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With growing population, urbanization and irrigated agriculture, water shortages are increasing in arid
regions. In 2012, freshwater consumption for the agricultural sector in Saudi Arabia was estimated at
86%. Accurate evapotranspiration (ET) data are crucial for crop water management, especially in hyper
arid regions like Saudi Arabia with scarce fresh water resources. In this study, ET of agricultural fields
located in the Eastern Province of Saudi Arabia, was monitored using Eddy Covariance (EC) and a dualbeam Surface Layer Scintillometer (SLS) system. Both EC and SLS systems were installed in a 50 ha
alfalfa centre pivot field that lies within latitudes 24º10’22.77” and 24º12’37.25” N and within longitudes
47º56’14.60” and 48º05’08.56” E. Field measurements were made between June and October 2013. Point
and path-weighted measurements were made by EC and SLS systems, respectively. Measurements were
made at a frequency of 1 Hz and 10 Hz and subsequent calculations were made every 30 and 10 minutes
with EC and SLS, respectively. The measurements with EC were made at a height of 3.5 m from the
soil surface along with bio-met sensors (Self-Calibrating Soil Heat Flux Plates, soil moisture probe, net
radiometer etc,). While, SLS measurements were made on a path length of 150 m and a measurement
height of 2 m. ET values ranged between 0.05 to 17.81 mm/day for the EC and SLS methods. Much of the
variability was attributed to the differences in footprints which contribute to the measurement differences
between the two methods of ET measurements.
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1. INTRODUCTION
With growing population, urbanization and irrigated agriculture, water shortages are increasing in
arid regions. In Saudi Arabia, the agriculture sector accounts for more than 80% of the total annual water
consumption (Al-Ghobari 2000). In 2012, freshwater consumption for the agricultural sector in Saudi
Arabia was estimated at 86% i.e. an increase of 6% between 2008 and 2012 (FAO 2008).
Accurate evapotranspiration (ET) data are crucial for crop water management, especially in hyper arid
regions like Saudi Arabia with scarce fresh water resources. There are many methods used for estimating
evaporation rate. In general, ET is estimated from grass reference evaporation (Allen et al. 1998; FAO
56) based on point atmospheric measurements at a single level at an automatic weather station. Various
methods of ET measurement, their applications, device requirements, advantages, disadvantages and
sources of errors have been discussed by Rana and Katerji (2000) and Allen et al. (2011). ET can be
measured in three methods: hydrological approaches (soil water balances and lysimeter measurements),
micrometeorological approaches (Eddy Covariance-EC, Surface Layer Scintillometer-SLS, and Bowen
Ratio-BR, energy balances) and Plant physiological techniques including chamber systems and sap flow
measurements (Rana and Katerji 2000).

Empirical methods, or the Penman- Monteith approach, are used to estimate grass reference evaporation
rate, ETo, which uses the crop factor approach to calculate evaporation rate. Commonly, evaporation rate is
estimated from grass reference evaporation rate, ETo, at an automatic weather station (AWS) using the PenmanMonteith approach (Allen et al. 1998, 2006), based on daily or hourly point atmospheric measurements at a
single level of solar irradiance, air temperature, water vapour pressure and wind speed. In addition, a crop
factor is used as a multiplying factor for ETo to obtain the actual evaporation rate. The crop factor effectively
distinguishes the vegetation under consideration from a grass reference crop. The dual crop factor approach uses
one crop factor for the soil surface and another for vegetation.
Given the limitations of the lysimetric method, the search for an alternative standard for evaporation rate
estimation has been the focus of many studies for several decades. Determination of reliable and representative
evaporation data using land-based instrumentation is an important issue in atmospheric research with respect to
applications in agriculture, applied environmental sciences, hydrology and micrometeorology, and has particular
value in validating remotely-sensed evaporation estimates. ET rates can be estimated by micrometeorological
and the energy balance equations. However, these equations require several parameters and are difficult to
operate. Compared to the use of a lysimeter, the more portable and much less invasive Bowen Ratio (BR) and
Eddy Covariance (EC) Surface-Layer Scintillometry (SLS) methods are more popular research methods for
the estimation of evaporation rate and can be used to collect unattended measurements for extended periods of
time. These methods were the focus of previous research reports (Savage et al. 1997, 2004; Jarmain et al. 2009;
Odhiambo and Savage 2009).
Point (single-level), profile and path-weighted atmospheric measurements have been used to estimate
sensible heat flux (H). Profile measurements consist of measurements at two vertical positions above the surface
in question and are used in the Bowen ratio (BR) method. Sensible heat flux is driven by vertical temperature
differences between the canopy or soil surface and overlying air. By contrast, latent energy flux (LE) from
which evaporation rate may be calculated, is driven by vertical water vapor pressure differences between that
which is measured just above the canopy or soil surface and that of overlying air. Point measurements of H =
HEC and LE = LEEC are obtained by eddy covariance (EC), and path-weighted measurements of H = HSLS by
scintillometry. All of these flux measurements have footprint representation. The flux footprint refers to the
relative contribution of upwind surface sources to H, or LE, measured at a height above the canopy surface.
Sensible heat flux H and latent energy flux LE are important components of the shortened energy balance. As
mentioned by Drexler et al. (2004) in their review, very few evaporation estimation methods work well for an
hourly time step, and in some cases do not even work well for a daily time step. Virtually all of the methods,
except for Eddy Covariance (EC), from which direct measurements of HEC and LEEC at a point are obtained,
rely on a theoretical framework and certain assumptions or approximations for arriving at an expression for LE,
in terms of other measurable quantities.
The eddy covariance (EC) method is a direct method of measuring latent (evaporative) and sensible heat
fluxes using high frequency measurements of water vapor concentration, air temperature, and vertical wind
speed. Despite the common issues with failing to close the surface energy balance (Twine et al. 2000; Wilson et
al. 2002), use of the EC method is prevalent likely because of the advantage of continuous, direct measurement
of turbulent sensible (H) and latent (λE) heat fluxes. The EC method essentially yields point estimates of
sensible heat flux, H (HEC) and latent energy flux, LE (LEEC) although these flux estimates are influenced
by events upwind of the point of measurement. The extent of the footprint area of influence on the flux
measurement, using EC method, has received attention. For example, Savage et al. (1995, 1996) investigated
the footprint of EC flux measurements. EC method involves measurement, typically at a frequency of 10 Hz,
of two atmospheric variables, vertical wind speed and water vapour pressure, from which LEEC is calculated
directly by eddy covariance following many corrections. Similarly, using eddy covariance, HEC is calculated
from the covariance of vertical wind speed and air temperature measurements over a specified time interval
– usually hourly or sub-hourly. Some literature reports on the inadequacy of the EC method for the direct
estimation of LE (Wilson et al. 2002; Ham and Heilman, 2003) resulting in |HEC + LEEC| < Rnet + S (Twine et
al. 2000). An alternative approach to using a full EC system for measuring HEC and LEEC is to measure HEC only,
and to estimate LE as a residual of the shortened energy balance from simultaneous measurements of Rnet, S

and H = HEC. There have been reports in the literature of a lack of energy balance closure when using EC to
measure both HEC and LEEC directly (Twine et al. 2000; Wilson et al. 2002). Under such situations, Surface-layer
scintillometry (SLS) has been used.
A scintillometer is used to measure path-weighted H. The instrument measures the intensity fluctuations
of visible or infrared radiation after propagation above the plant canopy of interest. It optically measures a
parameter associated with refractive index fluctuations of air, Cn 2, caused by air temperature fluctuations
that represent the atmospheric turbulence structure. The sensible heat flux, H, may be estimated using the
empirically-based Monin-Obukhov similarity theory (MOST). SLS instruments operate over horizontal
distances between 50 and 350 m. Typically, for areas of between about 0.25 and 5 ha, the SLS would be
appropriate, whereas the LAS is suitable for areas larger than about 6 ha. The frequency of SLS measurements
is typically 1 kHz, or 125 Hz for boundary-layer scintillometry for which the path length is up to 10 km,
compared to 10 Hz for EC measurements. Because of the high frequency of the SLS measurements, the
averaging period for HSLS can be as short as one or two minutes compared to the commonly-used 30 min for
EC averaging periods (Savage 2009). The SLS method appears to be a useful, robust and accurate method for
obtaining a path-weighted estimate for H = HSLS. However, many of the studies employing the SLS method
have been very short in duration – in some cases just for a few days as mentioned by Odhiambo and Savage
(2009b) and in other cases for a couple of months – and have not compared in detail the SLS method with EC
measurement methods.
Given this scenario and the demand on water resources, accurate estimation of ET data is crucial for crop
water management studies, especially in hyper arid regions like Saudi Arabia with scarce fresh water resources.
Long-term measurements of evaporation at different time scales and from different climate regions are not yet
readily available in Saudi Arabia. The main objective of this study was to investigate and compare sensible heat
flux estimated by the SLS and the EC systems.
2. MATERIALS AND METHODS
The eddy covariance (EC) and surface layer scintillometer (SLS) are the more popular research methods for
estimating ET. EC systems are portable systems that can be used to collect unattended flux measurements, for
reasonably long periods of time (Savage et al. 1997). While SLS method, based on Monin-Obukhov similarity
theory (MOST), is attractive since it allows for the estimation of path-weighted sensible heat flux (H) over
distances between 50 and 250 m (Thiermann and Grassl 1992). A number of studies have already focused on
estimation of ET (or LE) from scintillometer measured H (Pauwels and Samson 2006; Savage 2009; Samain et
al. 2012) as the rest-term of the energy balance(LE=R_n-G-H). In this study, ET of agricultural fields located in
the Eastern Province of Saudi Arabia, was monitored using EC and a dual-beam SLS system. Both EC and SLS
systems were installed in a 50 ha alfalfa centre pivot field. Field measurements were made between June and
October 2013.
Both Eddy Covariance (Li-COR, USA) and Surface Layer Scintillometer (model SLS-40A, Scintec AG,
Germany) systems (Table 1) were installed over an alfalfa field irrigated with centre pivot irrigation system at
24° 10’ 09.34”N and 48° 04’ 06.37” E, at an altitude of 359.36 m in Todhia Arable Farm located between AlKharj and Haradh (Fig. 1).

Figure 1. Location map of Eddy Covariance (EC) Surface layer Scientillometer (SLS) systems.

Table 1. Specifications of EC and SLS systems, Todhia Arable Farm, Saudi Arabia.
Si.No
Eddy Covariance (EC) System
Surface Layer Scintillometer
(SLS)
1
Li-7500A Open Path CO2/H2O Analyzer Dual beam SLS-40A (Transmitter
and Receiver)
2
Sonic Anemometer
Junction control box (JCB)
3
Analyzer Interface Unit
Signal processing unit
• Barometric Pressure Sensor
4
Biomet Station and Sensors (includes
biomet datalogger, enclosure, and hard- • Temperature Sensor
ware):
• Soil Moisture Probes
• Soil Heat Flux Plates
• Air Temperature/RH Sensors
• Quantum Sensor
• Net Radiometer
2.1 Eddy Covariance System: A fast-responding open-path infrared analyzer for water vapor pressure and
carbon dioxide concentration (model LI-7500, LI-COR Inc., Lincoln, Nebraska, USA) and a second Applied
Technologies 3-D sonic anemometer (model SATI/3V) with a sonic path length of 150 mm were used to calculate the following fluxes using the EC technique: HEC, LEEC, momentum, and carbon dioxide.
2.2 Surface Layer Scintillometer System: A dual-beam surface-layer scintillometer (model SLS40-A, Scintec
Atmospärenmessetechnik, Tübingen, Germany) (Thiermann 1992; Thiermann and Grassl 1992), was used to
estimate H = HSLS. The SLS40-A receiver has 4 detectors, with 2 of the detectors used for automatic identification of, and correction for, transmitter vibration by the software used for analysis. In other words, the SLS40-A
dual-beam system and its 4 detectors enables the separation of, and correction for, the intensity fluctuations
caused by beam movement. There are 2 detectors per beam. The SLS employs a diode laser source with an
output wavelength of 670 nm and 1-mW mean output power (2-mW peak). The beam displacement and detector
separation distances are 2.5 mm each, with a detector diameter of 2.7 mm. The correlation between the transmitted laser beam signal variances and the covariance of the logarithm of the beam signal amplitude is measured
using the 2 detectors. Software, together with the instrument, allows on-line measurements at a frequency of 1
kHz and subsequent calculation every 1 or 2 min (Thiermann and Grassl 1992) of the structure parameter for
refractive index fluctuations (Cn 2, m-2/3), structure parameter for temperature (CT 2, K2 m-2/3), the inner scale of
turbulence lo (mm), turbulent kinetic energy dissipation rate (ε, m2 s-3), sensible heat flux (H, W m-2), momentum flux (τ, Pa) and the Obukhov length (L, m). Monin-Obukhov similarity theory (MOST) is assumed.
The methodology for calculating the 2-, 20- or 30-min HSLS, using MOST, is described by Odhiambo and
Savage (2009a) and Savage (2009). The direction of HSLS was determined from the sign of the profile air temperature gradient. Data rejection or filtering procedures were applied in a spreadsheet to the 2-min values of H =
HSLS.
Sensible heat flux values were rejected, blanks were created or data recalculated:
• Data were rejected if the percentage of 1 kHz error-free data (EFD) was less than or equal to 25%, most
often due to misty conditions
• Data were rejected for lo ≤ 2 mm for the 101-m path length or lo ≤ 3.5 mm for the 50-m path length (Scintec 2006). So-called saturation of the transmitted SLS signal (Lawrence and Strohbehn 1970; Gracheva et
al. 1974) generally resulted in smaller-than-expected estimates for the covariance of the logarithm of the
amplitude of the radiation intensity for the 2 beams, and, therefore, smaller than- expected signal correlation
coefficient values for the 2 beams, smaller lo values and greater-than-expected HSLS magnitudes.
• For missing data, designated by zeros, a blank cell was used for HSLS.

2.3 Field measurements: The EC and SLS measurements were performed from June to October 2013 at a
frequency of 10 Hz and 1 Hz, respectively. Point measurements of H = HEC and LE = LEEC and path-weighted
measurements of H = HSLS were made by EC and SLS systems, respectively. Subsequent calculations were made
every 30 and 10 minutes with EC and SLS, respectively. The measurements with EC were made at a height of
3.5 m from the soil surface along with bio-met sensors (Self-Calibrating Soil Heat Flux Plates, soil moisture
probe, net radiometer etc.). While, SLS measurements were made on a path length of 150 m and a measurement
height of 2 m. The EC method provided direct measurements of latent heat flux (or ET) adopting Bowen ratio.
In case of SLS, kinetic energy dissipation rate (ε), sensible heat flux density (H), momentum flux density (τ) and
the Monin-Obukhov length (L) across the path length at measurement rate were calculated using Monin-Obukhov similarity theory (MOST) and used for ET calculation.
2.4 EC and SLS data analysis: EddyPro (ver 5.0) was used to assess EC data. All the recorded data was fed
into EddyPro and analyzed in express mode. While analysis, correction of low-pass filtering effects, spike
removal was carried out and the options were set as allowing the omission of 10% of missing samples. The
outputs were obtained at 30 min interval. Data rejection rules were fairly simple: sometimes, usually whenever
there was condensation, covariances of -9999 were excluded. Missing values and also periods when incorrect
sonic temperatures approaching 50 °C were also used to exclude sensible heat data. Net radiation (Rn) Sensible
heat (H), latent energy (LE), soil heat flux (G), water and carbon dioxide flux densities were calculated. However, for this study we used EC measured Rn, H and G for computation of Eddy Covariance system based ET
(ETEC).
In case of SLS, SRUN (Ver. 1.07) was used to measure/analyze SLS data. Software together with the instrument allows on-line measurements of structure parameter for refractive index fluctuations (Cn2, m-2/3), structure
parameter for temperature (CT2, K2 m-2/3), the inner scale of turbulence (l0, mm) as indicated by the inner scale of
refractive index fluctuations, kinetic energy dissipation rate (ε, m2 s-3), sensible heat flux density (H, W m2), momentum flux density (τ,Pa) and the Monin-Obukhov length (L,m). Monin-Obukhov similarity theory (MOST)
is assumed. The data rejection or filtering procedures as described in Savage et al. (2004) were followed. If the
percentage of Error Free Data (EFD) was greater than or equal to 25 % and l0 > 2 mm, SLS data was rejected
to compute ET. In this study, SLS measured H and EC system measured Rn and G at a point location (within the
path of SLS) was used to measure SLS based ET (ETSLS). Measurements of H and ET by EC and SLS methods were compared at monthly interval.
2.5 Crop Water Use Map: Water use map (WUM) was prepared by using crop evapotranspiration (ET) assuming that the amount of water used by crops was equal to seasonal ETactual. The ET24 (per day) was obtained
from Landsat 8 (June 19, 2013) thermal data by applying Surface Energy Balance Algorithm for Land (SEBAL)
model as described in Bastiaanssen et al (2005). The weather components of SEBAL were taken from the Eddy
Covariance (EC) system located in the farm.
3. RESULTS AND DISCUSSION
Temporal data of EC and SLS: The EC and SLS have been operational since 6th June 2013. For the present
study, data for five months (from 4 June 2013 through 23 October 2013) were used. Unfortunately, due to logging problems, no EC and SLS data were available for certain periods within these five months: In case of EC,
from 17 July 2013 through 18 August 2013, while for SLS, from 12 June 2013 through 2 July 2013 and from 7
July 2013 to 12 July 2013 due to data memory loss, SLS beam misalignments, SLS beam saturation problems,
power problems, heavy-rain/flood, etc (Table 2). For this five months period (3672 hourly time steps), no EC
and SLS data are available for 792 (21.6%) and 600 (16.33%) hourly time steps respectively.
The data shows that estimated evapotranspiration (ET) out of EC was higher than estimated ET from SLS
except in June when ET values were comparable. The mean monthly ET values (energy balance non-closed)
collected from EC for the months of June, July, August, September, and October were 2.75, 10.82, 12.35, 8.77,
and 7.64 mm, respectively, while the ET values estimated from SLS for the same months were 3.04, 6.49,
10.50, 6.83, and 1.90 mm, respectively (Figure 2). The average daily ET values of EC and SLS for the months

of June-October, 2013 are presented in Figures 3. R2 value between EC and SLS estimated ET was 0.26. The
crop water use map of the farm prepared from Landsat 8 satellite image is presented in Figure 4.
Table 2. Availability of EC and SLS data.
Total measured hourly Data loss in hourly time
System
time steps
steps
EC
3672
792
SLS
3672
600

% of data loss

Figure 2. Mean ET from EC and SLS.

Figure 3. ET (mm) from EC and SLS for the months June-October, 2013

21.56
16.33

There was spatial and temporal variability in the water use of crops. The irrigation management on the farm
has to be based on this spatial variability (Figure 4).

Figure 4. Crop water use map developed from Landsat-8 predicted ET.

Table 3. Energy balance parameters (W m2/s) and rate of evapotranspiration (mm/day).
Parameters
SEBAL
METRIC
Eddy Covariance Surface Layer Scintillometer
512.95
512.95
472.88
472.88
Net Radiation (Rn)
Sensible Heat Flux (H)
274.32
249.16
226.45
220.15
Soil Heat Flux (G)
97.52
66.26
40.52
40.52
Latent Heat Flux (LE)
385.09
359.32
345.12
350.65
ET (mm/day)
14.93
13.07
11.93
12.12
The energy balance parameters and measured or predicted ET (Table 3) varied among the methods. In this
study, SLS estimated values were closer to the EC measurements. This could be because the parameters except
H, l0, temperature and pressure were taken from the EC system. Landsat-8 predicted ET over alfalfa crop was

5.26 mm/day for SEBAL and 4.69 mm/day for METRIC. ET from both models showed 9.6% (METRIC) and
25.7% (SEBAL) of error compared to ET from EC.
4. CONCLUSIONS
The measurement of actual ET using Eddy Covariance (EC) and Surface Layer Scintillometer (SLS) systems was useful in improving the quality of crop water use maps prepared using satellite imagery. The protocols
developed in this study could be extrapolated to the regional and national level for developing crop water use
maps that would help in making management decisions related to water use in agriculture.
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