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Abstract Efficient water use through improved irrigation

scheduling is expected to moderate fast declining ground-

water levels and improve sustainability of the Ogallala

Aquifer. An accurate estimation of spatial actual evapo-

transpiration (ET) is needed for this purpose. Therefore,

during 2007, the Bushland ET and Agricultural Remote

Sensing Experiment (BEAREX07) was conducted at the

USDA-ARS, in Bushland, Texas, to evaluate remote

sensing (RS)-based surface energy balance models. Very

high-resolution aircraft images were acquired using the

Utah State University airborne multispectral system.

Instantaneous ET was estimated using a two-source energy

balance model (TSM). A minor modification was made in

the calculation of sensible heat fluxes to improve ET esti-

mation. Furthermore, a sensitivity analysis of selected

variables was conducted to evaluate their effect on ET

estimation. Data from four weighing lysimeters, planted to

sorghum and corn, were used for evaluating ET predic-

tions. Instantaneous ET was predicted with mean bias error

and root mean square error of 0.03 and 0.07 mm h-1 (4.3

and 11.7%), respectively. Results indicated that crop

height, roughness length for momentum transfer, clumping

factor and soil resistance sub-models need to be refined.

Nevertheless, the application of the TSM using high-reso-

lution RS imagery in the Southern High Plains is

promising.

Introduction

Remote sensing (RS)-derived evapotranspiration (ET)

values can potentially be used in the monitoring of spatially

distributed crop water use to schedule irrigations, and in

general hydrologic models. In addition, seasonal estimated

ET may be used to assess the overall irrigation project

efficiency, provided volumes of water pumped (or diver-

sions) had been measured.

Most of the RS algorithms used to estimate spatially

distributed crop ET are based on the land surface energy

balance (EB) model. These algorithms are cemented on the

premise that ET is a change of the water state, from liquid to

vapor, based on available energy (net radiation at the sur-

face less the energy into the ground) (Su et al. 2005).

Remote sensing-based surface energy balance (Eq. 1)

for land provides instantaneous estimates of latent heat flux

(LE, W m-2) or instantaneous evapotranspiration (ETi,

mm h-1); and has been recognized as a feasible method for

mapping spatially distributed crop water use (Jackson

1984, 1985). However, ETi predictions need to be verified

to avoid propagation of errors when ETi are extrapolated

for estimating daily (24 h) ET (ETd). ETi can be estimated

solving Eq. 1 for LE, i.e., as a residual of the surface EB

(Brown and Rosenberg 1973; Stone and Horton 1974):

Rn ¼ Gþ H þ LE ð1Þ
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J. L. Chávez (&)

Civil and Environmental Engineering Department,

Colorado State University, 1372 Campus Delivery,

Fort Collins, CO 80523-1372, USA

e-mail: jose.chavez@colostate.edu

P. H. Gowda � T. A. Howell � K. S. Copeland

Conservation and Production Research Laboratory,

USDA-ARS, P.O. Drawer 10, Bushland, TX 79012, USA

C. M. U. Neale

Biological and Irrigation Engineering Department,

Utah State University, 4105 Old Main Hill,

Logan, UT 84322, USA

123

Irrig Sci

DOI 10.1007/s00271-009-0177-9



where, Rn is net radiation, G is the soil heat flux, and H is

sensible heat flux. Units in Eq. 1 are all in W m-2; with Rn

positive toward the crop surface and other terms positive

away from the crop surface.

Numerous RS-based energy balance models are avail-

able in the literature. Gowda et al. (2007) and Gowda et al.

(2008) present a description and discussion on most of the

EB models that use RS inputs for agricultural water man-

agement. An evaluation of selected ET models can be

found in Chávez et al. (2007). Most of the EB models are

single-source models, e.g., SEBI (Menenti and Choudhury

1993), SEBAL (Bastiaanssen et al. 1998), SEBS (Su 2002),

METRIC (Allen et al. 2007), etc. These models estimate

different components of the EB assuming that the surface

heat fluxes originate from a source that is the composite of

vegetation and background soil. However, according to

Hipps and Kustas (2001), there is a fundamental problem in

representing a heterogeneous (sparse, non-uniform) surface

as a single layer or source because of the significant

influence of the soil/substrate on the total surface EB. Thus,

for the single-source models, the surface resistance to water

transfer to the atmosphere loses physical meaning because

it represents an unknown combination of stomatal resis-

tance of the vegetation and resistance of soil to ET. This

resulted in the development of two-source models (TSM),

where the energy exchanges of the soil/substrate and veg-

etation are evaluated separately (Shuttleworth and Wallace

1985); i.e., more physically based models that differentiate

or partition the EB terms, Rn, H, and LE between the soil

and the vegetation canopy (Norman et al. 1995).

Norman et al. (1995) and Kustas and Norman (1999)

developed an operational methodology to the two-source

approach proposed by Shuttleworth and Wallace (1985)

and Shuttleworth and Gurney (1990). Their model showed

good agreement with observations (made with meteoro-

logical flux stations, eddy covariance/Bowen ration EB

systems) over sub-humid prairie, semi-arid shrub, and fully

irrigated crops. The TSM methodology generally does not

require additional meteorological or information over sin-

gle-source models; however, it requires some assumptions

such as the partitioning of composite radiometric surface

temperature into soil and vegetation components, turbulent

exchange of mass and energy at the soil level, and cou-

pling/decoupling of energy exchange between vegetation

and substrate (i.e., parallel or series resistance networks).

The energy exchange in the soil–plant–atmosphere con-

tinuum is based on resistances to heat and momentum

transport, and sensible heat fluxes are estimated by the

temperature gradient-resistance system. Radiometric tem-

peratures, resistances, sensible heat fluxes, and latent heat

fluxes of the canopy and soil components are derived by

iterative procedures constrained by composite, directional

radiometric surface temperature, vegetation cover fraction,

and maximum potential latent heat flux. Being a more

physically based model, the TSM is expected to yield more

accurate distributed ETi values under heterogeneous veg-

etation conditions. Thus, the main objective of this study

was to assess and improve the performance of a TSM in

deriving ETi values using high-resolution airborne RS

imagery under the advective conditions of the Southern

High Plains (SHP).

Materials and methods

Study area

This study was conducted at the USDA-ARS Conserva-

tion and Production Research Laboratory (CPRL) located

in Bushland, Texas, USA, in 2007. The geographic

coordinates of the CPRL are (35� 110 N, 102� 060 W),

and its elevation is 1,170 m above the mean sea level.

Soils in and around Bushland are classified as slowly

permeable Pullman clay loam. The major crops in the

region are corn, sorghum, winter wheat and cotton with

sorghum, winter wheat, and cotton produced under both

dryland and irrigated production systems. Approximately

50% of the cropland is irrigated, and about 50% of

agricultural lands are interspersed with rangelands. The

average climatic conditions (daily average ± standard

deviation) in the study area from 1 May to 1 September

of 2007 were: (a) air temperature of 15.6 ± 8.9�C, (b)

air water vapor pressure deficit of 1.03 ± 0.6 kPa, (c)

barometric pressure of 88.5 ± 0.6 kPa, horizontal wind

speed of 4.3 ± 1.6 m s-1, (d) air relative humidity of

57.7 ± 16.4%, (e), incoming short wave solar radiation

of 20.9 ± 7.2 MJ m-2, (f) total rainfall precipitation of

506.4 mm, (g) grass reference evapotranspiration (ETo)

of 5.4 ± 2.6 mm day-1 (maximum of 14.4 mm day-1),

and (h) total ETo of 2,598 mm, during the May–August

(inclusive) period.

Remote sensing system and data

The RS system used in this study was the Utah State

University (USU) airborne digital multispectral system.

The USU remote sensing system acquired high-resolution

imagery in the visible, near-infrared, and thermal-infrared

portions of the electromagnetic spectrum. The USU mul-

tispectral system comprises three Kodak1 (Model

1 The mention of trade names of commercial products in this article

is solely for the purpose of providing specific information and does

not imply recommendation or endorsement by the US Department of

Agriculture Colorado State University, or Utah State University.

Irrig Sci

123



Megaplus 4.2i, Rochester, NY, USA) digital frame cameras

with interference filters centered in the green (Gn) (0.545–

0.560 lm), red (R) (0.665–0.680 lm), and near-infrared

(NIR) (0.795–0.809 lm) portions of the electromagnetic

spectrum. The fourth camera is an Inframetrics thermal-

infrared scanner (model 760, N. Billerica, MA, USA), with

a spectral response in the 8–12 lm, that provides thermal-

infrared (TIR) imagery used to obtain radiometric surface

temperature images.

We used five airborne RS images/scenes; each

acquired over the CPRL on June 25 [day of year (DOY)

176], July 3 (DOY 184), July 11 (DOY 192), July 26

(DOY 207), and August 11 (DOY 233) of 2007,

respectively. All images were acquired close to 11:30

a.m. Central Standard Time (CST) to coincide with

Landsat 5 Thematic Mapper (TM) overpasses, except on

DOY 184 in which the aircraft images were acquired

close to 9:00 a.m. CST. These images were calibrated

and transformed into surface reflectance and temperature

images to be used for the estimation of reflected out-

going shortwave and longwave radiation, respectively,

with both components required in the estimation of

spatially distributed net radiation.

Detailed procedure for the estimation of net radiation

(Eq. 19) using RS inputs can be found in Appendix. Nor-

man et al. (1995) estimated soil heat flux (G, in W m-2) as

a function of the net radiation at the soil surface as

G = 0.35 9 Rn_soil, where Rn_soil (W m-2) is the net

radiation at the soil surface (soil only) in W m-2. Instead,

G (in units of W m-2) was estimated herein using a model

proposed by Chávez et al. (2005) as presented in Eq. 2.

This model requires leaf area index (LAI) in addition to Rn

to estimate G and better account for a wider range of

vegetation cover condition.

G ¼ fð0:3324� 0:024 LAIÞ � ð0:8155

� ð0:3032 ln ½LAI�ÞÞg � Rn ð2Þ

where, LAI is leaf area index (m2 m-2) calculated using

Eq. 13 (Appendix). The G model is valid for the range of

LAI values between 0.3 and 5.0 m2 m-2. This G model is a

combination of a linear-logarithmic function developed

using measured G data on corn and soybean fields near

Ames, Iowa, along with airborne RS-based LAI and Rn

estimates. The airborne RS system used in the Iowa

experiment was the same USU system used in this exper-

iment in Bushland, Texas. Figure 1 shows false color

composite images (NIR, R, and Gn bands) of the study site

for the five different days of the year.

The USU system flew at an altitude of approximately

1,000 m (above ground level), which resulted in a 0.5 m

pixel spatial resolution for the visible and NIR bands and

1.8 m for the TIR band.

Radiometric and atmospheric calibration of aircraft

data

The shortwave images were corrected for lens vignetting

effects and geometric distortions using procedures similar

to those described by Neale and Crowther (1994) and

Sundararaman and Neale (1997). The individual R, Gn, and

NIR images were registered into three-band images and

rectified to a digital ortho-photoquad base map.

The digital values of the rectified multispectral image

were converted to radiance using the system calibration

method described in Neale and Crowther (1994). These

radiances were divided by the incoming solar irradiance to

obtain surface spectral reflectance. Solar irradiance in each

spectral band was obtained from radiance measurements

made concurrently to the flights with an Exotech radiom-

eter (Model 100 BX, no longer built) placed over a barium

sulfate standard reflectance panel with known bidirectional

properties (Jackson et al. 1992).

The TIR imagery was rectified to the high-resolution

three-band images described above. The digital numbers

were transformed into apparent (at sensor or brightness)

temperature values using the Inframetrics 760 thermal

scanner system calibration bar that the system records at

the bottom of each image. The surface brightness temper-

ature images were corrected for atmospheric effects con-

sidering surface thermal emissivity and using the

atmospheric radiative transfer model MODTRAN4 v3

(Berk et al. 2003). These corrections resulted in at-surface

radiometric temperatures (Tsfc, K).

Two-source model-based RS ET

To derive LE (or ETi), the TSM proposed by Norman et al.

(1995), Kustas and Norman (1999) and Kustas and Norman

(2000) was used in this study to apply the EB using aircraft

imagery and weather station data. This EB model mainly

needs the ensemble or composite radiometric surface

temperature (Tsfc, K), air temperature (Ta, K), horizontal

wind speed (U, m s-1) measured at a height of 2 m, LAI

(m2 m-2), vegetation fraction cover (fc, function of LAI,

Eq. 12 in Appendix), fraction of LAI that is green (fg), crop

height (hc, m), average leaf width (w, m), and Rn as input.

The main RS input dependent variables are Tsfc, LAI, hc, fc,

surface albedo (a, in decimals) and thermal surface emis-

sivity (es, in decimals). In addition, the model needs

weather data such as air temperature, wind speed, incoming

shortwave solar irradiance, and relative humidity values.

Weather data were taken from a weather station (ARS-

Bushland) which is located inside the CPRL.

The TSM algorithm solves Eq. 1 for LE after finding

separately the canopy Rn and H and the soil Rn, G and H
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components, i.e., the TSM partitions each of the surface

energy balance components into fluxes generated from the

vegetation canopy (first source) and the bare soil/back-

ground soil (second source) as depicted in Fig. 2. For

instance, the ensemble H was estimated by adding the soil

sensible heat flux (Hs) to the canopy sensible heat flux (Hc),

both in W m-2. Hs occurs between the soil surface and a

point above the canopy (Zh, m) where air temperature (Ta)

is measured; while Hc is generated between the vegetation

canopy and a parcel of air at Zh, assuming a parallel

resistance network (Fig. 2).

Mathematically H is expressed as:

H ¼ Hc þ Hs ð3Þ

Hc ¼
qaCpaðTc � TaÞ

rah

ð4Þ

Hs ¼
qaCpaðTs � TaÞ

rah þ rs

ð5Þ

rs ¼
1

½0:004þ ð0:012 UsÞ�
ð6Þ

Fig. 1 False color (NIR, R, Gn)

reflectance images for a DOY

176, b DOY 184, c DOY 192, d
DOY 207 and e DOY 223.

Lysimeter fields NW, NE, SE,

and SW plus the weather station

location (x) are shown in the

image of DOY 176 (a)
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rah ¼
ln Zm�d

Zoh

� �
�Wh

Zm�d
LMO

� �
þWh

Zoh

LMO

� �

u�k
ð7Þ

u� ¼
Uk

ln Zm�d
Zom

� �
�Wm

Zm�d
LMO

� �
þWm

Zom

LMO

� � ð8Þ

where, Tc is canopy temperature (K), Ts is soil temperature

(K), rs is the resistance to heat flow just above the soil

(s m-1), rah is aerodynamic resistance (s m-1) to heat

transfer, d is the zero-plane displacement height (m), Zom

and Zoh (m) are the roughness lengths for momentum and

heat transfer, respectively, Zm is the height of the wind

speed measurement (m), Us is horizontal wind speed just

above the soil surface (m s-1, Us is a function of hc, d, Zom,

Zm, U, and of an extinction coefficient for wind function,

Norman et al. 1995), qa is air density (kg m-3), Cpa is

specific heat of dry air (1,004 J kg-1 K-1), k is the von

Kármán constant (0.41), u* is the friction velocity (m s-1),

LMO is the Monin–Obukhov (MO) atmospheric stability

length scale (m), Wh is the stability correction factor for

atmospheric heat transfer, and Wm is the stability correction

factor for momentum transfer.

Tc and Ts were estimated using Eq. 9 for a Nadir looking

thermal-infrared remote sensor as:

Tsfc ¼ fc � T4
c

� �
þ ð1� fcÞ � T4

s

� �� �1
4 ð9Þ

First, to obtain H an initial estimation of Hc applying the

Priestley and Taylor (1972) model, found in Eq. 25 in

Appendix, is performed. Subsequently, the Hc value is used

to derive an initial Tc value by inverting Eq. 4 assuming a

neutral atmospheric stability condition. Next, Eq. 9 is

solved for Ts and updated values of Hc and Hs are

computed correcting rah for atmospheric stability using

the MO atmospheric stability length scale (similarity

theory, Foken 2006). The MO mechanism is explained in

detail in Chávez et al. (2005). Resulting values of Tc and Ts

were verified by testing whether they produced an LE value

lower than zero (i.e., negative). If LE resulted in a negative

value then it meant that the Tc and Ts temperatures were not

properly estimated. The next step was to assume that the

soil had a dry surface. Consequently, a new iteration cycle is

initiated, in which LE is set to zero for the soil component

and Hs is re-calculated. The new Ts and Tc values are found

and sensible heat flux components are again estimated and

canopy LE computed. Then once again, the overall LE

result is verified for a positive/negative sign.

For the reader convenience, a list of the applied TSM

sub-models can be found in Appendix.

LE conversion into instantaneous ET and evaporative

coefficient calculation

Once the TSM has produced estimates of latent heat fluxes

(LE, W m-2), these need to be converted into an instan-

taneous equivalent water depth or ET rates (ETi, mm h-1)

in order to properly compare estimates to lysimetric mea-

sured ET values.

LE is converted into ET as follows:

ETi ¼
ð3; 600 LEÞ
ðkLE qwÞ

ð10Þ

where, ETi is hourly ET (mm h-1). kLE is the latent heat of

vaporization (MJ kg-1) equal to (2.501 - 0.00236 Ta);

being Ta in �C units, and qw is water density

(*1 Mg m-3). The 3,600 number is a factor to time

conversion of s h-1.

In addition, to infer about the degree of evapotranspi-

ration that was actually occurring in the sorghum and corn

fields, a crop evaporative coefficient or simply an actual

crop coefficient (Kc) was computed as:

Kc =
ETi

EToi

ð11Þ

where, Kc is the crop coefficient or the evaporative coef-

ficient of a given crop ET value with respect to a reference

crop ET value. ETi is the TSM estimated actual crop

instantaneous ET (mm h-1) values, while EToi is hourly

grass reference ET (mm h-1). EToi was calculated using

the ARS-Bushland weather station hourly data and the

ASCE-EWRI (2005) standardized Penman–Monteith

method.

Verification of estimated hourly ET values

Estimated ETi values were compared with measured ET

data from four large monolithic weighing lysimeters

Fig. 2 TSM parallel resistance network scheme
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located at the CPRL. The lysimeters (3 m long 9 3 m

wide 9 2.4 m deep) were situated in the middle of 4.7-ha

fields (Fig. 1). In 2007, the lysimeter fields, northeast (NE)

was planted to forage sorghum (planted on May 30), the

southeast (SE) was planted to corn (planted on May 17)

both for silage production, the northwest (NW) was planted

to grain sorghum in rows (planted on June 6), while the

southwest (SW) lysimeter field was planted to grain sor-

ghum (planted on June 6) in clumps as part of another

ongoing research project. Furthermore, the NE and SE

lysimeter fields were irrigated while the NW and SW

lysimeter fields were managed under dryland conditions.

Each lysimeter field was equipped with one net radi-

ometer [Q*7.1, Radiation and Energy Balance Systems

(REBS), Bellevue, Washington, USA] and one infra-red

thermometer, (Exergen IRt/c.5, Watertown, MA, USA) for

measuring net radiation and radiometric surface tempera-

ture, respectively.

Discrepancies between estimated and observed ET val-

ues were determined in terms of mean bias errors (MBE)

and root mean square errors (RMSE) as applied in Chávez

et al. (2005). The RMSE equation, as used, removes the

bias effect of the estimator over the mean squared error

(MSE) (Birks et al. 1990). Thus, the RMSE becomes the

standard deviation of the MBE. Besides ET, predicted net

radiation (instantaneous) was also verified with measured

data and differences were reported as MBE and RMSE

(i.e., average error—difference or bias—and its corre-

sponding standard deviation). Furthermore, a sensitivity

analysis of selected variables was conducted to evaluate

their effect on ET estimation.

Results and discussion

Net radiation estimation

Remote sensing-based instantaneous Rn estimates com-

pared well with observed (Rn) as shown in Fig. 3. Net

radiation was estimated with a small average under pre-

diction error (bias) of -23.6 W m-2 (or -4.0%) and an

average difference standard deviation or RMSE of

44.2 W m-2 (or 7.1% error); which shows a small error

spread. This result is well within the 5–10% error of typical

Rn measurements (Blonquist et al. 2007). The bias is small

and could come from estimation errors in surface albedo

and air emissivity and, to a smaller extent, from the vari-

ability in the Rn measurements at a spot (point measure-

ment) versus the integrated values from the RS-based

model. In addition, errors in the estimation of Rn by the

TSM agreed well with errors found by Key et al. (1997).

They reported upper and lower bounds for the uncertainty

in the RS estimation of Rn ranging between 7.9 and

41 W m-2.

Hourly ET estimation

The TSM applied using the airborne multispectral imagery

and weather station data resulted in larger ETi errors during

the early crop growing season. Errors in predicting ETi

decreased as the growing season progressed; as shown in

Table 1. Errors in the estimation of ETi were more

accentuated, 30–80%, for the NW and SW lysimeter fields

managed under dryland conditions. In contrast, irrigated

lysimeter fields, NE and SE, showed larger errors, 22–64%,

when the sorghum and corn fields reached full canopy

cover (fc [ 80%), Table 1. This large error can also be

seen in the scatter plot of estimated versus observed ETi in

Fig. 4. In general, the overall error in estimating ETi using

the TSM for all four lysimeters fields was 0.09 ±

0.13 mm h-1 (MBE ± RMSE) or in percent 22.4 ± 28.6%

error. This is a large average over prediction error of hourly

ET. The main contributor of errors was those predicted

values with low ET rates (Fig. 4), around 0.2–0.3 mm h-1.

Other significant errors came from the largest predicted ET

values, around 0.7–0.8 mm h-1.

Similar results of ETi over estimation (up to 50%) by the

TSM were reported by Colaizzi et al. (2006), just using

ground-based measurements compared with the weighing

lysimeters at Bushland, Texas. In their study, six crops

(fully irrigated alfalfa, fully irrigated corn, fully to partially

irrigated and dryland cotton, dryland grain sorghum, fully

irrigated soybeans, and fully irrigated winter wheat), bare

soil and wheat stubble were used. They found out that the

over estimation was for LE values less than 400 W m-2 or

0.59 mm h-1. This study was carried out using stationary

ground-based thermal-infrared radiometers (TIR) and not

Fig. 3 Estimated versus observed instantaneous net radiation

comparison
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spatially distributed RS thermal data (i.e., different foot-

print area). Colaizzi et al. (2006) attributed the over esti-

mation of ET, in part, to the relatively small TIR

measurement area and to model formulations; which they

indicated may have caused an over-partitioning of

available energy (Rn - G) to LE. Gao and Long (2008)

pointed out that a parallel resistance network TSM per-

formed well under small air drying power and less contrast

in soil moisture conditions. However, they found discrep-

ancies in the estimation of ET under large air drying power

and marked contrast in soil moisture levels in sparse sur-

face vegetation cover conditions.

In our study, larger errors on estimated ET occurred

from fields with sparse grain sorghum. In part, this result

may be attributed to the presence of heterogeneous surface

condition, i.e., very sparse vegetation, low biomass

(LAI & 0.5 m2 m-2) and considerable bare soil presence

[soil fraction cover (Fs) of 0.84], as on DOY 176 (see

Fig. 1a). Hipps and Kustas (2001) provide a discussion on

how surface heterogeneity is defined and quantified. Under

heterogeneous surface conditions the surface aerodynamic

resistance and soil resistance terms of Eqs. 6 and 7 may not

be well estimated. These terms depend on ‘‘d, Zom, and

Zoh’’. These terms were calculated according to Brutsaert

(1982) as a function of crop height (d = 0.67 hc,

Zom = 0.123 hc and Zoh = 0.1 Zom). Crop height was

locally parameterized by fitting an exponential function to

measured LAI and hc data (i.e., hc = 0.4368 e(0.3021 LAI),

R2 = 0.97). Brutsaert (1982) empirically developed the

Table 1 ETi estimated versus observed and crop biophysical characteristics in 2007

DOY Lys. ETi obs

(mm h-1)

ETi est

(mm h-1)

ETi diff

(mm h-1)

ETi diff

(%)

LAI

(m2 m-2)

hc (m) fc (%)

176 NE 0.264 0.309 0.045 17.05 0.68 0.54 0.29

176 SE 0.496 0.620 0.124 25.00 1.73 0.74 0.58

176 NW 0.200 0.360 0.160 80.00 0.58 0.52 0.25

176 SW 0.174 0.310 0.136 78.16 0.52 0.51 0.23

184 NE 0.163 0.210 0.047 28.83 1.40 0.67 0.50

184 SE 0.284 0.220 -0.064 -22.54 4.40 1.70 0.89

184 NW 0.178 0.244 0.066 37.08 0.94 0.60 0.38

184 SW 0.148 0.197 0.049 33.11 0.71 0.55 0.30

192 NE 0.689 0.740 0.051 7.40 2.90 0.89 0.78

192 SE 0.763 0.860 0.097 12.71 5.00 2.00 0.91

192 NW 0.727 0.609 -0.101 -14.23 1.80 0.65 0.57

192 SW 0.795 0.673 -0.122 -15.35 1.70 0.63 0.51

207 NE 0.640 1.050 0.410 64.06 4.74 1.76 0.89

207 SE 0.785 0.926 0.141 17.96 5.62 2.40 0.95

207 NW 0.600 0.730 0.130 21.67 2.50 1.00 0.73

207 SW 0.620 0.730 0.110 17.74 2.51 0.94 0.72

223 NE 0.710 0.866 0.156 21.97 5.40 2.84 0.93

223 SE 0.800 1.150 0.350 43.75 6.10 3.00 0.96

223 NW 0.710 0.700 -0.010 -1.41 3.20 1.20 0.80

223 SW 0.748 0.720 -0.028 -3.74 3.00 1.15 0.78

DOY Day of year, Lys. lysimeter, LAI leaf area index (m2 m-2), NE northeast, SE southeast, NW northwest, SW southwest. ETi obs, Observed

instantaneous ET (mm h-1); ETi est, estimated instantaneous ET(mm h-1); ETi diff, the difference between ETi obs and est; hc, crop height (m);

fc, fraction cover or vegetation fractional cover

Fig. 4 Comparison of estimated versus observed hourly evapotrans-

piration (ETi)
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linear relationships between Zom, Zoh and hc using data

from homogeneous surface conditions. Therefore, d, Zom,

and Zoh may have introduced errors into the computation of

u*, rs and rah, consequently into H and LE.

In the literature, some studies seem to support the

hypothesis stated above. For instance, Hall et al. (1992)

demonstrated that for incomplete canopies, the application

of the bulk transfer relationship (Eq. 4 type) with radio-

metric surface temperature and no adjustment for varia-

tions between Zoh and Zom was prone to errors in the

estimation of H. Furthermore, in a sensitivity study, Liu

et al. (2006, 2007) concluded that the most crucial

parameters in the estimation of aerodynamic resistance

were Zom and Zoh as well as the horizontal wind speed.

Villagarcı́a et al. (2007) performed a sensitivity analysis of

the quantitative attributes of the vegetation (hc, LAI, fc,

etc.) that are used in estimating soil resistance to heat

transfer in sparse semiarid stands. Their results indicated

that the turbulent bulk heat transfer model for H (Eq. 4

type) was sensitive to variations in crop height.

Blyth and Dolman (1995) used a dual-source model to

demonstrate the dependence of Zoh on a number of factors,

including fractional vegetation cover and soil and vegeta-

tion resistances. Complementing these finding Su et al.

(2001), besides stating that the roughness height for heat

transfer was a crucial parameter in the estimation of heat

transfer between the land surface and the atmosphere,

indicated that the uncertainties associated with these for-

mulations were shown to be large, especially over sparse

canopies. Su et al. (2001) added that to get reliable esti-

mates of Zom and Zoh (e.g., for cotton and shrub areas) the

diurnal variation in Zoh in terms of forced convection

needed to be taken into account. They performed a sensi-

tivity analysis using parameters values corresponding to

50% and 150% of the reference values, respectively.

Results indicated that the error in the computed H were

bounded by 37% relative to the mean measured H for all

parameters but the vegetation height, the error of which

approached 43% of the mean observed H.

Results from the studies described above seem to show

that the TSM does not estimate H very well when calcu-

lating surface roughness heights based on Brutsaert’s

(1982) linear models, and when applied under sparse sur-

face vegetation cover conditions. Thus, we performed a

sensitivity analysis to assess the effect that variations in hc,

Zom, rs and rah have on ETi estimation errors. Estimated

values of hc, Zom, rs and rah were, one at a time, varied

±50% (D, %) for three different values of LAI (0.52, 1.73,

and 4.74 m2 m-2). Results were reported in Table 2 as

‘‘percent changes in ETi estimation error’’ (C, %).

First, the variability in estimated hc produced a change

in ‘‘ETi estimation percent error’’ (ETi %err) close to

±29%. This effect occurred when hc values were smaller

than 1.2 m.

In the case of variations in Zom, the effect on ETi %err

was more accentuated (-56.5 to 59.5%) for a LAI value of

1.73 m2 m-2. The least effect occurred for LAI of

0.52 m2 m-2. Changes (±50%) in computed soil resistance

to heat transfer/flow (rs) greatly affected ETi %err (-63.1

to 158.9%) for low LAI values (i.e., 0.52 and

1.73 m2 m-2). There were practically no rs effects on ETi

%err for LAI of 4.74 m2 m-2. Finally, ±50% changes in

Table 2 Sensitivity analysis, effects on ETi estimation

Percent change in ETi estimation error, C (%)

Crop/field Sorghum/SW Corn/SE Sorghum/NE

LAI (m2 m-2) 0.52 1.73 4.74

D (%) ?50 0 -50 ?50 0 -50 ?50 0 -50

hc (m) 0.76 0.51 0.26 1.11 0.74 0.37 2.64 1.76 0.88

ETi %err 62.3 78.2 93.7 -3.7 25 51.1 63.5 64.1 44.7

C (%) 15.7 0 -15.7 -28.7 0 26.1 -0.6 0 -19.4

Zom (m) 0.095 0.063 0.032 0.136 0.091 0.045 0.324 0.216 0.108

ETi %err 95.3 78.2 69.6 81.5 25 18.7 83.6 64.1 49.6

C (%) 17.3 0 -8.5 59.5 0 -56.5 19.5 0 -14.5

rs (s m-1) 81 54 27 31.2 62.4 93.6 114.6 76.4 38.2

ETi %err 105.9 78.2 18.1 -36.3 25 183.9 65.3 64.1 62.9

C (%) 27.9 0 -59.9 -63.1 0 158.9 1.2 0 -1.2

rah (s m-1) 32.6 21.7 10.8 30.3 20.2 10.2 9 6 3

ETi %err 91.1 78.2 59.3 48.9 25 -31.5 53 64.1 97

C (%) 23.6 0 -18.7 23.9 0 -56.5 -11.1 0 32.9

ETi %err, ETi estimation error (%); D (%), percent change in a given parameter (i.e., hc, Zom); C (%), percent change in ETi %err

Irrig Sci

123



calculated rah affected more (-56.5 to 23.9%) ETi %err

when LAI was 1.73 m2 m-2. C ranged from -18.7 to

32.9% for the other two LAI values. However, rah being a

function of Zom and hc might be affected to a different

degree than the ±50% uncertainty assumed in our sensi-

tivity analysis. Hence, we introduced the Zom and

hc ± 50% variability into the computation of rah and found

out that rah changed -13 to 16%, respectively. Using this

new rah variation percentages in the assessment of ETi %err

variation (C, %) it was learned that the effect in ETi %err

was minimal, i.e., only -5.4 and 3.8% respectively. This

result seems to confirm that the TSM is mainly sensitive to

uncertainties in rs while less sensitive to inaccuracies in

Zom, hc and rah for sparse, low biomass surface vegetation

cover conditions.

In addition, the TSM could potentially be sensitive to

uncertainties in the clumping factor (X = f(LAI), Eq. 16

in Appendix) and LAI estimates. Li et al. (2004) indi-

cated that the uncertainty in the X value affected the

estimation of sensible heat flux (H) as much as 25% for

partial vegetation cover with X of 1. This type of

uncertainty in X produced higher mean absolute percent

difference (MAPD) values for corn than for soybean, i.e.,

45 and 25%, respectively. The error in H propagated into

ET estimates.

Regarding LAI, Kustas et al. (1996) pointed out that

reliable estimates of LAI (consequently X) are critical in

the model because this parameter is used in partitioning Rn

and Tsfc between the soil and vegetation. Furthermore, they

indicated that a method was needed to estimate fg to

account for senescent vegetation because it does not

contribute to LEc but to Hc; thus influencing what fraction

of the vegetation will use the Priestley–Taylor approxi-

mation (Eq. 25, in Appendix). In their preliminary analysis

of the model sensitivity to fg, results indicated that typical

variations of 10–20% in the value of fg can lead to

equivalent percentage changes in computed H.

Then, perceiving that errors in X, LAI, fg and even in the

mean canopy leaf width (w) could significantly impact the

accuracy of ETi estimation, another sensitivity analysis was

carried out involving these parameters. Results were

reported in Table 3.

Results indicated that a ±50% change in calculated X
had a significant effect (C of -8.1 to -61.6%) on the ETi

%err for the 4.74 LAI category. The variability of C, as a

function of X, was -23.7 to 28.8% for the 0.52 and 1.73

LAI values. Similarly, the uncertainty in the estimation of

LAI affected more ETi %err more for larger LAI values.

The effect of the variability of the mean canopy leaf width

on changes in ETi %err was relatively small for all LAI

categories. In the case of fg, ±50% changes in fg values

resulted in ±33% changes in ETi %err when LAI was

0.52 m2 m-2. The error on fg values progressively affected

much less ETi %err as LAI became larger.

Hence, considering the sensitivity analysis results from

the data of Tables 2 and 3 the TSM was slightly modified.

For low biomass presence (LAI \ 3 m2 m-2) rah was

removed from Eq. 5 because the sensitivity analysis indi-

cated that large errors in the estimation of Zom, hc and LAI

did not affect much the rah calculations. In turn, the derived

uncertainty effects on rah practically did not affect the ETi

%err under small sparse biomass surface conditions.

Table 3 Sensitivity analysis, effects of clumping factor (X), leaf area index (LAI), mean canopy leaf width (w) and fraction of vegetation that is

green (fg) on ETi estimation

Percent change in ETi estimation error, C (%)

Crop/field Sorghum/SW Corn/SE Sorghum/NE

LAI (m2 m-2) 0.52 1.73 4.74

D (%) ?50 0 -50 ?50 0 -50 ?50 0 -50

X 0.975 0.65 0.325 1 0.69 0.345 1 0.77 0.385

ETi %err 54.3 78 102.3 5.2 25 53.8 56 64.1 2.55

C (%) -23.7 0 24.3 -19.8 0 28.8 -8.1 0 -61.6

LAI (m2 m-2) 0.79 0.52 0.26 2.59 1.73 0.86 7.05 4.7 2.35

ETi %err 76.3 78 64.6 -28.7 25 4.1 64.7 64.1 312.2

C (%) -1.7 0 -13.4 -53.7 0 -20.9 64.7 0 248.1

w (m) 0.075 0.05 0.025 0.11 0.07 0.035 0.15 0.1 0.05

ETi %err 76 78 80.6 16.3 25 45.7 63.8 64.1 64.8

C (%) -2 0 2.6 -8.7 0 20.7 -0.3 0 0.7

fg 0.75 0.5 0.25 1 0.85 0.43 1 0.9 0.45

ETi %err 111.2 78 44.6 18.2 25 49.7 61.9 64.1 77.1

C (%) 33.2 0 -33.4 -6.8 0 24.7 -2.2 0 13

ETi %err, ETi estimation error (%); D (%), percent change in a given parameter (i.e., X, LAI, w and fg); C (%), percent change in ETi %err
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In the case of large biomass presence (LAI [
3 m2 m-2), the Hs term in Eq. 3 was removed. This was

done because, according to the sensitivity analysis, rs had

no effect on the estimation of ETi under full canopy cover

conditions, i.e., the contribution of the soil in the ET

process would be minimal. Essentially the TSM becomes a

one source EB model, where practically the plant controls

the flux of energy.

Overall, ETi estimation error for all four lysimeters

fields and the five RS overpasses, decreased to

0.03 ± 0.07 mm h-1 (4.3 ± 11.7%) (Table 4). A com-

parison of predicted ET with modified TSM model versus

observed values has been plotted in a 1:1 graph in Fig. 5. In

this figure, the variability or deviation from the 1:1 line

(solid line) concentrated around the larger ET values (0.6–

0.8 mm h-1). This new result suggests that not only the

formulation of Hs need to be refined for large values of LAI

(LAI [ 3 m2 m-2), but also indicates that the clumping

factor formulation needs to be refined. This is because, the

sensitivity analysis described before indicated that the

uncertainty in the clumping factor greatly affected ETi

%err for larger LAI values.

In general, the better agreement between new ET esti-

mates and measured values, as well as indications from the

sensitivity analysis, seems to corroborate that the Zom, rs,

hc, and X sub-models need to be improved in the TSM.

To help in the visualization/quantification of where

errors/corrections occurred, a plot of LAI versus

‘‘DIFF(diff) % correction’’ was performed (Fig. 6). Where

‘‘DIFF(diff) % correction’’ is the percent correction (degree

Table 4 ETi estimated adjusted versus observed ETi and crop biophysical characteristics

DOY Lys. ETi est adj

(mm h-1)

ETi adj diff

(mm h-1)

ETi adj

diff (%)

Adjustment LAI

(m2 m-2)

hc (m) fc (%) Kc

176 NE 0.240 -0.024 -9.09 No rah in Hs 0.68 0.54 0.29 0.29

176 SE 0.410 -0.086 -17.34 No rah in Hs 1.73 0.74 0.58 0.71

176 NW 0.230 0.030 15.00 No rah in Hs 0.58 0.52 0.25 0.31

176 SW 0.185 0.011 6.32 No rah in Hs 0.52 0.51 0.23 0.25

184 NE 0.151 -0.012 -7.36 No rah in Hs 1.40 0.67 0.50 0.43

184 SE 0.250 -0.034 -11.97 No Hs 4.40 1.70 0.89 1.30

184 NW 0.194 0.016 8.99 No rah in Hs 0.94 0.60 0.38 0.41

184 SW 0.143 -0.005 -3.38 No rah in Hs 0.71 0.55 0.30 0.40

192 NE 0.710 0.021 3.05 No rah in Hs 2.90 0.89 0.78 1.02

192 SE 0.890 0.127 16.64 No Hs 5.00 2.00 0.91 1.29

192 NW 0.688 -0.059 -8.12 No rah in Hs 1.80 0.65 0.57 0.96

192 SW 0.698 -0.097 -12.20 No rah in Hs 1.70 0.63 0.51 1.00

207 NE 0.780 0.140 21.88 No Hs 4.74 1.76 0.89 1.02

207 SE 0.825 0.040 5.10 No Hs 5.62 2.40 0.95 1.24

207 NW 0.684 0.084 14.00 No Hs 2.50 1.00 0.73 0.76

207 SW 0.698 0.078 12.58 No Hs 2.51 0.94 0.72 0.76

223 NE 0.807 0.097 13.66 No Hs 5.40 2.84 0.93 1.22

223 SE 0.890 0.090 11.25 No Hs 6.10 3.00 0.96 1.22

223 NW 0.817 0.107 15.07 No Hs 3.20 1.20 0.80 1.12

223 SW 0.840 0.089 11.90 No Hs 3.00 1.15 0.78 0.98

DOY Day of year, Lys. lysimeter, LAI leaf area index (m2 m-2), NE northeast, SE southeast, NW northwest, SW southwest. ETi obs, Observed

instantaneous ET (mm h-1); ETi est, estimated instantaneous ET(mm h-1); ETi diff, the difference between ETi obs and est; hc, crop height (m);

fc, fraction cover or vegetation fractional cover; Kc, crop coefficient; Hs, sensible heat flux from the soil surface (W m-2); rah, surface

aerodynamic resistance (s m-1)

Fig. 5 Comparison of estimated/adjusted versus observed hourly

evapotranspiration
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of correction) performed on estimated ETi after adjust-

ments were done to Hs, as describe above, either by

removing rah from Hs or by deleting Hs from the H equa-

tion, depending on the LAI level. The percent correction

resulted from the absolute of subtracting the initial ET

percent difference (first TSM run, no adjustments), found

in the sixth column of Table 1 (ETi diff, %), from the

second ET percent difference (second TSM run, with

adjustments) found in the fifth column of Table 4 (ETi adj

diff, %). A list of type of adjustment performed, absolute

ETi error (difference between estimated and observed), and

LAI values can be found in Table 4.

Considering all four lysimeters fields (and overpasses),

it is evident that larger ET corrections occurred for LAI

values lower than 2 and larger than 4.5 m2 m-2, as

depicted in Fig. 6.

Finally, for well vegetated (LAI greater than 3 m2 m-2)

non-water stress surface covers the actual crop coefficient

Kc values resulted above 1.0 (Fig. 7) (i.e., crops evapo-

rating at a rate that was greater than the rate of the well

watered grass reference ET (EToi) (weather station field).

The hyperbola curve fitted in Fig. 7 shows how well Kc

values correlated to LAI after applying the modifications

(Table 4 shows the type of adjustment per LAI level).

Conclusions

In this study, a TSM was applied on five high-resolution

airborne RS digital multispectral imagery acquired during

the 2007 cropping season to estimate hourly (instanta-

neous) evapotranspiration values for the advective semi-

arid region of the SHP.

Initially, instantaneous ET was predicted with an overall

MBE and RMSE of 0.09 and 0.13 mm h-1 (22.4 and

28.6%), respectively. Most of the over prediction errors

were contributed by ET values from the sparse vegetation

in the NW and SW lysimeter fields, on DOY 176 and 184.

Also, errors were introduced from DOY 207 and 223 when

LAI values in these fields were larger than 4.5 m2 m-2.

According to a sensitivity analysis, changes were

performed in the way sensible heat flux was calculated.

The aerodynamic resistance was not used in the calculation

of the soil sensible heat flux equation when LAI was less

than 3 m2 m-2. In addition, the soil sensible heat flux term

was not used when LAI was larger than 3 m2 m-2. In this

last situation, the TSM becomes a single-source surface

energy balance model because the plant (biomass) controls

the energy exchange between the surface and the atmo-

sphere. Results indicated that these modifications to the

TSM improved the accuracy of the ETi predictions. The

resulting overall ETi estimation error, for all four lysimeter

fields and five RS overpasses, was 0.03 ± 0.07 mm h-1

(4.3 ± 11.7%).

The results found in this study seem to corroborate that

the Zom, rs, hc, and X sub-models need to be improved in

the TSM. Nevertheless, the TSM appears to be a viable tool

in the spatial estimation of ET using high-resolution air-

craft imagery in the SHP.
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Appendix: Two-source energy balance sub-models

1. Fractional vegetation cover (fc), after Norman et al.

(1995):

Fig. 6 Scatter plot of LAI versus percent correction

Fig. 7 Crop coefficient (Kc) versus LAI level
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fc ¼ 1� EXPð�0:5� LAIÞ ð12Þ

Spatially distributed LAI values were calculated using

an exponential model (Eq. 13) based on the Optimized Soil

Adjusted Vegetation Index (OSAVI) and sorghum/corn

measured LAI values. Measured values were from the

experiment presented in this paper.

LAI ¼ 0:263� EXPð3:813�OSAVIÞ ð13Þ

2. ‘‘Local’’ LAI (LAIL), Kustas and Norman (2000):

LAIL ¼ LAI=fc ð14Þ

3. Fractional soil cover (Fs), Kustas and Norman (2000):

Fs ¼ ½fc � ðEXP(� 0:5� LAILÞÞ� þ ð1� fcÞ ð15Þ

4. ‘‘Clumping factor’’ (X), Kustas and Norman (2000):

X ¼ � lnðFsÞ=ð0:5� LAIÞ ð16Þ

5. ‘‘New’’ (updated) fractional vegetation cover

(fc_new), Kustas and Norman (2000):

fc new ¼ 1� EXP �0:5� X� LAIð Þ ð17Þ

6. Surface albedo (a), Brest and Goward (1987):

a ¼ 0:512 Rð Þ þ 0:418 NIRð Þ ð18Þ

where, R and NIR are reflectance (decimal) in the RED and

NIR bands, respectively.

7. Net radiation (Rn), Monteith (1973):

Rn ¼ ð1� aÞRs þ earT4
a � esrT4

sfc ð19Þ

where, the first term of Rn is the short wave radiation

budget (Rsw), the second term is the atmospheric/air long

wave incoming radiation (Rlw_in), and the third term is the

surface outgoing long wave radiation (Rlw_out); which are

estimated as follows:

Rsw ¼ ð1� aÞ � Rs ð20Þ

where, Rs is the incoming short wave solar radiation, in

W m-2.

Atmospheric/air long wave incoming radiation

(Rlw_in):

Rlw in ¼ earT4
a ð21Þ

where, r is the Stefan–Boltzmann constant (5.67E-08

Watts m-2 K-4.

Air emissivity (ea), Brutsaert (1975):

ea ¼ 1:24
ea

Ta

� �1=7

ð22Þ

where, ea is actual vapor pressure (mb) and Ta is air tem-

perature (K) from weather station measurements.

Surface outgoing long wave radiation (Rlw_out):

Rlw out ¼ esrT4
s ð23Þ

where, the subscript ‘‘s’’ denotes surface emissivity.

8. Initial canopy net radiation (dRn), Norman et al.

(1995):

dRn ¼ Rn � ðRn � EXPð0:9� lnð1� fc nwÞÞÞ ð24Þ

9. Initial sensible heat flux for canopy (Hc_in), Priestley

and Taylor (1972):

Hc in ¼ dRn� ð1� ð1:3� fg � D=ðD� cÞÞÞ ð25Þ

where, D is the slope of the saturation vapor pressure

versus temperature curve, and c is the psychrometric

constant.

10. Estimate latent heat flux (LE, W m-2).

LE ¼ Rn � H � G ð26Þ
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