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Abstract Transpiration, an essential component of sur-
face evapotranspiration, is particularly important in the
research of surface evapotranspiration in arid areas. The
paper explores the spectral information of the arid vegetal
evapotranspiration from a semi-empirical perspective by
the measured data and the up-scaling method. The paper
inverted the transpiration of Haloxylon ammodendron at
the canopy, pixel and regional scales in the southern edge
of the Gurbantunggut desert in Xinjiang, China. The results
are as follows: at the canopy scale, the optimal exponential
model of the sap flow rate based on the hyperspectrum is
y = 0.0015¢>%9%%*, R = 0.806. At the pixel scale, there
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was a good linear relationship between the sap flow and
the SR index, with a relationship of y = —1197.38x° +
1048.43x> — 305.47x + 455.15, R>=0.845. At the
regional scale, based on the optimal exponential model and
the EO-1 Hyperion remote-sensing data, the transpiration
of the study area was inverted. Comparing the results of the
SEBAL and SEBS models, the errors of the simulation
results were 7.78 and 8.80 %. The paper made full use of
the knowledge flow at different scales, bridging the scale
difference in canopy and remote-sensing images to avoid
the information bottleneck in the up-scaling. However,
there are many constraints in the data acquirement, the
efficiency of the models, the endmembers determination,
the temporal—spatial up-scaling, and the accuracy assess-
ment, which would be improved in future studies.

Keywords Evapotranspiration - Scale - Remote sensing -
Haloxylon ammodendron - The arid areas

Introduction

Evapotranspiration (ET) is the final stage of water con-
sumption in the inland water cycle of arid land. Transpi-
ration plays a critical role in the configuration of water
resources in arid land and the maintenance of the energy
balance in the ecological system (Bodner et al. 2007).
Researchers studied surface ET at different scales with
the general measurement method and estimation method.
At the plant scale, various measurement methods, includ-
ing weighing lysimeters, ventilated chambers, radioiso-
topes, stable isotopes and heat balance/heat dissipation
methods have been proven to be valuable tools for con-
ducting basic and applied research (Wullschleger et al.
1998). Sap flow instruments, the effective techniques to
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measure plant transpiration (Hatton et al. 1995; Vertessy
et al. 1997), have been used to study the transpiration of
Haloxylon ammodendron and Tamarix ramosissima in
Taklimakan desert (Xu 2006; Xu et al. 2008). At stand
scale, the thermal pulse method has been effectively used
to measure the stem sap flow of sub-deciduous (Wullsch-
leger et al. 2001; Zhang and Gong 2004; Zhang et al.
2005). Cleverly et al. (2002) estimated the seasonal actual
ET from Tamarix ramosissima stands using three-dimen-
sional eddy covariance. Moore et al. (2008) estimated
nocturnal transpiration in riparian Tamarix thickets
authenticated by sap flux, eddy covariance and leaf gas
exchange measurements. Moreover, the Penman—Monteith
equation and a modified Jarvis—Stewart model are effective
to estimate stand and canopy-scale transpiration (Whitley
et al. 2009). At the patch scale, Stannard (1993) suggested
that it was effective to estimate the ET of wildland vege-
tation in semi-arid rangeland using the Penman—Monteith
equation and the Shuttleworth—-Wallace and modified
Priestley—Taylor ET models. Comparison of the measured
transpiration of a mixed spruce—aspen—birch forest did not
show any significant differences between the estimated
value of the more sophisticated mixed forest multi-layer
SVAT (soil-vegetation—atmosphere-transfer) model (MF-
SVAT) and the simple multi-layer (ML-SVAT) under
sufficient soil moisture conditions; however, ML-SVAT
overestimated it under limited soil moisture conditions
(Oltchev et al. 2002). In semi-arid land, estimating cover
crop ET using the Food and Agriculture Organization
(FAO) dual crop coefficient method with water stress
compensation was found to be effective (Bodner et al.
2007).

In addition, remote sensing is considered an effective
way to study the problem of spatial scale, and researchers
have proposed the estimated ET model based on the sur-
face energy balance equation. In 1973, based on the energy
balance and the principles of crop resistance, Brown

proposed the crop resistance-evapotranspiration model,
which provided a theoretical basis for the application of
thermal infrared remote sensing in ET inversion (Brown
and Rosenberg 1973). Subsequently, Bastiaanssen pub-
lished a series of papers on ET estimation based on the
SEBAL (Bastiaanssen et al. 1998a, b; Bastiaanssen 2000)
model using Landsat TM remote-sensing images, which
have been widely used in different studies (Allen et al.
2005; Morse et al. 2000; Bastiaanssen and Bandara 2001).
Hyperspectral remote-sensing data provide ample infor-
mation in the physiology ecology characteristics of vege-
tation (Thomas 1977). More researches have focused on
the deeper reflectance response of vegetation water to
invert vegetation water use, and much progress has been
made (Ceccato et al. 2001; Penuelas et al. 1993). However,
ET estimated by hyperspectral remote-sensing data has not
been reported. Moreover, due to the variation of scales,
studies combining measurement methods at the canopy
scale and remote-sensing methods at the regional scale are
still relatively weak.

Haloxylon ammodendron is a dominant native desert
shrub in central Asia. It is widely distributed in the Gur-
bantunggut desert on the northern slope of Tianshan
Mountain. Haloxylon ammodendron has adapted well to
high temperature and drought due to its degenerated scale
leaves, which act as an assimilation organ (Xu et al. 2007)
(Fig. 1a). Studies on Haloxylon ammodendron have focused
on factors such as ecological environment, distribution,
physical characteristics and the water balance (Wang and
Ma 2003). Researchers have widely studied the ET of
Haloxylon ammodendron at the canopy and stand scales
(Zhang et al. 2003; 2005; Zhang and Gong 2004; Xu 2006;
Xu et al. 2008). However, due to the complexity inherent in
the process of ET in arid lands, and the difficulties in the
up-scaling in different scales, there are no studies focusing
on ET simulation of the dominant native desert shrub based
on the hyperspectral remote-sensing data.

Fig. 1 The assimilation organ of Haloxylon ammodendron (a) and the natural landscape of the quadrat (b)
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Base on the measurement data and the remote sensing
method, the paper investigates the spectral responses of the
transpiration of Haloxylon ammodendron in the Gurban-
tunggut desert at the canopy scale, pixel scale and regional
scale. Through scale deduction, the ET of Haloxylon
ammodendron on the southern edge of the Gurbantunggut
desert is inverted using an EO-1 Hyperion remote-sensing
image.

Methods
The study area

The study area is located at the southern edge of the
Gurbantunggut desert on the northern slope of the Tianshan
Mountains, where a large area is occupied by native saline
desert vegetation (Cao et al. 2011). The climate is tem-
perate zone continental desert, where it is hot and dry in
summer and cold in winter. The average annual tempera-
ture is 6.6 °C, the average precipitation is 160 mm, and the
average annual ET is 2,000 mm (Xu et al. 2007). Precip-
itation and soil water are the main water sources for the
vegetation. Typical desert subshrubs such as Haloxylon
ammodendron are distributed here, and it is an important
area for ecological processes and preservation in arid
central Asia (Fig. 2).

Data

To acquire the measured data, the study set up a quadrat
(30 x 30 m) in the desert (44°25'56.5”"N, 87°54'13.0"E,
altitude 468 m), 10 km from the southern edge of the
desert (Figs. 1b, 2). There are a total of 36 Haloxylon
ammodendron in the quadrat of which 10 adults were
selected randomly for monitoring. The experiments were
carried out from July 2009 to November 2010. The data
included three parts:

The stem sap flow rate

The stem sap flow rate of Haloxylon ammodendron was
measured by Sakuratani (1984) sap flow gauges, which
were based on the heat balance method (Sakuratani 1981).
A DT Logger80 was used to record and store the average
data every 10 min. The diameters of all the branches were
measured using a micrometer. The physical parameters of
the each Haloxylon ammodendron in the quadrat (e.g., the
height, the crown diameters, the stem base diameters) were
also measured by a tape.

The remote-sensing data

The remote-sensing data included the measured reflectance
of the canopy and the soil, an EO-1 Hyperion remote-sensing

Fig. 2 The study area
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image. The measured reflectance was collected by an ASD
FieldSpec Pro spectrometer with a spectral range of
350-2,500 nm and a spectral interval of 1 nm. The mea-
sured reflectance data were collected during local time
from 10:00 to 14:00, with sunshine and cloud cover less
than 5 %, on Jul 30 (T1), Aug 26 (T2) and Sept 17 (T3),
2009, and May 29 (T4), Jul 1 (T5), Aug 10 (T6) and Sept
17 (T7), 2010 (all times reported in the paper are local
time). An EO-1 Hyperion remote-sensing image was
acquired at 11:00 on May 12, 2009, from USGS with the
LIR format and a track number of 142/29.

The meteorological data

The meteorological data, including average temperature,
maximum temperature, minimum temperature, relative
humidity, dew point, wind speed, wind direction, baro-
metric pressure, rainfall, solar radiation and radiation
energy, were collected at an interval of 0.5 h by a portable
automatic weather station (Vantage Pro2TM).

Data processing
Calculation of vegetation transpiration

The vegetation transpiration was calculated using the
cross-sectional area method (Vertessy et al. 1995, 1997):

Q:éxSAxH (1)

where s (cm?) is the cross-sectional area of the branch
installed a sap flow gauge; Sy, (sz) is the total cross-
sectional area of one plant; all the cross-sectional area was
calculated from the diameters of the branches; f (g/h) is the
stem sap flow rate of the branch installed a sap flow gauge;
H (h) is the period of collecting the stem sap flow rate;
0 (g) is the single-plant water consumption during the
period of H.

EO-1 Hyperion remote-sensing image data processing

All processes, including effective band selection, band line
repair, smile correction (Goodenough et al. 2003), atmo-
spheric correction and geometric correction, can be found
in Zhang and Micha (2007). The endmembers were
extracted from the image using the purity pixel index
method (PPI) (Rogge et al. 2007; Plaza et al. 2004). Due to
the single vegetation cover, the problem of mixed pixels
was not significant. The vegetation endmembers were
extracted from the croplands because of the scarcity of the
vegetation in the desert. The reflectance of the endmembers
was confirmed based on the spectral library in the ENVI
software and interpretation of the image. Finally, the pixels

@ Springer

were unmixed based on the constraints of minimum
energy.

Introduction of the algorithm
Calculation and determination of the best spectral index

Regression analysis is the most widely used empirical
method to study the relationship between two variables
(Cohen et al. 2003). In general, one variable is difficult or
costly to obtain (e.g., sap flow rate), while the other one is
relatively easily to obtain (e.g., the measured reflectance of
vegetation). In the paper, the regression analysis was used
to explore the sensitive bands or bands combination to sap
flow rate from 350 to 2,500 nm. Four types of spectral
index, ranging from the very simple (R) to more sophisti-
cated (ND type) specifically designed to quantify the sap
flow rate, were applied in the paper (Table 1). Firstly, the
best wavelength domains for a given type of index by
screening all combinations using correlation analysis based
on measurements were determined; and then the best one
was identified from the four types of indices. Each index
was calculated by a step size of 5 nm.

A 2-D R? graph has been presented, a two-dimensional
contour plot of the coefficient of determination (R?) with
the two wavelengths on the x and y axes. The map provided
an overview of the statistical significance of SR for all
combination of two wavelengths. It allows efficient
extraction of significant peak-wavelengths as well as the
extent of the effective regions for assessment of each target
variable.

A linear regression was then fitted between the indices
and the sap flow rate. The authors have also tried fitting
with higher order polynomials while no significant
improvement has been obtained. The coefficient of deter-
mination (R?) is applied as the criterion to identify the best
index.

R=1- 0i-9"=> (i3’ (2)

i=1 i=1

> 05— )

n

RMSE = (3)

Table 1 The spectral indices used in the paper

The spectral indices The formula

Reflectance (R) P
Difference (D) Pl — pla
Simple ratio (SR) pllpla

Normalized difference (ND) (pAr — pI)l(pAy + pla)

A1, Ao is the wavelength, and p4,, p/, is the corresponding reflectance
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where R? is the coefficient of determination, y' is the
estimated value, y is the independent reference measure-
ment, and root-mean-square error (RMSE) is the absolute
error in estimation. The group of 1;, A, with the maximum
R’ formed the optimum spectral index. All the work was
performed in MATLAB.

Linear mixed model

The linear mixed model, the most common method to
unmix endmembers, is defined as follows: the reflectance
of a spectral band is the linear combination of the reflec-
tance of every endmember (Zhao 2003). The formula is as
follows:

Ry = Z JiiCrs + & (4)
K=1

S hi=1 (k=1,23..n) (5)

k=1

where R;; is the spectral reflectance of the pixel i in band A
(known); f; is the weight of the endmember & for the pixel
i (unknown); Cy; is the spectral reflectance of the end-
member k in band Z; g;; is the residual error (the un-
modeled spectrum); n is the number of the endmembers;
m is the used bands, n < (m + 1), so that the least square
method could be used.

The pixel reflectance is decided by the vegetation and
the soil. The reflectance of the two endmembers is calcu-
lated by the measured reflectance of the vegetation and the
soil. The vegetation fractional cover (F.) is calculated by
the measured physical parameters of Haloxylon
ammodendron.

The cosine function

Fredrik and Anders (2002) showed that the daily transpi-
ration is equal to the daily sap flow. At the daily scale,
therefore, sap flow could be used to measure transpiration
and characterize the transpiration and water consumption
of one plant. On sunny days, the microclimate exhibits
regular changes over a 24-h period (Xu et al. 2008).
Jackson et al. (1983) put forward that daily ET could be

Table 2 The sensitive bands of every spectral index

calculated by the sine function based on latitude and lon-
gitude values, time and instantaneous ET. Based on the
sine or cosine changes of the daily solar radiation flux
density, Xie (1991) put forward that there was a sine or
cosine relationship between daily and instantaneous ET
values.

FE[> = Fo+ F,cos(0.5n X (t — t,,/Pq) (6)

where F f,) is the simulated sap flow rate (mm/h); Fy is the
daily average sap flow rate (mm/h) (known); F, is the
maximum daily sap flow rate (known); ¢, is the time when
F, appears, which could be collected from the meteoro-
logical data and the stem sap flow rate; P, is the sunshine
hours (h), which was measured by the portable automatic
weather station (Vantage Pro2TM).

This paper introduces the error factor ¢ to improve the
simulation accuracy. ¢ is calculated by the following
formula:

®
6=—7— 7
Fm(t) ( )
where F,, is the sap flow rate at time ¢. The simulated sap
flow rate by the modified cosine function is as follows:

F(Z>:(1+G)XF£Z). (8)

The results

The spectral response of the sap flow rate at the canopy
scale

The spectral response of the sap flow rate was studied (30
points) based on the measured canopy reflectance and the
corresponding average sap flow rate. Table 2 presents the
highest R?, wavelength(s), RMSE and P for each spectral
index.

A statistically significant correlation (R* > 0.43,
P < 0.0001) to the sap flow rate could be shown for all
indices derived from spectra taken from the canopy
(Table 2). The correlation coefficients between the mea-
sured sap flow rate and spectral indices varied among
indices (R2 = 0.43-0.62). SR showed the highest correla-
tion coefficient (R2 = 0.62) to all measured sap flow rate,

The spectral index Ay (nm) /> (nm) a b R? RMSE (kg/h) P

R 1,970 - 8.24 —0.14 0.43 1.358 <0.0001
D 2,070 2,310 7.81 —0.93 0.48 1.395 <0.0001
SR 1,580 1,600 0.76 3.65 0.62 1.124 <0.0001
ND 1,580 1,600 437 16.61 0.61 1.167 <0.0001
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followed by ND (R* = 0.61). SR and ND had a similar R?;
however, the RMSE of SR (RMSE = 1.124 kg/h) was
much smaller than that of ND (RMSE = 1.167 kg/h).
Substantially lower correlation coefficients could be
observed for D (R?> = 0.48, RMSE = 1.358 kg/h) and
R (R* = 0.43, RMSE = 1.395 kg/h).

Because of its simplicity, significant correlation coeffi-
cient and lowest RMSE, the SR index is used as the sen-
sitivity index for the sap flow rate estimation. Figure 3
provides an overview of the statistical significance of SR
for all combinations of two wavelengths. There are several
narrow parks (reddish) and broad regions (yellowish). The
first region, 750-1,310 versus 1,380-1,500 nm, has the
highest R* values. The second region of high R values is
approximately 1,540-1,600 versus 1,550-1,700 nm. The
third region of high R* values is approximately 350—-750
versus 700-1,150 nm. However, the 1,380-1,500 nm
region is within the atmospheric window, it cannot be used
with remote-sensing images. The second region
(1,540-1,600 versus 1,550-1,700 nm) was selected as the
SR index. Figure 3 reveals that the SR spectral index cal-
culated by the reflectance at 1,580 and 1,600 nm has the
highest R?, which was used with remote-sensing images.

Based on the least square method (Das and Basudhar
2006), the relationship between the measured canopy sap
flow rate and SR, sgo.1.600) Was fitted by several fitting
types, including simple linear regression, quadratic poly-
nomial, cubic polynomial, logarithmic equation, index
equation and power function (Table 3). Table 3 reveals a
good relationship between them, with the maximum R? of
0.806 and the minimum R* of 0.650. There was the most
significant relationship between sap flow rate and SR by

Wavelength (nm)

850 1350 1850 2350
Wavelength (nm)

Fig. 3 Matrix representing the R> of sap flow rate

@ Springer

Table 3 The fitting models between the measured canopy sap flow
and SR 550,1,600)

Fitting type The models R? P

Simple linear y = 3.405x — 4.423 0.722 0.001

Quadratic y = 4.736x% — 0.742  <0.001
polynomial 11.53x + 7.208

Cubic polynomial  y = —12.365x> + 63.7x>  0.754  <0.001

— 104.41x 4 55.51

Logarithmic y = 5.214In(x) — 1.393 0.650 0.001
equation

Index equation y = 0.0015¢>89%% 0.806  <0.001

Power function y = 0.047x595%8 0.791  <0.001

index function (R2 = 0.806, P < 0.001), with the equation
of y = 0.0015¢>%9%%",

Spectral response of the sap flow at the pixel scale

Based on the measured reflectance of each endmember and
the measured F,, the reflectance of the quadrat at each
sampling time was simulated by the mixed liner model
(Fig. 4a), which was used as the EO-1 Hyperion equivalent
reflectance.

Considering the good fit of the SR index at the canopy
scale, the paper used the least square method to fit the
relationship between SR and the measured average sap
flow rate of the quadrat at the pixel scale (Table 4). Table 4
reveals a good relationship between them, with the maxi-
mum R? of 0.845 and the minimum R of 0.485. There was
the most significant relationship between sap flow rate and
SR by index function (R2 = 0.845, P < 0.001), with the
equation of y = —1197.38x> + 1048.43x*> — 305.47x +
455.15 (Fig. 4b).

The inversion of ET at the regional scale
The inversion results

The average sap flow rate was estimated based on the best
index model, y = —1197.38 x SR?1,580’1’6()0) + 1048.43
X SR(21’53(),1’6()()) — 30547 x SR(1’530’1,600) + 455.15 and
the EO-1 Hyperion remote-sensing image of May 12, 2009.
Figure 5 reveals that the sap flow rate was higher at the
edge of the oasis, varying from 0.060 to 0.100 mm/h
(orange), values that were obviously higher than in the
desert. In some areas covered by winter wheat and agri-
cultural afforestation, the sap flow rate was even higher than
0.100 mm/h (reddish). In the desert, the sap flow rate was
relatively lower: in the area with higher vegetation cover
(blue), the sap flow rate varied from 0.030 mm/h to
0.060 mm/h, whereas in areas with low vegetation cover
(iridescent and yellowish), the sap flow rate was lower than
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Fig. 4 The simulated 0.18 __
reflectance of the quadrat (a) (b) /,/" .
(a) and the relation between the § 031 < 0.45 4 7
average sap flow and SR (b) g g .
@ —
B £ 0124 ¥e
B 02 3 "
g o 009 ;
E 2 £
E s i
w =z 0064 =
2 014 & St
= —T—T2—T o
T4 15 Te| & 0.0 Y= -1197.38 X'+1048.43 X"-305.47 X +455.15
—17 R=0.845
500 1000 1500 2000 2500 1.08 1.11 1.14 1.|17 1.20
Wavelength (nm) Simple Ratio (SR)
87°SS0°E SV0E SCS0E S100°E
Table 4 The fitting models between the average sap flow and SR in . S :
pixel scale :
Fitting type The models R? P
SU930307 30 30°N
Simple linear y = 1.049x — 1.101 0.661  0.001
Quadratic y = —2.614x% + 7.052x 0.669 <0.001
polynomial — 4542
Cubic polynomial y = —1197.38x> + 1048.43x> 0.845 <0.001
— 305.47x + 455.15
Logarithmic y = 1.205In(x) — 0.0617 0.664  0.001 ra— e 34oN
equation
Index equation y =0.012 x 14.81 0.486 <0.001
Power function  y =3 x 1078 x ¢'>%~ 0.485 <0.001
0.030 mm/h. Based on the latitude and longitude, the sap flow H°28'30"N7 283N
rate of the quadrat extracted in ArcGIS was 0.0387 mm/h.
Time up-scaling of ET
The daily ET in the stl?dy area 'on May }2, 2009, was prer L He23oN
simulated by the modified cosine function from the ET (mmb
instantaneous ET (Fig. 6). Due to the lack of measured sap - f’m s
flow data in May 2009, the period of May 10-20, 2010, = ::mm
was taken as the study period to determine o, which was 012 4 6§ : 0.060-0.100
. . . >0.100
found to be 0.2537. Figure 6 shows the simulated daily sap '
flow using the modified cosine function. $TSSUE SO0E S°SOE

Figure 6 shows that the modified cosine function sim-
ulated the daily stem sap flow more accurately. However, ¢
changed with the changes of vegetation growth and envi-
ronment; therefore, it was not constant over a long period.
In this paper, ¢ was only used for a short period during
sunny days when there was little change in temperature, no
rainfall, and relatively stable soil moisture content. The
daily sap flow on May 12, 2009, simulated with ¢ was
determined as 0.6912. Due to the simplicity of the vege-
tation cover, the daily soil evaporation was treated as a
constant, which was 0.6 mm (Zhai et al. 2007). Therefore,
the daily ET of the quadrat on May 12, 2009, was calcu-
lated as 0.6460 mm.

Fig. 5 The evapotranspiration of Haloxylon ammodendron in the
study area

Accuracy assessment

Due to lack of measured ET data on May 12, 2009, the ET
on May 24, 2007, simulated by the SEBS (Su 2000, 2002)
model and the SEBAL models (Li 2010), was used to
assess the results. The simulated ET by the SEBS and
SEBAL models of the quadrat was extracted by ArcGIS as
0.5958 and 0.5892 mm, respectively (Table 5). Table 5
shows that the difference of the SEBS and SEBAL models
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Fig. 6 The comparison of the

simulated and measured stem
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Table 5 Accuracy assessment

. . The optimum  SEBS SEBAL Comparison with SEBS Comparison with SEBAL
of the optimum index, SEBS
model (mm) model (mm)  model (mm)
and SEBAL models |Aoptimum-sessl ~ Error IAoptimum-sesar!  Error
0.6460 0.5958 0.5892 0.0502 7.78 %  0.0568 8.80 %

was 7.78 and 8.80 %, respectively. Therefore, based on the
optimum index, y = —1197.38 x SR, sg0.1.600) + 1048.43 x
SR(21’58()’1,6()()) — 30547 x SR(1,58()’1’6()()) + 45515, and the
EO-1 Hyperion remote-sensing image, the sap flow rate could be
estimated accurately. Consequently, the daily ET could be cal-
culated by the modified cosine function.

Discussion and conclusion
ET inversion by hyperspectral remote-sensing data

The biophysical and biochemical parameters largely affect
the water consumption of vegetation (Asner 1998). The
acquisition of reflectance is helpful for studying the spec-
tral characteristics and physical mechanisms of ET (Green
et al. 1996). The results of this paper reveal that the bands
most sensitive to reflectance for the sap flow are the visible
and near infrared bands, such as 350-750 versus
700-1,150 nm, 750-1,310 nm vs. 1,380-1,500 nm, and
1,540-1,600 nm vs. 1,550-1,700 nm. Based on these results,
a hyperspectral inversion model, y = 0.0015¢*%%, was
established at the canopy scale. This approach focuses on
excavating the spectral information to explore the vegetal ET
for the first time, despite plenty of studies concerning the
spectral information of the water content (Ceccato etal. 2001),
photosynthesis (Sellers 1987; Zhao et al. 2005), etc. More-
over, it is more suitable for arid desert areas with obvious
constructive species, because of the lower vegetation cover
and the single community. Due to the differences of the
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biophysical and biochemical parameters of the different
vegetation types, the inversion model established in the paper
can only be used for specific vegetation types. More fieldwork
is needed to obtain spectral information and other parameters,
factors that caused difficulty in the study.

The scale effect in the inversion of ET

Considering the differences in the different scales, this
paper simulated ET at the spatial and time scales. At the
canopy scale, the optimum index model was established by
the iteration method instead of the typical measurement
(Wullschleger et al. 2001; Cleverly et al. 2002; Xu et al.
2008) and estimation (Penuelas et al. 1993; Bodner et al.
2007). The hyperspectral response characteristics of the sap
flow rate were first explored from the semi-empirical per-
spective. It was then proved that the sap flow rate can be
estimated by the corresponding measured canopy reflec-
tance. At the pixel scale, the paper successfully estimated
the reflectance with the linear mixed model, and the sap
flow rate with the measured F.. The sap flow inversion
model at the pixel scale, y = —1197.38 x SR?I,SgoJﬁOO) +
1048.43 x SR(21,580,1,600) — 30547 x SR(1,580,1,600) + 45515,
was then established. Finally, the regional ET was inverted
by hyperspectral remote sensing. The paper studied the ET
inversion method from a semi-empirical perspective by the
measured data and the up-scaling method instead of the
typical surface energy balance equation used at the regional
scale. This approach made full use of the knowledge flow
at different scales, bridging the scale difference in canopy
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and remote-sensing images to avoid the information bot-
tleneck in the up-scaling.

However, there are several deficiencies to be improved
in the future studies. Firstly, there are extreme variations in
the phytomorph between Haloxylon ammodendron and
typical broad-leaved forest or coniferous forest (Fig. 1a),
which would contribute to the difficulties in estimating leaf
area index (LAI) and F.. Due to the limited experimental
conditions, the authors used measured physical parameters
and estimated porosity to calculate F,. in the paper. How-
ever, F. is a vital parameter in the up-scaling studies for
quantitative remote sensing. Thus, high-precision mea-
surement and estimation method would be explored in the
future studies. Secondly, Haloxylon ammodendron is the
dominant native desert shrub in the study area and it is
the main contribution to the vegetation cover, so only two
endmembers, vegetation (Haloxylon ammodendron) and
soil were considered in the spatial up-scaling study.
However, for other areas covered by more species, it is
unsuitable. Thirdly, in the temporal up-scaling study, the
modified cosine function, with ¢ determined by the mete-
orological data, simulated the daily sap flow more accu-
rately. The use of ¢ was greatly limited because of the
changing meteorological factors. Fourthly, due to the lack
of measured ET at the time of satellite transit, the paper
used the results of another researcher to assess the accu-
racy, which should be improved in future studies.
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