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Fig4. Two-dimensional diagram of the triangular algorithm for DOY 67. Black points indicate observed pixels over
the study area. The red line shows the dry edge and the blue line shows the wet edge.
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Table2. Actual evapotranspiration (AET), based on triangle algorithm in (mm/day) and actual evapotranspiration
(ETc) based on equation (14) in (mm/day) for wheat and maize farms.
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Abstract

The estimation of spatially-variable actual
evapotranspiration (AET) is a critical challenge to
regional water resources management. Most of the
available crop coefficient based ET computation
methods provide point-scale estimates which need
up-scaling to apply at the catchment or command
area scale. A variety of remote sensing methods
with varying complexity have been developed to
generate regional AET estimates based on surface
energy balance or vegetation status. The triangle
method is used to  estimate regional
evapotranspiration (ET) in arid and semi-arid
regions. In this study, for estimation actual
evapotranspiration was used triangle algorithm
with Landsat 8 data in 2020 in Mashhad plain.
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The results of the triangle algorithm were verified
with the evapotranspiration obtained from the FAO
Penman-Monteith coupled crop coefficient in
wheat and maize farms. The validation results
showed high accuracy of the triangle algorithm in
actual evapotranspiration estimation so that the
correlation coefficient observed more than 0.7 and
the maximum Root Mean Square Error (RMSE)
and Mean Absolute Error (MAE) was 1.67 and
1.48 mm per day, respectively.

Background and Objective: Dry and semi-arid
lands cover about 45% of the earth's area, and 35%
of the world's population lives in these areas,
where water in arid and semi-arid regions is one of
the major limitations for economic welfare and
sustainable development, evapotranspiration is the
largest component of water loss from the earth’s
land surface, accounting for the consumption of
more than 80% of the annual available water in
semi-arid environments, the accurate spatial
estimation of evapotranspiration is important in
hydrology, meteorology, and agriculture. The FAO
method is commonly recommended and utilized in
several countries. However, the spatial and
temporal variations of the surface characteristics
cannot be taken into account with high accuracy by
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this method. In contrast to FAO method, remote
sensing technology based on satellite data is able to
estimate evapotranspiration at a different spatial
scale. Evapotranspiration estimation based on
experimental methods and energy balance usually
has errors in the extended area due to the
heterogeneous texture of the environment, changes
in topography and vegetation, etc. In addition,
some of these models need station data like (land
surface temperature, wind speed, etc.) , which are
not recommended for large-scale areas. In order to
overcome the latter problem, attempts have been
made to develop a parameterization of regional ET
with only satellite-derived surface parameters, such
as the triangle method. Considering the arid and
semi-arid climate of Iran and the necessity of
proper use of water resources in the agricultural
area, as well as the lack of suitable tools for direct
measurement (such as Bowen ratio, Eddy
covariance flux tower, etc.) the ET estimation by
using RS models with appropriate accuracy and
efficiency is important, especially in areas without
meteorology stations. The purposes of this study
include ET estimation by triangle algorithm and
Landsat 8 satellite images on large-scale areas.
And increase the accuracy of the ET spatial
analysis in different vegetation coverage areas.

Material and Methods: Considering the purpose
of this study, which is evapotranspiration
estimation, and the importance of this parameter in
the agricultural lands, the studied area should
include agricultural lands and natural plant covers.
Therefore, according to the location of agricultural
lands in Khorasan Razavi province, Mashhad Plain
was selected as the study area in this research.
Landsat 8 satellite data was used in this study. All
calculations related to remote sensing data in this
study were done using JAVA programming
language in the Google Earth Engine code (GEE)
system environment. All Landsat 8 satellite images
for 2020 were collected and the images with less
than 10% cloudiness were selected. Also,
meteorological data including air temperature, dew
point temperature, relative humidity, air pressure,
day length, sunshine hours, and wind speed were
collected from Mashhad synoptic station. A
triangular algorithm is based on the spatial
distribution in the two-dimensional space of
normalized vegetation index (NDVI) and
normalized land surface temperature (LST) data. In
this study, land surface temperature and NDVI data
were calculated using Landsat 8 band 10, 5, and 4
in the GEE and, in order to identify the dry and
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wet edges of the triangular algorithm were
normalized. In order to wet and dry edges
calculation for each day, normalized NDVI and
LST were used. All calculation related to the wet
and dry edges was done in MATLAB software.
After that ¢ coefficient was estimated for each
pixel. In the next step, the instantaneous
evaporation fraction (EF) was estimated for each
pixel. Net radiation, soil heat flux, and latent heat
of evaporation values were also estimated using
remote sensing data. For validation of the
triangular algorithm in this study, four farms were
selected that have exact data on crop growth
stages. These farms had the shortest distance from
Mashhad synoptic station. Reference
evapotranspiration is computed by the Fao-
Penman-Monteith method wusing the REF-ET
software for each farm. After that, coefficient Kc
was obtained based on the FAO-56 method for
different growth periods of two plants (winter
wheat, and maize), and the actual ET values were
calculated for each day of the growth period. For
the result validation, the correlation coefficient R?
and root mean squared error RMSE, and mean
absolute error MAE was calculated.

Result and Discussion: First, the values of land
surface temperature (LST) and normalized
vegetation change index (NDVI) were calculated
and normalized for each of the studied days. After
that, the values were plotted in a two-dimensional
space to calculate the dry and wet edges. The
correlation coefficient of dry edge regression
equations was above 0.8 on all studied days. Areas
with dense vegetation covers had a low land
surface temperature and the EF was high in these
areas. In the agricultural areas of Mashhad plain,
which are located in the center of the plain, due to
the high availability of water and soil moisture, a
higher amount of EF was observed. The
instantaneous net radiation flux for the study area
was between 200 and 700 W/m2 and the daily net
radiation flux was between 100 and 400 W/m2 for
the studied days. Finally, the actual
evapotranspiration during the growing period of
agricultural plants was estimated using the
triangular algorithm. The results of the triangle
algorithm were verified with the
evapotranspiration obtained from the FAO-
Penman-Monteith coupled crop coefficient in
wheat and maize farms. The validation results
showed high accuracy of the triangle algorithm in
actual  evapotranspiration  estimation.  The
correlation coefficient observed more than 0.7 and
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the maximum Root Mean Square Error (RMSE)
and Mean Absolute Error (MAE) was 1.67 and
1.48 mm per day, respectively.

Conclusion: The triangle algorithm can effectively
address the combined influence of terrain and
water stress on AET estimates in semi-arid
environments. As the triangle algorithm has a
simple structure and low data requirements, it
provides an efficient solution to the increasing
need for evapotranspiration estimation in data-
scarce areas. The results obtained from the

comparison of the triangle algorithm with the
actual ET values obtained from farms indicate the
acceptable accuracy of this method in estimating
the actual ET parameter, especially in agricultural
areas. The triangular algorithm increases the
spatial resolution of ET estimating and it is a
suitable method for use in extended areas. The use
of satellite data and the web-based system (GEE)
increased the speed of calculations in this study.

Keywords: Actual evapotranspiration, Triangle
algorithm, Landsat8, Mashhad plain.
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