
Simple method to determine the
Priestley–Taylor parameter for
evapotranspiration estimation
using Albedo-VI triangular
space from MODIS data

Yunjun Yao
Qiming Qin
Abduwasit Ghulam
Shaomin Liu
Shaohua Zhao
Ziwei Xu
Heng Dong

Downloaded From: http://remotesensing.spiedigitallibrary.org/ on 05/18/2015 Terms of Use: http://spiedl.org/terms



Simple method to determine the Priestley–Taylor
parameter for evapotranspiration estimation using

Albedo-VI triangular space from MODIS data

Yunjun Yao,a,b Qiming Qin,a Abduwasit Ghulam,c Shaomin Liu,d

Shaohua Zhao,a,e Ziwei Xu,d and Heng Donga

a Peking University, Institute of Remote Sensing and GIS, Beijing, 100871, China
b Beijing Normal University, College of Global Change and Earth System Science,

Beijing,100875, China
c Saint Louis University, Department of Earth and Atmospheric Sciences and Center for

Environmental Sciences, St. Louis, Missouri 63103, USA
d Beijing Normal University, State Key laboratory of Remote Sensing Science, School of

Geography, Beijing, 100875, China
e Ministry of Environmental Protection, Environmental Satellite Center, Beijing, 100094,

China
qmqinpku@163.com

Abstract. In this contribution, we present a simple method based on Albedo-VI (vegetation
index) triangular space to determine the Priestley–Taylor parameter for estimating evaporative
fraction (EF) and evapotranspiration (ET) in arid and semi-arid regions. We apply this method to
MODIS and observation data acquired during the Heihe river basin field experiment from July 1
to September 30, 2008. Results show that the decreasing trend of the estimated EF from MODIS
data is consistent with that of precipitation during the period of day 183 to 274, 2008. The bias
of estimated daily ET deviating from the corresponding ground-measured ET is −8.66 W/m2

and the root-mean-square error is 21.55 W/m2, indicating the Albedo-VI triangular method has
a potential in ET estimation as a simple satellite-based method independent of surface ancillary
data. C© 2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3557817]

Keywords: Albedo-VI triangular space; evapotranspiration; evaporative fraction, MODIS.

Paper 10131RR received Sep. 3, 2010; revised manuscript received Jan. 14, 2011; accepted for
publication Feb. 1, 2011; published online Mar. 11, 2011.

1 Introduction

Evapotranspiration (ET) is an important indicator of energy and water balance at the interface
between the hydrosphere, atmosphere, and biosphere.1,2 Accurate and temporally continuous
ET estimation over large areas provides valuable means to efficient water use and sustainable
management of agriculture.3 Conventional modeling approaches or discrete point-based field
observations perform reasonably well for individual sites, however, regional ET estimation
accuracy is significantly hampered by spatially interpolating the limited point data due to
the inherit land surface heterogeneity. Remote sensing may provide numerous land surface
biophysical parameters associated with terrestrial ET, such as vegetation index (VI), albedo,
land surface temperature (LST), etc. Hence the use of remote sensing data consisting of spatio-
temporal samplings from space-borne sensors is a viable tool to estimate the regional latent heat
flux.4

Much research has been done on estimating ET using remotely sensed data and meteoro-
logical observations.5–13 These ET models mainly include the simplified empirical methods
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based on the difference between surface and air temperature,6,14 surface energy balance models
(one-and two-source model, respectively),5,15 complementary approach16 and data assimilation
in land surface models.17 A classic and longstanding limitation associated with these methods
is its dependency on some important variables such as wind speed and vapor pressure deficit
that usually are not available from remote sensing data. To overcome the need for observa-
tional data, the surface temperature-vegetation index space (LST-VI) method (also referred to
triangle method) has been put forward and successfully applied in certain areas for regional
ET estimation.18,19 Subsequently, Refs. 10 and 20 used thermal inertia instead of LST to esti-
mate the evaporative fraction (EF) and ET. Similarly, Ref. 12 replaced normalized difference
vegetation index (NDVI) with fractional vegetation cover from MODIS data to validate this
triangular method in arid and semi-arid regions. Although great progress has been made on the
remotely sensed estimation of ET on a regional scale with these triangular models, there are
still challenges and limitations that have not yet been solved properly. For example, the location
of a pixel in the LST-NDVI space is influenced by many factors including surface types that
may have different LST/NDVI slope and intercept for equal atmospheric and surface moisture
conditions.21,22 In addition, the different LST inversion algorithms from satellite data will also
affect the accuracy of LST products23 and the final error on quantifying EF information would be
magnified.

Recently, attempts have been made to explore responses of spectral feature space based on
LST replaced with albedo versus VI22 to analyze the surface drought conditions by interpreting
the spatio-temporal patterns of vegetation condition albedo drought index. The hypothesis was
based on the fact that there was a strong correlation between albedo and important factors of
drought including LST and VI.24,25 Generally speaking, in arid and semi-arid environments,
a change in moisture availability results in a change of surface roughness and properties of
the surface, which may affect the surface albedo. Considering the partition of the sensible and
latent heat flux is mainly a function of moisture availability and atmospheric demand,26 albedo
is also a key parameter to determine the EF and ET. Subsequently, the Albedo-NDVI scatter
plot from MODIS data had been used to construct the vegetation-albedo ratio drought index
for surface drought monitoring, but had not been analyzed and validated its efficacy in ET
estimation.27

The objectives of this paper are twofold: 1 to explore albedo-VI triangular method to de-
termine the Priestley–Taylor parameter (a coefficient characterizing the energy partition in
the Priestly–Taylor ET equation) for EF and ET estimation in arid and semi-arid regions,
and 2 to validate the estimated ET from the developed algorithm with in situ ET measure-
ments. The ultimate goal of this paper is developing a novel and simple algorithm to estimate
regional ET.

2 Test Site and Data Collection

2.1 Test Site Description

The study area is located in the middle reach of the Heihe river basin, Northwestern China,
with the latitude ranging from 38.11◦N to 39.16◦N and longitude being 99.01◦ to 102.06◦E.
Topography of the southwestern part of the study area is a mountainous region with average
3000 m above sea level and the elevation of most other areas is about 1400 m above sea level.
The study area belongs to typical arid and semi-arid ecosystems. Yearly mean rainfall of this
basin is approximately 174 mm and more than 73% of the annual rainfall occurs during the
rainy season from June to September.12 Figure 1 shows the International Geosphere-Biosphere
Programme (IGBP) land cover types from MOD12 products that characterize the study region,
and the superimposed location of the Yingke site (38.86oN, 100.41oE) chosen for this study.
More details about the Yingke site and the measurements over the Heihe river basin are given
at http://westdc.westgis.ac.cn/.28
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Fig. 1 Sketch map of the Yingke site in the Heihe river basin, Northwestern China. IGBP land
cover types are shown: 0, water body; 1, evergreen needleleaf forest; 2, evergreen broadleaf
forest; 3, deciduous needleleaf forest; 4, deciduous broadleaf forest; 5, mixed forest; 6, closed
shrubland; 7, open shrubland; 8, woody savanna; 9, savanna; 10, grassland; 11, permanent
wetland; 12, crop land; 13, urban/build up; 14, crop land/natural vegetation mosaic; 15, snow/ice;
and 16, barren lands.

2.2 Data Collection

In this work, radiation flux experiments at the Yingke site located in the Heihe river basin were
conducted based on the eddy covariance (ECOR) method from July 1 to September 30, 2008.
The eddy covariance instruments equipped with Net radiometer, CSAT3 Campbell sonic speed
device, and LI COR H2O/CO2 infrared analysis device are installed at a height of 2.81 m. The
corresponding flux data including ET, net radiation flux (Rn), sensible heat flux (H), and near
surface air temperature (T) averaged over 30 min were collected, from which daytime-averaged
data used in this paper are obtained. Post-processing of the ECOR data steps include despiking,
sonic temperature, and coordinate corrections. More details about the measurements and data
post-processing are given in Ref. 29. Although ECOR measurements are only representative of
a relatively small area (on the order of 102 m2) around the ECOR site, the impacts of surface
heterogeneity for such a study area is negligible in this paper. The ECOR method is considered
the best for directly measuring heat fluxes in measurement experiments, but strongly advective
conditions are commonplace in arid and semi-arid environments and it suffers from an energy
imbalance problem.30,31 Therefore, we selected the method proposed in Ref. 31 to correct the
ET at the Yingke site.

MODIS daily reflectance products (MOD09) with a 1-km spatial resolution for 20 clear sky
days (Table 1) in 2008 are chosen for little or no cloud atmosphere conditions (downloaded from
https://wist.echo.nasa.gov/api).32 MODIS reflectance products with sinusoidal projection in
HDF format were then reprojected to Lat/Lon projection with GeoTIFF format using the MODIS
reprojection tool (downloaded from http://lpdaac.usgs.gov/landdaac/tools/modis/index.asp).33

3 Methodology

3.1 Albeod-VI Two-Dimensional Space

A complicated relationship exists between albedo and VI (or fractional vegetation cover, Fv)
for characterizing the change of surface soil moisture and heat fluxes.21,22,34 An increase in soil
moisture over the semi-arid regions will make the surface look darker with lower albedo. One
may expect healthier vegetation growth for sufficient soil moisture conditions, therefore, higher
VI. A reduction in the amount of the green vegetation should be associated with the increase
in land surface albedo. Soil moisture content exerts the responses of albedo and VI dynamics,
and their relationship changes continuously throughout the day depending upon various other
factors, i.e., latent heat flux, air temperature, surface roughness, and land cover types.4,21 Soil
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Table 1 A summary of the statistics (the intercept of the dry edge, a, the slope of the dry edge,
b, and the square of the correlation coefficients, R2, of the determined dry edges for 20 clear sky
days. DOY presents day of year.

DOY a b R2

183 0.42 −0.26 0.89
187 0.40 −0.20 0.91
204 0.41 −0.23 0.87
215 0.43 −0.27 0.90
216 0.39 −0.26 0.87
217 0.42 −0.24 0.89
218 0.44 −0.30 0.92
222 0.43 −0.30 0.86
223 0.42 −0.29 0.91
225 0.45 −0.33 0.88
226 0.39 −0.21 0.86
229 0.38 −0.23 0.89
234 0.40 −0.26 0.87
255 0.37 −0.25 0.90
256 0.38 −0.23 0.84
257 0.38 −0.27 0.91
258 0.39 −0.22 0.87
262 0.36 −0.24 0.87
273 0.35 −0.24 0.88
274 0.36 −0.22 0.85

moisture has a potential effect on the equilibrium between energy supply (radiation balance) and
energy used (energy balance) by altering the latent heat flux in arid and semi-arid regions.11,35

Therefore, surface radiation fluxes are also potentially affected by albedo and VI.
It has been demonstrated in the Albedo-VI scatter plots that albedo has a decreasing slope

with the increase in NDVI.22,27 Similar to LST–VI spectral space, Fig. 2 shows the diagram of the
conceptual surface albedo-vegetation fraction (Albedo-Fv) triangular space. The homogeneous
surfaces near the coordinate origin with sufficient water conditions (for example, water body)
have the lowest albedo and VI values, and have the highest evaporation since the surfaces
will evaporate more moisture. Along the ordinate (bottom-up), albedo will increase and the
evaporation process fades out due to the depletion of the bare soil moisture. A wet edge (lower
dashed line) represents the potential ET with sufficient water conditions and albedo decreases

Fig. 2 Diagram of the conceptual surface albedo-vegetation fraction (Albedo-Fv) triangular
space. The true dry edge (upper dashed line) represents the actual ET with water stressed
conditions, the observed dry edge (upper solid line) representing the limiting ET, the true wet
edge (lower dashed line) representing the potential ET with sufficient water conditions and the
observed wet edge (lower solid line) representing the approximate potential ET.
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with the increased vegetation fraction along the ordinate (left–right).22,34,36–38 Similarly, a dry
edge (upper dashed line) represents the actual ET with water stressed conditions and evaporative
increases with the increasing of vegetation fraction. It should be noted that evaporation variability
associated with albedo and VI is very important and, therefore, the EF is highly dependent on
the albedo, VI, LST, etc. A detailed analysis of the relation of albedo and Fv with EF by deriving
the Priestly–Taylor parameter (φ) is given in Sec. 3.2.

3.2 Parameterization of the Priestly–Taylor parameter φ

Based on the Priestly–Taylor ET equation, various LST-VI triangular methods have been used to
estimate surface evaporation and soil moisture.10,20,38 The Priestly–Taylor equation is developed
from the Penman–Monteith equation5 by assuming that the aerodynamic term can be represented
by a parameter φ and the mathematical expression of ET is taken as follows:

ET = φ(Rn − G)
�

� + γ
, (1)

where ET is the estimated evapotranspiration (W/m2), φ is a combined-effect parameter which
accounts for aerodynamic resistance (dimensionless), Rn is net radiation (W/m2), � is the slope
of the saturated vapor pressure curve (K Pa/◦C), and γ is the psychrometric constant (K Pa/◦C).

The Priestly–Taylor parameter φ is a surrogate for the Priestly–Taylor constant a with wet
surface equilibrium conditions.39 a is generally interpreted as the ratio of actual evaporation to
the equilibrium evaporation, and a number of studies have demonstrated this parameter may be
approximated to be 1.26, even as it is empirical in nature and can vary significantly at different
regions.38,40 Generally, φ is derived by a two-step interpolation scheme from the dry and wet
edges in the LST-VI triangular space and a detailed description can be found in Ref. 19. In this
contribution, we use a slightly modified version of the two-step interpolation scheme presented
in Ref. 38 to estimate φ in the Albedo-VI triangular space, and this interpolation scheme is
consistent with the findings of Ref. 12. As depicted in Fig. 2, the value φ at the position Fv

= 0 and maximum surface albedo Amax in the dry edge line is set to 0 (φmin = 0) since the
evaporation of the driest bare soil at this point is close to zero. The value of φcorresponding
to the densest vegetation cover pixel (at the position Fv = 1 and the minimum surface albedo
Amin in the dry edge line) is set to 1.26 (φmax = 1.26). In our two-step interpolation scheme, the
φvalue for any pixel φ(Fvi, Albedoi) in the Albedo-Fv triangular space can easily be derived
based on the following two assumptions: 1 the φmin,i value in the dry edge line for the pixel i
varies linearly with Fv, namely φmin = 0 at (Fv = 0, Amax) and φmax = 1.26 at (Fv = 1, Amin).
Moreover, the φmax,i value in the wet edge line for the pixel i is set to constant, namely, φmax,i

= φmax = 1.26. 2. For a given Fv, the φvalue for a fixed pixel φ (Fvi, Albedoi) decreases linearly
with the increase of albedoi between φmax,i and φmin,i . Thus, the φmin,i value in the dry edge line
for the pixel i can be expressed as:

φmin,i = 1.26Fv. (2)

Having established the upper and lower bounds of φ for each Fv interval, we interpolate
linearly within each Fv interval between the lowest and highest albedo. Following the illustrations
in Fig. 2, the φi for a pixel at (Fvi, Albedoi) equals:

φi = Amax,i − Ai

Amax,i − Amin,i

(φmax,i − φmin,i) + φmin,i , (3)

where φmax,i = 1.26, Amin,i = Amin, and Amax,i = Amax − Fv(Amax − Amin).
Advantages of the Albedo-VI triangular method over other complicated physical ET models

are that: 1. it is easy to operate for routine, long-term mapping of ET under clear sky days,
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Fig. 3 An example of the dry and wet edges determination in the Albedo-Fv triangular space for
MODIS data acquired on day 183, 2008.

2 albedo can be calculated from an empirical algorithm only using surface reflectance without
emissivity from remotely sensed data, the Albedo-VI triangular method for Priestly–Taylor
constant φ estimation, which uses scene-based simple empirical relations through normalization
of albedo between upper (dry edge) and lower (wet edge) limits, only needs surface reflectance
and air temperature data, and, 3. this avoids the computational complexities of aerodynamic
resistance parameters (such as wind speed, etc). However, subjective determination of both dry
and wet edges will lead to the uncertainty of φand ET estimation. In Sec. 3.3, we will illustrate
the determination of both dry and wet edges in this paper.

3.3 Determination of Dry and Wet Edges for the Albedo-VI Triangle

VI (such as NDVI) is just a greenness variable characterizing spatial distribution of fractional
vegetation cover (Fv). It presents the relative abundance of vegetation within a pixel41, therefore,
we replaced VI with Fv to construct the Albedo-VI triangular space in this paper. Previous
studies, i.e., Refs. 22 and 27, have shown that the scatter plot between albedo and VI exhibits
a characteristic triangular or trapezoid pattern. We constructed the Albedo and Fv scatter plots
derived from MODIS data for all days of 2008 except heavily cloudy days and found triangular
spaces exist for almost all clear sky days. Figure 3 shows an example of the Albedo-Fv triangular
space for MODIS data for day 183, 2008 over the Heihe river basin. To estimate pixel by pixel
ET using Eq. (1), both dry and wet edges in the Albedo-Fv space have to be determined first.
The wet edge for such triangular space is determined by using the lowest observed clear pixel
surface albedo (the albedo value for the inland water body) and all cloudy pixels fall outside
of such bounds.38 Thus the observed wet edge may be close to the true wet edge. At the same
time, the lowest point of the dry edge has been determined assuming that the wet edge is the
line with a constant surface albedo which is equal to that of the dry edge when Fv = 1. In arid
and semi-arid regions, using the observed dry edge from the satellite remote sensors to represent
the true dry edge for given vegetation cover may bring a bias. However, this bias should be
small and is relatively unimportant in the estimation of ET. Therefore, the upper boundary of
the Albedo-Fv space can be extrapolated by the warm edge seen on the diagram, which is a line
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Fig. 4 Flow chart of ET estimation using the Albedo-Fv triangle method from MODIS and obser-
vation data.

through the lowest point of the dry edge using a linear regression of the observed driest points.
This edge determination method can guarantee that the observed edge is closer to the theoretical
true dry edge by maximizing the use of remote sensing data.

3.4 Triangle Method Applied to MODIS and Observation Data

Several key steps for the Albedo-Fv triangle method applied to MODIS and observation data
are shown in Fig. 4, and the detailed description of each step are as follows.

3.4.1 Calculating the fractional vegetation cover (Fv)

NDVI is the most common index used to parameterize vegetation status from satellite data.41

Here we replaced NDVI with Fv calculated from NDVI using the following equation:

Fv = NDVI − NDVImin

NDVImax − NDVImin
, (4)

where NDVImax and NDVImin are NDVI of full vegetation (Fv = 1) and bare soil (Fv = 0),
which are set as seasonally and geographically invariant constants 0.80 and 0.15 in the study
area as investigated by our research group, respectively.

3.4.2 Surface albedo retrieval from MODIS data

Surface albedo is the ratio of reflected to incident electromagnetic radiation, which determines
how much energy is absorbed by the surface. Although the surface albedo can be obtained from
the MODIS 16 day 1-km MOD43B3 product,42 daily albedo cannot be replaced with the 16
day product due to its larger variation in different days. To reduce the complexity of albedo
retrieval algorithm, we have selected the algorithm developed in Ref. 43 to retrieve the surface
broadband albedo of total shortwave.

Albedo = 0.160ρ1 + 0.291ρ2 + 0.243ρ3 + 0.116ρ4 + 0.112ρ5 + 0.081ρ7 − 0.0015, (5)

where ρ i (i = 1,. . . ,7) is the surface reflectance of each band from MODIS data. As an empirical
equation, this algorithm may cause some biases for surface albedo retrieval and ET estimation,
but our results from independent validations in Sec. 4.3 support the reliability of this algorithm
with negligible biases.
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3.4.3 Net radiation flux and ground heat flux

Surface net radiation (Rn) is the sum of incident downward and upward shortwave and longwave
radiation.44 In this paper, we directly use the upward shortwave (S↑), downward shortwave (S↓),
upward longwave (L↑), and downward longwave (L↓) collected from the observed radiation
flux data of the Yingke site to calculate the surface net radiation (Rn) given that Rn estimation
from remotely sensed data are not the focus of our current study. Rn can be expressed as:

Rn = S↓ − S↑ + L↓ − L↑. (6)

Currently our research group is developing a new insolation radiation algorithm based on
the look-up table from remotely sensed data that will make improved Rn products for regional
ET estimation available in the coming years.44,45

Soil heat flux (G) is the energy that is conducted into (toward) the soil surface. There
have been numerous reports contributing to the assessment of G using satellite derived surface
biophysical variables — LST, LAI, and/or NDVI.46 We adopt the exponential relationship
between Rn and G for dense vegetation cover to acquire soil heat flux as follows.47

G = 0.058Rn • exp(−2.03NDVI). (7)

3.4.4 Converting the instantaneous EF to daily EF

EF is the ratio of ET to the available energy (Rn-G) (W/m2),48,49 and can be directly estimated
from Eq. (1).

EF = φ
�

� + γ
, (8)

since φ can be estimated using the Albedo-Fv triangle method from MODIS and γ is the psy-
chrometric constant. Although γ varies as a function of ambient temperature and pressure, here
we set it at a constant since its effect is usually small. Accurate � calculation is essential for EF
estimation. Based on the near surface air temperature (T) collected from ground measurements
of the Yingke site, � can be calculated as:

� = 26297.77

(T + 243.5)2
exp

(
17.67T

T + 243.5

)
. (9)

EF derived from the Albedo-Fv triangle method is the instantaneous EF at noontime satellite
overpass. In fact, surface ET is not limited by large scale atmospheric forcing and the partitioning
of surface fluxes during daytime is mainly determined by land surface properties such as
soil moisture, vegetation amount, and surface resistances.3 Unlike surface temperature and
radiant flux, they do not quite vary during the daytime, specifically, from 10 a.m. to 5 p.m.
Reference50 pointed out that soil moisture does not change significantly within a day and the
difference between the instantaneous noontime EF and the EF derived from the 24-h integrated
energy balance may be neglected. Reference51 also found EF is fairly time invariant during
the daytime from several in situ measurements. Numerous scholars verified this relative time
invariant property of EF during mid-morning to late afternoon.52 Therefore, although ET varies
considerably, EF tends to be constant during the daytime hours and daily EF can be acquired
from the instantaneous noontime EF. The daily EF can be expressed as:

EFday = EFnoon, (10)
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where EFday is the daytime evaporation fraction and EFnoon is the instantaneous noontime
evaporation fraction.

3.5 Comparison of ET Between Modeled Versus Simulated

To further analyze the validity of our estimated ET in arid and semi-arid regions, we compared
our estimated ET based on the Albedo-Fv triangular method with the simulated ET using a
semi-empirical ET algorithm driven by net radiation, NDVI, air temperature, and diurnal air
temperature range put forward by Ref. 11. The semi-empirical ET algorithm is expressed as
follows:

ET = Rn(a0 + a1NDVI + a2T − a3DTaR), (11)

where Rn is the net radiation NDVI is the normalized difference vegetation index, T is the
daytime average air temperature, and DTaR is the diurnal air temperature range. a0, a1, and
a2 are all the empirical coefficients. This semi-empirical ET algorithm has been proved to be
effective for routine, long-term estimation of ET in regional and global scale applications.

4 Results and Validation

4.1 Albedo-Fv Scatter Plots

The Albedo-Fv scatter plots were constructed from MODIS data to generate the φ by determining
both dry edge and wet edge. Generally the shape of the Albedo-Fv triangular scatter plots varied
widely depending on the biological and climatic settings. Previous studies21,22,27 that documented
the scatter plots represent a wide variety of surface dryness–wetness conditions. Because soil
moisture has potential effects on EF, the Albedo-Fv triangle method can be successfully applied
to derive φ and EF for ET estimation. For the Albedo-Fv triangle method, EF estimation is
not only dependent on VI, but also related to albedo. The use of albedo derived from the total
shortwave domain incorporated with VI would improve the accuracy of EF estimation in contrast
to a single VI or albedo.

The determination of dry and wet edge in the Albedo-Fv triangle method is crucial for EF
and ET estimation. Figure 5 shows the lowest surface albedo (Amin) at the wet edge and the
highest surface albedo (Amax) at the dry edge retrieved from MODIS data for 20 clear sky days.

Fig. 5 The lowest surface albedo at the wet edge (Amin) and the highest surface albedo at the
dry edge (Amax) from MODIS data for 20 clear-sky days.
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Fig. 6 Estimated Priestley–Taylor parameter (φ) maps using the Albedo-Fv triangular method
from MODIS images of study area in 9 days (DOY 183, 216, 223, 234, 255, 257, 258, 262, and
273). DOY stands for day of year.

We can see that Amin varies from 0.11 (day 273) to 0.20 (day 187) and Amax varies from 0.35
(day 273) to 0.45 (day 225). Albedo is severely affected by the change of vegetation cover and
crop senescence. The relatively high Amax on day 273 over the study area, therefore, may be
attributed to the harvest in September. Table 1 illustrates the intercept of the dry edge (a), the
slope of the dry edge (b), and the coefficient of determination (R2) of dry edges observed for 20
clear sky days. Obviously, R2 ranges from 0.84 to 0.92, with a mean R2 of 0.88, indicating the
reliability of our algorithm for determining the dry edge in the Albedo-Fv triangle space.

4.2 Priestly–Taylor Parameter φ and Evaporative Fraction

The Priestly–Taylor parameter φ can be derived based on the Albedo-Fv triangle scatter plots
merely from remote sensing imagery without meteorological data. Figure 6 displays the esti-
mated Priestley–Taylor parameter (φ) maps using the Albedo-Fv triangle method from MODIS
images for 9 days (day 183, 216, 223, 234, 255, 257, 258, 262, and 273). One can see that along
the margins between crop and barren land, φ varies dramatically, whereas the central region
from the upper left to the lower right has constant lower values. This may be attributed to the
difference between vegetation transpiration and bare soil evaporation in the study area. The
average φ value of day 273 is obviously lower than that of day 183, indicating large variations
in φ for different seasons due to the variations in precipitation, and this can partially explain
why the ET appears to be high in the summer while it decreases in the fall.

Figure 7 illustrates the EF of the Yingke site estimated from the Priestley–Taylor parameter
(φ) using the Albedo-Fv triangular method for 20 clear sky days. We observed that the EF varied
from 0.61 (day 274) to 0.86 (day 83), with a mean EF of 0.76. The EF decreased rapidly from
day 183 to day 274, which is consistent with the decreasing trend of precipitation during this
period. Combining the triangle method with thermal inertia, Ref. 10 also found that the seasonal
variation in the measured EF follows the rainfall pattern with a high EF for wet periods and a
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Fig. 7 EF of the Yingke site estimated from the Priestley–Taylor parameter (φ) using the Albedo-
Fv triangular method for 20 clear sky days.

low EF for dry periods. Our results also showed that the change in precipitation may play a key
role for the change of the EF, particularly in arid and semi-arid regions.

4.3 Validation of Estimated Evapotranspiration

Given that the accuracy of both estimated Rn and G is important for evaluating the estimated
ET, we selected the ground measured Rn to reduce the error of ET estimation in this paper.
Figure 8 shows the scatter plot of the estimated daily ET using the Albedo-Fv triangular method
and the ground measured ET for 20 clear sky days. A bias of −8.66 W/m2, a R2 of 0.82
and a reasonable root mean square error (RMSE) of 21.55 W/m2 are obtained compared to
measured values. We also simulated the ET using the semi-empirical ET algorithm driven by
net radiation, NDVI, air temperature, and diurnal air temperature range. Correlation analysis
between the ground-measurement versus the simulated ET indicated a bias of −26.21 W/m2,
RMSE of 34.40 W/m2, and R2 was 0.82. Obviously the accuracy of the estimated ET using the
Albedo-Fv triangular method is higher than that of the simulated ET using the semi-empirical
ET algorithm. Reference38 documented an RMSE of 85.30 W/m2 by using the linear NDVI-LST
spatial variation method from NOAA-AVHRR data, and an interpolated surface net radiation
map over the Southern Great Plains in 2001. Reference52 suggested the required ET retrieval
accuracy varies among the applications over different ecosystems, but is typically around 50
W/m2. The error magnitude from our results was well below those cited findings.

Fig. 8 Scatter plot of the estimated daily ET using (a) the Albedo-Fv triangular method, (b)
the semi-empirical ET algorithm driven by net radiation, NDVI, air temperature, and diurnal air
temperature range, and the ground measured ET for 20 clear sky days.
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Although there is good agreement between the estimated ET using the Albedo-Fv triangular
method and the ground measured ET, the large discrepancies are evident on days 225 (�ET
= −32.12 W/m2), 226 (�ET = −51.72 W/m2), 273 (�ET = 30.58 W/m2), and 174 (�ET
= 25.11 W/m2). Possible causes of these large biases observed on days 225 and 226 are difficult
to quantify accurately due to the lack of sufficient field measurements. On days 273 and 274, the
errors of albedo retrieval under the low vegetation cover conditions may lead to the inaccurate
determination of dry and wet edges, causing the positive biases of estimated ET.

5 Conclusion

A new Albedo-VI triangular method was developed using broadband albedo of the total short-
wave and Fv from MODIS data to determine the Priestley–Taylor parameter for ET estimation
in arid and semi-arid regions. This method can be used to estimate the EF using remotely
sensed data, and no additional ancillary field measurements are required, therefore, it avoids the
computational complexities of aerodynamic resistance parameters. The results showed that the
decreasing trend of the estimated EF from MODIS data was consistent with that of precipitation
during the period of day 183 to 274, 2008. The result of daily estimated and ground-measured ET
using ground observation data collected from the Yingke site shows that there is good agreement
between them, indicating the Albedo-VI triangular method may provide a reliable estimation of
ET in arid and semi-arid regions.

It should be noted that accurate determination of dry and/or wet edges is important in the
estimation of φ and ET, and therefore, can be a challenging aspect. Although the wet edge
can be determined by using the lowest observed surface albedo corresponding to clear pixels,
the true wet edge cannot be easily acquired in arid and semi-arid areas due to the fact that
finding potentially evaporating pixels in these climate regions is difficult.12 Additional studies
and validations are needed to reach a solid conclusion.
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