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Estimation of actual evapotranspiration (ET) in large areas is an important part of water
resources management. In recent years, remote sensing has been successfully used in ET
estimation, which is supposed to be more accurate for estimating ET on regional and
agricultural scales. The main aim of this investigation is to evaluate the efficiency of two
algorithms namely Surface Energy Balance Algorithms for Land (SEBAL) and Mapping
ET at high Resolution with Internalized Calibration (METRIC) algorithms for estimating
actual ET from agricultural lands in Davarsen County, Iran. Accordingly, six Landsat 8
OLI/TIR satellite images and Lysimeter data installed in these lands were used. The
amounts of actual ET were estimated using two algorithms and the obtained results were
compared with Lysimeter data. Based on the results of evaluation, Root Mean Square
Error (RMSE) of 0.54 and 0.64 mm day, Nash-Sutcliffe Efficiency (NSE) criteria of
0.85 and 0.79, Mean Bias Error (MBE) of 0.04 and 0.02 mm day-!, Mean Absolute Error
(MAE) of 0.42 and 0.48 mm day* and coefficient of determination (R?) of 0.86 and 0.82
were estimated for SEBAL and METRIC algorithms, respectively. These statistical
indices show that these algorithms have a high accuracy for estimating actual ET in the
study area. The executive applications of this study can be used to determine the exact
amount of evapotranspiration in irrigated lands for water allocation planning,
optimization of crop production, irrigation management and assessment of land use
change on water efficiency.
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Introduction

Water is often the most limiting factor for agriculture development in arid and semi-arid areas.
Overload use from water and recent droughts has been caused great difficulties in water
resources. Variety and plurality of water resource and various water uses in different and
various sectors cause present age to be meet water deficit difficulty (Yang and Shang, 2013).
In order to exit from water crisis, water resource management is necessary (Babrian and
Honarbakhsh, 2008). Water resource management as a necessity solution, need more
acknowledgment and knowing more understanding of complicated collection from interactions
related to water balance components (Modiri and Modiri, 2016). Determination of water
balance components is an effective method in water resource management. Whereas
evapotranspiration (ET) process is one of the important components in hydrological cycle, this
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process should be analyzed in various temporal and spatial scales (Abrishamkar and Ahmadi,
2017). During ET process, water is lost on the one hand from the soil surface by evaporation
and other hand from the crop by transpiration. Using of satellite data due to the limited number
of climatological stations and costly data collection have some advantages compared with
ground-based observation of ET. In addition, satellite data can be used in regional-scale studies
(Bastiaanssen et al., 2005).

Satellite data are applied for deriving ET using energy balance techniques. Surface Energy
Balance Algorithms for Land (SEBAL) and Mapping ET at high Resolution with Internalized
Calibration (METRIC) were presented by Bastiaanssen (1998a,b) and Allen et al. (2007),
respectively. SEBAL has been applied and validated in different parts of the world (Diak, 1993;
Bastiaanssen et al., 1998b; Bastiaanssen, 2000; Hafeez and Chemin, 2002; Allen et al., 2003;
Bastiaanssen et al., 2005; Kimura et al., 2007; Zwart and Bastiaanssen, 2007; Li et al., 2008;
Teixeira et al., 2009; Yang et al., 2012; Tang et al., 2013; Sari et al., 2013; Zhou et al., 2014;
Bhattarai et al., 2017; Wagle et al., 2017; Spiliotopoulos et al., 2017; Filgueiras et al., 2019;
Wolff et al., 2022). METRIC has been validated by Folhes et al. (2009) and Filgueiras et al.,
(2019) in Brazil, Carmona et al. (2017) in Argentina, Wagle et al. (2017) in USA,
Spiliotopoulos et al. (2017) in Ireland and Jaafar and Ahmad (2020) in Lebanon.

Several attempts have been made to validate SEBAL and METRIC using Lysimeter data.
Tasumi et al. (2003, 2005) validated SEBAL and METRIC using Lysimeter in two regions of
southern ldaho, USA. The validation results showed that both SEBAL and METRIC can
estimate ET accurately in agricultural land use. Allen et al. (2003) compared SEBAL with
Lysimeter data in USA. The difference between monthly and seasonal ET by SEBAL and
Lysimeter data were 16% and 4.3%, respectively. Paul et al. (2013) applied SEBAL on 10 high-
resolution airborne images acquired during Bushland Evapotranspiration and Agricultural
Remote Sensing Experiment 2008 (BEAREXO08) and validated using four large weighing
Lysimeter installed on two irrigated and two dryland fields in Texas, USA. The validation
results showed that instantaneous ET can estimate accurately with mean bias error (MBE) and
root mean square error (RMSE) of 0.13 and 0.15 mm h! (23.8 and 28.2%) respectively. So far
SEBAL and METRIC have only been applied with Landsat 5 (TM) and Landsat 7 (ETM™)
images and validated using Lysimeter data (Tasumi et al., 2003, 2005; Allen et al., 2003, 2005).
Thus, SEBAL and METRIC have been applied with Landsat 8 OLI/TIRS and validated using
one drainage Lysimeter installed on irrigated wheat fields during the 2017 growing season in
Sabzevar County plain, Iran.

Material and methods
Study area

The Sabzevr County plain with 57 km? in area is located between 50°67' and 53°46' E
longitudes, and 40°02" and 40°09" N latitudes in Khorasan Razavi Province, the eastern part of
the Iran (Fig. 1). The mean of elevation, temperatures and precipitation are 977m above sea
level, 18.6°C and 150.7mm, respectively. The climate of the study area is arid based on climate
classification system of Domarton (Hoseinalizadeh et al., 2006).
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Figure 1. Location of the study area in Razavi Khorasan Province, Iran

Landsat images

261

The SEBAL and METRIC models were implemented on six images of Landsat 8 OLI/TIR

Level 2 obtained from the

uUs

Geological

Survey  (USGS)

(http://earthexplorer.usgs.gov/) covering Sabzevar County plain (Table 1).

Table 1. Landsat 8 OLI/TIRS satellite imageries used for ET comparison and application

archive

Path/row Date Overpass time (local)
161/35 02/26/2017 10:19:39 a.m.
161/35 03/14/2017 10:19:26 a.m.
161/35 03/30/2017 10:19:09 a.m.
161/35 04/15/2017 10:19:10 a.m.
161/35 05/01/2017 10:19:07 a.m.
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161/35 05/17/2017 10:19:06 a.m.

Landsat-8 Level 2 products are surface reflectance products. These products have been
provided in the georeferenced form. Geometric, atmospheric and radiometric corrections have
been carried out on these products.

Measurement ET

A percolation (drainage) Lysimeter (1x1m in area and 1.2 m in depth) was set up in irrigated
wheat fields with 180 ha in area to continuously measure actual ET within three months in the
2017 growing season (Fig. 2) (Howell 2005). To set up Lysimeter in farmland, a hole was dug
greater than the one dimension. It was installed so that all the edge and part of Lysimeter the
same as farmland level. It was filled with 20 cm gravel and sand layer Lysimeter bottom. We
also measured daily soil moisture (TDR, Delta TML3) in different depths within three months.

|
i J‘

Figure 2. The drainage Lysimeter (right photo) used in this study

SEBAL and METRIC models

A brief overview to SEBAL and METRIC models present as follow, further theoretical details
available in Allen et al. (2007). In these models, actual ET are calculated using satellite images
based on energy balance. Since the satellite image only provides information about the overpass
time, the SEBAL and METRIC models compute instantaneous ET flux in the time image
(Folhes et al., 2009). The ET flux for each pixel of image is calculated as:
AET =R, —H—-G (1)

where AET is latent heat flux (Wm2) which is easily converted to actual ET, R, is net
radiation (Wm2), H is sensible heat flux (Wm2) and G is soil heat flux (Wm).

Net radiation (R,,) is calculated from balance between incoming and outgoing radiation
fluxes as:

R, =0 —a)Rsy + Ry, — Ry — (1 — &)Ryy (2)

where « is surface albedo for short wave radiation;Rg; is incoming short wave radiation
(Wm); R, and R+ are incoming and outgoing long wave radiation (Wm-2), respectively; and
&, IS broad-band surface emissivity.

G is computed as a fraction of R, using Bastiaanssen et al. (2000) in SEBAL model as:
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G T

— =-=(0.0038a + 0.0074a?)(1 — 0.98NDVI*)

Ry a (3)
where T is surface temperature ("C) and NDVI is Normalized Difference Vegetation Index.

G is computed using Tasumi (2003) in METRIC model as:

=0.05+0.18e "™ | A1>05 (4)

m|c;) 3:U|G)

=1.8(T —273.15)/R, +0.084 LAl <0.5 (®)
where LAI is Leaf Area Index.
H is the key part of SEBAL and METRIC models which is determined using an interactive
process from an aerodynamic function as (Allen et al. 2002):
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where p is the density of air (kgm™); C, is the specific heat of air (1004 J kg*K™); dT is
temperature difference (°K) between two near-surface heights (z1, z2); ran is the aerodynamic
resistance (sm™); u,0is wind speed at 200m (m s?); kis Von Karman’s constant (0.41);Zg,,, iS
the roughness length for momentum transfer; z, and z,are heights above the zero-plane
displacement of the vegetation assumed 0.1 and 2 m, respectively; and ¥, and ¥}, are stability
corrections for momentum and heat transport, respectively.

Solving the Equation 6 is difficult because of existence of two unknown parameters (ran and
dT), therefore it is selected two pixels i.e. cold and hot pixels in the study area. The cold pixel
was selected within areas covered with well-irrigated wheat fields, which it is assumed surface
temperature equal to near surface temperature. At cold pixel, all available energy is used for
latent heating in SEBAL model, meanwhile in METRIC model, ET is 5% more than reference
ET for alfalfa (Bhattarai et al., 2017). As the same way, the hot pixel was selected within areas
without any vegetation which it is assumed ET is 0. In selection of these pixels, some factors
such as surface temperature, albedo and vegetation indices were used. In selection of hot/cold
pixels, it was considered to avoid very low or very high temperature selection.

After determining H and all the other components in energy balance equation (Rnand G), the
instantaneous values of AET were calculated for each pixel of six Landsat images used in the
study using Equation 1. The instantaneous value of actual ET is obtained as:

AET (9)
A X Pair
where ET;,,. is the instantaneous value of actual ET for the image time(mm h);2 is the latent
heat of vaporization(J kg); p,i-is air density (kg m=3); and 3600 is the time conversion from
seconds to hours. The Avalue is obtained using Equation 10 (Allen et al., 2002):

A = [2.501 — 0.00236(Ts — 273.15)] x 10° (10)

In SEBAL model, evaporative fraction (A) is computed as a ratio of latent heat to available
energy, while in METRIC model,ET,. Fis computed as a ratio of instantaneous ET for each pixel

ET;ns; = 3600
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to the reference ET obtained from meteorological data using FAO-Penman-Montieth version
56:

(11)
Finally, by assuming that A and ET,.F are constant for each day, daily actual ET (ET24) are
computed as:
ET;4(SEBAL) = —ins=ns (12)
ET,4,(METRIC) = ET,F X ET; 5,4 (13)

Daily actual ET depends on Rn, wind velocity and air temperature during the satellite overpass
time. The wind velocity and air temperature during the satellite overpass time are given in Table
2.

Table 2. The values of air temperature and wind velocity in the six days of the studied image

Date 02/26/2017  03/14/2017 03/30/2017 04/15/2017 05/01/2017 05/17/2017
Air temperature ("C) 11 13.1 15.2 16.5 17.2 18
Wind velocity(ms?) 4 6.3 3.4 5.1 7.8 9.3

Models Assessment

Hourly and 24 hours values of actual ET obtained Lysimeter were used to validate SEBAL and
METRIC models. Root Means Square Error (RMSE), Mean Bias Error (MBE), Mean Absolute
Error (MAE), Nash-Sutcliff Efficiency (NSE) coefficient and coefficient of determination (R?)
were used for statistical assessment of the models accuracy.

Results
Energy balance maps

As shown in Fig. 3, NDVI varies between -1 and 1 and LAI varies between 0 and 5.7. The
values of NDVI and LAI show crop growth in the studied farmland area. Actually, comparing
the values of NDVI1 and LAI and their distribution variability in the study area show that where
NDVI is high, LAl is also high. On the other words, NDVI and LAI correspond to each other.
Comparing the NDVI (Fig. 3), surface temperature (Fig. 4) and actual ET (Figs. 9 and 10) maps
indicate that in the areas where NDVI is high and the surface temperature is low, the actual ET
will be more.

The farmland areas with high NDVI and LAI shows relatively low albedo and surface
temperature and relatively high net radiation. The result shows that the greater part of available
energy in these areas are used for ET process and decreasing temperature occurs. For example,
NDVI, surface temperature, surface albedo and maps are given in Figs. 3-5. Comparison of Fig.
4 with Figs. 9 and 10 also confirm this matter.

The low value of soil heat flux in the study area given in Fig. 6 is probably due to wet surface
soil by irrigation or local rainfall. As shown in Figs. 4 and 6, in areas where soil heat flux is
low, the surface temperature is also low. Accordingly, the higher surface temperature, the
higher soil heat flux and vice versa.

As can be seen from the data in Table 2, wind velocity is the most at 17 May 2017 that it is
reasonable due to season and climate in the study area but air temperature from the first image
(26 February 2017) to the sixth image (17 May 2017) has increasing trend. It is apparent from
Tables 2 and 4 and Figs. 4, 9 and 10 that the actual ET accords with the air temperature and
surface temperature values.
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Selection of hot and cold pixels

Surface temperature, NDV1 and albedo were considered for selecting the hot and cold pixels in
the study area. In this method, the desert was removed using the land use map. Then, filters
were applied based on the NDVI, albedo, and surface temperature images to identify potential
candidate pixels for hot and cold pixels. In the end, the best-conditioned pixel was selected.
The cold pixel has low surface temperature, high NDVI and low albedo (0.22-0.24) but the hot
pixel has high surface temperature, low NDVI (0-0.4) and high albedo. The pixels with
maximum surface temperature were not selected as the hot pixel in the study area because desert
areas have usually higher temperature than the barren farmland areas. Accordingly, if the hot
pixel selected in these area, ET would be positive in the barren areas with lower temperature.
Table 3 shows characteristics of hot and cold pixels.

Table 3. Selection of cold and hot pixel

Date . Albedo  NDVI LAl TCK)
oot LR 0% oo o zarars
03/14/2017 ﬁ?,'tdp‘.)x'ﬁf' 81553 8112? cl):ggi ggiggg
0302017 iR ode 000 o a02ser
04/15/2017 f.f,'tdp‘.)x'ﬁf' 8:?22 g:ggi c2)'243 ggg;gé
osovz0r7 LR 0as oom o awen
ool S S g

Result from comparison of SEBAL and METRIC models with Lysimeter data

Daily actual ET were computed by SEBAL and METRIC models in the study area (Table 4).

Table 4. The actual ET by SEBAI, METRIC and Lysimeter in the six days of the studied image

Date 02/26/2017  03/14/2017  03/30/2017 04/15/2017 05/01/2017 05/17/2017
ETsesac(mm day?) 3.69 3.8 5.53 5.87 6.93 6.12
ETMETmc(mm day‘l) 3.93 4.17 5.42 5.54 6.82 5.93
ETiysimeer(mm day?)  3.38 3.71 5.31 5.62 6.44 7.25

Table 5 shows five statistical criteria for estimating daily actual ET by SEBAL and
METRIC.

Table 5. Performance statistics of SEBAL and METRIC models for daily ET (mm day) estimation

Model n R2 RMSE NSE MBE MAE

SEBAL 6 0.86 0.54 0.85 0.04 0.42

METRIC 6 0.82 0.64 0.79 0.02 0.48
Discussion

There is very high correlation between Rn estimation by SEBAL and METRIC and probably
little difference is due to z, estimation. In SEBAL, z, is computed as follows:

Taw =075+ 2 %X 107> X Z (14)
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where: Z is meteorological station height.
The results obtained from Fig. 8 shows that Rn value obtained by METRIC is slightly higher
than of those SEBAL. This result has not previously been described in some published studies
(Tasumi et al., 2005; Mutiga, 2014). Of course, the results obtained from the calculated Rn
value are only related to six images over a period of almost three months and cannot be
generalized over all months and seasons in the study area. The z, value according to equation

in SEBAL is constant for all months, because it depends only on the meteorological station
height.

Because NDVI, LA, surface albedo and surface temperature are used to calculate the soil
heat flux (G) and these parameters are very influential, effect of these parameters on soil heat
flux (G) are addressed. Soil heat flux (G) computed by SEBAL and METRIC show the most
inconsistency in high surface temperature. Soil heat flux (G) computed by SEBAL is
overestimation. This finding is in agreement with French et al.'s (2016) findings. This finding
shows that the method used to calculate soil heat flux (G) needs to be verified on the basis of
study area characteristics. On the other hand, in order to obtain better result, surface
temperature values in the study area should also be investigated (Jia et al., 2016).

Results obtained showed that in the areas where vegetation canopy cover is more due to
more ET, the surface temperature is lower and vice versa (Fig. 4). As can be seen from the data
in Table 4, daily actual ET value obtained by SEBAL is slightly lower than of those METRIC
in farmland areas. In general, energy balance algorithms have been made for farmland areas
with vegetation (Bastiaanssen et al., 1998; Allen et al., 2002).

As can be seen from the Table 5, both algorithms predict actual ET good. If RMSE, MAE
and MBE are less and close to zero, model performance will be better. R?, RMSE, NSE, MAE
and MBE values are as 0.86 and 0.82, 0.54 and 0.64, 0.85 and 0.79, 0.42 and 0.48 and 0.04 and
0.02mm day™* for SEBAL and METRIC algorithms, respectively. These values shows that the
prediction of both algorithms for farmland area are to be acceptable. This finding is consistent
with those of Allen et al. (2005), Evans et al. (2005) and Wagle et al. (2005) findings who found
SEBAL and METRIC algorithms with R? more than 0.80. These results shows a significant
accuracy by both algorithms for estimating actual ET. As shown in Table 5 and Fig. , actual ET
value estimated by SEBAL and METRIC about 0.50-1 mm day* more than the observed data
(Lysimeter measurement. This finding is in agreement with Oberg et al.'s (2006) and George et
al.'s (2013) findings. On the other hand, SEBAL in high actual ET values showed
overestimation but METRIC in low ones. This result can be explained by the estimation of soil
heat flux (G) and sensible heat flux (H) in the algorithms. Since soil heat flux (G) and sensible
heat flux (H) in SEBAL is overestimation in high air temperature (Allen et al., 2002;
Bastiaanssen et al., 1998).

The spatial distribution of actual ET in the study area as which are shown in Figs. 9 and 10
, IS due to land us type, vegetation species of agricultural and rangeland and cultivation date.
The irrigated farming land with high vegetation canopy cover located in northern part of the
study area has high NDVI and actual ET in this part is more than mean actual ET of the study
area. This result may explain the strongly and positive correlation between NDVI and actual
ET. Whereas the temporal variation of actual ET in the study area is due to air temperature and
vegetation canopy cover. As can be seen from Figs 9 and 10, actual ET increases from 26
February 2017 to 17 May 2017. This result may be due to increasing air temperature and
vegetation canopy cover. As Table 5 shows, the highest computed actual ET (ETsesaL and
ETmeTric) and Lysimeter data (ETLysimeter) were on 1 May 2017 and 17 May 2017,
respectively. This difference can be explained in part by the vegetation climax and moisture
existence on 1 May 2017. This finding is in agreement with Bashir et al.'s (2008) finding.
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Conclusion

The present study was designed to evaluate SEBAL and METRIC performance for estimating
the actual ET in farmland areas located in Davarzan County, Iran. The results of this study
show that the areas where NDVI1 is high, the surface temperature is low and other areas where
NDVI is low to show high surface temperature. The actual ET in the areas with high NDVI
was more in the study area. Also, soil moisture and Rn compared with other parameters such
as wind velocity and water vapor pressure shortage have more effect in surface temperature
variations. The barren areas (sandy areas, sandy plain, clay plain) have more surface
temperature than other areas. This result may be explained by the fact that the dry soil become
quickly warm compared with the humid soil in a sunny day, because the specific heat capacity
water is more than soil. Meanwhile since the field capacity of the clay soil is more than sandy
soil, surface temperature in surface sandy areas is more than clay plain. NDVI shown land
cover is consistent with increasing or decreasing trend of under cultivation in the study area.
The results of the actual ET are also consistent with NDVI. As the highest actual ET is related
to end spring and the lowest is related to early April i.e., starting cultivation season in the study
area. The selection of hot and cold pixel is very important in SEBAL and METRIC algorithms.
Therefore, the wrong selection of these pixels strongly affects on the SEBAL and METRIC
algorithms computation processes. In general, SEBAL and METRIC have the ability to
estimate ET distribution. The estimated ET maps using SEBAL and METRIC are very useful
to improve water management and allocation.
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