covariance measurements. Results indicated that the actual ET of the P. euphratica
forest was always overestimated by the PM model. The accuracy of the SW model was higher than
that of the PM model. However, some data were not easily obtained because of the complicated
structure of the SW model. The newly proposed SSW model gave the most accurate ET values, and
its accuracy was higher at hourly than at daily time scale. In conclusion, the SSW model is more
suitable for sparse vegetation system at large scales in extremely arid regions.
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In arid and semi-arid areas, evapotranspiration (ET) is a key component of water cycles and energy
balance (Oki and Kanae, 2006; Jung et al., 2010; Villagarcia et al., 2010). Accurate estimation of ET
for sparse plant communities is critical for the efficient management of forestry land in arid and
semi-arid environments. ET and its components had been measured by various approaches
(Gasca-Tucker et al., 2007), including sap flow (Allen and Grime, 1995; Williams et al., 2004; Scott
et al., 20006), lysimeter (Zhang et al., 2005), stable isotopes (Evett et al., 1994; Yepez et al., 2003;
Williams et al., 2004; Moran et al., 2009) and the eddy covariance (EC) method (Tourula and
Heikinheimo, 1998; Zhu et al., 2013, 2014a). Because the measurement of ET is time-consuming and
the series data are difficult to be obtained, a mathematical modeling of ET has been developed as a
solution (Domingo et al., 1999).

Among the models that had been developed and validated for the ET estimation, the best known
are the single-layer Penman—Monteith (PM) model (Monteith and Unsworth, 1990; Rana et al., 1997a,
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b; Ortega-Farias et al., 2004, 2006) and two-layer Shuttleworth-Wallace (SW) model (Shuttleworth
and Wallace, 1985; Wallace et al., 1990; Nichols, 1992; Sene, 1994; Farahani and Ahuja, 1996; Teh et
al., 2001). The PM model, which treats the crop canopy as a single uniform cover but neglects
evaporation, may be inappropriate for the sparse vegetation canopy (Mo, 1998). However, several
studies argued that PM could effectively estimate ET for the sparse vegetation canopy under different
soil water conditions (Rana et al., 1997a, b; Ortega-Farias et al., 2004, 2006). The SW model, in
which the interactions between fluxes of soil and canopy are taken into account, is suitable for
estimating ET for complex or seasonally variable vegetation canopies (Kato et al., 2004; Hu et al.,
2009; Zhu et al., 2013). Researchers had mainly focused on improving the accuracy of SW model
under specific conditions. Iritz et al. (1999) used a modified SW model to simulate the evaporation of
a boreal forest stand. Guan and Wilson (2009) developed a topography- and vegetation-based
dual-source ET (TVET) model which used a hybrid of layer and patch approaches in partitioning
energy and routing vapor and sensible heat. Hu et al. (2013) combined the SW, Ball-Berry and
light-use efficiency models to estimate the ET at forest and grassland sites. However, the complexity
and number of parameters were also increased.

It is important to consider both the accuracy and simplicity of the dual-source model. Li et al.
(2010) simplified the SW model by introducing the Priestley—Taylor model into the PM equation to
estimate soil water evaporation (Monteith, 1965), proposing an improved canopy transpiration (SSW)
model, which contrasts with SW in the way in which the two sources interact. The SSW has a simpler
structure, which reduces the number of parameters and improves the facilitation of a dual-source
model. However, the applicability requires testing in different natural ecosystems.

ET modeling over full canopies is common. However, there has been little research on ET
modeling over canopies in a sparse vegetation ecosystem which is in a complex balance between
water and energy. Using parameters measured in a Populus euphratica Oliv. forest during the growing
season of 2014, we tested whether: (1) the newly proposed SSW model is more accurate than the PM
and SW models for the sparse vegetation in extremely arid regions at both hourly and daily time
scales; and (2) the PM model is appropriate for the sparsely vegetated canopies.

1 Materials and methods

1.1 Study area

The study was conducted in the Qidaoqiao P. euphratica forest reserve in Ejin county, Inner Mongolia,
China (42°21'N, 101°15’E; 920.5 m asl). This region is one of the most arid regions in China. Mean
annual evaporation exceeds 3,500 mm while annual precipitation is 36.6 mm, 84% of which falls in
the growing season (Fig. 1). Annual mean air temperature is 8.28°C, annual mean relative humidity is
35%—42%, and moisture index is less than 0.009%—0.012%. In the forest reserve, the average tree age
is 31 years, with good growth status. The average tree height is 10.2 m, average diameter at breast
height is 24.7 cm, and average crown breadth is 442—450 cm. Soil is sandy loam of about 2-m depth
and has a volumetric water content of 0.35 m*/m?*. The bulk density of soil is 1.53 g/cm’.

1.2 Measurement and data processing

Uniform open-path EC systems and meteorological instrument were installed at the heights of 20 m
and 10 m in a tower, respectively, to monitor the CO»/H>O fluxes and environmental conditions at the
study site. The tower was located on open spaces in the center of the P. euphratica forest and the trees
were distributed evenly around the tower. The fetch of eddy covariance measurement is about 300 m
in the predominant upwind direction (Northwest). The EC system consisted of an open-path CO»/H,O
gas analyzer (model LI-7500, Li-COR Inc., Lincoln, NE, USA) and a 3D sonic
anemometer/thermometer (model CSAT3, Campbell Scientific Inc., Logan, UT, USA). Signals were
recorded at 10 Hz by a datalogger (Model CR3000, Campbell Scientific) and block-averaged at
30-min intervals. Raw CSAT3 and CO./H,O flux data were processed using EddyPro software
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Fig. 1 Monthly precipitation and monthly mean air temperature from 1960 to 2012

(LI-COR Biosciences, Inc., USA), which included the features such as double coordinate rotation,
block average detrending, time lag compensation by covariance maximization and density fluctuation
compensation by converting to mixing ratio (Burba et al., 2012). Statistical analysis of the series data,
including spike count/removal, amplitude resolution, dropouts, absolute limits, skewness and kurtosis,
was processed according to Vickers and Mahrt (1997). Quality check flagging was conducted
according to the CARBOEUROPE standard (Foken et al., 2004). After detailed postproduction on
data, we calculated the ET values at a 0.5-h average. In order to obtain accurate EC values, we
omitted any data collected during rainfall events, instrument malfunction and site inspection days, and
during the monthly routine sensor maintenance. Data gaps (no more than a few hours) were filled
using linear interpolation. Larger gaps in flux data were replaced by averaged values calculated by the
lookup table method (Falge et al., 2001; Zhu et al., 2014b).

Meteorological variables were measured simultaneously with the eddy fluxes and also calculated at
30-min intervals. Net radiation (R,) was measured at 10-m height above ground by radiometers
(model CNR-4, Kipp & Zonen, Netherlands). Air temperature (7;) and relative humidity were also
measured at 10-m height above ground (model HMP45C, Campbell Scientific). Barometric pressure
was measured by shielded and aspirated probes. Soil temperature was measured using thermocouple
probes (109SS, Campbell Scientific) at depths 10, 30, 50, 80 and 150 cm, respectively. Soil heat flux
was measured at 5-cm depth by two flux plates (model HFPO1SC, Campbell Scientific).

Leaf area index (LAI) was measured once a month using a plant canopy analyzer (LAI2200,
LI-COR) with a 10° view cap from May to October 2014, under diffuse light conditions at dawn or
dusk. For each LAI value recorded four readings above the canopy and eight other readings at
different points at the base of the canopy were taken.

To make an accurate comparison between ET measurements and PM, SW and SSW estimates, we
filtered data from those measurements. First, night-time data with R,<10 W/m? (including dusk and
dawn moments) were eliminated because turbulent transport diminished at stable atmospheric
conditions during night-time. We also eliminated total ET (AE) values >800 W/m?, according to limits
proposed by CARBOEUROPE (Villagarcia et al., 2010).

Detailed information on the key environmental variables is essential to assess seasonal variations of
actual ET (Zhu et al., 2014a). Changes of daily average R,, T,, vapor pressure deficit (D) and wind
speed (1) in growing season are shown in Fig. 2. Daily average net radiation was 175.75 W/m?,
varying from 35.80 to 260.77 W/m?. Daily average air temperature was 21.5°C, varying from 11.2°C
(end of September) to 30.6°C (mid-July; Fig. 2a). Also, the ecosystem experienced a large daily
temperature variation, usually >15°C (data not shown). Daily average wind speed was 3.35 m/s,
varying from 1.76 to 7.04 m/s. Wind speeds from May to October were much higher than those in
other months, mainly due to the prevailing winds in spring and autumn. Daily average vapor pressure
deficit was 2.04 kPa, ranging from 0.63 to 3.82 kPa during the growing seasons (Fig. 2b).
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1.3 Expressions of the models
The Penman-Monteith (Monteith, 1965) model can be expressed as:
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The SW model estimates latent heat flux from the soil surface and canopy were considered as two
distinct sources, and calculated ecosystem evapotranspiration ET as the sum of transpiration (E,) and
soil water evaporation (Ey):
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The simpler structure of the SSW model with its fewer parameters can estimate the E. and Ej,
respectively, and only requires simple meteorological data. The equations are:

E— A
ST

R0

1K1, ap=1

™1, og=o-(a-1)(1-1)(1-1,) ’

)

1.4 Determination of parameters

_ lARnc + (pCpD/rac) + A(l — Qg T)(Rn - G)(raa/r(f)
A+ A1+ @E/mH) + (A+ PEe/re) '

Parameters of the PM, SW and SSW models can be calculated according to:
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Where, ET, total evapotranspiration (mm); E., canopy transpiration (mm); Ej, soil evaporation (mm);
G, resistance coefficient of i source (¢ and s); PM;, Penman-Monteith equations for each i source (¢
and s; W/m?); R,, net radiation (W/m?); R,;, net radiation for each i source (¢ and s; W/m?);
G, soil heat flux (W/m?); r,, aerodynamic resistance (s/m; Perrier, 1975a, b); r., surface canopy
resistance (s/m; Katerji and Perrier 1983); »*, critical resistance (s/m; Pereira et al., 1999); r2,
aerodynamic resistance between the canopy source height and reference level (s/m; Shuttleworth and
Wallace, 1985); r;/, aerodynamic resistance between the soil and canopy source height (s/m;
Shuttleworth and Wallace, 1985); rf, bulk boundary layer resistance of the vegetative elements in the
canopy (s/m; Shuttleworth and Wallace, 1985; Brisson et al., 1998); 1, canopy resistance (s/m; Iritz
et al., 1999); 78, soil surface resistance (s/m; Dolman, 1993); p, air density (1.293 Kg/m®; Acs,
2003); C,,, specific heat at constant pressure (1,012 J/(kg-K); Acs, 2003); D, vapor pressure deficit in
the air (kPa); 4, slope of the saturated vapor pressure versus temperature curve (kPa/K; Allen et al.,
1998); 7, psychometric constant (0.067 kPa/K; Acs, 2003); az, Priestley-Taylor coefficient (Tanner
and Jury, 1976); .., constant value at which the LA/ is sufficient for ag to reach unity (Tanner and Jury,
1976); LAI, leaf area index (m*/m?); LAL, leaf area index for which these parameters were determined
(9 m*/m? Lohammar et al., 1980); 6, actual soil moisture content in the surface layer (m*/m®); z,
reference height above the forest at which meteorological measurements are available (m); zo,
roughness length of a forest with complete canopy cover (LA/=4; s/m; Lund and Soegaard, 2003); z,),
roughness length of bare soil (m; Yu and Sun, 2006); A, canopy height (10.2 m); d, zero plane
displacement height (m; Lund and Soegaard, 2003); C, drag coefficient of the leaves (0.07;
Shuttleworth and Gurney, 1990); k, extinction coefficient of light attenuation (0.5; Campbell and
Norman, 1989); u, mean wind speed at the reference height (m/s; Guan and Wilson, 2009); r», leaf
boundary layer resistance (s/m; Shuttleworth and Gurney, 1990); w, representative leaf width (m); us,
mean wind speed at the canopy (m/s; Guan and Wilson, 2009); u., wind speed at z-m height above
ground (m/s); op, shielding factor (0.5; Shuttleworth and Wallace, 1985; Brisson et al., 1998); a,
empirical calibration coefficient (0.55; Shi et al., 2008); b, empirical calibration coefficient (1.31; Shi
et al., 2008); ¢, empirical constant (3.5 s/m; Dolman, 1993); e, empirical constant (2.3; Dolman,
1993); f, empirical constant (24.5 s/m; Cienciala et al., 1994); g, empirical constant (0.5 kPa;
Cienciala et al., 1994); i, empirical constant(547 W/m?; Cienciala et al., 1994); n, eddy diffusivity
decay constant (4.25; Zhou et al., 2006).

1.5 Assessments
Model goodness-of-fit was evaluated by comparing ET predicted by the PM, SW and SSW models
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with EC measurements. If the models perfectly predicted the data, all observed-versus-predicted
points would lie exactly on the line x=y. We also used the following equations of root mean square
error (RMSE), relative error (RE) and mean absolute error (MAE) to characterize the deviation of the
calculated values from the observed:

puss o [BQ-M? e BAO-MI/0)
N N
MAE:w. (38)

Where O; and M; are the observed and modeled values, respectively, and N is the total number of
measurements.

Analysis of model sensitivity to a parameter is essential for quantifying the model uncertainty
(Long et al., 2011). A simple method proposed by Zhan et al. (1996) was used to analyze this
sensitivity:

ET_—ET,
ET,
Where ETy, ET and ET- are ETs derived by the model when the corresponding parameter equals to
its reference value, i.e. Py, 1.1Py and 0.9Py, respectively. Results of the sensitivity analysis for the
SSW model showed that parameters LA/ (S,=0.230) and R, (5,=0.228) had greater sensitivities,while,

parameters D (S,=0.019) and u (5,=0.001) had lower sensitivities.

5=

. (39)

2 Results

2.1 The characteristic of ET

Hourly and daily values of ET estimated from the PM, SW and SSW models and measured by the EC
method were shown in Figs. 3 and 4. Hourly trends of ET during the ten days were similar. Hourly
values of ET increased rapidly from 9:00 and reached the maximum at 14:00. Afterward, it decreased
rapidly until sunset (Fig. 3). Daily values of ET were lowest at the seventh day and this was mainly
due to the cloudy weather condition. The average of daily ET was 3.822 mm/d, ranging from 0.983 to
6.709 mm/d. ET value in July (5.287 mm/d) was greater than those of other months (3.464 mm/d) of
the growing season (Fig. 4). Total ETs from May to September were 70.902, 124.138, 163.901,
132.653 and 96.092 mm, respectively. Total ET value of the P. euphratica forest during the growing
season was 587.686 mm.

2.2 Performance of the three models

2.2.1 Comparison of estimated and measured hourly ET

Figure 3 and Table 1 show comparison and correlation between estimated hourly ET by the PM, SW
and SSW models and measured hourly ET by the EC method during the growing season of 2014.
Diurnal evolution of ET was similar between the EC method and the three models. Generally, during
the morning (before 9:00) and afternoon (after 17:00), there were no significant differences between
estimated ET by the SW and SSW models and measured ET by the EC; the estimates by the PM
model were slightly smaller than those measurements. During the period of 11:00 to 17:00, the
maximum estimates by the PM were a little higher than those of the EC, whereas the estimates by the
SW and SSW were closer to the EC values (Fig. 3).

The slope of regression equation between the estimates by the PM model and measured ET by the
EC method for the entire growing period was 1.974, and the RMSE, RE and MAE were 0.277, 0.043
and 0.204, respectively. This indicates that the ET values by the PM model were overestimated.

The regression equation slopes of the SW and SSW models were 0.783 and 0.788, with RMSE, RE
and MAE values of 0.103, —0.004 and 0.069, and 0.082, 0.015 and 0.061, respectively (Table 1). This
reveals that no significant deviation between the two models was observed. Accuracy of the SSW
model was higher than that of SW, but the accuracy of these two models was higher than that of the
PM model.
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Fig. 3 Hourly patterns of estimated ET from PM, SW and SSW models and measured ET by EC method during
the growing season of 2014. The data set contains consecutive measures of ten days.

Table 1 Comparison between estimated hourly ET by the three models and measured ET by the EC method
during the growing season of 2014

Model Regression equation RMSE RE MAE R

PM y=1.9743x—0.0728 0.277 0.043 0.204 0.861
SW 1=0.7833x+0.0429 0.103 —0.004 0.069 0.765
SSwW y=0.7878x—0.0026 0.082 0.015 0.061 0.891

2.2.2 Comparison of estimated and measured daily ET

The relationship between estimated daily ET and EC-measured values was shown in Fig. 4 and Table
2. Estimates from the SSW model were similar to the EC values, whereas the PM model
overestimated them significantly.

Regression equation slope of the SSW model was 0.549, with RMSE, RE and MAE values of
1.210, 0.286 and 1.049, respectively (Table 2). The accuracy of SSW was still the highest at daily
time scale, but it was lower than that at hourly time scale (slope of the regression equation of SSW
was 0.788, with RMSE, RE and MAE values of 0.082, 0.015 and 0.061, respectively).
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Fig. 4 Daily patterns of estimated ET from PM, SW and SSW models and measured ET by EC method during the
growing season of 2014. The data set contains sums of hourly measurements.
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Table 2 Comparison between the estimated daily values of ET by the three models and measured ET by the EC
method during the growing season of 2014

Model Regression equation RMSE RE MAE R
PM y=1.1304x+1.4781 2.526 0.664 2.098 0.497
SW y=0.5032x+2.0935 1.543 0.405 1.113 0.204
SSW y=0.5493x+0.8430 1.210 0.286 1.049 0.652

2.3 Relationship between monthly Ec/ET obtained by the SSW model and LAI

We analyzed the monthly Ec and ET obtained by the SSW model and the relationship between Ec/ET
and LAI during the growing season of 2014 (Fig. 5). Total estimated Ecs and ETs from May to
September were 43.36, 50.30, 61.57, 62.96 and 56.00 mm, and 81.39, 91.90, 108.77, 95.90 and 86.95
mm, respectively. The variation tendency between Ec/ET and LAI was similar. The ratio of Ec/ET
increased from 0.533 to 0.657 from May to August, and then decreased from 0.657 to 0.644 from
August to September. Similarly, LAI increased from 1.850 to 2.267 from May to August, and
decreased from 2.267 to 2.208 from August to September.

mm ET — | 1) ——FE¢/ET LAI
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Fig. 5 Patterns of monthly Ec and ET obtained from the SSW model and relationship between Ec/ET and LAI

3 Discussion

In the last decades, there are many studies on the comparison of the PM and SW models. Zhang et al.
(2008) simulated ET in the arid desert region of northwest China and compared the estimated ET with
those of the Bowen ratio-energy balance method. Results indicated that the SW model can simulate
ET well, while the PM model significantly overestimated. Fisher et al. (2005) compared the potential
ET of five ET models in Ponderosa pine forest ecosystem and found that the accuracy of the SW
model was higher than that of the PM model. Gharsallah et al. (2013) estimated the ET of six ET
models in an irrigated maize agro-ecosystem of northern Italy, and found that the PM model
combined with the Penman-Monteith model and the SW model can achieve good performances.

In our study, the PM model significantly overestimated ET at both hourly and daily time scales.
Similar conclusions were drawn by Ortega-Farias et al. (2006) and Zhang et al. (2008). They both
found that PM overestimated the measured ET at 20- and 30-min intervals. Possible reasons for this
overestimation are as follows: (1) the extremely dry soil surface sharply increased surface resistance
and prevented soil water from evaporation. Although the total ET slightly increased with the intense
solar radiation and greater vapor pressure deficit, it was less than that determined by the
meteorological variables because the resistance of surface canopy and soil conditions in the model
cannot be accurately included; (2) vegetation coverage of the P. euphratica forest is very low, and
therefore it did not satisfy the assumptions of the PM model. However, Li et al. (2010) obtained an
opposite conclusion, that the PM model underestimated the ET. Such a discrepancy may result from
the canopy resistance and soil water status (Zhang et al., 2008). In the experiment of Li et al. (2010),
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full irrigation management was applied, resulting in higher soil water content and lower soil surface
resistance. In our experiment, the soil was extremely dry and soil surface resistance was generally
higher than canopy resistance, which resulted in this discrepancy. Results also showed there were no
significant deviations between the SW and SSW models after day 155; however, estimates obtained
from both models were much higher than those estimated from the SSW model and the EC
measurements before day 155. This was mainly due to the high values of vapor pressure (Fig. 2).
Generally, the accuracy of the SSW model was slightly higher than that of SW model and the
accuracies of both models were higher than the PM model, especially at the hourly time scale. Li et al.
(2010) obtained a similar conclusion that there was a small difference between the SW and SSW
models but the accuracies of the two models were both superior to that of the PM model.

Although the SSW model agreed well with the measurements at both hourly and daily time scales,
it did not consider the evaporation from canopy. Tourula and Heikinheimo (1998) found that canopy
interception accounted for 9%-14% of total ET in a barley crop (LAI, 3.5-4.5 m*m?). Although LAI
(1.9-2.3 m*m?) in P. euphratica forest was lower and its canopies were not as dense as the barley
crop, canopy interception may account for a significant amount of the total ET. Moreover, some types
of herbs (such as Sophora alopecuroides 1.) grew under the canopy of P euphratica at our
experimental site, which may increase the actual ET. More work is needed to find the role of
interception in the estimation of ET and to improve the accuracy of ET models in extremely arid
regions with sparse vegetation.

4 Conclusions

We estimated the ET of a P. euphratica forest reserve using the PM, SW and SSW models. The
results were compared with that of the EC method at both hourly and daily time scales. The
conclusions are: (1) the SSW model appears more applicable than PM and SW models for sparse
vegetation in extremely arid regions at both hourly and daily time scales; and (2) the PM model is not
appropriate for sparse vegetation canopy.
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