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Abstract

In this study, the energy balance approach was used to estimate evapotranspiration (ET) of red
pepper plots managed with four different irrigation strategies (100, 70, and 40% of ET, and rainfed) with
drip irrigation systems in the sub-humid Bafra Plains located in northern Turkey. In order to calculate
components of energy balance, hyper-spectral reflectance, infrared surface temperature, and net radiation
data were measured using nadir-looking hand-held proximal sensing devices over the experimental plots.
Additionally, soil moisture levels were monitored frequently with a well-calibrated neutron moisture
meter and a soil water budget approach was used to calculate actual ET values. Current findings revealed
that the response of red pepper crops to water stress offered a significant opportunity to detect different
levels of spectral reflectance, surface temperature, and net radiation. Furthermore, statistical comparisons
revealed significant relationships between measured and estimated daily ET (r = 0.92 and RMSE = 0.83)
and cumulative ET (r = 0.99 and RMSE = 43.98) values. Estimation errors for daily and cumulative ET
using the energy balance algorithm were 27% and 14%, respectively. Overall, present results indicated that
the energy balance algorithm with field level remotely sensed data had a great potential to estimate ET of
red peppers at plot scale.

Keywords: energy balance, irrigation management, water stress, spectral reflectance, surface

temperature

Introduction

Agriculture is one of the most important economic
activities in Turkey. Annual potentially available water
resources of Turkey are about 112 km? [1]. More than

*e-mail: eselim@omu.edu.tr, eselimk@yahoo.com

75% of the available freshwater resources are used for
irrigated agriculture. There is an immediate need for
developing new water management strategies to improve
water use efficiency while developing new infrastructure
to bring more land under irrigation for crop production.
Evapotranspiration (ET) transfers large volumes of
water from the soil and vegetation to the atmosphere [2-
5]. Accurate information on spatially distributed crop
water use and/or ET has been a long-standing critical
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need for a wide range of applications. Quantifying crop
water consumption over large areas and irrigation projects
is an important issue for water rights management,
water resources planning, hydrological modeling, and
water regulation. At field scale, ET can be measured or
estimated over a homogenous surface using conventional
techniques such as Bowen ratio (BR), eddy covariance
(EC), and lysimeter systems [6-7]. However, these
systems do not provide spatial trends (or distribution) at
regional scales [8]. While EC systems suffer from energy
balance errors and require extensive fetch and tedious
data preprocessing, lysimeters are expensive to build and
manage and represent a small spatial scale.

Numerous remote sensing algorithms are available
today for estimating magnitude and spatial trends in
regional ET and crop water stress [9-21]. Basically, these
algorithms depend on energy balance approach. Poblete-
Echeverria and Ortega-Farias used energy balance
based on field level remotely sensed data to estimate
ET of a vineyard [22]. Lian and Huang compared ET
values estimated through different remote sensing-based
models [23]. Colaizzi et al. [24] used a two-source energy
balance (TSEB) model to calculate ET for cotton, gran
sorghum, and corn. Drerup et al. [25] estimated winter
wheat ET based on a remotely sensed spectral vegetation
index. Battude et al. [26] proposed a model based on
data acquired by a high spatial and temporal resolution
satellite system to estimate water use of maize. During
the 1990s, some ET models were developed and the
majority of them consisted of detailed algorithms related
to energy balance components depending on climatic
data and remotely sensed data. These models include the
two-source model (TSM [24, 27-31]), where the energy
balance of soil and vegetation are modeled separately
and then combined to estimate total LE (latent energy,
or LxET, where ET is crop or land evapotranspiration
and L is the latent heat of vaporization ~2.45 MJ kg
at 20°C), the surface energy balance algorithm for land
(SEBAL [9, 32]), and the mapping evapotranspiration
with internalized calibration (METRIC [2, 33]). Both
SEBAL and METRIC use ‘hot’ and ‘cold’ pixels to
develop an empirical temperature difference equation
for estimating H (sensible heat flux to the atmosphere)
[32-35]. METRIC has been applied with landsat thematic
mapper (TM) data throughout the United States. Tasumi
et al. [18] validated METRIC for various crops grown on
weighing lysimeters located at the USDA-ARS laboratory
in Kimberly, ID. Allen et al. [33] compared seasonal ET
estimated for two agro-ecosystems in semi-arid Idaho:
an irrigated meadow in the Bear River Basin and a sugar
beet field near Kimberly, where using METRIC with
lysimeter measurements resulted in 4% and 1% errors,
respectively; with ET overestimation errors as high as 10%
to 20%. Errors in predicted monthly ET at Montpelier,
ID, averaged +16%, although the difference for ET sums
over a four-month period was only 4%. Gowda et al.
[35] evaluated the METRIC in the semi-arid Texas High
Plains for estimating hourly ET using lysimeter data for
forage and grain sorghum managed under fully irrigated

and dryland water management conditions, respectively.
They reported 7 and 20% over prediction errors for
irrigation and dryland lysimeter fields, respectively.
Similar evaluation studies of METRIC have been done
in other semi-arid regions in the world such as Spain
[36], Brazil [37], and in other parts of the world. Overall,
literature review has indicated that the METRIC method
had a high potential for application in semi-arid regions.
In a related approach, the surface energy balance system
(SEBS [38]) estimates H based on the contrast between
wet and dry areas. A detailed review of different ET
algorithms is presented in [8].

The objective of this study was to assess the ability
of energy balance algorithm to estimate daily ET over
red pepper crops grown under four different irrigation
strategies in the sub-humid Bafra Plains located in
northern Turkey. For this purpose, required data such
as spectral reflectance, surface temperature, and net
radiation were measured using proximal sensing
techniques. Thus, the application of energy balance
approaches for estimating ET under various water stress
levels based on field-level remotely sensed data were
evaluated with respect to ET measured by soil water
balance.

Materials and Methods

A drip irrigation research project was conducted
during the 2010 and 2011 red pepper (Capsicum annum)
growing seasons (from mid-May to the end of September)
at the Soil and Water Resources Research Center of the
Black Sea Agricultural Research Institute (41°36°8”N,
35°55’8”E) in Samsun, Turkey. Bafra Plains is one of the
important irrigated agricultural regions in Turkey, where
climate conditions are sub-humid and where most of the
precipitation occurs between September and April, with
an annual average precipitation of 694.0 mm. Long-term
average air temperature is 14.4°C with maximum and
minimum temperatures occurring in August (27.0°C)
and February (3.9°C). Average relative humidity in
the Bafra Plains is 72.7% [39]. Soil texture was clay
for the top 0-90 cm layer and underlined by clay-loam
layer up to 120 cm depth. Plant available water (PAW)
storage capacity for 0-30 cm, 30-60 cm, 60-90 cm, and
90-120 cm depths were about 0.142, 0.140, 0.155, and
0.154 m* m?, respectively.

Drip Irrigation Experimental Design

Four different irrigation treatments (S1, S2, S3, and
S4) were applied based on soil water depletions. Sl
was full irrigation, in which depleted water in the plant
root zone was fully supplied. Irrigations were initiated
when 30% of available moisture was depleted and soil
moisture level was brought to field capacity in each
irrigation. In S2 and S3 treatments, 70 and 40% of full
irrigation was provided, respectively and irrigations
were performed in the same day with S1 treatment. S4



Crop Evapotranspiration Estimations...

167

was rainfed treatment without irrigations, and irrigation
treatments were applied only after crops passed the
establishment period, at which point their average height
was at least 20 cm. During the establishment period, the
timing of irrigation applications was scheduled based on
the precipitation and observed soil water status in the
root zone. Experiments were conducted in randomized
complete block design with three replications. Plot
dimensions were 6.0 x 3.5 m, and 2.0 m space was left
between the plots. A neutron probe (model 503 DR,
Campbell Pacific Nuclear, Martinez, CA) was used to
measure soil moisture content of each 30 cm layer up
to 120 cm. An access tube was installed at the center
of each plot of two replicates and 10 cm away from the
crop row. Soil moisture measurements were made at
2-day intervals during June and September and one-
day intervals during July and August for Sl irrigation
treatment plots, and these measurements were used to
schedule irrigations in all three (S1, S2, and S3) irrigation
treatment plots. Soil moisture conditions were measured
before each irrigation for use in soil water budget (SWB)
calculations.

Irrigations were applied through a drip irrigation
system designed and installed for these experiments,
and the system had separate valves and monometers for
each plot. Drippers had a discharge rate of 1.75 L h'' and
dripper spacing was 20 cm.

Red Pepper Variety and Agronomics

“Yalova Yaglik 28” red pepper variety commonly
grown in Bafra Plains was used as the plant material of
the experiments. Red pepper seedlings were transplanted
on May 19, 2010 and May 31, 2011, and last harvests
was made on September 29, 2010 and October 6, 2011.
Row spacing was 70 cm and on-row plant spacing was
40 cm. Based on soil analysis for nutrients, a fertilizer
program was developed and implemented for each
year, separately. An average of about 100 kg N ha' (50%
before transplanting and 50% during growing season)
and 60 kg P,O, ha' (all before transplanting) were
applied. Manual weed control was practiced throughout
the growing season.

Surface Temperature, Net Radiation,
and Climate Data

A total of 18 and 27 surface temperature (Ts)
measurements were made between June-September
period of 2010 and 2011, respectively. These
measurements were made with a hand-held infrared
thermometer (model Agri-Therm II, Everst Intersicence,
Tustin, Calif)) for all plots between 1230-1330 h (solar
noon) when there was no cloud cover. In order to cover
both soil and crops within the field of view (20°) of the
sensor, measurements were made from a height of 2.0 m
above the ground level with a zenith angle of 45° thus
the area of field of view was 0.40 m? The emissivity
of the infrared thermometer was set as 0.98. At least

4 measurements were made for each plot and averaged
to get a single value for each irrigation treatment.
Net radiation (Rn) measurements were carried out
simultaneously with Ts measurements. The CNR 2 net
radiometer (Kipp and Zonen Inc. Delft, Netherlands) was
used for this purpose, and measurements were made for
each plot by holding it at 50 cm above the crop canopy at
the center of each plot. At least three Rn measurements
were made for each plot and average values were
determined for each treatment.

Climate variables such as air temperature (Ta),
relative humidity (RH), and precipitation (P) were taken
from a weather station located within the experimental
station. Solar radiation, wind speed, and air pressure
measurements were taken from the Bafra meteorological
station maintained by the Turkish State Meteorological
Service, located about 5.0 km from the experimental
station.

Surface Reflectance

In order to calculate normalized difference
vegetation index (NDVI) and albedo (o), we made hyper-
spectral surface reflectance measurements between
325-1075 nm using a spectro-radiometer (model Field
Spec Pro FR, ASD, Boulder, USA). The lens that was
used during the measurements had a 25° field of view and
the device was placed 1.2 m above the soil surface with
a tripod to cover 0.22 m?. Three spectral measurements
were made for each plot within the same day. Before
the spectral measurements of each plot, solar irradiance
measurements were made on a 50 x 50 cm spectralon
panel. A total of 13 and 17 spectral measurements were
made for 2010 and 2011, respectively. NDVI and a were
calculated based on Eq. (1) given by [40] and Eq. (2)
offered by [41].

NDVI = (R800 — R680)/(R800 + R680) (1)

a = 0.526VIS + 0.326NIR + 0.112(0.5NIR)
@

...where VIS and NIR represent reflectance in the
visible (usually red wavebands) and near-infrared
wavebands, and R800 and R680 are spectral reflectance
measured at 800 nm and 680 nm wavelengths,
respectively. In this study, average VIS and NIR
reflectance were calculated using reflectance at all
wavelengths between the 650-720 nm and 721-880 nm,
respectively.

Calculating Daily ET with Soil Water
Budget Model

Red pepper ET values under different drip irrigation
treatments were calculated using the general soil water
budget approach as:

ET=P+I1+AS+D+R (3
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...where ET is actual crop evapotranspiration, P is
precipitation, I is the irrigation water applied, AS is the
soil moisture content difference between two consecutive
measurements using a neutron moisture meter, D is the
drainage, and R is the runoff (all units in mm). Details
related to calculating soil water budget are given in [42].

Implementing Energy Balance Approaches

In this study, ET was also estimated as a residual
from the land surface energy balance equation as an
instantaneous ET or latent heat flux (LE) at the time of
the measurement, as shown in Eq. (4):

LE=Rn—G-H )

...where Rn is net radiation (W m?), G is the soil
heat flux (W m?), and H is the sensible heat flux
(W m?). LE is converted into ET (mm h' or mm d)
by dividing it with the latent heat of vaporization (A)
[A =2.501 — 0.00236 (Ta), MJ kg! for Ta in °C], density
of water (pw; ~1.0 Mg m?), and at an appropriate time
constant. The sign convention for different flux terms in
Eq. (4) was positive away from the surface (towards the
atmosphere) for LE and H, and positive toward the surface
for Rn and G. The Rn is the result of the surface energy
budget between short- and long-wave radiation terms. In
this study, Rn was measured using a net radiometer as
mentioned above.

Ground heat flux (G) was calculated as a function of
measured Rn, surface temperature, surface albedo, and
NDVI [43]:

G/Rn = Ts(0.0038 + 0.0074a)(1 — 0.98NDVI*)

®)

Sensible heat flux (H) could be defined by the

bulk aerodynamic resistance equation, which uses

aerodynamic temperature and aerodynamic resistance to
heat transfer:

H = pa Cpa (Tgero—Ta)
Tan ©)

...where pa is air density (kg m?); Cpa is specific heat
of dry air (~1004 J kg' K'); Ta is average air
temperature  (K); T~ is average aerodynamic
temperature (K), which is defined for a uniform surface
as the air temperature at the height of the zero plane
displacement (d, m) plus the roughness length (Zoh,
m) for sensible heat transfer; and r, is aerodynamic
resistance (s m™) to heat transfer from Zoh to Zm [height
of wind speed (U, m) measurement]. In this study, H was
estimated without needing to know the aerodynamic
temperature value; instead, the difference between Ts
and Ta was used [2] as:

__pacCpa(Ts-Ta)
Tan %)

H

..where 7, is calculated between two near surface
heights, zI and z2 (generally 0.1 and 2 m) and a stability
correction for atmospheric heat transfer based on the
Monin-Obhukov stability length scale were used (L_MO,
similarity theory [2, 44]).

The instantaneous LE values for each irrigation
treatment were obtained using Eq. (4), and it was
converted into ET, value in mm h' by dividing it with
A and pw (Eq.7). In this study, A was calculated through
substituting Ta by Ts [2].

ET; = 3600LE /(2.501 — 0.00236(Ts — 273.15))106
®)

In this study, reference ET fraction (ETrF) was used
for conversion of instantaneous ET into ETd [2]. The ETrF
is the ratio of ETi to the reference ET for tall crop (ETr),
which is computed from climate data for measurement
time [45]. The computation of actual ETd, for each plot
was performed as:

ETd = ETr24 ETTF )

...where ETr24 is the cumulative 24-h ETr for the day
(mm d') based on climate data. Finally, ETrF was
calculated for every day of each period between two
measurements made by handheld radiometers through
interpolation. Seasonal cumulative ET values were
calculated as the sum of ETd values.

Statistical Analysis

The energy balance-derived daily and cumulative
ET values were compared with ET values derived from
the soil water balance (SWB) method. Cumulative ET
values were calculated for July 5—September 1 in 2010
(58 days) and June 6—September 19 in 2011 (105 days).
Coefficient of correlation (r) and root mean square error
(RMSE) were used in comparison of predicted daily
and cumulative ET values with the measured SWB
data. The r describes the proportion of variability in
the observed data explained by the model, and it ranges
from 0 to 1 with higher values indicating a better fit
(improved coefficient of determination). The RMSE of
zero indicates a perfect fit, and it is usually presented
as a percentage of observed mean. RMSE less than 50%
of the observed mean may be considered low.

Results and Discussion

Evapotranspiration through Soil
Water Balance

Table 1 gives actual seasonal ET values for four
different irrigation treatments (S1, S2, S3, and S4 plots)
derived using the SWB method (ET,,) for 2010 and
2011. The lengths of red pepper growing seasons in 2010
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Table 1. Applied amount of irrigation water, amount of rainfall, reference evapotranspiration (ETo), and evapotranspiration measured by

soil water balance (ET,,

) values of four irrigation treatments for the 2010 and 2011 growing seasons.

Year Growing season Irrigation Treatments Trrigation Rainfall ETo ETsup
(mm) (mm) (mm) (mm)
S1 365 472
_ S2 266 415
2010 May 19-September 29 377 595
133 days S3 168 367
S4 36 294
S1 507 508
_ S2 360 384
2011 May 31-October 6 177 546
128 days S3 212 277
S4 16 162

and 2011 were 133 and 128 days, respectively. Year 2010
(May 19—September 29) was a wet year with precipitation
(377 mm) exceeding long-term averages (183 mm)
by more than 50% for the red pepper growing period.
Irrigation quantities varied between 36-365 mm in 2010
and between 16-507 mm in 2011. Seasonal ET . for SI,
S2, S3, and S4 plots were respectively calculated as 472,
415, 367, and 294 mm in 2010 and 508, 384, 277, and
163 mm in 2011. The actual ET, for S4 plot (rainfed)
was about 62% of S plot in 2010. However, actual ET
of S4 plot in 2011 was only 32% of the S1 plot. This is
because the growing season precipitation in 2011 was

close to normal (177 mm), and available soil moisture
was less than the crop water demand.

Field-level Remotely Sensed Data

Fig. 1 illustrates variations in NDVI and o values for
red pepper during the 2010 and 2011 growing seasons. At
the time of transplanting, the NDVI values were about 0.1
for all treatment plots. As the season progressed, greater
NDVI and o values were observed for the Sl plots,
followed by the S2, S3, and S4 treatment plots. Since there
was greater than normal rainfall during the 2010 growing
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Fig. 1. Variations in normalized difference vegetation index (NDVI) and albedo (a) values of irrigation treatments according to days after

planting (DAP) of 2010 and 2011.
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Fig. 2. Surface temperature variations throughout the measurement periods of 2010 and 2011 for each irrigation treatment.

season, magnitudes of NDVI were not significantly
different from each other during the first half of the
growing season. However, NDVI values in S4 (rainfed)
plots varied significantly from the other treatments later
in the season, where most of the crop water demand
was met by irrigation. Although a somewhat similar
trend was observed in 2011, the S4 plot data showed
consistently less NDVI values throughout the growing
season. Overall, the NDVI for rainfed plots reached at
least to 0.75 in both years. Higher NDVI value (0.92)
was recorded in the S1 plots during 2011. These values
were consistent with the values reported for pepper in the
literature [46]. Albedo (o) values for different treatment
plots did not differ from each other during the early part
of the growing season as there was not much difference
in the NDVI values of different irrigation treatments.
As the NDVI started differing from each other as a
result of irrigation treatments, greater o values were in
a relationship with greater NDVI values associated with
more short-wave energy reflection. Overall, a varied from
0.1 during the early part of the season to 0.28 during the
mid-season with highly vegetative crop cover over the
ground. Values of a found in this study were within the
range of values reported in the literature [47].

Fig. 2 illustrates variations of measured Ts for four
irrigation treatment plots (S1, S2, S3, and S4) during the
2010 and 2011 red pepper growing seasons. In general, Ts
values fluctuated between 30.3 and 43.7°C for vegetated
surfaces. The lowest Ts values were measured for the
surface of fully irrigated SI treatment plots throughout
the growing seasons due to enough transpiration from
leaves and evaporation from soil surfaces. Ts values
measured for S2 and S3 treatments were higher than S1
plots and consistent with irrigation levels. The highest
Ts values were associated with S4 (rainfed) plots, as
expected.

Energy Balance Components
Fig. 3 shows fluctuations of measured (Rn) and

estimated (H, G, and LE) components of energy balance
throughout the measurement periods of 2010 and 2011.

Although trends in measured Rn for all treatments
did not differ much from each other, larger Rn values
were associated with highly vegetated conditions with
no-water stress (S1 treatment), followed by S2. Values of
Rn ranged from 499.0 and 727.0 W m for plots with red
pepper crops. The trends and magnitude in the estimated
G values for four red pepper treatments with different
irrigation levels for 2010 and 2011 are also presented in
Fig. 3. As expected, the G values during the early part
of the 2010 growing season were relatively smaller than
in 2011 due to wetter conditions. However, estimated
G values were found to be similar in the later parts of
the 2010 and 2011 growing seasons. Greater values
were associated with rainfed (S4) plots as expected. In
general, G values increased with water stress, which was
affected by a lower canopy cover percentage. Calculated
H values varied between nearly 0.0 and 550.0 W m?,
and the differences among the irrigation treatments
were higher than those of Rn and G. Especially higher
H values were calculated for S4 treatment, and H values
were consistent with water levels. According to results
of LE calculations, while most of the energy absorbed
as Rn was used by water in either plant or soil in the S1
treatment, based on water availability, the lower part of
the Rn was distinguished for ET in S4 treatments. There
were important differences between LE fluctuations of
treatments and LE of S2 and S3 varied between SI and
S4 based on the ET levels.
Comparison of Estimated and Measured ET

Fig. 4 gives fluctuations of daily ET, and estimated
ET according to EB (ET,,) throughout the measurement
periods of 2010 and 2011 with respect to irrigation and
rainfall for each irrigation treatment separately. Although
there were some differences between ET_, and ET,,
the variation trend of these two kinds of ET were very
similar. Under the effect of irrigation water levels in Sl
and S2 treatments, ET values had peak values during
the mid-season of crop development, and in S3 and S4
treatments the ET of initial and development seasons
were higher than those of mid and late seasons. Fig. 4
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Fig. 3. Fluctuations of measured (net radiation) and estimated (soil heat flux, sensible heat flux, and latent heat flux) components of

energy balance for measurement periods of 2010 and 2011.

shows that, with an acceptable percentage of error, daily
ET could be monitored by using proximal remote sensing
techniques easily rather than soil water budget, which
has some components difficult to monitor precisely.

The comparison of daily ET_, calculated based on
remotely sensed data and energy balance algorithm with
daily ET,, of 2010 and 2011 are presented in Fig. 5. The
r and RMSE of this comparison were 0.92 and 0.83 mm
d' (P<0.01), respectively. The 1:1 line in Fig. 5 indicated
that the energy balance algorithm with remotely sensed
data overestimated daily ET of red peppers for ET values
higher than 2.3 mm. Overall, daily ET estimation error
was 27%, and this percentage was higher for daily ETc
values and lower than 2.3 mm, which belonged mostly

to S3 and S4 treatments (Fig. 4) with lower vegetation
levels and lower crop cover ratios. Cumulative ET, and
ET,,,; values of each irrigation treatment were calculated
for measurement periods of 2010 and 2011 experimental
years. During 2010, measurements were performed for
a period between July 5 and September 1 (58 days) and
for 2011 June 07 -September 19 (104 days). Performance
statistics of cumulative values were greater than daily
values of ET_, and ET,, as r = 0.99 and RMSE equals
4398 mm. However, over 216.0 mm, energy balance
algorithm yielded higher cumulative ET values than
measured values, and this over estimation reached
nearly 80.0 mm for the highest ET level. These findings
indicated that the applied algorithm of energy balance
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Fig. 4. Variations in daily evapotranspiration values of treatments estimated by energy balance (ET ) and measured by soil water budget
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Fig. 5. Comparison of daily and cumulative evapotranspiration estimated using energy balance (ET_,) with measured values by soil water

budget (ET,,
104 days between June 07 and September 19, 2011.

was more sensitive to transpiration from vegetation than
evaporation from soil. Also, errors related to measuring
Ts, spectral reflectance and Rn, sensitivity of hand-held
radiometers, stability conditions of each measurement,
and bias due to calibration accuracy of soil moisture
measurement sensor could be other sources of the
differences between ET, and ET .

Conclusions

In this study, remote sensing-based energy balance
algorithm was evaluated for its ability to estimate ET
over red pepper crops grown under four different drip
irrigation treatments at plot scale in the sub-humid Bafra
Plains of northern Turkey. Measurements of surface
temperature (Ts) and hyper-spectral surface reflectance
in visible and near infrared wavelengths were made using
hand-held instruments during 2010 and 2011 growing
seasons. Additionally, red pepper ET wvalues under
different water management strategies were measured
using the SWB method.

There are different indicators for determination the
most appropriate irrigation time, such as stress degree
day (SDD) and crop water stress index (CWSI), which
depends on remotely sensed canopy temperature at
the field level. Also, some of the spectral vegetation
indexes could be an indicator of water stress. The water
deficit index (WDI) developed by [48] for irrigation
scheduling depends on both spectral reflectance-based
vegetation index and surface temperature. Besides
the time of irrigation, the amount of irrigation water
to apply is another crucial issue for agricultural water
management.

Present findings revealed that red pepper crops were
quite sensitive to water stress, and physiological responses
could be determined through hand-held remote sensing
devices, and such measurements may offer significant

)-derived measured data. Cumulative ET values were calculated for 58 days between July 05 and September 01, 2010 and

tools for efficient irrigation water management. Especially
variations in surface temperatures with water stress
showed that infrared temperature data could reliably
be used for irrigation scheduling of red peppers. We
concluded that spectral vegetation index values such as
NDVI could be used to determine the difference between
non-water stressed and water stressed red peppers.

We also concluded, based on present findings, that
energy balance approximation and remotely sensed
surface temperature, spectral reflectance, and net
radiation data has a significant potential to be used in
estimating daily ET values for red pepper crops irrigated
with drip irrigation, for plot level water management,
and for the implementation of irrigation scheduling.
Statistical analyses revealed significant relationships
between measured and estimated ET wvalues, and
average estimation error was 27% for daily ET and
14% for cumulative ET. However, more work is needed
with different crops under different agrometeorological
conditions for a thorough evaluation of the application
of energy balance approach with remotely sensed data at
plot/field scales.
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