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of a thermal-based energy balance model in estimating ET 
evaluated using LY versus EC measurements.

Introduction

In the Texas High Plains (THP), a semiarid region where 
there is extensive irrigated agriculture, it is projected that 
the depleted groundwater resources will be unable to sup-
port irrigation within the next 30 years (Scanlon et al. 
2012). Since agriculture is the largest consumer of fresh 
water, monitoring water use, irrigation, and other agricul-
tural practices at the field scale is prerequisite for managing 
water resources effectively. This is because changes in both 
water use and land cover occur at the field scale and there-
fore need to be monitored at the same resolution (Anderson 
et al. 2012).

Remote sensing is the only technology that can provide 
the spatially continuous and temporally consistent meas-
urements of surface states and conditions (e.g., surface 
temperature and vegetation cover) that are used to moni-
tor evapotranspiration (ET) at field to regional scale. A 
wide variety of remote sensing-based models for estimat-
ing ET thus have been developed (see review by Kalma 
et al. 2008). Model output of ET is typically evaluated with 
ground-based measurements using micrometeorological 
techniques, such as the Bowen ratio and eddy covariance 
(EC) methods, or via mass balance techniques, such as 
lysimetry.

The EC method is susceptible to a range of errors and 
uncertainties, many of which manifested in the so-called 
energy balance closure issue (Foken 2008), where the avail-
able energy, defined as net radiation (Rn) less soil heat flux 
(G), exceeds the sum of the sensible (H) and latent (λE) 
heat fluxes, thus invalidating the energy balance equation:
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A recent overview of past studies by Leuning et al. 
(2012) points to a variety of factors affecting energy bal-
ance closure including instrument alignment, the reliabil-
ity of the measurements of the radiation and heat storage 
terms, and advective flux divergence. Other recent papers 
have also pointed to errors in the measurement of verti-
cal wind velocity when using nonorthogonal sonic ane-
mometers (Kochendorfer et al. 2012; Frank et al. 2013), 
the development of mesoscale circulations as a result of 
landscape heterogeneity that are not captured by local EC 
observations (Stoy et al. 2013), and heat storage within the 
canopy, which has been shown to account for more than 
5 % of the available energy for corn and soybeans under 
peak biomass conditions (Meyers and Hollinger 2004).

Mass balance techniques provide a measurement of ET 
as a residual of the water balance equation applied to a 
specified control volume of soil according to

where I and P are inputs to the control volume from irri-
gation and precipitation, respectively, F is the net hori-
zontal or vertical flux from the control volume, R is run-
off, and ΔS is the change in storage within the control 
volume. Water balance methods make use of weighing 
lysimeters (LY), soil coring, or neutron probe (NP) meas-
urements to determine the change in soil water storage in 
order to solve for ET following Eq. (2). Errors in any of 
the terms on the right-hand side of Eq. (2) will propagate 
into the estimates of ET. The application of this relation-
ship for LY and NP is distinct. Due to their design, lysim-
eters have an enclosed soil volume and typically do not 
allow for runoff, in which case the terms F and R can be 
taken to be zero. In contrast, the soil volume for NP meas-
urements is not confined; hence, neither F nor R can be 
neglected, although they may be controlled using several 
techniques. Techniques to reduce the impact of F on the 
mass balance calculations when using NP measurements 
include collecting the data well below both the rooting 
depth and penetration depth of the water inputs. Similarly, 
furrow diking and field borders or berms are often used so 
that R can be neglected. Typically, NP-based water bal-
ance technique is used only to determine ET over periods 
of days to weeks, months, and seasonal timescales (Evett 
et al. 2012b).

While some regard LY as the most accurate method 
for determining ET (Howell et al. 1995), there are still a 
number of factors affecting its performance (Allen et al. 
2011). Among these is the ability of the LY measurements 
to represent the surrounding field (Evett et al. 2012b). Dif-
ference in ET within the lysimeter and at the field scale 
can result from differences in the soil moisture profile or 

(1)Rn − G = H + �E

(2)ET = I + P − F − R−�S

the vegetation density due to variations in planting den-
sity, irrigation, and the application of fertilizers and other 
agro-chemicals.

Few, if any, studies have had ET measurements from 
all three methods (LY, NP, and EC) collected in the same 
field under strongly advective conditions in concert with 
high-resolution remote sensing data to quantify effects 
of spatial variability in plant cover conditions that might 
affect the ET measurements. One such study (Evett et al. 
2012b) was conducted as part of the Bushland Evapotran-
spiration and Agricultural Remote Sensing Experiment 
(BEAREX08; Evett et al. 2012a). Based on comparison 
between ET estimates from the lysimeter in the south-
east (SE) field (SLY) and the nearby flux tower, they con-
cluded that the “EC stations routinely underestimated ET 
in this environment with differences in ET ranging from 
31 to 43 % based on standard corrections to 17 % when 
closure was forced.” This comparison was based on data 
collected during essentially the same 37-day period (DOY 
182-219), the period of rapid leaf area increase. They also 
concluded that “the lysimeter with crop growth similar to 
that in the surrounding field (SLY) produced ET data sim-
ilar to that found using soil water balance methods in the 
surrounding field (SNP).” This conclusion, however, was 
the result of a comparison over a much longer time period 
of 133 days (DOY 179-311). Over this time frame, the 
SLY ET was shown not to be statistically different from 
the ET determined by SNP network. On the other hand, 
even over this longer time period, the lysimeters in the 
northeast (NE) field (NLY) ET were statistically differ-
ent from that derived from the NE neutron probe (NNP) 
network.

The objective of this study was to analyze differences 
in ET measurements from EC, LY, and NP techniques in 
a pair of adjacent irrigated cotton fields during the rapid 
growth period, defined as having significant temporal 
changes in leaf area index, for the 2008 growing season 
using data from BEAREX08. In addition to the ground-
based ET measurements, 1-m-resolution aircraft imagery, 
which was collected several times during the period of 
rapid cotton growth and development, provided spatially 
distributed information regarding plant cover and leaf area 
information. These high-resolution images permitted inves-
tigating the relative influence of variation in plant cover 
within the various ET source areas/flux footprints for the 
different ET measurement techniques. Lastly, a compari-
son is made between ET estimates using a thermal-based 
surface energy balance model run with local remote sens-
ing observations and EC and LY measurements from the 
NE and SE fields to illustrate how different conclusions 
can be reached concerning model performance depending 
on what measurements are used as ground truth for model 
validation.
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Materials and methods

The BEAREX08 field campaign was conducted from June 
through August 2008 at the USDA-ARS Conservation 
and Production Research Laboratory (CPRL) near Bush-
land, Texas (35.183 N, 102.100 W, 1170 m, a.s.l) and is 
described in detail in Evett et al. (2012a). A brief overview 
of the field measurements relevant to this study is provided 
here. As a part of the field campaign, the surface energy 
fluxes were observed over an adjacent pair of irrigated cot-
ton fields (NE and SE) using EC towers, large monolithic 
weighing lysimeters, and a network of neutron probes. 
The lysimeters (3 × 3 m in dimension, 2.3 m deep) were 
located near the center of each field with a colocated EC 
station positioned approximately 20 m northeast of the 
lysimeter (EC8 and EC9 in the NE and SE fields, respec-
tively). In each field, a second EC station was located in 
the northeast quadrant (EC1 and EC2 in the NE and SE 
fields, respectively) in order to maximize the upwind fetch 
for the prevailing winds from the south-southwest (see 
Fig. 1). There were a total of four neutron probes in each 
field positioned approximately 30 m on the NE–SW and 
NW–SE diagonals from the corners of the lysimeter. Each 
of the fields measured approximately 220 × 220 m and 
had an area of nearly 5 ha. The main difference between 
the two fields was the orientation of the crop rows with 
the rows in the NE field oriented north–south, while the 

rows in the SE field were oriented east–west. The fields 
were contiguous, with one field (NE) directly north of the 
other (SE). All management practices (fertilization, irriga-
tion, etc.) were applied uniformly for both fields, including 
within the lysimeters. The NE and SE fields including the 
lysimeters were irrigated for full production using a lateral 
move sprinkler irrigation system (see Evett et al. 2012a, 
b). During the peak of the growing season, between 15 
and 25 mm of irrigation water was applied approximately 
every 5 days.

This region has strong advective conditions during the 
summer growing season characterized by high winds, 
air temperatures, and vapor pressure deficit, resulting in 
high evaporative demand (Evett et al. 2012a). Figure 2 
shows the daytime median, maximum, and minimum wind 
speed (u), air temperature (TA), water vapor pressure (eA), 
and vapor pressure deficit (D) computed from the four 
EC systems in the NE and SE fields, and a potential ET 
determined from daily ET measurements from a smaller 
(1.5 m × 1.5 m × 2.3-m deep) weighing lysimeter located 
in an irrigated grass plot adjacent to the NE and SE fields 
(see Fig. 1 in Evett et al. 2012a). The plots indicate frequent 
periods of fairly high atmospheric demand due to advection 
with the daytime u typically exceeding 5 m/s, TA averaging 
more than 30 °C, D greater than 3 kPa, and irrigated grass 
ET on the order of 10 mm/day.

The EC data were post-processed using the full comple-
ment of standard corrections and adjustments, following 
Alfieri et al. (2011, 2012). Nonphysical values and outli-
ers were first removed without replacement from the high-
frequency (20 Hz) data using a moving window algorithm. 
A two-dimensional rotation was then applied to the wind 
velocity components so that the coordinate system was 
aligned with the prevailing wind direction. Next, correc-
tions for sensor displacement and frequency response atten-
uation were applied. Finally, hourly mean turbulent fluxes 
were computed and corrected for the effects of buoyancy 
and water vapor density. A sensor inter-comparison study 
conducted by Alfieri et al. (2011) indicated that the uncer-
tainty in H and λE was on the order of 15 and 30 W m−2, 
respectively. A similar analysis of Rn and G found the 
uncertainty of these quantities to be of a similar magnitude 
(Alfieri et al. 2012).

A correction to Rn and G at the individual flux towers 
derived by Alfieri et al. (2012) was used in this analysis. 
The corrected Rn for each EC site was computed using site-
specific upwelling shortwave and longwave measurements 
and the average of the four incoming solar radiation and 
downwelling longwave radiation measurements from EC1, 
EC2, EC8, and EC9, both of which were assumed to be 
uniform over the study site. A corrected G for each EC site 
was computed using the mean of the site-specific measure-
ments along with the measurements of G from ten sensor 

Fig. 1  Schematic showing the location of the eddy covariance sys-
tems (EC sites 1, 2, 8, and 9), stations, lysimeters (NLY and SLY), 
and the network of neutron probe sensors (NNP and SNP) in the 
northeast (NE) and southeast (SE) fields
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Fig. 2  Median (solid line) and max/min (dotted lines) of a wind 
speed (u), b air temperature (TA), c vapor pressure (eA), and d vapor 
pressure deficit (D) from the four EC systems in the NE and SE 

fields, and e potential ET determined from daily ET measurements 
from a weighing lysimeter located in an irrigated grass plot adjacent 
to the NE and SE fields (see Fig. 1 in Evett et al. 2012a)
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network in each field. For details, see Alfieri et al. (2012) 
and Agam et al. (2012b).

The percent closure for each of the EC sites ranged 
from a low of 74 % at Site 2 to a maximum of 87 % at 
Site 8, while Site 1 and Site 9 had 84 and 85 % closure, 
respectively. The lack of closure was due, in part, to 
advective effects. While the advective contribution to the 
energy budget was typically near 20 W m−2, Alfieri et al. 
(2012) showed it could contribute as much as an additional 
100 W m−2 to the energy budget. To account for the incom-
plete closure of the energy balance, the correction of Twine 
et al. (2000), where closure is forced while maintaining a 
constant Bowen ratio, was applied. Due to the low values 
in Bowen ratio (between ~0.15 and 0.25 among the vari-
ous EC systems), closure by residual instead by Bowen 
ratio resulted in differences in ET of less than 10 W m−2, 
on average.

The LY and NP measurements of ET are described 
in detail by Evett et al. (2012b). The accuracy of the LY 
systems has been analyzed extensively and determined to 
be on the order of 0.05 mm (Howell et al. 1995). This is 
the depth of water equivalent to the mass measurement 
accuracy. It is not a rate of change or flux rate accuracy, 
but rather is an absolute mass measurement accuracy. The 
same accuracy is obtained regardless of the duration of the 
measurement period since the temperature-compensated 
mass measurement system is enclosed in an underground 
chamber in which temperature varies little over a growing 
season. With measures in place to minimize or account for 
runoff (R) and horizontal and vertical soil water transport 
(F) at the experimental field sites in Bushland, combined 
with accurate precipitation and irrigation data (Marek et al. 
2014), Evett et al. (2012b) assumed the water balance esti-
mates of ET from the NP network provided field-scale esti-
mates of ET. Specifically, there were three NP-based water 
balance estimates computed. They included (1) the simple 
soil water balance (SSWB) method based on a predeter-
mined control volume depth and the assumption that F = 0 
through the bottom of the control volume; (2) the soil water 
balance based on taking the depth of the zero flux plane 
(ZFP), if any, as the depth of the control volume; and (3) 
the soil water balance based on a control volume depth 
with F across the bottom of the control volume calculated 
based on soil hydraulic characteristics (SSWB + F).

The ET computed with the NP network using all three 
methods (SSWB, ZPF, and SSEB + F) were not substan-
tially different, providing further evidence that F at the bot-
tom of the control volume was a minor term. Moreover, 
extensive prior field studies at this site have shown that both 
profile water contents and changes in profile water storage 
determined by this NP network can accurately represent 
soil water balance changes within weighing lysimeters and 
can be used to estimate ET (Evett et al. 2003, 2009; Tolk 

and Evett 2009). Moreover, it was noted by Evett et al. 
(2012b) that from past studies, only 1–2 NP access tubes 
were needed to accurately determine soil water change in 
storage in these fields. Hence, the set of four NP access 
tubes are assumed to represent a ~40 × 40 m square area 
within the field. This area is taken to be representative of 
the field-scale ET and used as a reference similar to the 
assumption used by Evett et al. (2012b). While assum-
ing that the water balance estimates of ET from the NP 
network provided field-scale estimates of ET, Evett et al. 
(2012b) cautioned that “Differences between lysimeter ET 
and field ET (based on NP data) should be considered in 
light of the standard deviation of field ET, which ranged 
from <1 to 11 mm with means of 5.2 and 6.5 mm for the 
NE and SE fields, respectively, for the 11 periods consid-
ered.” Hence, when computing ET differences with the NP 
technique, one needs to keep in mind that there is a level of 
uncertainty in NP estimates of field-scale ET. Nonetheless, 
the ET from the NP technique using the SSWB adopted by 
Evett et al. (2012b) is presented in this study.

Airborne imagery collected using the Utah State Univer-
sity multispectral imaging system was used to map the spa-
tial variation in vegetation cover at 1-m resolution (Neale 
et al. 2012). The Normalized Difference Vegetation Index 
(NDVI) calculated using the airborne multispectral meas-
urements was related to Leaf Area Index (LAI) measure-
ments collected via destructive sampling at six locations 
in the cotton fields. The 1-m-resolution LAI maps of the 
cotton fields were developed using the best-fit sigmoidal 
relationship between the in situ LAI and remotely derived 
NDVI from the airborne observations (Alfieri et al. 2012). 
Six images were collected on 26 June [day of year (DOY) 
178], 12 July (DOY 194), 20 July (DOY 202), 28 July 
(DOY210), 5 August (DOY 218), and 13 August (DOY 
226), respectively.

The analytical footprint model of Hsieh et al. (2000) was 
used in combination with a simple Gaussian plume disper-
sion model to identify the source area contributing to the 
flux measured by each of the EC systems. The flux foot-
print was calculated for each hourly period and then spa-
tially averaged to produce a composite footprint represent-
ing the typical source area (e.g., Fig. 3) for each flux tower. 
The composite footprint was then used to estimate the LAI 
within the source area of each EC system (Alfieri et al. 
2012). The LAI within the area sampled by the lysimeters 
and neutron probes was also determined.

The difference between the estimates of ET was ana-
lyzed in units of mm since for daily and longer time scales 
and for purposes of operational irrigation management, this 
unit of water loss is often used. The values of λE were con-
verted from W m−2 to mm using latent heat of vaporization 
as a function of air temperature and the conversion from the 
density of water yielding a depth in mm. The differences in 
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ET measurements of the source areas from the NP and both 
EC and LY systems were analyzed in terms of the mean 
bias (MB, Eq. 3) and the mean absolute percent differences 
(MAPD, Eq. 4) to evaluate the effect of LAI.

where N is the number of data points, X is the ET estimate 
from either EC or LY, and NP is the ET estimate from NP. 
The use of ET from the NP technique as reference is based 
on the results from Evett et al. (2012b), suggesting that the 
NP method provided reliable field-scale ET estimates.

Results and discussion

The estimates of cumulative ET for the period DOY 183–
DOY 219, which was the time frame of rapid crop growth, 
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from each of the techniques are compared in Fig. 4 (see 
also Table 1). Differences in ET estimates from NP and 
LY are significant in both fields. Evett et al. (2012b) found 
ET from the NP network in the SE field in good agreement 
with SE lysimeter over a 133-day period. This suggests that 
the bias in ET between SE LY and SE NP during the period 
analyzed in this study (DOY 183–219) must have reversed 
during the later period (DOY 219–311) as evidenced in 
Fig. 7 from Evett et al. (2012b). In contrast, the cumula-
tive ET from EC agreed more closely with those from 
NP, particularly for the NE field. In the NE field, the MB 
value (Fig. 5a) for LY increased continuously throughout 
the study period, while for the EC systems, they reached 
a plateau (for the EC8 case) or actually decreased some-
what (as in the case of EC1). In terms of MAPD (Fig. 5b), 
the difference between the ET estimates from the NE 
LY and NP remained at nearly 25 % after approximately 
1 week. In contrast, the MAPD associated with EC1 and 
EC8 decreased to <10 % over the course of the study 
period. While the MAPD for LY in the SE field was similar 
(Fig. 5c), again exceeding 20 %, the differences in cumu-
lative ET between both EC systems (EC2 and EC9) and 
NP in the SE field were somewhat larger in magnitude, 
approximately 12–22 %. The MAPD for both LY and EC 
increased and then decreased over time.

Although every effort was taken to ensure uniformity, 
as reported by Evett et al. (2012a, b), there was significant 
spatial and temporal variability in the vegetation density in 
both the NE and SE fields due to delayed crop emergence 
(more than 2 weeks from first to 90 % emergence), caused 
by unusually hot, dry conditions and persistently strong 
winds after planting. The LAI estimates from the high-
resolution aircraft imagery indicated that variations in LAI 
existed through much of the growing season when canopy 
was only partially closed (Fig. 6) with the greatest variabil-
ity occurring during the period from 12 July (DOY 194) to 
5 August (DOY 218).

The mean LAI within the source area of each EC sys-
tem, as well the source areas of the other sensor systems 
and the field as a whole, was computed from the images 
collected during each overflight (Fig. 7). For the NE field, 
the differences in LAI, particularly between the LY and 
EC sites, were quite pronounced during much of the study 
period. It is not until the canopy neared full coverage, i.e., 
the LAI exceeded 3 m2 m−2, that the LAI values within the 
various source areas converged. The SE field was some-
what more homogeneous, and as a result, the differences 
in the LAI within the various source areas were smaller. 
Similar trends were observed with NDVI (Fig. 7). Due to 
the strongly nonlinear nature of the sigmoidal relation-
ship between NDVI and LAI, relatively small variations 
in NDVI can lead to large differences in LAI. Hence, the 
generally larger variation in source area LAI illustrated in 

Fig. 3  The typical source area (flux foot print) for the EC towers in 
the NE field (EC1 and EC8) along with the source area for the NE 
lysimeter (NLY) and NE neutron probe network (NNP) network are 
shown overlaying the LAI map from DOY 202
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Fig. 6 compared with NDVI is expected. Again using NP 
as the reference, the mean biases of the LAI within the 
source area of both EC and LY are shown in Fig. 8. The 
figure clearly shows the greater bias within the source areas 
of LY compared with the source area of the EC systems. 
In all cases, the MB values were approximately zero by 7 
August (DOY 220).

Typically in field experiments, there is only one type of 
measurement system devoted for determining field-scale 
ET. This study provided a unique opportunity to evalu-
ate differences in field-scale ET determined using three 
techniques for two adjacent irrigated cotton fields with 
different row orientation. The mean and percent differ-
ences were computed for each paired set of measurement 

Fig. 4  The cumulative ET 
based on the EC, LY, and NP 
approaches is shown for the NE 
and SE fields

Table 1  The cumulative ET over the whole of the study period (DOY 183-220) is shown for each measurement technique for both the NE and 
SE fields

The differences between the ET estimate from NP versus EC and LY techniques are also shown

EC1 EC8 LY NP

Northeast (NE) field

Cumulative ET (mm) 229 242 279 224

Difference with NP (mm) 5 18 55

Percent difference with NP (%) 2.2 8.0 24.6

EC2 EC9 LY NP

Southeast (SE) field

Cumulative ET (mm) 230 229 248 202

Difference with NP (mm) 28 27 46

Percent difference with NP (%) 13.9 13.7 22.8
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systems in the northeast and southeast field (Table 2). For 
the EC systems, two differences were calculated: The first 
was between the systems in the corner of the fields (EC1 
and EC2), and the second was between the systems colo-
cated with the lysimeters (EC8 and EC9). The difference 
between the cumulative ET estimates from the EC sys-
tems ranged from <1 % to approximately 6 %. Both water 
balance-based approaches (NP and LY) indicated nearly 
10 % greater ET in the NE compared with the SE. With the 
exception of the estimates from EC1 to EC2, which were in 
close agreement, all of these difference values suggest that 
there was greater ET in the NE field.

A comparison of the LAI within the respective source 
areas (Fig. 9) shows that, in the case of the comparison 
between NLY and SLY source areas, LAI is noticeably 
different throughout the study period except at the end 
(~DOY 220). Although the difference in the LAI between 
the two lysimeters was strongly correlated with the greater 
ET in the NE field, there were clearly other factors—for 

example, variations in soil water content, amount of irri-
gated water applied, errors in the LAI estimation proce-
dure, the source area of the EC and other measurement 
systems, or the row orientation (Agam et al. 2012a, b)—
that contributed to the difference in the ET estimates from 
the two fields or complicated the relationship between ET 
and LAI. A comparison of the field-scale LAI between the 
NE and SE fields was very similar to the LAI comparison 
between NNP and SNP in Fig. 9, which indicated little 
overall LAI difference between the two fields. Irrigation 
for this period was ~4 % greater in the NE field (11 mm), 
which would have combined to result in larger ET in that 
field. Moreover, as shown by Agam et al. (2012a, b), row 
orientation may have affected ET rates, with the N–S 
row orientation of the NE field potentially enhancing soil 
evaporation for the predominant wind directions from the 
south. The combined effects of greater irrigation and the 
N–S row orientation in the NE field could cause a larger 
ET rate from the NE field.

Fig. 5  Differences between the weekly NP estimates of ET and those from LY and EC technique in terms of both mean bias (MB) and mean 
absolute percent difference (MAPD)
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Nonetheless, this inter-comparison suggests that the 
same measurement approach can yield cumulative ET esti-
mates that differ from nearly zero to slightly more than 
10 % under very similar weather and crop cover conditions 
for a pair of relatively small irrigated cotton fields located 
adjacent to one another. Considering the greater irrigation 
amount and the N–S row orientation potentially enhanc-
ing soil evaporation for the NE field, the 5–10 % higher 
ET estimated from the comparison between EC8 and EC9, 
and NNP and SNP may be plausible since the differences 
in LAI for these source areas were negligible. More per-
plexing, however, is the difference of 20 % or more seen 

among the various measurement techniques in the same 
field. Since employing three different measurement tech-
niques in a single field is very rare, even for research pur-
poses, this inter-comparison highlights the ambiguity that 
may exist in any routine measurement of short-term water 
use in irrigated agricultural fields when variability in veg-
etation cover/LAI exists.

In the earlier inter-comparison of EC, LY, and NP tech-
niques conducted by Evett et al. (2012b), they recognized 
a significant bias in NE lysimeter ET during the rapid 
growth period due to greater vegetation cover/biomass 
in the NE lysimeter. Evett et al. (2012b) also computed 

Fig. 6  Leaf Area Index (LAI) 
histogram and maps generated 
from the 1-m multispectral 
imagery collected over the NE 
and SE fields. The six images 
were collected on 26 June 
(DOY 178), 12 July (DOY 194), 
20 July (DOY 202), 28 July 
(DOY210), 5 August (DOY 
218), and 13 August (DOY 226)
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cumulative ET for the NE and SE fields with the LY and 
NP techniques spanning from crop emergence to harvest, 
a significantly longer time frame from DOY 179 to DOY 
311 and found generally good agreement between the 
SE LY and NP cumulative ET. Hence, the discrepancies 
between LY and NP estimates of cumulative ET for the 
SE field over this time frame were modulated since differ-
ences in cotton cover/LAI for the LY and NP source areas 
were insignificant by DOY 225. The greater differences 
between the NLY and NNP ET during the period of rapid 
growth would not actually allow a similar recovery as the 
NE field even with the longer time period for computing 
cumulative ET. It was estimated that approximately 40 % 
of the growing season ET occurred during the period ana-
lyzed in this paper. Hence, 60 % of the crop ET occurred 
after canopy closure, and unfortunately, the EC systems 
were not maintained after the BEAREX08 experiment 
until the end of the growing season. Clearly, it remains 

important to understand and quantify the full season crop 
ET in order to understand how the estimated ET varies 
using the different measurement techniques employed for 
estimating field-scale ET.

Kustas et al. (2012) evaluated the thermal-based two-
source energy balance (TSEB) model (Norman et al. 1995) 
and the dual-temperature-difference technique (DTD; time 
differencing of surface and air temperatures applied to 
TSEB formulation; Norman et al. 2000) using local ther-
mal observations collected at the EC towers (EC1 and 
EC2). A comparison of the DTD output in ET over the 
daytime period with both EC and lysimeter estimates (NP 
technique could not provide daily estimates) for the NE 
and SE field is illustrated in Fig. 10. The comparison for 
the NE field between NLY and DTD model would sug-
gest a noticeable bias (underestimate) in ET by the model, 
while the comparison with both EC1 and EC8 systems does 
not indicate such a trend. Similar to the NE field, the DTD 

Fig. 7  Leaf Area Index (LAI) and Normalized Difference Vegetation Index (NDVI) values for source areas contributing to ET estimates from 
EC, LY, NP methods, and for the field as a whole, is shown for the NE (NEF) and SE (SEF) fields
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underestimated ET compared with SLY measurements. The 
DTD model agreement with EC2 and EC9 measurements is 
slightly weaker in comparison with EC1 results. In Table 3, 
the difference statistics reveal how the DTD model perfor-
mance would be considered good using the EC measure-
ments with approximately 5–10 % “error” and <0.5 mm 
bias, while the comparison with lysimetric data would 
indicate errors of about 15 % with a bias of nearly 1 mm. 
The comparison with the lysimetric data also implies that 
adjustments to model parameters may be necessary under 
these environmental conditions. This suggests that the 
model inputs and ET measurements more closely reflect 
similar source areas coming from the EC systems and 
highlights the need to consider the footprint of the method 
against which models are tested even under field conditions 
considered to be uniform, as one might expect in irrigated 
agricultural fields.

Conclusions

A comparison was performed between the cumulative ET 
estimates for two adjacent 5-ha fields using three com-
mon observation techniques, EC, LY, and NP, over a 
36-day period that encompassed the period of rapid crop 
growth and development. Following Evett et al. (2012b) in 
using the NP technique as a reference for field-scale ET, 
the cumulative ET estimates from the LY systems were 
between 20 and 25 % larger than the NP approach. The LY 
estimates of cumulative ET were also consistently larger 
than the estimates from all four EC towers. In the NE field, 
EC-based cumulative ET estimates were greater than, but 
within 10 % of, the estimates derived from the NP method. 
For the SE field, this difference was on the order of 15 %.

Based on the LAI derived from high-resolution imagery, 
the vegetation density was consistently greater within the 
source area of the NE LY compared with either the field 
as a whole or the source areas of the EC systems and NP 
network. This fact was also reported by Evett et al. (2012b) 
based on field observations of plant height and width. 
There was a slight difference between the LAI in the SE 
LY and that for the SE NP network (Fig. 8). When compar-
ing differences in the cumulative ET estimates between NE 
and SE fields, the largest difference, approximately 11 %, 
was between the ET estimates from the two LY systems 

Fig. 8  The mean bias (MB) 
values of LAI estimated within 
the source area of the EC 
and LY techniques versus NP 
method for the NE and SE field

Table 2  Difference and mean absolute percent differences (MAPD) 
between the cumulative ET estimates from the NE and SE fields for 
EC, LY, and NP measurement pairs

Measurement system EC1
 EC2

EC8
 EC9

NLY
 SLY

NNP
 SNP

Difference (mm) −2 13 31 22

MAPD (%) 0.1 5.4 11.1 9.8
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followed by the 10 % difference between the cumula-
tive ET determined using the NP. Much of the difference 
in cumulative ET between NE LY and SE LY is related to 
LAI differences within the lysimeter source area (3 × 3 m) 
illustrated in Fig. 9. However, differences in source area 
LAI between NE and SE NP networks were minor, which 
is similar to field average LAI for the NE and SE fields 
(Fig. 9). Similarly, there was little difference in the source 
area LAI for EC8 and EC9. Both indicate that the NE field 
had 5–10 % higher ET than the SE field.

Given the greater amount of irrigated water (~4 %) 
applied to the NE field over this study period, and the pos-
sibility of enhanced soil evaporation for N–S row orienta-
tion suggested by Agam et al. (2012a, b), the observed 
greater ET for the NE field may be credible. The small dif-
ference between the EC1 and EC2 cumulative ET is due, at 
least in part, to the higher LAI estimated for the source area 
of EC2 in the SE field at the later half of the study period 
(Fig. 9), which may have compensated for the additional 

irrigated water and enhancement of soil evaporation due to 
row orientation, yielding higher ET for the NE field. This 
again suggests that variations in the ET estimates may be 
linked to differences in the vegetation cover within the 
source areas of the various measurement systems.

Overall, the differences in the cumulative ET estimates 
from the various techniques, both within the same field 
and between two adjacent fields differing in row orienta-
tion but otherwise may have appeared fairly uniform “by 
eye,” can exceed 20 % when canopy cover is variable and 
there are differences in amount of irrigated water applied. 
Indeed, Evett et al. (2012b) reported a 21 % difference 
between NE LY and NE NP results during this period.

In terms of using ET measurements for validation of 
ET models, the comparisons between model and measured 
output using EC and LY observations indicate that depend-
ing on the measurements used to compare with model out-
put, one could reach different conclusions about the utility 
of the model in computing reliable ET for these irrigated 

Fig. 9  Comparison of the LAI within the source areas for EC1 versus EC2, EC8 versus EC9, LY in the northeast (NLY) and southeast (SLY) 
fields, and NP in the northeast (NNP) and southeast (SNP) fields
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fields. This underscores the importance of having detailed 
information concerning variability in field conditions, par-
ticularly in vegetation cover.

The results of this study indicate that ET measurements 
in adjacent fields having the same crop and irrigation 
schedule will be influenced by the spatial and temporal var-
iations in vegetation cover and irrigation amounts, as well 
as row orientation, and must be carefully considered as a 
part of any subsequent analysis regardless of the measure-
ment technique used to collect these data. This also means 
in terms of model validation and calibration that discrep-
ancies between model and observed ET need to consider 
differences in vegetation conditions within the source area 
affecting model inputs and the measurements.
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