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ABSTRACT

Numerous energy balance (EB) algorithms have been developed to make use of
remote sensing data for mapping evapotranspiration (ET) on a regiona basis.
Adopting any or combination of these models for an operational ET remote sensing
program requires thorough evaluation. The main objective of this paper was to
evaluate the Surface Energy Balance for Land (SEBAL), an EB based ET estimation
algorithm, using lysimeter data and three Landsat TM images covering a major
portion of the Texas High Plains acquired during the Bushland Evapotranspiration
and Agricultural Remote Sensing Experiment 2008 (BEAREX08). Performance of
the SEBAL was evaluated by comparing estimated surface temperature, net radiation,
soil heat flux, and hourly ET with measured data on four large lysimeters at the
USDA-ARS Conservation and Production Research Laboratory, Bushland, Texas
[35° 11' N, 102° 06' W; 1,170 m elevation MSL]. Crops on the lysimeter fields
include irrigated and dryland cotton. Performance statistics indicated that SEBAL
performed well estimating hourly ET rates for both irrigated and dryland cotton
surfaces. Currently, more evaluation is being done to evaluate the SEBAL for other
major summer crops grown in the Texas High Plains.

INTRODUCTION

Remote sensing has long been recognized as the most feasible means to
provide spatially distributed regional ET information on land surfaces (Park et al.,
1968; Jackson, 1984). Thisis based on the rationale that ET is a change of the state of
water using available energy in the environment for vaporization (Su et a., 2005).
Remote sensing based energy balance (EB) models convert satellite sensed radiances
into land surface characteristics such as albedo, leaf area index, vegetation indices,
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surface emissivity, and surface temperature to estimate ET asa “residua” of the land
surface energy balance equation:

LE=R,—~G—H (1)

where R, is the net radiation resulting from the energy budget of short and long wave
radiation, LE is the latent heat flux from evapotranspiration, G is the soil heat flux,
and H is the sensible heat flux (all in W m™ units). LE is converted to ET (mm h™ or
mm d™) by dividing it by the latent heat of vaporization (A; ~2.45 MJ kgt), density
of water (pw; ~1.0 Mg m™), and an appropriate time constant (e.g. 3600 s hr for
hourly ET).

Numerous remote sensing algorithms were available for estimating magnitude
and trends in regional evapotranspiration. These models included Two-Source Model
(TSM; Norman et al., 1995; Kustas and Norman, 1996), where the energy balance of
soil and vegetation are modeled separately and then combined to estimate total LE,
Surface Energy Balance Algorithm for Land (SEBAL; Bastiaanssen et al., 1998a,b)
and Mapping Evapotranspiration with Internalized Calibration (METRIC™; Allen et
al., 2007a,b) that both use ‘hot’ and ‘cold’ pixels to develop an empirical temperature
difference equation, and Surface Energy Balance system (SEBS; Su, 2002) based on
the contrast between wet and dry areas. Other models include Simplified Surface
Energy Balance Index (S-SEBI; Roerink et a., 2000); the excess resistance (kB
Kustas and Daughtry, 1990); the aerodynamic temperature parameterization models
proposed by Crago et a. (2004); Beta (B) approach (Chehbouni et al, 1996); and most
recently ET Mapping Algorithm (ETMA; Loheide and Gorelick, 2005).

Surface Energy Balance Algorithm for Land (SEBAL) has been applied with
Landsat Thematic Mapper (TM) data through out the world. However, the SEBAL
algorithm has never been compared with lysimeter data from fields larger than the
Landsat Thematic Mapper’s thermal pixel size (120 by 120 m). This is important
because smaller lysimeter fields cause contamination of thermal pixels from surface
temperatures from surrounding fields and limits our ability to evaluate ET algorithms
accurately (Kramber et a., 2002). The main objective of this paper was to evaluate
SEBAL, an EB based ET estimation algorithm using lysimeter data and three Landsat
TM images covering a major portion of the Texas High Plains acquired during the
Bushland Evapotranspiration and Agricultura Remote Sensing Experiment 2008
(BEAREX08) conducted during 2008 summer growing season.

During the 2008 summer growing season, the BEAREX08 was conducted in
and around the USDA-ARS Conservation and Production Research Laboratory,
Bushland, Texas. The main objectives of this research effort are to: evaluate the
ability of land surface energy balance and crop coefficient-based ET models to
estimate ET at point, plot, field, landscape and regional scales; evaluate effects of
remote sensing pixel resolution (thermal band) on modeled energy balance
components in irrigated and dryland cropping systems and rangeland systems;
evaluate existing and new algorithms to improve spatia resolution of surface
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temperature data derived from Aircraft/Landsat/ASTER/MODIS thermal images
using high resolution visible, NIR and SWIR images, evaluate the ability of Large
Aperture Scintillometer (LAS) systems to estimate path weighted sensible heat fluxes
over heterogeneous landscapes; and evaluate Bowen Ratio and Eddy Covariance
systems to estimate sensible and latent heat fluxes in the semi-arid, highly advective
Southern High Plains. As part of BEAREXO08, six field campaigns were conducted to
coincide with Landsat 5 and ASTER overpasses. Data collection included reflectance
and thermal data from two aircrafts, SPOT, Landsat TM, and MODIS sensors, soil
water content, crop parameters, surface reflectance, surface temperature and near-
surface red and infrared images using hand-held instruments in addition to net
radiation and soil heat flux measurements. Surface energy fluxes measured using
lysimeters, three Bowen ratio systems, seven eddy covariance systems, and three
Large Aperture Scintillometers.

METHODSAND MATERIALS
Sudy Area

This study was conducted at the CPRL. The geographic coordinates of the
CPRL are 35 11' N, 102" 06" W, and its elevation is 1170 m above mean sea level.
Soils around Bushland are classified as slowly permeable Pullman clay loam soils.
The major cropsin the study area are corn, sorghum, winter wheat, and cotton.

Figure 1. Lysimeter fieldsin the USDA-ARS Conservation and Production
Research Laboratory.

SEBAL estimated ET values were verified by comparison to soil water mass
change-based hourly ET fluxes from 4 large monolithic precison weighing
lysimeters located at the CPRL. Each lysimeter (3 m length x 3 m width x 2.4 m
depth) is located in the middle of 4.7-hafields and all four lysimeters are arranged in
a block pattern (Fig. 1). Dryland cropping systems are managed on two lysimeter
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fieldsin the west and irrigated cropping systems are managed on two lysimeter fields
in the east with a 10-span lateral move sprinkler system. In 2008, al four lysimeter
fields were planted to cotton. A grass reference ET weather station field (0.31 ha),
which is a part of the Texas High Plains ET Network (TXHPET, 2006) is located on
the eastern side of the irrigated lysimeter fields. Each lysimeter field was equipped
with one net radiometer [Q*7.1, Radiation and Energy Balance Systems (REBS)Y,
Seattle, Washington] and two infrared thermometers (IRT) (2G-T-80F/27C, Exergen,
Watertown, Mass.) for measuring net radiation and surface temperature, respectively.
More information of lysimeter setup can be found in Howell et al. (1995).

Surface Energy Balance Algorithm for Land (SEBAL)

SEBAL is a single-source model that solves the EB for LE as aresidual. R,
absorbed by the surface is the sum of the net shortwave and longwave radiations. It is
estimated as:

Rn=(Rsl —Rst) + (RL| —R.1) 2

where Rs| and Rs? are the incoming and shortwave radiation, respectively. R. | and
R.1 are the longwave incoming and outgoing radiation, respectively. The Rs| and
Rst are estimated as:

Rs| = G €0S 0 dr toy ©)]
RsT =a Rsl (4)

where G is the solar constant (1367 W m@), cos 6 is the cosine of the solar incidence
angle, d: is the inverse squared relative earth-sun distance, g, is the broadband one-
way atmospheric transmissivity for shortwave radiation, and o is the broadband
albedo of land surfaces. The s, is computed as a function of elevation (Allen et al.,
1998):

Tew = 0.75 + 0.0002z (5)

where z is the elevation above the mean sea level in m. The albedo (a) of land
surfaces is estimated using albedo of the top of the atmosphere (oroa), the path
radiance albedo (opath radiance), 8N Tsy 8S:

a = (aroa - Olpath radiance) / TZSW (6)

The opah radiance ranges between 0.025 and 0.04, and Bastiaanssen (2000)
recommends a value of 0.03.

The R_| is the downward therma radiation flux originating from the
atmosphere (W m) and is estimated as;

Y Mention of trade or commercial products in this article is solely for the purpose of providing specific
information and does not imply recommendation or endorsement by the U.S. Department of
Agriculture.
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RLl = ga (¢ Ta4 (7)

where g; (dimensionless) is the atmospheric emissivity, is the Stefan-Boltzmann
constant (5.67 x 10% W m? K ™), and T, (K) is the near-surface air temperature. The
empirical equation for g, is given (Bastiaanssen et a., 1998a) as.

€a=0.85 (-In 1%, )% (8)

The R_.1 is the thermal radiation flux emitted from the earth surface to the
atmosphere and is determined by the Stefan-Boltzmann law:

RLT =&O T54 (9)

where &; is the surface emissivity (the ratio of the energy radiated by a surface to that
by the blackbody at the same temperature) and Ts is the surface temperature (K),
respectively. In SEBAL, & is estimated using the normalized difference vegetation
index (NDVI1) when NDVI > 0 as:

gs=1.009 + 0.047 In (NDVI ) (10)

It is assumed &5 to be one for NDVI < 0. Surface temperature (Ts) is calculated from
the thermal band radiance values for Landsat 5 sensors using the simplified Planck
function (Markham and Barker, 1986) and corrected using s as.

To=ko/In[ (esk/R) + 1] (11)

where R is the Landsat TM/ETM+ band 6 radiance, and k; and k; are the calibration
constants. For Landsat TM, k; and k are 607.76 mW cm? sr-1 um™ and 1260.56 K,
respectively.

Soil heat flux (G) isthe rate of heat storage into the soil and vegetation due to
conduction. SEBAL computes the ratio of G/R, using an empirical equation
developed by Bastiaanssen (1995) representing near-midday values as:

G/R, = T (0.0038 + 0.0074 o) (L—0.98 NDVI%)  (12)

Sensible heat flux (H) was estimated using the bulk aerodynamic resistance
model and a procedure that assumed a linear relationship between the aerodynamic
surface temperature-air temperature difference (dT) and radiometric surface
temperature (Ts) calculated from extreme pixels. Basically, extreme pixels showing
cold/wet and hot/dry spots were selected to develop a linear relationship between dT
and Ts. At the cold pixdl in the satellite imagery, H was assumed non-existent i.e.
Hcoi¢=0 and at the hot pixel, LE was set to zero which in turn allows one to set Hpgt =
(Ri—G)hot- Then, dT¢,¢=0 and dT,; can be obtained by solving the bulk aerodynamic
resistance equation for the hot pixel as:
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where p,isair density (kg/m®), C, is specific heat of air (1004 Jkg™ K™) and r. isthe
aerodynamic resistance to heat transport (s m™). After calculating dT at both cold and
hot pixels, a linear relationship between dT and Ts is developed to estimate H
iteratively correcting ra, for atmospheric stability. This was done by applying the
Monin-Obhukov Similarity (MOS) theory (Foken, 2006). This step required T, and
horizontal wind speed (u, m s*) that were measured at a nearby weather station, and a
mechanism that extrapolates wind speed to a blending height of 100-200 m. In this
study, a height of 200 m was used in the calculation of distributed friction velocity, a
term utilized in the estimation of H. The dT artifice is expected to compensate for
errors due to lack of proper atmospheric effects correction in the calibration of “at-
sensor” brightness surface temperature in the process of obtaining radiometric surface
temperature estimates. Furthermore, the SEBAL algorithm does not assume that
radiometric and aerodynamic temperatures are equivalent. A detailed step-by-step
procedure is presented in Morse et al. (2001). Finaly, SEBAL was evaluated by
comparing predicted R,, G, H and instantaneous (hourly rates at satellite overpass
time) ET (ETng) with observed data Root Mean Square Error (RMSE) and
regression coefficient were used in the comparison of predicted against measured
data.

RESULTSAND DISCUSSION

SEBAL algorithm was applied to three Landsat 5 TM image acquired on 26
June (DOY 178), 28 July (210), and 29 August (241) to derive a, Ts, Ry, G, H and
hourly ET maps.

Figure 2(a-d) illustrates the comparison of predicted Ts, Ry, G, and ET g With
measured data on four lysimeters. Predicted Ts values were dlightly lower than the
observed data under both on dryland and irrigated cotton. The observed mean Ts
(34.1 °C) was under predicted by 9% (31.1 °C). The RMSE was about about 9.7% of
the observed mean Ts. Among the predictions, relatively higher prediction errors
were associated with lysimeter fields with dryland cotton. However, the comparison
of SEBAL predictions against observed Ts gave an r* of 0.95 with a slope and
intercept of 0.99 and 2.60 °C, respectively.

The anchor cold and hot pixels were selected in an agricultural setting where
the cold pixel was planted to corn/cotton under center pivot irrigation systems. The
hot pixels were always found on bare soil surfaces. After determining the hot and
cold pixels, initia estimation of dT and H was made for them under neutral
atmospheric conditions and were subsequently adjusted for the unstable atmospheric
conditions encountered using the MOS length scale iterative method. After five
iterations, changes in r4,, for the hot/cold pixels satisfied the convergence criteria of
5% difference in ry, for each iteration cycle.
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Figure 2. Predicted versus observed surface temperature (Tg), net radiation (Ry), soil
heat flux (G) energy fluxes on four large lysimeters in Bushland, Texas.

Net radiation (R,) estimates were compared well with the observed data. The
RMSE was only about 7.6% of the observed mean R, (44.6 W m™) on al four
lysimeters. Relatively higher prediction errors (more than 14%) were associated with
Landsat TM image acquired on 23 June (DOY 178). However, the SEBAL estimated
R, accounted for 74% of the variability in the observed data. Comparison of G
estimates with observed data indicated that the G sub-model used in the SEBAL
grossly over predicted for al four lysimeters approximately by 2 times. The predicted
mean G for al four lysimeters were 72.62 W m™ compared mean observed G of
23.62 W m? The RMSE for predicted G was 50.78 W m. Consequently, the
SEBAL-based G estimates accounted for only 59% of the variability in the observed
data. This may be partly due to the fact the observed G data were not corrected for
heat storage above the soil heat flux plates. Application of this correction is expected
to improve the performance statistics significantly.

The SEBAL estimated hourly ET rates were compared well with lysimeter
data for al four lysimeters with a RMSE of 0.13 mm h™. This is about 21% of the
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observed mean hourly ET for al four lysimeters. Predicted ET values accounted for
83% of the variability found in the lysimeter data with a slope and intercept of 0.79
and 0.09 mm h%, respectively. Errors in the estimation of hourly ET may be partly
due to errors associated with atmospheric interference corrections in the calibration of
“at-sensor” brightness surface temperature. Atmospheric effects corrections using a
radiative transfer model corrects hotter pixelsin greater proportion than cooler pixels.
Thus, errors in the true value of Ts coupled with errors in the selection of the Hot
pixel may have contributed to the determination of a bias dT vs. Ts relationship. The
benefits of properly calibrating the satellite thermal band, considering surface
emissivity and atmospheric effects can be found in Chavez et a. (2007).

SUMMARY

SEBAL is a single-source model requiring minima amount of ancillary data.
It was applied on three Landsat 5 TM images acquired during the 2008 summer
cropping season as part of the BEAREXO08. Predicted T values compared well with
observed values on al four lysimeter fields, however with a RMSE of 3.3 °C.
Predicted R, compared well with the measured data for irrigated cotton and slightly
underestimated for dryland cotton. Predicted hourly ET for both irrigated and dryland
lysimeter fields compared well with measured data. Considering the minimal amount
of ancillary data required for applying SEBAL and excellent performance in
predicting hourly ET on both dryland and irrigated fields, the SEBAL is a promising
tool for mapping ET in the Texas High Plains where intensively irrigated fields
surrounded by crops managed under dryland conditions.

REFERENCES

Allen, R.G,, L.S. Pereira, D. Raes, and M. Smith. (1998). Crop evapotranspiration:
Guidelines for computing crop requirements. Irrigation and Drainage Paper No. 56.
FAO: Rome, Italy, 300p.

Bastiaanssen, W.G.M. (1995). Regionalization of surface flux densities and moisture
indicators in composite terrain: A remote sensing approach under clear skies in
Mediterranean climates. Ph.D. Dissertation, CIP Data Koninklijke Bibliotheek, Den
Haag, The Netherlands, 273p.

Bastiaanssen, W.G.M., M. Menenti, R.A. Feddes, and A.A. Holtslang. (1998a). A
remote sensing surface energy balance algorithm for land (SEBAL): 1. Formulation.
Journal of Hydrology, 212-213, 198-212.

Bastiaanssen, W.G.M, H. Pegrum, J. Wang, Y. Ma, J. Moreno, G.J. Roerink, and T.
Van der Wal. (1998b). The surface energy balance algorithm for land (SEBAL): Part
2 validation. Journal of Hydrology, 212-213, 213-229.

Bastiaanssen, W.G.M. (2000). SEBAL-based sensible and latent heat fluxes in the
irrigated Gediz Basin, Turkey. Journal of Hydrology, 229, 87-100.



World Environmental and Water Resources Congress 2011: 2795
Bearing Knowledge for Sustainability © ASCE 2011

Chavez, J.L., P.H. Gowda, T.A. Howell, and K.S. Copeland. (2007). Evaluating three
evapotranspiration mapping algorithms with lysimetric data in the semi-arid Texas
High Plains. In Proceedings of the 28" Annual International Irrigation Show,
December 9-11, 2007, San Diego, California, USA, p. 268-283. [CDROM)].

Foken, T. (2006). 50 Y ears of the Monin-Obukhov similarity theory. Boundary-Layer
Meteorology, 119(3), 431 - 447.

Howell, T.A., A.D. Schneider, T.H. Marek, and J.L. Steiner. (1995). Calibration and
scale performance of Bushland weighing lysimeters. Transactions of the ASAE, 38,
1019 — 1024.

Jackson, R.D. (1984). Remote sensing of vegetation characteristics for farm
management. SPIE, 475, 81-96.

Kramber, W.J., A. Morse, R.G. Allen, M. Tasumi, R. Trezza, and JL. Wright.
(2002). Developing surrogate pixels for comparing SEBAL ET with lysimeter ET
measurements. Geoscience and Remote Sensing Symposium, 2002, IGRASS '02,
2002 |EEE International, 1, 119-121.

Markham, B.L., and JL. Barker. (1986). Landsat MSS and TM post calibration
dynamic ranges, exoatmospheric reflectance, and at-satellite temperatures. EOSAT
Landsat Technical Notes, 1, 3-8.

Morse, A., R.G. Allen, M. Tasumi, R. Trezza, and J.L. Wright. (2001). Application of
the SEBAL methodology for estimating evapotranspiration and consumptive use of
water through remote sensing. A final report to the Ratheon Systems Company Earth
Observation System Data and Information System Project. 142p.

Park, A.B., R.N. Colwell, and V.F. Meyers. (1968). Resource survey by satellite;
science fiction coming true. Yearbook of Agriculture, 13-19.

Sellers, P.J., D.A. Randall, G.J. Collatz, JA. Berry, C.B. Field, D.A. Dazlich, C.
Zhang, G.D. Collelo, and L. Nounoua. (1996). A revised land surface
parameterization (SiB2) for atmospheric GCMS, Part 1: Model formulation. Journal
of Climate, 9, 676-705.

Su, H., M.F. McCabe, E.F. Wood, Z. Su, and JH. Prueger. (2005). Modeling
evapotranspiration during SMACEX: Comparing Two approaches Loca- and
Regional-Scale prediction. Journal of Hydrometerology, 6(6), 910-922.

Timmermans, W., W.P. Kustas, M.C. Anderson, and A.N. French. (2007). An
intercomparison of the surface energy balance algorithm for land (SEBAL) and the
two-source energy balance (TSEB) modeling schemes. Remote Sensing of
Environment, 108, 369-384.



