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Abstract

Water resources management needs efficient tools to estimate the rate of water loss
through evapotranspiration (ET). High resolution spatial imagery has provided a valu-
able source of data which their implementation in well-tuned models has the potential
of evapotranspiration rate estimations with satisfactory accuracy. Mapping evapotranspi-
ration at high resolution with internalized calibration (METRIC) is basically an energy
balance model which has shown a good performance in different applications. The model
needs to be calibrated for various source of spatial data and with the introduction of new
empirical correlations for numerous variables which are used in the model, the model
is recalibrated for Landsat 8 multispectral image and applied to intensively cultivated
agriculture lands in Alpu (Eskisehir, Turkey). In previous studies, the correlations from
previous studies were referenced where the procedure was confusing for many users. In
this work, a descriptive step by step procedure is also provided. The meteorological 24 h
relative ET was then used to spread the instant ET (at image capture time) estimation into
daily 24 h estimation. This approach reduces the errors from multiple correlations and to
some extent the effect of short variations like partial cloud coverage.

Keywords METRIC method, Evapotranspiration - Energy balance - Land surface
temperature - Landsat 8

1 Introduction
Evapotranspiration (ET) is a combined phenomenon of water loss through direct evapo-

ration from ground surface and transpiration from vegetation (Paredes and Pereira 2019;
Xiang et al. 2020). Estimation of ET rate is interested in agriculture monitoring and
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planning, water resource management, hydrology, meteorology and environmental stud-
ies (Xiang et al. 2020). While there are different methods with various principles (Zhao
et al. 2013), the most common method for these estimations is an energy balance based
on local meteorological data (Paredes and Pereira 2019; Xiang et al. 2020). Currently,
the energy balance model known as Penman-Monteith is widely being used (Paredes and
Pereira 2019) and documented as a standard method by FAO (Paredes and Pereira 2019).
For applications in large area with different topographic and vegetation features, the clas-
sic methods show significant errors and fail to be applicable. Developments in the remote
sensing techniques with high resolution multispectral bands enables us to even reach
details of land surface and its covering.

Bastiaanssen (1995, 2000) introduced Surface Energy Balance Algorithm for Land
(SEBAL) method which is based on the energy balance of radiation energy, ground latent
heat and sensible heat transfer between land surface and nearby atmosphere using spatial
data. The method successfully applied by many researchers (Li and Zhao 2010; Sun et al.
2011; Huang et al. 2021) using spatial data from different platforms including MODIS ,
Landsat TMS5 (Li and Zhao 2010), Landsat 7 (Sun et al. 2011) and others. In SEBAL, the
challenging part is the estimation of sensible heat flux (H) between surface and the atmos-
phere. This term can be estimated using an aerodynamic resistance dependent heat transfer
equation (Bastiaanssen 2000; Li and Zhao 2010; Sun et al. 2011) which also requires tem-
perature gradient between adjacent layer to the surface and another higher surface which
are normally 0.1 m and 2.0 m height. This temperature gradient was assumed to be a linear
function of surface temperature by Bastiaanssen (1995, 2000). This assumption removes the
need for exact determination of surface temperature which is very challenging for many var-
iable surface properties and radiometric calibrations of thermal sensors (Allen et al. 2007).
Finding the coefficients of the linear equation requires the implementation of two point val-
ues which have known H values. In SEBAL, these two points are a wet pixel with assumed
H value of zero and a dry pixel were ET is assumed to be zero and H equals the difference
between net radiation and ground heat flux (Bastiaanssen et al. 1999; Bastiaanssen 2000).
Since aerodynamic resistance depends on H value and vice versa, an internal calibration
loop with some iteration converges to final estimations for H.

In an improving attempt by Allen et al. (2007), weather-based reference ET was used to
determine energy balance conditions at wet/cold pixel. They called the method as ‘“Map-
ping evapotranspiration at high resolution with internalized calibration” (METRIC) which
is basically an improved version of SEBAL method. The details of the method are pro-
vided in following sections. The method was recalibrated for various sensors and applied
over different land coverage and vegetation (Lian and Huang 2015; Madugundu et al. 2017;
Baeumler et al. 2019; Ortega-Salazar et al. 2021).

Application of METRIC model based on high resolution (30 m) Landsat 8 imagery data
in a region which has spatially diverse farming type were not tried elsewhere in a similar
way. The approach also requires implementation of split window algorithm to obtain land
surface temperature because of availability of two TIR bands on Landsat 8 platform. The
work aimed to show that after calibrations, METRIC modelling can be used to obtain a
reasonable estimation of ET over an area where its vegetation type changes considerably in
small distances. The ability of METRIC to provide farm based estimations scrutinized in
this way. This is very important for water management and planning in smaller scale.

While various studies reported the application of METRIC method, the details of cal-
culations are not clear in many of them so that a new user would have serious problem
to understand the steps and obtain information which needs to be reconsidered for a new
application. In the present study, the method was applied over Alpu region in Eskisehir
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district of Turkey which is an agriculture intensive area. A short description of imple-
mented principles is also provided to provide better understanding of the procedure for new
researchers in the field. The principal reference for the METRIC method which is also used
in this study is the work of Allen et al. (2007). Modifications are applied to tune the proce-
dure for Landsat 8 data.

2 Materials and Methods

The area of interest was Alpu region, Eskishehir district, Turkey (Fig. 1). The area is well-
known for high productivity of agriculture product and very diverse type of vegetation. The
calculations, visualization and mapping tasks were done using ArcGIS software package
(ESRI).

For this study multi spectral images from Landsat 8 along with Digital Elevation
Model (DEM) from Shuttle Radar Topography Mission (SRTM) SRTM was used (https://
earthexplorer.usgs.gov/). The meteorological data was obtained from Turkey General
Directorate of Meteorology.

2.1 Procedure

In METRIC, an energy balance is applied on an interested area to calculate the energy
which is required for evaporation of water molecules. The method is actually an energy
balance which uses remotely sensed data from different bands of a satellite imagery to cal-
culate effective energy terms and finally relates ET to the residual of the surface energy
balance (Eq. 1). It is a simple equation stating that the incoming energy through radiation
will either be absorbed by ground (G), transferred to the surrounding atmosphere (H) or
absorbed by water molecules as latent heat for evaporation (Fig. 2).
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Fig.1 Geographic location of study area Alpu, Eskisehir district of Turkey. Two purple squares are the
location of meteorological stations
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Fig.2 The energy balance of R
ET based on other energy terms n
including net radiation (Rn),

sensible heat flux to adjacent

atmosphere (H) and the energy

absorbed by the ground (G)

LE=R,-G—-H (1)

where LE is the latent energy and driving force of ET, R is net radiation energy reaching
surface (W/m?), G is the energy transferred to ground (W/m?) and H is the energy trans-
ferred to adjacent atmosphere known as sensible heat flux (W/m?). In this equation minor
energy terms like the energy required for photosynthesis and the changes in sensible heat
of vegetation mass is ignored (Bastiaanssen 1995).

2.2 Estimation of Net Radiation Energy (R,)

Planck’s law describes the amount of energy (W.m2.um™") released through electromag-
netic waves from a black body at temperature T (K) at different wavelengths (Eq. 2).

The land surface is exposed to two main source of electromagnetic energy of sun and
the surrounding environment or atmosphere. The nominal surface temperature of sun is
about 6000 K and therefore according to the Planck’s law (Eq. 2) and Wein’s displace-
ment law, the maximum radiation will be at 0.48 um which is in shortwave range. Simi-
larly for the nearby atmosphere or environment the temperature is around 300 K where
the maximum energy is emitted at a long wave length of about 9.66 um.

Ly(T) = (@)

-1
ST |

Net radiation R, is calculated by subtracting leaving radiation from incoming radia-
tion as shown in Fig. 2 The energy balance of ETis presented in Eq. (3). (Bastiaanssen
1995; Allen et al. 2007):
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R, =R;—aR; +R;; =Ry, — (I —g)) XRy, 3)

In this equation, Rg; is the solar incoming short-wave radiation (W/m?) where part of that
is reflected by land surface proportional to surface albedo o which is a dimensionless coef-
ficient; From surrounding atmosphere, the land surface receives long-wave radiation (W/m?)
Ry ; which also part of that is reflected proportional to land surface reflectivity (1- €, ). Here,
g, is the emissivity of the land surface over broad-band range. The land surface also emits
radiation Ry  at longwave range.

The details of calculations for all coefficients and factors are presented below.

2.2.1 Surface Albedo

Surface albedo, is the property of surface which quantifies the reflectivity of surface in
short-wave range. It is the ratio of reflected solar radiation to the incident solar short-wave
radiation at the surface. It is not solely a surface property dependent factor where it also
changes by the spectrum and the angular properties of the solar radiation. A surface with
high albedo like a snow cover reflects most of incident radiation while a low albedo surface
like a heavy forestry area absorbs the majority of received radiation. The albedo is reported
in the range of 0 to 1. It is said that uncertainties in albedo estimations is a significant
source of error in climate studies (Liang 2001). Liang et al. (1999) has separated inherent
albedo and apparent albedo where the former, at a given solar zenith angle and for a defi-
nite wavelength is an integration of bidirectional reflectance factor over the whole viewing
angles which is independent from atmosphere condition. In contrast, the apparent albedo is
the ratio of upwelling irradiance to downward irradiance for a given solar zenith angle and
for a definite wavelength which is equivalent to what is measured using albedo meters on
the field. Here the attempt is to calculate surface broadband albedo from narrowband mul-
tispectral sensors data at Top of Atmosphere (TOA).

For albedo calculation, digital numbers for each pixel of a Landsat image must be con-
verted to Top of Atmosphere (TOA) reflectance. Liang (2001) introduced satellite specific
algorithms to estimate albedo. Below formula is normalized version of Liang’s formula for
Landsat (Smith 2010);

_0.356p, +0.130p; +0.373p, + 0.085p5 + 0.072p; — 0.0018
%short = 0.365 + 0.130 + 0.373 + 0.085 + 0.072

“)

where p represents reflectance on top of atmosphere calculated from Landsat 7 bands
1,3,4,5, and 7. Correspondingly, for Landsat 8: 2,4,5,6 and 7 bands (Table 1) must be used.

Table 1 Landsat 7 and Landsat 8

bands used for albedo estimation LandSAT7 LandSAT 8
B1 Blue 0.45 - 0.52 ym B2 Blue 0.450 to 0.515 um
B3 RED 0.63 - 0.69 pm B4 RED 0.630 to 0.680 um
B4 NIR 0.77 - 0.90 um B5 NIR 0.845 to 0.885 um
B5 NIR 1.55-1.75 pm B6 SWNIR 1.56 to 1.66 pm

B7 MIR 2.08 - 2.35 um B7 SWNIR 2.10 to 2.30 um
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Table 2 Split-window

coefficients from (Madugundu Split-window coefficients value

?;iﬁf; Q ;fnzc(?o;based o Co -0.268
G 1.378
G 0.183
G 54.300
G 2238
Cs -129.200
Co 16.400

2.2.2 Conversion of Spectral Data to TOA Reflectance

TOA reflectance values can be calculated from reflective band DN’s values using rescal-
ing coefficients in the Meta Data file of Landsat 8 products using below equation:

Py = Mchul +Ap (5)

where in this formula; p;. is TOA planetary reflectance, without correction for solar angle. M,
is band-specific multiplicative rescaling factor, A, is band-specific additive rescaling factor and
Q.. 1s quantized and calibrated standard product pixel values (DN). All these coefficients are
provided in metadata file of the image product. To apply correction for the solar angle:

P, = py /sin(Osg) (6)

where, p, is TOA planetary reflectance and Oy is local sun elevation angle. The scene
center sun elevation angle in degrees is provided in the metadata (SUN_ELEVATION). It
was 65.3887 degree for the acquisition time of obtained image.

2.2.3 Broad-band surface emissivity (g,)

The estimation of land surface emissivity from remotely sensed spatial data is problematic
mainly because this surface property also depends on the land surface temperature and vice
versa. Additionally, the atmospheric situation is also another complicating factor where the
emitted radiation from surface attenuates during its path to the sensors. A very good sum-
mary regarding the previous attempts for estimation of surface emissivity and its complex-
ity is provided in (Li et al. 2013). In the present work, surface emissivity (e,) is estimated
based on the empirical formula presented by Tasumi (2004). This is a function of leaf area
index (LAI) which depends on Soil Adjusted Vegetative Index (SAVI).

g =095+ 0.01LAI when LAI <3
£, = 0.98 when LAI > 3 0

where, Leaf Area Index (LAI) (m? m™) is defined as the ratio of the total one side leaf area
of leaves per unit of horizontal land surface area. LAI is an indicator of canopy foliage
content and also provides a measure of resistance to vaporization. The empirical equation
suggested by Bastiaanssen is used to calculate LAI (Bastiaanssen 2000).
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In[(0.69 — SAVI,;) /0.59)]
0.91

LAl = — ®)

SAVI index is estimated using the top of atmosphere reflectance values of the RED and
NIR bands. For Landsat 8 images, the relation is given below (Huete 1988);

(I +D)(pes — Pea)
L+ (ps + pea)

SAVI = 9)

where, L is a constant and as was suggested by Allen et al. (2007) we use L=0.1 to mini-
mize soil background biases. In METRIC, LAI is limited to 6.0 when SAVI,;, > 0.687 and
LAI=0 when SAVI,; < 0.1. There are many sources of uncertainty in determination of
LALI but the impact of those errors are not significant in energy balance (Allen et al. 2007).

2.3 Incoming Solar Radiation

This is the main source of energy for ET and reaches the Earth’s surface (W/m?) through
direct or diffuse radiation. It is computed from solar constant radiation energy per unit area
and corrected for various solar incidence angle, atmospheric transmissivity and relative
Earth—Sun distance.

_ GsccoserelTsw

RS; =

; — (10)

Here, G is solar constant equal to1367 (W/m?); 0, is the solar incidence angle; & is
the square of the relative earth—sun distance; and t,, is broad-band atmospheric transmis-
sivity. For 6, then;

cosb,,; = sin(6)sin(g)cos(s) — sin(é)cos(g)sin(s)cos(y) + cos(d)cos(@)cos(s)cos(w)
+ cos(6)sin(@)sin(s)cos(y)cos(w) + cos(6)sin(y)sin(s)sin(w)
D
where § is declination of the Earth (Eq. 12) and d is the day of the year which in this work
was day 182 (01.07.2019) and § equals to 23.12 degree.

6 =12345"% sin(% X (d + 284)) (12)

¢ is the latitude coordinate of each pixel which does not change too much over a small
area.

Parameter o is the hour angle (Eq. 13), specifying the solar position on the sky. It equals
to O at solar noon, takes a negative value in morning and becomes positive in afternoon.
The hour angle was calculated equal to -52.5 degree at scene center time.

@ = 15 X (local time — 12) 13)

Parameter s is surface slope where s is zero for horizontal surface and equals to /2 radi-
ans for vertical surface and always positive between these two limits for other inclinations.
DEM data is required to calculate slope. The obtained multiple DEM data was combined to
fully cover the Landsat image.
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Parameter vy is the surface aspect angle, where for surfaces faced south equals zero, for east
faced surface equals —n/2, for west faced surface equals + & /2 and for slopes faced north y =
+ = radians. The surface aspect angle was calculated using “Aspect tool” in ArcGIS.

T, is estimated as a function of atmospheric pressure P (kPa), water content in the
atmosphere W (mm) and solar zenith angle over a horizontal surface 0y, , using an empiri-
cal formula from ASCE-EWRI (Walter et al. 2000) ;

7, = 035 +0.627exp [M - 0.075(L)°~4] (14)

K,cos6,,,, cosb,,,

The parameter K, is a unitless turbidity coefficient 0<K,<1.0, where K, equals one for
clean air and 0.5 for extremely turbid, dusty, or polluted air. P/(cosf,,) is a surrogate for
atmospheric mass and optical path length.

P (kPa), is calculated by ASCE-EWRI 2005 as;

293 — 0.0065z >
P=1013 ( 225 — 00065z ) 15
293 (15)
where, z (m) is the elevation for each pixel and was obtained from DEM.
Water content of atmosphere is calculated from (Garrison and Adler 1990);

PO

W, = 0.14e,| — | + 0.21(cm) (16)
POU

e, = he, (17)

log e, = 8.42926600 — 1827.17843  71208.271 (18)

T T2

h is the relative humidity at acquisition time which was 55%. The temperature (T) was
290.36 K.

e, is saturated vapor pressure and was 19.58 mbar. Therefore, e, was calculated 10.77
mbar. P, at sea level was 101.325 kpa.

In the Eq. (14), the term cos 0y, is;

08y, = sin(8)sin(@) + cos(6)cos(p)cos(w) (19)

Parameter d” in Eq. (10) is the square of earth-sun distance and can be calculated as a
function of the day of the year DOY:
o 1

- 2r
1+ 0.033cos(DOY%)

(20)

2.4 Outgoing Long-wave Radiation
Outgoing long-wave radiation (RL,) from the surface is a function of land surface tem-

perature and also surface emissivity which can be calculated from the Stefan—Boltzmann
equation:
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RL, = gyoT! @1

where g, is broad-band surface emissivity dimensionless as provided in Eq. (7); o is
Stefan—Boltzmann constant 5.67x10% W.m2.K*, and T, is the Land Surface Tempera-
ture (LST) K and must be estimated from spatial data.

Land surface temperature was calculated using below equation (Eq. 22) (Madugundu
et al. 2017) which is a split window algorithm. A split window algorithm must be used
for LST estimation using Landsat 8 data because there are to thermal infra-red bands
including bands10 and 1lon this platform. The coefficients C, to C4 are provided in
Table 2.

LST = TB\, + C,(TB,o — TBy;) + C,(TB,, — TB,,)*

+Cy + (C3+ C,W)(1 — €) + (Cs + CgW)Ae (22)

For Landsat 8 in analogy with MODIS (Sobrino et al. 2003) following equations are
applicable:

(LSE, + LSE )

= 7 (23)
¢ 2
Ae = LSE,, — LSE, (24)
LSE for 0<FVC<1 :
LSE=¢,(1-FVC)+¢,FVC (25)
NDVI — NDVI,
VC = ——— (26)
NDVI,, — NDVI
Bs — B,
NDVI = for Landsat 8 bands 27)
Bs + B,

NDVIs is soil NDVI which is better to be determined statistically based on the scene
NDVI for bare soil pixels but here we calculated average of 10 points NDVI value for
soil pixels and calculated equal to 0.17.

The NDVIv index is also similar to the NDVIs but the former is for vegetation pixels.
It is calculated as the maximum NDVI value of the scene which was 0.6707.

Band 10 and 11 emissivity values (Table 3) for vegetation and soil are different and
was obtained from other references (Jin et al. 2015; Madugundu et al. 2017). Similar

Table 3 Thermal Infra-Red

Ssivity f il and . Landsat 8 TIRS Thermal constants Rescaling Emissivity
emissivity for soil and vegetation factors values
K, K, M, AL g £,
Band 10 1321.08 777.89 0.000342 0.1 0.971 0.987
Band 11 1201.14  480.89 0.000342 0.1 0.977 0.989
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works have taken this values from ECOSTRESS Spectral Library available on (https://
speclib.jpl.nasa.gov/).

Ty (K) in Eq. (22) is the Top of atmosphere brightness temperature, and is calculated
using:

r= %
In(5 4 1) (28)
A
where L, is TOA spectral radiance (W. m~2.srad”!.um™), is calculated as:
L,=M;0.,+A, (29)

where M, is band-specific multiplicative rescaling factor; A, is band-specific additive resca-
ling factor; and Q. is quantized and calibrated standard product pixel values (DN). These
are provided as metadata of the image product.

In Eq. (28), K is band-specific thermal conversion constant; K, is band-specific ther-
mal conversion constant. They are also obtained from metadata.

In the Eq. (22), W is the water content to be calculated in gr.cm"z. Here, water con-
tent is the amount of water in a vertical column of atmosphere over 1 cm?® area. The
calculated water content must be in cm of liquid water which actually means the amount
of condensed water in a container with the same cross-sectional area of the column.
Therefore, by assuming a liquid water density equal to 1 gr.cm™, the result of Eq. (16)
can be directly used for LST calculation in Eq. (19).

2.5 Incoming Long-wave Radiation

The atmosphere above the land surface emits radiation mainly in longwave range,
because of its moderate temperature. Again Boltzmann equation can be used to estimate
this incoming energy. Since this radiation is being emitted from a thin layer of nearby
atmosphere, the temperature used in the equation must be an estimated near surface air
temperature.

RL; = £,0T;} (30)

where ¢, is the effective atmospheric emissivity (Eq. 31), and T, is near-surface air tem-
perature K.

€, = 0.85(=Inz,)"*” 3D

Table 4 The estimated incoming radiation energy, ground and sensible heat values at hot and cold pixels

Pixel Coord. Rn G LE H
Hot 30°58°8.669"E 39°50°32.806"N 221.9 62.23 0 158.77
Cold 30°50°45.584"E 39°52°50.046"N 392.0 46.8 329.6 15.6
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Here, 7 , = broad-band atmospheric transmissivity for shortwave radiation calcu-
lated from Eq. (14).

The near surface temperature was estimated using local air temperature data and cor-
rected for elevation using a lapse rate coefficient of 6.49 K.km™' (Sissenwine et al. 1962).
Local temperature was (Eskisehir 01.07.2019) 290.16 K .

2.6 Soil Heat Flux (G) Estimation

Soil heat flux is a measure of the amount of energy being absorbed and stored by soil and is
generally reported as the rate of energy per unit area and time (W.m2). The land vegetation
coverage or closure is the determining factor where generally two empirical relations for a
dense coverage and/or sparse coverage are introduced in the literature. Besides, the amount
of energy which can be stored in the soil, depends on the net amount of energy which
reaches to the surface. Therefore, soil heat flux is always a fraction of total net radiation R,
in METRIC applications (Tasumi 2004).

Rﬁ = 0.05 +0.18¢”"3M4(LAL > 0.5) (32)

n

T, - 273.15
G 0—( - )

+ 0.084(LAI < 0.5) (33)

n n

2.7 Sensible Heat Flux (H) Estimation

Sensible heat flux is the amount of energy being convected from land surface to the atmos-
phere which physically happens when land surface temperature is higher than the adjacent
air layer. While this is the driving force, an aerodynamic resistance factor determines the
rate of the energy transfer. This is similar to Ohm’s resistance formula for any transport
between to reference points. In METRIC, a one-dimensional aerodynamic function is used
to estimate H as schematically shown in Fig. 3:

T,—-T

s a

dT
H=p><cp><—=p><cp><

r r

ah ah

(34)

Fig.3 Sensible heat transfer calculation using aerodynamic resistance at two near surface elevations. This
is similar to Ohm’s resistance formula for any transport between to reference points
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where, p,;, is air density (kg.m>); C, is the specific heat of air at constant pressure
d .kg'l.K'l) and assumed constant (1005 j.kg‘l.K'l); and r,, (Eq. 45) is aerodynamic resist-
ance (s.m!) which decreases substantially with the increase of wind speed and turbulences
in the surrounding atmosphere. In Eq. (1), horizontal convection of heat is ignored, which
means the governing heat transfer is being transferred just vertically. This is physically
acceptable when the resistance between two near layer over the land surface is considered.
In METRIC they are assumed as 0.1 and 2 m above the surface. These are computed as a
function of estimated aerodynamic roughness of the particular pixel (Bastiaanssen 2000;
Allen et al. 2007).
The Air density can be calculated using below equation:

1000P

7= TOLT, — 6T)R (35)

where P is mean atmospheric pressure at each specific pixel elevation (kPa) and estimated
for each pixel using Eq. (15). R is universal ideal gas constant (287 J.kg''.K'"); and T,-8T
is surrogate near-surface air temperature (K). The 8T in surrogate temperature can be esti-
mated using measured air temperature data from nearby stations and LST at that pixel. For
the date of image, the Alpu station air temperature was recorded as 21.5 °C. The LST for
that point on the LST map was obtained as 312.6 K. Therefore:

6T, =312.6 — (21.5+273.16) = 17.94

with the same procedure for Kireckdy station:

6T, =312.4 - (19.5 +273.16) = 19.74

The average of these two values where considered for other pixels to estimate near sur-
face air temperature over the scene related to LST.

The dT parameter (K) in Eq. (34) is the best approximation for the near surface tempera-
ture difference at z; and z, heights. Since the surface properties and consequently LST is
not the same over the scene, dT is defined to be floating throughout the scene, beyond the
height for sensible heat roughness (z,;,) and zero plane displacement. Bastiaanssen (1995)
showed that a linear relation between dT and the surface temperature (7,) can well satisfy
the required accuracy in ET estimations where he suggested the following relation.

dl =a + stdatum (36)

In this equation, a and b constants should be calculated for the acquired satellite image.

T 4awum 15 surface temperature recalculated for each pixel based on that pixel elevation from
a digital elevation model and a customized lapse rate (Ly) (Eq. 37).
Ts datum = Ts - Ts X DEM 37

T gaum for €ach pixel was produced using the LST and DEM data for near Alpu station
(312.16 K, 764 m, with a dry adiabatic lapse rate: 9.8 °C.km’1).

In METRIC we need to specify a cold and a hot pixel on the scene to find a and b con-
stants. The pixel is considered “hot pixel” in the image where the soil is assumed to be
completely dried so that there is no evapotranspiration ( i.e. LE is zero), therefore (Allen

et al. 2007);
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tht = (Rn - G)hnt - LEhot (38)
(R, —G),
dT — ahhot
ot pairhotcp (39)

where 7, o 1S 7y, When computed for the roughness and stability conditions of the hot
pixel, and p,;,;,, s the air density of the hot pixel as calculated in Eq. (35). On the other
hand for the cold pixel where the ET is considerably high (Allen et al. 2007):

Hcold = (Rn - G)cold - LEcold (40)

where, LE_ 4 is the estimated latent heat flux at the cold pixel. This can be provided from
the estimated alfalfa reference crop ET, . Reliable experiences showed that for a pixel in
the image which contains the coldest and wettest vegetation cover with full cover LAl > 4 ,
the ET rates are typically about 5% higher than the rate from the alfalfa reference crop ET,
(Allen et al. 2007). The ET, was recorded for Kireckdy station equal to 0.5 mm.h™! at the
image acquisition time. From the following equation which is an energy balance for water
evaporation, LE_ ;, can be calculated (Allen et al. 2007).

col

1.05 X ET, X A.p,

LE ;= 41
cold 3.6 X 106 ( )
where A is water latent heat of vaporization (J.kg'") and is computed as:
A =[2.501 - 0.00236(T, — 273.15)] x 10° (42)

ET, (mm.hr'") is obtained from local station data, p is water density 1000 kg.m™. There-
fore LE,,,, was calculated equal to 329.6 W.m™.

col

(Rn -G- LEcnld)r 5
o = ————— (43)
air cold“~p

The obtained values for hot and cold pixels are provided in Table 4.
Still, the values for aerodynamic transport resistance r,, at both hot and cold pixels must
be determined to calculate dT values.

2.7.1 Aerodynamic Transport

The higher rate of sensible heat flux affects the buoyancy inside the boundary layer and the
aerodynamic resistance (r,,, will decrease. At neutral stability condition, it is calculated
using following equation (Allen et al. 2007):

In( z—f)

v, =
ah u*k

(44)

Friction velocity u. is estimated by obtaining logarithmic wind profile for presumed
neutral atmospheric conditions:
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0 = Kutyg
" () 45)

zmn

where in this equation, u,, is wind speed (m.s™') at 200 m blending height, z,,, is the
roughness length for momentum (m), an effective factor in land-atmosphere energy
exchange influencing turbulences. In the equation, the u,,, wind speed is considered con-
stant because at that height the wind profile is not affected by surface roughness but fric-
tion velocity u. is changing for each pixel and calculated using specific roughness length
for each pixel. The wind speed at 200 m blending height is estimated using (Allen et al.
2007):

u, In(Z2)

u — Z()WIW (46)
200 In ( % )
where u,, is wind speed from a nearby weather station and z, is the weather station wind
speed measurement height above the surface. z,,,, is the roughness length for the weather
station surface to be calculated using following equation (Faivre et al. 2017).

Zom = 0.5 XA X 4, 47

where h is an effective averaged obstacle height, and A, is the frontal area index defined
as a proportion of frontal area A; (perpendicular to the flow) to the total area covered by
roughness elements A :

_ A

1=
f Ap

(48)
For estimation of roughness length for momentum empirical equations are used
where for agricultural areas, z,,, is related to the LAI index.

Following correlation for agricultural crops less than about 1 m height was used
(Tasumi 2004).

Zom = 0.018 LAI (49)

There are other empirical alternatives of above equation for the estimation of z
which uses NDVI and albedo as input factors (Allen et al. 2007). Also for applications
in larger scale which may include mountainous areas, modified equations for u,, should
be used to correct for that pixel elevation (Allen et al. 2007).

For hot and cold pixels, u. was first calculated for neutral condition using Eq. (45).
The u,,, parameter was estimated using meteorology data and Eq. (46).

2.7.2 Stability Condition Correction Factors

The value for u. was used to calculate Monin—Obukhov length L to define the stability
conditions (Allen et al. 2007).
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3
_paircpu*Ts (50)
kgH

L=

The correction factors for heat and momentum transfer was then estimated using
Eqgs. (51)—(59) (Allen et al. 2007).

1+x 1+ x2
(200 m) ) N ln< (200 m)

Y200 m) = 21n< > ) - 2arctan(x(200 m)) +0.57 (51)

2
1+x2(2 )
lI’h(z m = Zln(Tm (52)
1+xz(01 )
Yo m = 21“(—2 = (53)
where;
200,%%
X200 my = (1- 167) 54)
2 0.25
Xom = (1-167) (535
0.1 0.25
X1 m = (1- 16T) (56)

Values for x,q4 s X2 > and X ; ,, have no meaning when L>0 and their values are set
to 1.0. For L> 0 stable conditions (Allen et al. 2007):

200
¥,200 m) = _5(_L ) &)
_ 2
lI“m(Z m) — _S(Z) (58)
0.1
Y01 m = _S(T) 59)

These factors was used to estimate new u. for hot and cold pixels using Eq. (60).

Kutg

200
111( ) - ‘Pm(ZOO m)

<om

u, =

(60)

Then using Eq. (61), r,, was estimated for hot and cold pixels.
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m(ﬁ)—q%@)+Tmm

2
Tu =
“ uk

(61)

Finally Eqs. (39) and (41) was used to determine dT, and dT_,4 constants. These
two values were used to find a and b values using Eq. (36).

2.7.3 lterations for H and r,;, calibration

The values of dT for all pixels was determined using Eq. (36). The first iterative value
for H was estimated using Eq. (34) for all pixels. This value was used to estimate
Monin-Obukhov length L to define stability weight factors of all pixels over the scene.
The correction factors for heat and momentum was used to calculate second iterative u"
using Eq. (60). Second iterative r,, was calculated using Eq. (61). Then the new iterative
H was calculated. This iteration cycle was repeated until the change between two con-
secutive iteration for H all over the scene was insignificant. In this study a good conver-
gence was observed after 6 iterations.

2.8 Calculation of Evapotranspiration

ET flux can be calculated using a simple energy balance which is needed for water evap-
orization. The estimated value is for the instant time of image capture. For each pixel,
dividing LE (W/m?) from Eq. (1) to the latent heat of vaporization of water will give the
rate of ET:

ET;, =36X 106£ (62)

inst pw
where, ET,,, is the instantaneous ET (mm.h™) ; The coefficient 3.6 x 10°, converts from
seconds to hours and meters to millimeters, p,, is liquid water density; and A, is latent heat
of vaporization (j.kg™") for water.

To estimate the ET rate at other times of the day where the imagery data is not avail-
able, the ratio of the ET;, to the reference ET, data obtained from local meteorologi-
cal stations is used. In METRIC, it is assumed that this reference ET fraction (ET,F) is
almost constant during 24 h;

EY"[‘}’LY[

ET,F =
ET

r

(63)

Finally, this fraction along with the summation of hourly records for relative evapo-
transpiration from meteorological data can be used to estimate satellite based estimation
for the 24 hour evapotranspiration, ET,, (mm/day), for each image pixel as;

ETyy = ET,F.ET, 54 (64)

where, the ET, ,, is the summation of hourly records for relative evapotranspiration from

meteorological data.
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3 Results and discussion
3.1 Evaluation of Main Parameters

The result for Albedo calculations is shown in Fig. 4. The albedo value for the selected
area with weather and atmospheric condition at the acquisition day falls near zero for
a low reflective coverage like water body, whereas it takes a value as high as 0.8 for
highly reflective surfaces like bare soil.

The calculated LST was then mapped for the study area as shown in Fig. 5. It is clear
that the LST for bare non irrigated land is significantly high. The estimated high 330 K
temperatures belongs to those kind of land surface. The split window algorithm was suc-
cessful in providing LST map with high sensitivity which is observed from the image as
well.

The produced map for net radiation is presented in Fig. 6. On the map, adjacent
farms are not distinguishable anymore which means during the summation of radiation

304,000 312,000 320,000 328,000 336,000
1 | | 1

4,400,000 4,405,000 4,410,000 4,415,000 4,420,000
1

16
e km

1 1 ] 1
304,000 312,000 320,000 328,000 336,00

4,395,000 4,400,000 4,405,000 4,410,000 4,415000 4,420,000

(=2

Fig.4 The result for Albedo over the study area; Bright cells on the image represents higher albedo (i. e.
high surface reflectance)

@ Springer



332 M. Derakhshandeh, M. Tombul

305,000 310,000 315,000 320,000 325,000 330,000
1 1 1 1 1 1

N

4,416,000
1
I.,
,
\ f ;,
A
. ‘ ’* '
3 ‘f },' X
. v
-
-
.&?’ i
L
I
4,416,000

4,408,000
1
1
'3’
‘}’
L)
§
1
4,408,000

L | -~ l‘f" .‘ -

o 4 (=}
8 \ AL I A i S
87 Land Surface Temperature gL, U 8
< «* 7 b
< | 330.0 S -

310.0

295.0 012 4 6 8

1 1 1 T 1 I
305,000 310,000 315,000 320,000 325,000 330,000

Fig.5 Map of Land Surface Temperature (K) calculated using TIR bands (10 and 11) of Landsat 8 with a
split window algorithm

terms, the energy term or terms which were less dependent on the vegetation pattern,
type or quality were the determining term. Further discussions below explains this
effect.

The final value for sensible heat flux is shown in Fig. 7. It is clear that METRIC model
with applied six iterations for determining H, was successful in providing data which are
sensitive to variations in small scale farms. The area without considerable vegetation like
bared hills and residential area showed the lowest H value.

The finally obtained map of ET over the study area is shown in Fig. 8a. This is the
estimated ET for the time of acquisition of the satellite image. For the current study the
acquisition time was 08:33:20 am (GMT) which corresponds to 11:33:20 am (IST). In
real water management and planning applications, daily rate of ET is interested. The
data for daily reference ET (Fig. 8c) obtained from a nearby meteorological station is
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Fig.6 The map of net radiation (W.m). It is calculated by subtracting all leaving radiation terms from
incoming radiation according to Eq. (3)

used to extrapolate the instantaneous ET data to every hour of the day. For example
at 11:33:20 am (IST) which is the acquisition time, the ET, was recorded as 0.5 mm
(Fig. 8b). For a later time at 15:00:00 it was 0.6 mm. Therefore, to obtain the ET for
each pixel at 15:00:00, the instant ET for each pixel on the map must be multiplied
by 0.6/0.5. The same approach when applied for every hour of the day and then their
summation provides 24 hour or daily ET estimation over the study area as presented in
Fig. 8c. The interesting observation is that the instant ET map which can be assumed as
a specific hour ET data is estimated to vary between 0 to 0.5 mm (Fig. 8a). The meteor-
ological data also shows 0.5 mm which is close the highest ET estimations on the map.
This also supports accuracy of the method. The 24 h ET data on map in Fig. 8c shows
that the range of ET was between O to 9 mm per day over the region. It was observed
that the obtained map is adequately informative even at farm scale like for two adjacent
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Fig.7 Sensible heat flux H (W/m?) over the study area. Sensible heat flux is the amount of energy being
transferred from land surface to the atmosphere

farms with 1 or 2 ha land area. Comparing the ET map in Fig. 8¢ with the RGB image of
the study area in Fig. 1 also reveals high resolution of ET map with significant contrast.

As a comparison, in a study also using METRIC model over a single 50 ha alfalfa farm in
Saudi Arabia for different days between June to October where in the range of 0.09-0.86 mm/h
(Madugundu et al. 2017). Daily ET over large region of olive orchard with drip-irrigation in
Chile for different days of the year between 2012-2013 was estimated in the range of 4.4-7.7
mm/d (Ortega-Salazar et al. 2021).

METRIC model can also be used to estimate ET over longer time span like monthly, sea-
sonal or even yearly basis where the vegetation type does not change so frequently like prairie
or wetlands as was reported in (Baecumler et al. 2019).
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3.2 Evaluation of Model Output for Small Farms

While above output maps are showing general overview of the region ET behavior,
for more specific needs like water management on farm scale, additional explanations
over a focused area is provided here. In Fig. 9, for an area of about 1110 ha, major
factors map are presented. The area includes range of approximate 2 to 80 ha farms,
with various type of vegetation. At this point, the results show that for some factors
like NDVI, albedo and surface emissivity the boundary of farms are clear so that an
almost uniform value was estimated for a single farm. These are factors which are
directly calculated from spatial data which has high resolution. It means any reduc-
tion in the specificity of the data for a farm might have come from other sources like
primary effect of meteorological factors which does not change meaningfully for two
adjacent farm.

For LST, larger farms or non-cultivated large farms are distinguishable but the smaller
ones are faded on the LST map. It can be explained by governing Egs. (22), (23), (24), (25),
(26) and (27). The split window algorithm actually has three main components including
top of atmosphere brightness temperature (Ty), emissivity (¢) and water content (W). In
calculation procedure for Ty and € , there are parameters which are either constants or
depends linearly on spatial pixel value which makes them uniform over a specific farm. In
contrast, W is calculated from meteorological data and then distributed based on elevation.
Therefore, since it is not directly related to spatial data, the variation over adjacent farms
are smooth where farms boundary are faded. This scheme actually is in consistent with
physics of the phenomenon where water content over an area is homogenized by air move-
ments and buoyancies. Other water content estimation methods which are based on spatial
data may improve the quality of LST map but there are significant biases in those models
(Jiménez-Muiioz and Sobrino 2005).

Among the major energy terms in Eq. (1) (Fig. 9), sensible heat transfer map has
farm specific estimations but for the other radiation terms, they are more or less insen-
sitive in farm scale. The long wave output radiation (Ry ) is still farm specific to some
extent but not as specific as sensible heat (H) term. This is not specific to METRIC
model since incoming short-wave radiation and incoming-long-wave radiation in all
remote sensing based ET models are calculated from Boltzmann equation (Eqgs. 21
and 30) which is dependent on the temperature of the sources other than land sur-
face. As can be seen from Fig. 9, the effect of Ry; is not significant because for the
selected zoon, the maximum and minimum values are very close to each other with
less than 0.05% variations. The main reason for changing shortwave radiation over a
farm is the topography, where the variation in the aspect from southeast to northwest
for the acquisition time, the amount of received radiation substantially changes. There-
fore, the observed non-homogeneous distribution (i. e. not farm specific) for incoming
shortwave radiation (Fig. 9) is normal. This term of energy for the selected zoon var-
ies between 570-785 W/m? which is the most determining term of energy. The faded
boundary of the farms in net radiation (R,) and consequently the ET map is therefore
expectable. To estimate ET over a specific farm, user can make a summation of every
pixel value.
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Fig. 8 a) Instant Evapotranspira-
tion rate (mm/hr). The result of
all the calculations finally when
applied in Eq. (62) gives the ET
rate at the acquisition time of the
image. b) Meteorological data
for reference ET from a nearby
station. ¢) 24 hour Evapotranspi-
ration rate (mm/d) over the study
area. ET rate for every hour of
the day where the imagery data
is not available is estimated using
the ratio of the instant ET to

the reference ET, data obtained
from nearby local meteorological
stations. Specified area inside red
rectangle is magnified in Fig. 9
for more explanations
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Fig.9 The magnified image of specified red recrangle in Fig. 8 for various factors including RGB image,
NDVI index, albedo factor, surface emissivity, LST, H (W/mz), R (W/mz), Ry, (W/mz), Ry; (W/mz), R,
(W/m?) which influence the last obtained ET map. It shows clear boundaries of farms in final ET map
which means it can be used to obtain ET estimations for even small farms
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4 Conclusion

In this study, METRIC model was applied to estimate evapotranspiration over intensively
irrigated agriculture land in a small region. It was concluded that METRIC approach is a
useful effective method for estimations of evapotranspiration when calibrated for high reso-
lution imagery spatial data from Landsat 8. The results of this study show that evaporation
rates between 0-0.5 mm.h"! was estimated based on the data from spatial satellite imagery
at capture time. The ET map over the study area clearly shows that the active irrigated
farms have significant evapotranspiration rate when compared to bare or settlement land
covers. It was ranging up to 9 mm per square meter in 24 hours. The Landsat 8 platform
provides high resolution multispectral images where makes it possible to apply METRIC
models to even small farms so that the water management policies could be applied more
effectively.
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