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Abstract: Since its introduction, the Surface Energy Balance Algorithm for Land (SEBAL) has been widely used in
different applications for environmental, agricultural, and other engineering purposes. This study was conducted to test
the applicability of the Python-based SEBAL (PySEBAL) model in estimating actual evapotranspiration using Landsat
imagery in the Philippines using eddy covariance ETa data. Despite inherent problems due to cloud contamination which
can be associated with the season where the images were taken and the prevailing physical condition of the area,
statistical analysis suggests that PySEBAL is acceptable in estimating ETa for homogeneous landscapes which is expected
to perform better for non-cloudy areas. Further studies should be conducted to establish its applicability for complex
heterogeneous terrains. This study supports the application of remote sensing and surface energy balance models in
producing spatiotemporal estimation of actual evapotranspiration (ETa) in the absence of ground-based observations for

more effective water resources management.
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1. INTRODUCTION

Evapotranspiration (ET) is among the important factors
in the overall water cycle, particularly for efficient
designs of irrigation systems for agricultural water
management and water resources planning with great
emphasis on water balance since ET isan [1, 2]. Similarly,
the importance of flux exchange between the land and the
atmosphere for agricultural production systems was
reviewed by Ghiat et al. [3]. They assessed the different
empirical equations in calculating ET and the direct
methods of ET measurements which articulate the
significance of ET in water conservation that also
influences the energy and consequent food production.
ET measurement transcends different disciplines.
Irrigation  scheduling and  water  productivity
improvement are highly dependent on the ET rate which
is the core concept of agricultural water requirement
estimation and the need for a more accurate estimation of
ET as a subject for future research is needed particularly
in terms of the changing climate [4]. Eisenhauer et al., [5]
thoroughly define evapotranspiration as the term that
describes “plant water use” and is very important for
water management, especially for critical areas as ET-
based water use curves serve as a significant tool needed
for considerable decisions in regulating water supply
where such strategy can affect savings in terms of water
and monetary terms.

To improve irrigation management, ET has been a great
tool for researchers in developing and identifying plant
responses to different irrigation methods. Ko and Piccini
[6] developed a crop evapotranspiration-based irrigation
management strategy to assess the physiological
response of corn crops in terms of yield, they found out
that the water wuse efficiency of the crop
evapotranspiration-based irrigation scheduling scheme
was the highest where the corresponding yield reduction
is attributable to the deficiency of delivered irrigation
water. Correspondingly status, in their comparative study
of different irrigation practices based on the growth and
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yield of papaya in South Florida, Migliacco et al. [7]
found out that among the treatments, the ET-based
irrigation method calculated from historical weather data
and soil water status which is based on a tensiometer
reading, about 65% of irrigation water was conserved
compared to scheduled irrigation where the said method
only receives 31 to 36% of water yet identified to be the
more sustainable method of irrigation that can maintain
good physiological characteristics and yield. ET data is
also used as an important criterion for suitability mapping
studies of high value crops such as dragon fruit [8]
However, ET estimates are still subjected to errors and
discrepancies arising from personal to instrumental, and
even extrapolation errors. In addition, field
measurements such as lysimeters and eddy covariance
techniques are expensive to conduct and maintain [ 9, 10].
ET is inherently difficult to measure and predict,
especially in large areas due to the variability in climate,
soil, and vegetation properties [11]. This was elaborated
by Mogbeli Damane et al. [12] when they estimated the
actual ET of a large area in Iran where they mainstreamed
the difficulty of measuring ET using traditional methods
due to the existing climatic and topographic elements.
Particularly when dealing with sparse ground
observations and missing data, the lack of proper and
complete meteorological observation data is considered
to be one of the major limitations of traditional ET
measurement techniques which most of the time
reproduces erratic estimates.

For sustainable water management, accurate estimates of
ET should be the basis since ET is a major process of
water consumption in agricultural areas. More accurate
ET estimation methods are of high importance and the
utilization of current technological advances is beneficial
for agricultural operations such as satellite remote
sensing data which offers the capability to predict and
monitor climatic and eco- hydrological processes such as
the occurrence of drought and forecasts [13].
Additionally, accurate ET measurements in precision
agriculture parlance evaluate the performance of efficient



water-saving technologies being proposed that will
greatly influence the reduction of water losses. Although
the use of ground ET measuring devices and
climatological approaches were the standard of assessing
and calculating ET over different areas.

Satellite-based ET provides practical implications for
water managers and policymakers because it shows that
estimating actual applied water use amounts can be
reasonably accurate if done regularly [14]. This accurate
estimation of ET can be attributed to the advancements
in satellite and remote sensing technology as elaborated
by [15], where they assess and analyze the surface energy
balance (SEB) principles assimilated with remotely
sensed data from satellite observations which gave way
to measure and quantify surface fluxes mostly through
the energy exchange between the Sun and the Earth
which stands on the fact these exchanges of energy
mainly through shortwave-radiation and long-wave
radiation is what defines the total energy in climate
systems,  particularly  for  soil-plant-atmosphere
interaction.

As an application, SEB and remote sensing, are used to
estimate the actual evapotranspiration of irrigated fields
where SEB-based studies were found to have a
spatiotemporal advantage in contrast to water balance
studies, which requires information on both the amount
and temporal distribution of rainfall and irrigation
applied to fields, SEB can estimate the spatial extent of
irrigated fields and their water-use patterns without
reference to the source of water [16].

The Surface Energy Balance for Land (SEBAL) model is
among the long-standing SEB models and has been
validated in different countries across the globe. It has
subjected to different iterations which include the
Python-based SEBAL [17] It is capable of estimating
actual evapotranspiration from both observed and
remotely sensed data sets and is currently available for
several remote sensing products such as Landsat and
MODIS. In the Philippines, however, its application has
not been widely tested due to the lack of studies about its
application in different environments and climatological
zones which can also be attributed to the lack of actual
and reliable ET measurements. Several studies have been
conducted in the past but none of which used established
in-situ ET measurements for validation and calibration
and often resort to comparison of ET estimates using
Penman-Monteith Method. [ 18, 19].

This study aims to assess the performance of PySEBAL
model in capturing actual ET using the lone Eddy
Covariance (EC) Flux Tower data in the Philippines to
evaluate the possible implications and constraints in
utilizing remote sensing-based ET estimates, particularly
in agriculture. This study serves to be the first attempt to
validate the SEBAL-based ET using ground observations
in the country. While it can be said that SEBAL can rely
on global validations, it is still imperative to determine its
local performance specifically in a tropical agricultural
country like the Philippines.

2. METHODOLOGY
2.1. PySEBAL Model
This study makes use of the PySEBAL model which
essentially uses the SEBAL framework in a Python
environment and is freely available from [CITE]. It is
based on the principle of surface energy budget (Fig. 1.)
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LE =Rn - (H +G) @)
where LE is the latent heat flux where the ET is being
derived, and Rn is the net radiation received by the
surface. H is the sensible heat, and G is the ground heat
flux.

The model makes use of anchor pixels. Cold pixel is
designated for relatively covered and wet surface, and hot
pixel is for dry and barren land pixels which is
automatically selected by the PySEBAL algorithm.

Energy balance for ET
ET is calculated as a “residual” of the energy balance

Basic truth:
Evaporation
consumes
energy

The energy balance
includes all major

consumers (ET, G, H)

of energy

Fig. 1. Surface Energy Balance Components [20].

The model simultaneously solves the different surface
flux equations and the corresponding parameters of
interest. For a more complete description of the
PySEBAL workflow, the reader is referred to [21].

The evaporative fraction (EF) is calculated from the
computed Rn, H, and G values using the formula:
EF — BnzH=G @)

Rn—G

Where the numerator simply represents the LE. The daily
evaporative fraction is calculated using the advection
factor term (AF) which is used to minimize estimation
errors for ETa.

AF = 1+0.985 x EF x {exp[0.08 (es-€4)] - 1} (3)

where es and e are the saturated and actual vapor pressure
above the canopy reference height, respectively.

Then the daily actual evapotranspiration (ETa) is
calculated using eq (4).

8.64x 107 XAF XEF X(Rp24—G24)
ETg4 = Ax pw 4)

where G2, is the average daily soil heat flux and Rnzs is
the average daily net radiation, both in (W/m?).

Rn24 = [(l - (X,) X Ra - 110] X TSW (5)
where R, is the extraterrestrial radiation and tg,, is the
daily atmospheric transmissivity [22]

2.2. Location of the Study Area

The location of the of the EC flux tower at IRRI, located
at (14° 8' 27.7" N; 121° 15' 54.98" E) was
considered to be the location of the study. Since the
Landsat scenes over the location of the EC flux tower will
be considered. The EC flux tower was situated on an
irrigated lowland rice environment which is shown in Fig.
1



Fig. 2 Locatian of thé IRRI Eddy Covéfiance 'i:ower

2.3. Data Acquisition

2.3.1. Eddy Covariance Data

The ETa from the EC flux tower was acquired in
collaboration with the IRRI. The ETa data encompasses
the dates between November 30, 2015 to April 3, 2016
which essentially covers 4 consecutive months.

2.3.2. Landsat Imagery
This study makes use of Landsat 8 datasets acquired from
the open-sourced USGS Earth Explorer website [23]

2.3.3. Meteorological Data

This study utilizes the remotely sensed meteorological
data derived from the recommended NASA Global Land
Data Assimilation System (GLDAS) [24, 25]. The
meteorological requirements include air temperature,
relative humidity, shortwave radiation, wind speed, and
transmissivity.

2.3.4. Digital Elevation Model (DEM) and Soil Data

The 30m- m-resolution DEM was acquired from the
publicly available Shuttle Radar Topography Mission
(SRTM) dataset.

On the other hand, this study makes us of the HiHydro
v2.0 high-resolution global soil hydraulic properties
dataset (26).

2.4. Statistical Analysis

The PySEBAL-generated ETa values were compared to
the EC data using statistical methods which were
considered based on the different studies that assess the
capability of the SEBAL model in generating ETa values
[27, 28, 29]. The statistical analysis was conducted using
the following metrics:

Coefficient of Determination (R?)

Zn 1(Y_obs_ Y_rneanobs)(ygen_ Ymeangen)
i=1\"i i i

R? = : (6)
JZ?=1(YL'Obs_ yimeanobs)z \/Z?(),igen_ Yimeangen)z
Normalized Root Mean Square Error (NRMSE)
NRMSE = 2% ©)
yobs

ave
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SRS - vIT™)’

RMSE= ®)
Mean Bias Error (MBE)
MBE = - SL,(Y = Y7y (9)
Nash-Sutcliffe Efficiency (NSE)
R
iU T
Mean Relative Error (MRE)
wrg =2y MO

where Y% and Y“" are the EC ETa and PySEBAL-

generated ETa, respectively and Y;™¢®"°bs and y,"“"9¢"

pertains to the average value of EC ETa data and the

average value of the PySEBAL-generate ETa,
respectively.
Kling-Gupta Efficiency (KGE)
cd\? cm
KGE=1— J(cc —02+ (S + (& -1z (1

where CC is the pearson coefficient value; rm is the
average of the EC ETa values; cm is the average value of
PySEBAL-generated ETa; rd is the standard deviation of
the EC ETa values; and cd is the standard deviation of the
PySEBAL-generated ETa values.

3. RESULTS AND DISCUSSION

To establish some kind of baseline values on the
performance of the model, a preliminary run was
conducted over an area within situ ETa observation.
However, the acquired EC data only covers
approximately 4 months of observations. Given that
Landsat has a 16-day overpass interval which only
enables it to visit the site about twice every month.
Landsat 8 was the only dataset available since the
missing values due to the scan-line error of Lansat 7
significantly falls within the location of the study area, it
was omitted to reduce possible inaccuracy brought by
missing raster values characterized by alternating lines of
null values. Landsat 8 images were utilized for this
purpose, but it is not completely devoid of any setback.
The timeframe was considerably short and since the area
is near Mt. Makiling, cloud built-up is evident in almost
all images from November to April. While the area is
under Type 1 climate, which has a dry season
classification from November to April, convective and
orographic clouds cover most of the study area.
Moreover, the Northeast Monsoon or Amihan is also
considered to contribute to cloud development. Its onset
covers the November to April period where it brings cold
and dry air from Siberia but is still capable of producing
rains and therefore clouds which is more apparent in
mountainous areas [30]. It was once reported that
Amihan causes cloudy skies over Laguna and other
provinces. The prevailing easterlies also bring cloudy



skies apart from isolated thunderstorms and rain showers
[31, 32]. These factors were recognized to have affected
the cloud cover in the area as perceptible from the
Landsat scenes used in estimating the ETa over the IRRI
area (Fig. 2).

Dec. 27, 2015 4.06 2.88
Jan. 12, 2016 1.97 1.63
Feb. 13, 2016 4.27 3.21
Mar. 16, 2016 4.09 4.36

Fig. 3. PySEBAL ETa Map over the EC Flux Tower.

As shown in Table 1, shows the results of ETa estimation
using PySEBAI compared to the EC observation values.
The statistical analysis (Table 2) presents the
performance of PySEBAL to capture accurate ETa
values which can be said to have been affected by the
quality of satellite images.

Table 1. EC and PySEBAL ETa

Landsat ETa (mm/day)
Acquisition
Date EC PySEBAL
Dec. 11, 2015 3.11 1.61
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Table 2. Statistical Analysis

R? RMSE NRSME MBE MRE NSE KGE

0.68  0.90 0.28 -069 020 -0.07 0.67

Although considerable cloud contamination takes place
on the image, in terms of R? it performs adequately at
0.68 which is higher than the acceptable value of 0.5 for
hydrologic studies [33]. The RMSE ranges from 0 to
infinity [34] and RMSE values closer to 0 are of high
regard. The RMSE value of 0.90 considering the
sufficiency and condition of the sample images used is
too small to conclude otherwise since there is not enough
data to classify outliers. This can be normalized however



to bound the range from 0 to land for this particular
dataset results in NRSME of 0.28 which can be said to be
acceptable since it is not greater than 1 [35].

The MBE value on the other hand is negative which
implies that PySEBAL overestimates the ETa values [36].
For the MRE, there is no defined rule to interpret the
value range, yet a value closer to zero implies a more
accurate model. MRE refers to the difference between the
actual values and the predicted values in relation to the
actual values. Here, the MRE value of 0.20 can be
regarded to be acceptable since it is close to zero and falls
within the 0 — 0.4 range mentioned by [37].

The negative NSE value of -0.07 on the contrary, implies
that the mean of observations is a better indicator than the
generated values ETa values of PySEBAL (Patton et al.,
2022). This denotes that the generated ETa values were
able to capture the variability but failed to produce the
mean. It happens when the error in simulating the mean
exceeds one standard deviation of the simulated
variability [38]. This negative value may have arisen
from the number of data available for this comparison. In
terms of the KGE, the EC and PySEBAL ETa
comparison resulted in a value of 0.68. KGE can be
considered as an improvement of the NSE (Pool et al.,
2018) but because of their ambiguous relationship and
dependence on the observed coefficient of variation, NSE
and KGE values cannot be directly compared; thus, NSE
should not influence the corresponding KGE
interpretation [39]. The KGE ranges from -infinity to 1.
A value of 1 denotes a perfect fit between the model
predictions and the actual data. Here it can be regarded
as acceptable since KGE in this study is positive and
above 0.5 which can be said that the variability in
simulating ETa was captured by the PySEBAL model [39,
40]. From the results of the statistical analysis, the
performance of the PySEBAL model can be considered
in the surface energy balance study, particularly in
measuring ETa. However, due to the drawbacks in terms
of the cloud cover interference on the satellite data which
affects the adequacy of the considered images for this
initial validation, the use of PySEBAL is for now
suggested for homogenous fields such as from the IRRI
site where the EC flux tower was located. While there are
studies that validate the SEBAL model using the same or
relatively few satellite images using other means such as
ETc based on FAO 56, ET from pan coefficient method,
lysimeter, and other methods [41; 42, 43]. This initial
assessment reveals the necessity of having ground
observation points to further evaluate and calibrate the
model for wider application. It is expected however that
by assimilating more cloud-free images, the PySEBAL
model could produce sound estimates for planning
purposes. Other methods such as the use of drones in
carrying out field observations for localized applications
should be explored as it will surely eliminate cloud
problems. Similarly, assimilation of other satellite
imageries should also be explored. All these with the
added work in modifying the pySEBAL code to be able
to run such datasets as the PySEBAL is currently
available on few satellites produces such as MODIS
which is has a courser resolution than SEBAL. For this
particular application, the main study area is a rice
production area which can be considered as homogenous
in terms of land cover. The results of this initial
assessment support the application of PySEBAL in
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estimating water productivity parameters. Moreover,
even if the SEBAL model is not widely validated in the
Philippines using state-of-the-art instruments like the EC
flux tower which was only available at IRRI or other in-
site data for that matter, the application of the SEBAL
model has been accepted and globally validated and have
demonstrated acceptable performance under different
conditions [44, 45]

4. CONCLUSION

The ETa estimates using the PySEBAL model was
assessed using the EC data from IRRI. The statistical
analysis supports the applicability of PySEBAL for ETa
estimation despite inherent cloud cover contamination
issues which limits the availability of Landsat images.
Furthermore, it is expected that in clear sky conditions
which may be present in other areas in the Philippines,
the PySEBAL performance is anticipated to improve
particularly in areas with relatively less cloud cover
potential due to mechanical lifting of airmass such as in
mountainous areas and where convective lifting
dominates. However, for wide-scale applications
particularly in non-homogenous areas such as rice fields,
further studies should be conducted to measure actual
evapotranspiration. Further studies with regards to the
assimilation of both high temporal and spatial resolution
image datasets should also be considered. PySEBAL
accepts numerical values or raster images interpolated
from actual measurements. The utilization of in-situ
ground meteorological data is highly advised if available
as it will surely influence the overall performance of the
model.
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