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Abstract: The Surface Energy Balance Algorithm for Land (SEBAL) is one of the remote
sensing (RS) models that are increasingly being used to determine evapotranspiration (ET).
SEBAL is a widely used model, mainly due to the fact that it requires minimum weather
data, and also no prior knowledge of surface characteristics is needed. However, it has
been observed that it underestimates ET under advective conditions due to its disregard of
advection as another source of energy available for evaporation. A modified SEBAL model
was therefore developed in this study. An advection component, which is absent in the
original SEBAL, was introduced such that the energy available for evapotranspiration was
a sum of net radiation and advected heat energy. The improved SEBAL model was termed
SEBAL-Advection or SEBAL-A. An important aspect of the improved model is the
estimation of advected energy using minimal weather data. While other RS models would
require hourly weather data to be able to account for advection (e.g., METRIC), SEBAL-A
only requires daily averages of limited weather data, making it appropriate even in areas
where weather data at short time steps may not be available. In this study, firstly, the
original SEBAL model was evaluated under advective and non-advective conditions near
Rocky Ford in southeastern Colorado, a semi-arid area where afternoon advection is
common occurrence. The SEBAL model was found to incur large errors when there was
advection (which was indicated by higher wind speed and warm and dry air). SEBAL-A
was then developed and validated in the same area under standard surface conditions,
which were described as healthy alfalfa with height of 40-60 cm, without water-stress. ET



Remote Sens. 2015, 7 15047

values estimated using the original and modified SEBAL were compared to large weighing
lysimeter-measured ET values. When the SEBAL ET was compared to SEBAL-A ET
values, the latter showed improved performance, with the ET Mean Bias Error (MBE)
reduced from —17.1% for original SEBAL to 2.2% for SEBAL-A and the Root Mean
Square Error (RMSE) reduced from 25.1% to 10.9%, respectively. It was therefore
concluded that the developed SEBAL-A model was capable of accounting for advection and
therefore suitable for arid and semi-arid regions where advection is common.

Keywords: SEBAL,; advection; limited weather data; evapotranspiration; remote sensing

1. Introduction

Remote sensing is becoming an important technique in the estimation of crop evapotranspiration
(ET). ET is a component of the hydrologic cycle, and its accurate estimation is of significant importance
in the improvement of agricultural water management. Several methods have been used to directly and
indirectly measure or estimate ET, and these include weighing lysimeters, using reference ET and
tabulated crop coefficients, Eddy Covariance method (EC), the Bowen Ratio Surface Energy Balance
method (BREB), scintillometry, atmometers, soil water content and tension sensors, and lately remote
sensing models. Remote sensing methods have the advantage of having the capability to cover larger
areas and are, therefore, suitable for regional analysis. Thus, with reasonable accuracy in ET estimation,
the remote sensing-based approach promises to be a critical tool in improving crop water management.

Several remote sensing models have been developed. The Surface Energy Balance Algorithm for
Land (SEBAL) [1] and its variant, Mapping Evapotranspiration with Internalized Calibration
(METRIC) [2], has been widely used, and modifications have been made to develop other models from
these. SEBAL can be used without prior knowledge of field conditions e.qg., soil, crop and management
conditions [3]. It also has the advantage of requiring little ground-based weather data, making it useful
for places where such data would be limited (e.g., in some developing countries). However, under
advective conditions, as in most cases in arid and semi-arid areas, SEBAL may underestimate ET, as it
does not account for advection [4]. SEBAL regards net radiation as the only source of evaporative
energy. An observation was made in Kimberly, Idaho where an irrigated area was surrounded by a
desert. The lysimeter ET sometimes exceeded net radiation; in some cases, the ratio of ET to Rn would
be more than 2.0 [5].

Also, SEBAL uses a fixed evaporative fraction (EF) for the entire day to extrapolate instantaneous
values to daily ET. Remote sensing models estimate instantaneous ET (i.e., at the time of the satellite
overpass) and use various methods to extrapolate to longer time-steps; SEBAL uses EF to determine
the 24-hr ET. The EF is defined as the ratio of latent heat flux (LE) to available energy (AE), where
AE is net radiation minus the soil heat flux (Rn — G). This EF ratio is often assumed to be constant
throughout the day [6]. However, it has been observed that EF is rarely constant [7].

METRIC uses the alfalfa reference ET fraction (ET:F) to extrapolate from instantaneous values of
ET to daily ET. This ETF is calculated as the ratio of actual crop ET to alfalfa reference ET, and
METRIC uses the modeled hourly ET at overpass time as the actual ET. The ET:F is also assumed to
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be constant throughout the day and yet capable of capturing the effects of advection due to the use of
calculated reference ET both at the time of satellite overpass (hourly ET) and for the entire day (daily
ET). However, the ETF function requires hourly weather data, which makes the model unsuitable for
places where weather data, at such short time steps, may not be available. Therefore, while METRIC
could be used in semi-arid and arid regions to potentially estimate ET accurately, availability of hourly
weather data is a limitation to its use in some areas. For this reason, a model that is capable of
accounting for advection, without the requirement of hourly weather data, is highly desirable, and
hence the motivation of this study. The model presented in this study is a modification of SEBAL, and
it has an additional energy component (due to advection) that has been incorporated into the 24-hr ET
sub-model (ET24). The new model has been termed SEBAL-Advection (SEBAL-A), and in this study
SEBAL refers to the original SEBAL model.

1.1. Description of the Original SEBAL Model

SEBAL estimates ET through the simplified land surface energy balance (EB) method. The model
uses remotely sensed surface reflectance in the visible and near infrared portions of the
electromagnetic spectrum to estimate the various components of the energy balance equation. The
radiometric surface temperature is measured using the satellite thermal infrared band. The components
of the energy balance; net radiation (Rn), soil heat flux (G) and the sensible heat flux (H) are
determined, then the latent heat flux (LE) is obtained as a residual, as given in Equation (1).

LE=R,—G—H (1)
The net radiation is calculated by summing the net shortwave radiation and net longwave radiation:
R, = (1 — a)R; + €,0T} — e,0Ts 2

where Rs is incoming shortwave radiation (W m™2), o is the surface albedo which is the ratio of
reflected to solar radiation incident at the surface, €a is the air thermal emissivity, &s is surface thermal
emissivity, Ta is the air temperature, Ts is the radiometric surface temperature (K), and o is the Stefan
Boltzmann constant which is 5.67 <108 W m2 K™,

Soil heat flux is defined as the rate of heat flow into the soil due to conduction [8]. Different
empirical equations have been developed, based on soil heat flux measurements made in experimental
fields [1,9]. One that was developed by Bastiaanssen for SEBAL is given as an example below [10]:

G TS 2 4
= (0.0038a + 0.0074a<)(1 — 0.98NDVI*) (3)

n

where o and Ts are as defined in Equation (2). The NDVI is the Normalized Difference Vegetation
Index, which is computed using surface reflectance captured using bands 3 and 4 in Landsat 5 and 7.
Band 3 is the visible red and 4 is the near infrared, with wavelengths approximately 0.6—0.69 pum for red
and 0.75-0.9 um for near infrared. The exact values depend on the particular satellite’s instruments.

The basic calculation of sensible heat flux (H) is performed by using the bulk aerodynamic
resistance method as shown in Equation (4):

— pacpa(To - Ta)

Tan

H (4)
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where pa is the density of moist air (kg m~3), Cpa is specific heat capacity of dry air (~1004 J kg™t K™);
Ta is the average air temperature (K) at screen height (typically at 2 m), To is the average surface
aerodynamic temperature (K), and ran is the aerodynamic resistance to heat transfer (s m™). However,
To may be difficult to estimate, therefore SEBAL replaces (To — Ta) by a dT function as shown in
Equation (5), and the dT function is defined as the near surface temperature difference between two
levels, which are 2 m and 0.1 m [5].

H — pacpadT (5)

Tah

In the process of determining the dT function, two extreme pixels, a wet pixel and a dry pixel, are
selected. The wet pixel has a very low temperature; with the assumption that the low temperature is so
because the available energy (Rn — G) is mostly used to evaporate water and not to warm the surface or
the air. Originally in SEBAL, a water body was used for the cold pixel [5]. However, it is now
recommended that a pixel located in a well-watered agricultural field of good crop growth be selected.
In this pixel, it is assumed that all the available energy is used for evaporation; therefore, H is assumed
to be zero. The LE in that pixel will therefore equal the available energy. This is a reasonable
assumption, except in semi-arid and arid regions, where there could be regional advection of sensible
heat energy brought onto the irrigated area resulting in enhanced evapotranspiration. In a case like that,
H according to Equation (1) would be negative for the cold pixel. According to Equation (5), the value
of dT in the cold pixel will be zero following the assumption that H equals zero.

To select an “extreme” dry pixel, a pixel with a very high temperature would be a candidate since it
would indicate extreme dryness since the available energy at the surface is used to heat up the surface
and air above it, as there is no water to evaporate. Also, the pixel should represent a bare surface or one
with minimal biomass, which is indicated by a very low leaf area index (LAI) value. Care should be
taken that man-made surfaces such as highways and buildings are not selected. A dry agricultural area
(possibly fallow) or bare soil is recommended. This pixel is assumed to have LE of zero, and a large dT.

Once the cold and hot pixels are identified, the value of H can be calculated using Rn and G for
these pixels. The dT value for the hot pixel is calculated using Equation (6) as:

(Rn - G)rah_ hot

C (6)

ATy =

p air_hot

SEBAL then assumes a linear relation of dT to radiometric surface temperature and the relationship
is explained by the use of coefficients “a” and “b” whereby:

dT=axTs+Db @)
where:
a= M (8)
TShot - TScold
b = dTyot —a X Tspot ©)

To obtain the value of H for any pixel, Equation (5) is used and this value is corrected for atmospheric
stability, which involves an iterative process using the Monin-Obhukov similarity theory [11].
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SEBAL uses the evaporative fraction (EF) in the extrapolation of instantaneous ET to daily ET
values. The EF is defined as the ratio of LE to available energy (Rn — G). It is calculated for each pixel,
for the time of the remote sensing platform overpass, as:

LE
- Rn—-G

EF (10)

All the fluxes are instantaneous. This fraction is assumed to remain constant throughout the day,
and can therefore be used in the extrapolation of instantaneous LE to hourly and daily values, giving

daily ET (ET24) as:
_ 86,400 X EF X (Rnys — Gyy)

24 = 1 X po,

(11)

where 86,400 is the number of seconds in a day, Rn2a is the average net radiation (W m2) for the day;
M is the latent heat of vaporization used to convert the energy from W m™2 to mm of evaporation or
vice-versa and is a function of temperature (in SEBAL, the radiometric surface temperature is used),
pw is the density of water in kg m™3, Gza is the daily average of soil heat flux (W m2) and is negligible
for vegetation and soil surfaces in a 24-hr period, as it is assumed that the energy stored in the soil
during the day is lost at night.

1.2. EF Constancy throughout the Day

The assumption of EF being constant throughout the day has been documented in several
publications [3,12,13]. However, Stewart [14], as cited in Lhomme and Elguero [15], mentioned that
simply assuming that EF is constant throughout the day may be erroneous. In his study, the conclusion
was that EF has a typical concave shape during the day; with the EF values in central hours around
solar noon lower than the daytime average. Factors such as soil water content, incoming shortwave
energy, and vapor pressure deficit influence the EF’s constancy throughout the day [15].

EF may be constant for high values of relative humidity (75-90%), but for RH<50%, it has a
noticeable parabolic shape when graphed versus the time of day [7]. This means that a constant EF
may apply in humid but not in arid or semi-arid regions. It was also observed that EF would remain
fairly constant under dry surface conditions, but not under wet or moist conditions [6]; and since wet
conditions result in higher ET rates, assuming a constant EF value for well-watered fields would result
in large errors of daily ET.

Irmak et al. [16], when comparing the application of EF as used in SEBAL and ET:F as used in
METRIC to extrapolate to daily values of ET, state that ET(F is better suited for use where there is
advection as would be the situation where there is an irrigated area in an arid or semi-arid region. This
is because ET:F uses the Penman-Monteith equation, which accounts for effects of advection.
However, in cases where the stomatal conductance may be reduced in the afternoon due to shortage of
water, the ET:F would not be appropriate to use; instead EF, which does not account for advection,
would be the valid function. This agrees with the previously mentioned statement that EF remains
fairly constant under dry conditions [6]. This means the SEBAL approach of determining daily ET is
mostly suited for rainfed systems [16].

This study was aimed at first evaluating the performance of SEBAL under conditions of advection.
Furthermore, a modified SEBAL model was developed to account for advection (i.e., the SEBAL-A
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model). This modification was done so that the model could account for advection by using the
minimum available weather data. This was achieved by modeling advection using weather data that are
usually available in most weather stations worldwide, i.e., minimum and maximum temperatures,
relative humidity and wind run. The modeled advection was then incorporated into the ET24 sub-model
of SEBAL. This was done in a way that the energy available for ET would be the sum of daily net
radiation and advected heat energy.

2. Materials and Methods
2.1. Study Area

The research was carried out at the Colorado State University (CSU) Arkansas Valley Research
Center (AVRC) near Rocky Ford, in southeastern Colorado. The study area has geographic coordinates
38V2'N, 103941'W (61,552.876 m Easting, 42,103,331.195 m Northing, UTM, Figure 1), with an
elevation of 1274 m above mean sea level (amsl). The rainfall received annually in the area averages
about 300 mm, with 65% falling in May through September. This amount of rainfall is not enough to
sustain the growth of most agricultural crops, which makes irrigation necessary. Dry areas surround the
irrigated fields as the region is of a semi-arid nature (Figure 1). The average temperature in summer is
23.6 C, and the average daily maximum temperature is 33.0 <C. The average relative humidity in the
mid-afternoon is 25% in summer, and average wind speed is 4.4 m s All these conditions make
afternoon advection in the area a common occurrence.

Two alfalfa fields were used for the study. They were irrigated using a furrow irrigation system
supplied by siphons and a head ditch. Field A was rectangular; 160 m by 250 m, and Field B was
triangular (right-angled, with base 110 m and perpendicular length of 230 m). Close to the center of
Field A was a large monolithic weighing lysimeter (3 m x3 m x2.4 m deep), and a smaller monolithic
lysimeter (1.5 m x1.5 m x2.4 m) was in Field B. A monolithic lysimeter contains an undisturbed soil
core that has a similar soil structure (soil layering and properties) as the surrounding field [17]. Both
fields were equipped with net radiometers (REBS, Campbell Scientific International (CSI), Logan, UT,
USA). There were also infrared thermometers (IRT, Apogee model S1-111, CSI, Logan, UT, USA) to
measure crop radiometric surface temperature. Soil heat flux plates (REBS model HFT3, CSI, Logan,
UT, USA) were buried 10 cm in the ground, along with soil temperature and soil volumetric water
content sensors at locations near the net radiometer with their measurements used in the calculation of
soil heat flux.

2.2. Landsat Satellite Datasets and Processing

Landsat 5 Thematic Mapper (TM) and Landsat 7 Enhanced Thematic Mapper Plus (ETM+) satellite
images were downloaded from the USGS Earth Explorer site (http://edcsnsl7.cr.usgs.gov/
NewEarthExplorer/) for the 2010-2012 growing seasons. The temporal resolution (or revisit period) is
16 days for both satellites, with alternating overpass. Therefore, if cloud cover or the swaths of missing
data for Landsat 7 do not affect images, the number of days between overpasses becomes 8. Both
satellites provide images at a spatial resolution of 30 <30 m in the visible and near infrared portions of
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the electromagnetic spectrum. The thermal infrared band for Landsat 5 has a spatial resolution of
120 m %120 m while Landsat 7 has a spatial resolution of 60 m <60 m.
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Figure 1. Study area, irrigated fields surrounded by dry areas.

While the research fields may have been relatively small, at least one uncontaminated thermal pixel
for Landsat 5 could be found, and even more for Landsat 7. However, to further rule out the possibility
of pixel contamination, a thermal pixel sharpening process, based on documented evidence that there is
a relationship between percentage of ground cover and surface temperature [18], was carried out. Due
to the fact that percentage of ground cover is highly correlated to NDVI, the latter was used as a
surrogate for ground cover, as has been used in several sharpening approaches [19-21].

The process was carried out for each image because the relationship between ground cover and
surface temperature is not constant but varies with weather, surface conditions and land cover type [22].
This process involved selecting 25 pixels from fields large enough to have uncontaminated pixels from
across the image or its subset. The pixels selected varied from partial to full cover. From each pixel
selected, the NDVI, surface temperature and reflectance for bands 5 and 7 were noted. The 25 pixels



Remote Sens. 2015, 7 15053

were then randomly divided into training and testing datasets; 15 pixels for the training dataset and 10
for the testing dataset.

The training dataset was then used to establish the relationship between the NDVI and the
radiometric surface temperature. The equation relating the NDVI to radiometric surface temperature
was then used to estimate surface temperature, using the NDVI from the testing dataset, and the
estimated temperature was compared with the radiometric surface temperature. The deciding factor on
the appropriateness of the regression was the ratio RMSE/c where o is the standard deviation of Ts
from the testing dataset and RMSE is the root mean square error from the comparison. A value of
approximately 1 indicates poor agreement between estimations and observations, while values <0.5
means the equation is capable of estimating good values and estimations are in satisfactory agreement
with observations [23]. In this study, if RMSE/c was less than 0.5, the relationship was used for the
whole scene to process a new image for surface temperature at a refined resolution of 30 m <30 m.
Table Al in appendices show the equations used to relate NDVI to surface temperature.

As the lysimeter area was 9 m? and the Landsat pixel is 900 m?, for these to be comparable, an
effort was made to ensure that on the days of analysis, the conditions in the lysimeter were
representative of the entire field. A logbook was used to record the crop heights in the lysimeter and
also for the surrounding field. A neutron probe was used to measure soil water content or moisture
inside and outside the lysimeter, ensuring that there was no water stress both in the lysimeter and the
larger field on the days of analysis.

2.3. Evaluating SEBAL Performance under Advective Conditions

To evaluate the performance of the SEBAL model, comparison was made between the SEBAL-
modeled alfalfa ET and the alfalfa ET measured using lysimeters in Fields A and B. The comparison was
made for hourly and daily time-steps. Several indicators were used to measure the model performance in
estimating ET, and these were: Coefficient of determination (R?), Mean Bias Error (MBE) [24,25], Root
Mean Square Error (RMSE) [24] and the Nash-Sutcliffe Coefficient of Efficiency (NSCE) [26,27].

2.4. Development and Validation of the Modified SEBAL Model (SEBAL-A)
2.4.1. Data Requirement for Model Development

The SEBAL-A model was developed under standard surface conditions and the criteria for standard
conditions were alfalfa of height 40-60 cm, completely covering the ground, and not short of water. The
use of standard surface in the development of the model was done with the aim of validating SEBAL-A
on the same standard surface before using it on non-standard surfaces, as a test for transferability. The
non-standard surface conditions include different crops and moisture conditions [28]. Processed Landsat
5 and 7 images from 2010 to 2012 were selected for cases where the field satisfied the standard
conditions. A crop field log that included crop height was used to select the days when the alfalfa was
40-60 cm tall. The SEBAL-based EF was used to determine whether or not the alfalfa was water-
stressed, and images when the fields of study had EF > 0.96 were selected as satisfying the standard
surface conditions. Soil moisture measurements using the neutron probe taken around the lysimeter were
also used to confirm that there were no water-stress conditions.
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For model development, available data were split into calibration and testing (validation) datasets. To
have enough data for both training and testing processes, non-overpass days were used as training dataset,
then overpass days as testing dataset. For the training dataset, five days prior to each of the satellite
overpass days were used. This assumed that these five days had about the same standard conditions as the
day of satellite overpass. This assumption was valid unless within the five days there was irrigation or
rainfall, in which case the day of irrigation or rainfall event and the days prior would be discarded. The
images on the overpass days were then used to validate the model under standard conditions.

2.4.2. Description of the Model Development Process

The development of the SEBAL-A model involved the parameterization of advection and
incorporating it into the original SEBAL ET24 sub-model. The variables required for the estimation of
daily-advected heat energy were minimum and maximum temperatures, wind run, and relative humidity.

To estimate advection, a semi empirical approach was used which is based on the concept of
advective enhancement on evaporation [29]. The concept states that evaporation (E) can be expressed
as the sum of equilibrium evaporation (Eeq) due to available energy at the site, and enhanced
evaporation (Ead) due to extra energy brought in by advection.

E = Eeq + Ead (12)

The same concept was illustrated using Penman’s expression of potential ET [30] as shown in
Equation (13).

A
AETp = A—Qn + A Ea (13)

+vy A+ y

where A is the latent heat of vaporization (J kg 1), y is the psychrometric constant, A is the slope of the
temperature—saturation vapor pressure relationship (kPa -<C™1), Qn (W m2) is the available energy and
Ea (W m2) is the drying power of the atmosphere. The first term in Equation (13) is the equilibrium
ET, which is ET resulting from available energy at the surface (Rn — G). The second term represents
ET resulting from advection, which is also referred to as “imposed ET” (ETimp) [31].

In most cases Ea, which is the drying power of the atmosphere, is calculated as a function of
horizontal wind speed measured at a certain height (e.g., 2 m) and the vapor pressure deficit [30]:

Ea =1 (u) x<(es— ea) (14)

where es and ea are saturation and actual vapor pressures (kPa), respectively, and f (u) is the wind
function. Different approaches have been suggested for the wind function, some being empirical linear
approximations [32], others theoretical, and include a roughness parameter [33,34]. One was specifically
developed for alfalfa in Idaho, which was a linear function of mean horizontal wind speed [35].

In this study, three approaches were used to compare their accuracy in estimating the amount of
advection to be incorporated into the SEBAL model. The first approach was to use the wind function
as developed by Stigter [34], Equation (15).

U
8(1+ 1—00)

fW) =—F~— 15
[lTl (ZZ — d)]z ( )

Zom
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where z2 is the height of measurement, d (m) is the zero-plane displacement height and zom (m) is the
roughness length for momentum transfer. Both d and zom (M) can be estimated based on the height of
the standing crop (h), with d estimated to be 0.67h and zom to be 0.123 h. For regional estimation of
ET, measuring the crop height represented in each pixel would be impossible. In SEBAL, zom is
determined using satellite-based NDVI values for each pixel, and the relationship is shown as:

Zym = €xp(a X NDVI + b) (16)

where “a” and “b” are coefficients empirically obtained by relating satellite-obtained NDVI, from a
sample of pixels in the image, to measured heights of vegetation in the area corresponding to the sampled
pixels. The values of “a” and “b” are location specific and depend on the vegetation. However, variation
of the coefficients may be less with similar vegetation (e.g., agricultural as opposed to forests).

The second approach was to modify Equation (15) to include a temperature parameter, and, in this
case, daily mean temperature was used.

B(Timean) (1 + 190)
[l (ZZ d)]z

Zom

fw =

7)

where Tmean IS the daily mean temperature, which is the average of the maximum and minimum
temperatures (Tmax and Tmin, respectively), and U is the afternoon representation of wind run in km 42,
The value of B was determined by comparing the model ET to lysimeter-measured ET from the
calibration dataset, and using solver with an objective of obtaining the minimum RMSE.

The third approach used daily temperature extremes instead of daily mean temperature as shown in
Equation (18).

BAE%) (£ (1 + 105)
[l (ZZ d)]z

Zom

f = (18)

where Tmax and Tmin are the day’s maximum and minimum temperatures (°C), respectively.
Determining the value of 3 involved the following steps:

e Using Equation (12), the advected energy (Ead) was determined as the difference between total
latent energy, which is the energy equivalent of the lysimeter ET and the energy due to net solar
radiation, which was measured using a net radiometer on site.

e The determined Ead was then equated to the product of VPD (es — ea) and the wind function, es
and ea were calculated using weather stations parameters recorded at the station, and for f(u),
Equations (17) and (18) were used in turn with 3 being the only unknown in the equation.

e To determine B, a set of the modeled ET was compared to lysimeter ET, from the calibration dataset,
and using the solver function in MS Excel with an objective of obtaining the minimum RMSE.

The value of B is partly dependent on the selected denominators for Tmax and Tmin, Which are 20 C
and 10 <C, respectively. Observed data were used to select the denominators. On the Tmax, Surface
radiometric temperatures of the standard conditions observed averaged around 294 K (20.85 <C), and
assuming insignificant temperature change due to irradiative energy on well-watered surfaces,
advection of air warmer than the surface would enhance ET, hence the selection of 20 <C.
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The model performed better when Equation (18) was used than when Equations (17) and (15) were
used, and the value of 3 that achieved the minimum RMSE was 8.0023. The better performance of
Equation (18) seemed to have resulted from two factors. Firstly, that in advection, air temperature does
not only determine the magnitude of VPD (which represents the capacity of air to accept vapor from
the evaporation surface), but it also determines the amount of heat energy that is brought onto the
evaporating surface, thus a wind function with both wind and temperature variables as shown in
Equations (17) and (18) has more physical meaning.

Also, the day’s extreme temperatures, rather than the mean temperature, seem to give a more
accurate estimate of advection. The maximum air temperature gives an estimate of the sensible heat
energy of the air brought onto the evaporating surface on the advective afternoons. The minimum air
temperature, depending on its magnitude, may give an indication of the possibility of having nighttime
ET. Including the minimum temperature distinguishes conditions where the temperature might be high
enough for nighttime ET to take place. It must be noted that in cases where the minimum temperature
was below 10 <C, a minimum of 10 <C was used, so as to achieve the fraction unity.

Equation (18), accounts for the aerodynamic characteristics, which are influenced by surface
roughness conditions. Although the equation was developed using data obtained during standard
surface conditions, it is expected that Equation (18) would be transferable to different crop surfaces
because of the roughness component. However, stomatal resistance was not factored in the equation,
with the assumption that the EF would account for it.

When Ea and subsequently Ead had been determined, Eas was then introduced into the ETo2s
sub-model of SEBAL, and Equation (11) was modified to be Equation (19) in SEBAL-A:

86,400 X EF X (Rn,, + AEad
ET24 = (Rnas ) (19)
A X py

2.5. Model Validation

The validation of the SEBAL-A model involved comparing the alfalfa daily ET estimated using
SEBAL-A to alfalfa daily ET measured using lysimeters. The statistical indicators used to evaluate the
model performance were R?, MBE, RMSE and NSCE. The performance of SEBAL-A was also
compared to that of the original SEBAL to determine if there was any improvement.

3. Results and Discussions
3.1. Evaluation of SEBAL under Advective and Non-Advective Conditions

When the hourly alfalfa ET estimated using SEBAL was compared with measured ET using the
large monolithic weighing lysimeter, the resulting MBE was —0.09 mm H ! (—12%), which on average
showed only a slight underestimation of ET. The comparison is illustrated graphically in Figure 2. The
RMSE was 0.187 mm h™t (26%), and the NSCE was 0.5, which was within the acceptable range of
model performance.
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Figure 3 shows results for the daily ET from the original SEBAL compared to lysimeter daily ET
values. Figure 3 has three fewer data points as in three of the days of analysis, there was activity (e.g.,
irrigation, harvesting) in the lysimeter or field after time of satellite overpass, and therefore the daily
data could not be used for analysis. The results indicate that there was a significant underestimation of
daily ET, with MBE of —2.6 mm 4! (—=32%) and RMSE of 3.18 mm d* (39%). The NSCE was —0.07,
which indicates an unacceptable performance of the model in estimating daily alfalfa ET for irrigated
alfalfa under standard surface conditions in southeastern CO. While the original SEBAL model seems
appropriate in estimating hourly ET (NSCE = 0.5), during the time of satellite overpass (which was
between 10.20 and 10.30 am MST), it was found to be unsuitable for estimating daily ET (NSCE =
—0.07). The reason SEBAL would be suitable to estimate ET on hourly basis and not suitable on daily
basis could be due to the use of EF in extrapolating instantaneous ET to daily values. The extrapolation
assumes that the EF at the time of satellite overpass remains constant throughout the day, which is
sometimes not the case with occurrence of afternoon advection, which was usually the case in most
summer afternoons in the semi-arid area around Rocky Ford, CO. A similar observation was made,
that on advective days SEBAL may underestimate ET [9]. Gowda et al. [36] reported an average
SEBAL accuracy of 85% for a single day, while Trezza [11] found the error for SEBAL to range from
2.7% to 35%, with 18.2% being the overall average error.
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Figure 2. Comparing SEBAL-modeled and Lysimeter-measured hourly alfalfa ET at time
of satellite overpass.

It was also noticed that there was some discrepancy between modeled and measured ET on both
hourly and daily ET with low ET, mostly when the fields had low vegetation cover. This could indicate
that the original SEBAL model may not be appropriate for ET estimation in less vegetated surfaces
because of surface heterogeneity. SEBAL is a one-source model, i.e., the heterogeneous surface is
represented as a single layer [37], and the energy balance components are determined as coming from
one source. Hipps and Kustas [38] mentioned that there is a problem when a heterogeneous surface is
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represented as a single source as soil has a significant influence on the surface energy balance. Also,
with less cover the H and G components of the energy balance are large and, therefore, play a
significant role in the final ET. Thus, if H and G are inaccurately estimated, errors will be transferred
onto the final estimation of ET values. However, with vegetated, well-irrigated areas, H and G are
closer to zero and, therefore, are of limited significance.
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Figure 3. Comparing the original SEBAL and Lysimeter-measured daily alfalfa ET in
southeastern Colorado.

3.2. The Advective Effects of Wind, Humidity and Air Temperature

High wind speed, high air temperature and low humidity signal the occurrence of
advection. These parameters have been termed advection indicators [39]. Brakke et al. [40]
mentioned wind speed as one of the conditions that contribute to regional advection. In this paper,
2010 alfalfa data from the Colorado State University (CSU) Arkansas Valley Research Center (AVRC)
near Rocky Ford was used to illustrate the relationship between wind speed and error incurred by the
SEBAL model in estimating daily alfalfa ET, and the results are as shown in Figures 4 and 5. Figure 4
used average wind speed over a 24-hr day, while Figure 5 used the afternoon average wind speed
(between noon and when Rn decreases to 0), when the air is warmer and drier, hence more advected
energy. There seemed to be a stronger correlation with the latter, suggesting that the errors in the original
SEBAL model were mostly due to the afternoon advection occurrence, which the SEBAL model could
not account for.
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Figure 4. Relationship between 24-hr average wind speed and SEBAL model alfalfa ET error.
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Figure 5. Relationship between afternoon wind speed averages and SEBAL alfalfa ET
model error.

The shape of the curve is also worth noting, especially in Figure 5, where at low wind speeds
(<1.5 m s71), the errors seem to be independent of wind speed, but for winds greater than 1.5 m s72,
there was an obvious relationship between wind speed and SEBAL ET estimation errors, with the error
increasing with increasing wind speed until around 4 m st when increasing wind speed did not result
in increased error. The presence of error for wind speed less than 1.5 m s may have been a result of
local rather than regional advection. Usually, local advection is a small portion of the total advection in
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cases where both forms occur, or about a fifth of the total advection effect on ET, and the local
advection is usually unrelated to wind speed [40]. It may be for that reason, therefore, that at low wind
speeds with drier and warm air there could still be some error observed on estimated ET.

The leveling off of errors in the estimation of ET at about 4 m st in Figure 5 could be due to the
fact that the higher wind speed may result in a higher evaporative demand which the alfalfa cannot
cope with, and therefore resulting in a response by alfalfa in the form of reduced stomatal conductance.
There is an inverse relationship between canopy moisture conductance and saturation deficit at the
canopy surface [41]. This may explain the plateau (asymptote) of SEBAL ET error at high
wind speeds.

Table 1 shows results from the SEBAL model, indicating that there was less error on days when the
average relative humidity was close to and above 70%. On days 15 June 2010, 10 August 2010 and 5
August 2011, when the humidity was high, the absolute errors on ET were less than 10%. This is in
agreement with Gentine et al. [7] that under conditions of higher relative humidity, the evaporative
fraction is more likely to be constant, and, therefore, the extrapolation of instantaneous ET to daily ET
would be more accurate. However, on days with low humidity (e.g., 22 May 2010, 20 June 2012 and 22
July 2012) when the average relative humidity was less than 45%, for example, the error was consistently
above 30% and reaching up to 40%, when low humidity was accompanied by higher wind speed.

Table 1. Average weather conditions, field measurements and SEBAL model performance
on days of satellite overpass.

U(ms?) Model error Night ET
Date Ta(T)  RH (%) 24-hr  Afternoon h (em) (%) (mm)
6/15/2010 (A) 19.2 66.7 14 3.2 30 9.3 0.4
7/1/2010 (A) 24.8 47.7 3.3 3.7 66 -35.5 11
8/18/2010 (A) 24.3 55.5 0.8 0.9 55 2.7 0.4
5/6/2010 (A) 16.2 40.7 4.3 8.4 43 -15.0 0.7
5/22/2010 (A) 23.2 28 3.8 5.3 60 -35.6 1.4
8/10/2010 (A) 23.0 69.1 0.9 1.0 50 0.6 0.0
8/26/2010 (A) 22.1 46.6 18 2.6 12 -34.1 0.4
6/15/2010 (B) 18.8 70.1 14 2.5 104 -14.7 0.2
5/6/2010 (B) 15.7 42.9 3.6 6.8 60 —28.2 1.0
5/22/2010 (B) 22.1 32.3 3.0 4.0 92 -40.3 2.1
8/10/2010 (B) 23.7 63.5 1.0 1.0 * 2.1 0.2
6/18/2011 (A) 22.1 50 2.4 3.7 25 -14.7 0.5
7/4/2011 (A) 24.4 49.8 1.1 2.7 70 -21.0 0.1
8/21/2011 (A) 23.7 62.9 1.3 1.7 70 -11.7 0.3
6/18/2011 (B) 22.2 50.3 2.4 3.5 18 -32.2 0.7
8/5/2011 (B) 23.9 64.3 0.9 0.9 48 -3.7 0.6
6/4/2012 (B) 22.6 46.6 2.7 5.2 25 —22.4 0.4
6/4/2012 (A) 224 47.7 2.8 5.6 32 —26.2 0.6
6/20/2012 (A) 23.1 43.6 3.4 35 76 -32.2 17
7/22/2012 (A) 27.0 36.4 1.6 2.8 53 -39.8 11

Note: T, is air temperature, U is the wind speed, RH is relative humidity and h is the crop height. The A and
B after the dates indicate the field from which the data was obtained, either Field A or B.
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There is some complexity as to how these advection indicators interact with each other and also
with the evaporating surface in order to determine how much latent heat flux will result from the
advected energy. For instance, 22 May 2010 was the day with the highest ET underestimation
observed. From analysis of the weather data, also shown in Table 1, this was due to the high wind
speed of 3—4 m s7* and a low relative humidity of about 30%. This resulted in SEBAL underestimating
ET by about 40%. The opposite occurs on 10 August 2010, where there was minimal error in ET
estimation, and the conditions prevailing were non-advective, with the average wind speed being
0.9 m s and a relative humidity of 69%.

On 4 July 2011, the 24-hour average wind speed was low (1.1 m s ) and RH of about 50%, but the
SEBAL model underestimated ET by 21%. However, Table 1 also shows that the afternoon average
wind speed was 2.7 m 571, and therefore the wind was capable of transporting substantial sensible heat
from surrounding areas, hence the large error. This observation shows that the afternoon wind speed is
the more appropriate indicator of advection than the 24-hour average wind speed as was earlier
discussed. A similar observation was made on 22 July 2012, where a 40% underestimation of ET by
SEBAL was observed, with a 24-hour average wind speed of 1.6 m s™t. However, the afternoon
average wind speed was 2.8 m s, and afternoon average temperature and RH were 34 <T and 24%,
respectively (not shown in table), which suggest advective conditions.

The day of 6 May 2010 was a windy day, especially in the afternoon with an average wind speed of
about 7 m s, but the ET error was less than 30%, which was less than other days with lower wind
speed and higher RH. This could have been due to the lower temperatures on the day compared to the
other days, with mean temperature being 16 <C, thus the air brought onto the field was cool and
therefore had less sensible heat energy.

3.3. Development and Validation of SEBAL-A

After the SEBAL-A model was developed, as earlier described, it was tested using Landsat 5 and 7
images for overpass days under standard conditions. Using Equation (18) to determine the wind
function, the drying power of the air (Ea) was determined and subsequently the advected energy (Ead).
The Ead was then included in the ET24 sub-model, as given in Equation (19).

Table 2 shows the results of the modification, and compares the errors in the modified SEBAL
(SEBAL-A) model with the original SEBAL. On average, the original SEBAL underestimated Alfalfa ET
by 17%, with underestimations of up to 38%, while SEBAL-A resulted in an average overestimation of
about 2.2%, with errors less than 20% except on 5 August 2010 which had an ET error of 24%. Table 2
shows statistics for both the original and SEBAL-A, with the latter showing significant improvement over
the original SEBAL. The Mean Bias Error of —1.3 mm d (—17.1%) in the original SEBAL was reduced
to 0.17 mm d (2.2%) with SEBAL-A. The Root Mean Square Error was reduced from 1.9 mm d*
(25.1%) to 0.83 mm 4™ (10.9%). An NSCE of —0.03, which suggested that the SEBAL model was
unsuitable to estimate daily ET, was improved to a good value of 0.81 with SEBAL-A.

Figures 6 and 7 show graphs of alfalfa ET estimated using the original SEBAL and SEBAL-A,
respectively, compared to lysimeter-measured alfalfa ET. SEBAL-A ET estimates compared very well
with the lysimeter ET values, whilst the original SEBAL significantly underestimated ET. The
underestimation was largest for higher ET values, where there was more advection. For SEBAL-A,
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most of the points were close to the 1:1 line. The ability of SEBAL-A to reduce the MBE to close to
zero is an important quality as it mostly eliminates the bias. The use of SEBAL-A will potentially
result in a more accurate seasonal ET as opposed to the original SEBAL, which would underestimate
seasonal ET due to cumulative ET errors.

Table 2. Performance of models on overpass days, and calculated statistics.

Date Lysimeter ET (mmd™) SEBAL ET (mmd™) SEBAL-AET (mmd™)
08/18/2010 (A) 6.6 6.5 (-2.7) 7.4 (12.2)
09/19/2010 (A) 6.5 4.6 (-29.9) 6.0 (-8.9)
10/05/2010 (A) 5.6 3.6 (-38.9) 4.8 (~13.6)
08/05/2011(A) 6.7 7.5 (10.9) 8.3 (24.1)
05/06/2010 (A) 7.8 6.7 (~15.0) 8.7 (11.8)
05/22/2010 (A) 11.1 7.2 (-35.6) 10.4 (-6.5)
08/10/2010 (A) 5.7 5.8 (0.6) 6.5 (13.5)
08/05/2011(B) 6.7 6.4 (-3.7) 7.3 (9.4)
07/04/2011(A) 9.5 7.5 (-21.0) 8.6 (—9.5)
08/21/2011(A) 7.1 6.3 (-11.7) 7.3 (3.3)
06/20/2012 (A) 11.3 7.7 (-32.2) 10.8 (-4.7)
08/21/2011(B) 6.5 6.1 (-5.6) 7.1(10.3)

Statistics
MBE ~1.3(-17.1) 0.17 (2.2)
RMSE 1.9 (25.1) 0.83 (10.9)
NSCE —-0.03 0.81

Note: The A and B after the dates indicate the field from which the data was obtained, either Field A or B.
Values in parenthesis are errors in percent.
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Figure 6. Comparing SEBAL-modeled and Lysimeter-measured daily alfalfa ET under
standard conditions.
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Figure 7. Comparing SEBAL-A and Lysimeter-measured daily alfalfa ET under
standard conditions.

4. Conclusions

From the results obtained from the study, it can be concluded that the SEBAL model usually
underestimates ET mostly due to advection, with bias errors of up to 40% being observed for alfalfa in
southeastern Colorado, U.S. The daily ET estimation resulted in larger errors than for hourly ET when
SEBAL estimates were compared to lysimeter measurements. This result could be due to the
occurrence of advection near Rocky Ford, Colorado, mostly in the afternoons, while hourly ET is
estimated around the satellite overpass time, which is between 10:20 a.m. and 10:30 a.m. Mountain
Standard Time (MST).

Another observation was that the original SEBAL model incurred more error in estimating ET when
there was less vegetation cover. There are several possible explanations to this observation. One of
them being that the SEBAL model is a single-source model, assuming that all the fluxes are from a
single uniform source (big leaf approach). However, with low vegetation cover, where the soil is
exposed, a two-source approach is theoretically more accurate and appropriate. Another reason for
higher accuracy with full vegetation cover is that H is usually small, and, therefore, even if H is
inaccurately estimated, it will have less impact on the final LE value. However, with low vegetation
cover, and/or water stressed vegetation, both G and H may be large and errors in their determination
may significantly affect the accuracy of LE as a residual of the surface energy balance. The estimation
of H involves the selection of extreme pixels, which is a subjective exercise, and depends on several
factors, which include the presence of appropriate pixels.

When the ET24 sub-model for SEBAL was modified by including modeled advection (SEBAL-A
model), the ET estimation was significantly improved for advective conditions. Advective conditions
are a common occurrence in arid and semi-arid regions, and the modification of the SEBAL model
improves the estimation of ET in regions where there is advection.

However, the significant characteristic of SEBAL-A is its ability to account for advection by using
minimum weather data. This means the model can be used under advective conditions even where
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hourly weather data may not be available. Most models require weather data at least on a hourly basis
to be able to account for advection; SEBAL-A, on the other hand, only uses minimum and maximum
temperatures, daily wind run and vapor pressure to achieve that.
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Appendix

Table Al. Equations relating NDVI and radiometric surface temperature.

Date Equation RMSE/c
05/06/2010 y =-29.580x + 318.51 0.27
05/22/2010 y =—23.452x +319.05 0.19
06/15/2010 y=-—17.154x + 311.00 0.11
06/18/2010 y =-25.140x + 324.61 0.35
07/01/2010 y = —23.876x +319.45 0.26
07/04/2010 y=-26.751x +319.72 0.11
08/10/2010 y=-19.177x + 314.49 0.18
08/18/2010 y =-22.060x +317.92 0.28
08/26/2010 y =-32.753x + 323.80 0.36
08/05/2011 y =-20.854x +315.94 0.19
08/21/2011 y = —21.436x + 315.84 0.15
06/20/2012 y =-23.061x + 311.51 0.17
07/22/2012 y =—-31.111x + 317.43 0.29
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