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IRRIGATION AND DRAINAGE
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ABSTRACT
Improving irrigation management needs accurate information and tools
to estimate accurate crop-water requirements. At the national level, one
of the biggest deficiencies in water-use planning is a lack of continues
and updated data sets of evapotranspiration and accurate crop coefficient
values. The aim of this study is to evaluate locally, the “Surface Renewal
(SR)” method, as an energy balance direct method to estimate crop
evapotranspiration (ETc), and upgrade crop coefficients (Kc) of rice crop
in Egypt. SR station was installed in the “agricultural production sector”
farm in Moshtouhor, at Kaliobia governorate, in order to collect high
resolution field observations of energy balance factors of paddy rice field.
The data was used to calculate the actual crop evapotranspiration (ETc)
and crop coefficient(Kc) of the crop by using the SR method, and
comparing the result with the standard values recommended by FAO. The
overall RMSE between the ETc-SR and the ETc-FAO was 0.92 mm/day.
The error was at the highest level at the initial-season stage, and slightly
decreased to reach to 0.48 mm/day by the end of the season. The average
value of Kc-SR was 1.17, 1.13 and 1.14 at the initial-season, mid-season
and late season stages, respectively. The RMSE between the Kc-SR and
the Kc-FAO values were 0.17, 0.10 and 0.03 at the initial-season, the
mid-season, and the late-season stages, respectively. The combination of
the SR procedure and the simplified surface energy balance equation
appears being an affordable alternative to be considered for estimating
water use in agriculture. In the other hand, the SR method still need
several evaluations, calibration work, in order to be used significantly to
upgrade the Kc value for the local crop cultivars in Egypt.
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INTRODUCTION
griculture in Egypt is the highest water consumer sector, and
consumes around 64 billion m3 annually, which is more than
80% of the total water resources. This amount of water is used to
irrigate an average area of 8.5 million feddan, which represents about 9598% of the total cultivated lands (CAPMAS, 2018). Under those
circumstances, the irrigated agriculture in Egypt is facing serious
challenges due to the imbalance between the water resources and
demands, poor on-farm management, and the weak institutional and
infrastructure frameworks. This situation of the sector struggle, is strongly
affects the poorer farmers and decrease their production and income
potential.
Improving agriculture and irrigation management needs to be based on
more efficient and profitable use of water to produce more crops.
Achieving this objective at the field level is suspended by many technical
factors, for instance, the lack of accurate information and tools to estimate
accurate crop-water requirements.
Generally, irrigation scheduling based on the reference evapotranspiration
(ETo) data, is one of the widely-used methods to conduct an efficient onfarm irrigation management, while it depends on continual availability of
ETo data. This method is based on estimating the “crop
evapotranspiration”, which is commonly estimated as the product of
standardized ETo, multiplied by a crop coefficient (Kc) value. At the
national level, one of the biggest deficiencies in water-use planning is a
lack of continues, and updated data sets of evapotranspiration and
accurate crop coefficient values. Although considerable information does
exist, much of the literature is out-of-date because of changes in crops,
management, and irrigation systems. As a result of this situation, there is
a need to evaluate the different tools and methods of estimating
evapotranspiration, and updating the crop coefficient values under the
local conditions.
Allen et al. (2011) categorized three main approaches for ET
measurements, which include methods related to the energy balance (e.g.,
Bowen ratio or residual of the energy balance), methods related to mass
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balance (e.g., lysimeters), and independent methods (e.g., latent heat flux
from an eddy covariance (EC) system).
Eddy covariance (EC) method is one of the most common techniques for
field-scale ET measurements (Anandakumar, 1999 and Simmons et al.,
2007). The EC method involves simultaneous high-frequency
measurements of vertical air velocity and scalar concentration, followed
by computation of their covariance which represents the vertical flux of
the measured scalar. Although the EC technique is reliable for research
purposes, its applicability at the farm level is limited, mainly because of
the high cost of the sensors, complexity of their operation, and the
intensive data analysis. Therefore, in recent years, simpler techniques for
direct ET measurements have been examined, such as “surface renewal”
method.
The Surface Renewal (SR) method is based on the dynamics of sweeps
and ejections of air parcels that occur near the canopy surface; it is
assumed that this renewal mechanism is responsible for the exchange of
sensible heat (and other constituents) between the crop and the
atmosphere (Paw U et al., 1995). Using high frequency air temperature
measurements, the renewal of sweeps and ejections is modeled as
temperature ramps through a Structure Function analysis. Ramps
amplitude and frequency enable estimating the sensible heat (H) exchange
between the canopy and the atmosphere (Snyder et al., 1996).
There are many studies on the use of the SR method for estimating
evapotranspiration for different types of crops, including Snyder et al.
(1996), Zapata and Martínez-Cob (2002), Castellví et al. (2006),
Shapland et al. (2012), and Snyder et al. (2015).
Rice (Oryza sativa L.) is one of the important crops for food security in
Egypt. The average total area of rice cultivated in Egypt is about 1.2
million feddan annually, which represent about 14% of the total cultivated
area. The average production of rice in Egypt is about 3.9 ton/feddan.
Rice is cultivated in Egypt in the summer season, from May to
September. Despite its importance as profitable food and cash crop, rice is
considered as one of the most inefficient water-use crop in the crop
pattern of Egypt, because it is grown generally fully flooded, with an
average water consumption higher than 4500 m3/feddan per season.
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Allen et al. (1998) recommended the Kc values of rice as 1.05, 1.20, and
0.90–0.60 for continuously flooded paddy rice during the initial-growth,
midseason, and late-season stages, respectively.
Careful water
management is critical to improve water productivity of rice crop, that
should be based on updated information about the actual water
requirements of this crop under Egyptian conditions.
The aim of this study is to evaluate locally, the “Surface Renewal (SR)”
method, as an energy balance direct method to estimate crop
evapotranspiration (ETc), and upgrade crop coefficients (Kc) of rice crop
in Egypt.
MATERIALS AND METHODS
Theoretical bases of SR method:
The “Surface Renewal (SR)” method is based on the dynamics of the
turbulent boundary layer above the canopy which was modeled by the
mixing layer analogy (Raupach et al., 1996). Among other
characteristics of this layer, sweeps and ejections of air parcels from the
canopy, driven by wind shear and/or temperature changes, have been
identified. The SR technique is based on modeling these ejections and
sweeps through simple temperature measurements as a way of estimating
the sensible heat exchange between the canopy and the atmosphere
(Castellvi et al., 2006). The surface renewal (SR) method is used to
estimate the sensible heat flux density [H] and the latent heat flux density
[LE] as the residual of the energy balance (REB) using the energy balance
equation:
LE = Rn - G - H
In which [Rn] is the “net radiation” and [G] is the “ground heat flux
density at the soil surface”. The main advantage of the SR method is its
simple application: it only uses high-frequency temperature
measurements from fine wire thermocouples to determine an average
change in temperature with time within the air above a canopy, and the
volumetric heat content of the air to estimate H. The SR method is based
on conservation of energy with a strong theoretical basis.
In fact, the SR H is calculated from the average heating of the air parcel
and the number of times the air parcel is renewed at the surface over 30min intervals as follows:
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where α = calibration factor; z = measurement height; ρ = air density (g
m-3); Cp = specific heat of air at constant pressure (J g-1 K-1); and a =
average ramp amplitude (K), which corresponds to the temperature
enhancement of the air parcel. [tr] is the mean air parcel renewal time
over the sampling period (Paw U et al. 1995). The ramp amplitude [a] and
duration [tr] were determined using the Van Atta ramp model (Van Atta
1977), which uses half-hour means of the second, third, and fifth
moments of the air temperature structure function [Eq. (2)]

where m = number of data points in the half-hour interval measured at
frequency (f); n = order of the structure function; j = sample lag between
data points corresponding to a time lag (r j/f); and Ti =ith temperature
sample (K). In this research, the second, third, and fifth moments were
calculated and recorded for both r = 0.25 s and r = 0.50 s.
After determining the latent heat flux density, the ETc-SR [mm·d-1] was
calculated by dividing the LE [MJ· m-2 ·d-1] by L=2.45 MJ·kg-1 to obtain
the ETc in kg·m-2· d-1, which is equivalent to mm·d-1.
More details on the SR method may be found in Paw U et al. (1995),
Snyder et al. (1996), Spano et al. (1997), and Shapland et al. (2012).
The field assessment:
SR station was installed in the “agricultural production sector” farm
(30.39° N, 31.25° E, 27 m) in Moshtouhor, at Kaliobia governorate. The
station recorded half- hourly data, using Campbell Scientific CR3000 data
logger. High-frequency temperature data for the SR estimates of the
sensible heat [H] exchange between the canopy and the atmosphere was
measured with a 76.2-μm diameter Chromel-Constantan thermocouple
model FW3 sensor. The fine-wire thermocouple data and sonic
anemometer data were collected at a 10 Hz sampling rate, and the other
variables were sampled once per minute.
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The station had two soil heat flux [G] groups, consisted of one HFT3 heat
flux plate inserted at 0.15 m depth below the soil surface, and two TCAV
soil thermistor at 0.05 m depths above and under the heat flux plates. The
first soil group was installed under the plants row, and the other group
was inserted between the plants rows.
The soil texture of the experiment location was clay, and Table (1) shows
the physical properties of soil, and soil-water relationships of this
location.
Rice crop, of “Giza 179” cultivar, was cultivated by direct seedling in a
field area of 15 feddan, at 27 May 2015. The field was flooded by water
at depths 7 to 10 cm, and the water was drained and recycled every three
days. The irrigation was cut-off and water totally drained at 22 days
before the harvesting, which was carried out at 27 Sept 2015.
For Upgrading Kc values, the standard ETo data was estimated by using
FAO-Penman equation, from the collected data weather by Dacom ETo
stations installed in the same location of the experiments.
Table (1): Physical properties of soil, and soil-water relationships at
Moshtouhor- Qalubia, Egypt.
Depth
0-40
40-70

Sand
[%]
22.23
23.19

Physical properties
Silt
Clay
Textural
[%]
[%]
class
27.92
49.85
Clay
28.19
48.62
Clay

soil-water relationships
F.C.
P.W.P
B.D
[%]
[%]
[g/cm3]
33.50
16.00
1.10
38.50
18.50
1.15

F.C.: Field capacity; P.W.P: Permanent wilting point; B.D: Bulk Density

Applying SR method to calculate the rice crop ETc, were carried on
through a special program developed by Microsoft Excel application, to
conduct flux data processing using a modified version of the Van Atta
(1977) structure function, which is described in Shapland et al. (2012).
For the upgrading of the crop coefficient (Kc) curves, the standard KcFAO curve recommended by Allen et al. (1998) for flooded paddy rice
was used, and compared with the actual Kc-SR curve estimated from
dividing the actual ETc-SR by the ETo
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Root mean squared error (RMSE) were used as statistical factors to
evaluate the goodness of fit between simulated and measured values of
the analyzed data, using the following equations (Jacovides and
Kontoyiannis, 1995):
𝑅𝑀𝑆𝐸 =

𝑅𝑀𝑆𝐸 =

1
𝑛

1
𝑛

𝑛

(𝐸𝑇𝑐𝐹𝐴𝑂 − 𝐸𝑇𝑐𝑆𝑅 )

(3)

(𝐾𝑐𝐹𝐴𝑂 − 𝐾𝑐𝑆𝑅 )

(4)

𝑖=1

𝑛

𝑖=1

Where [n] represents the number of the observations of the parameters. In
general, the simulation is better when the RMSE value is closer to zero
RESULTS AND DISCUSSION
Figure (1) shows the mean daily patterns of the energy balance
components during the cultivation season of rice. In general, flooded rice
paddies, with minimal vegetation, had lower albedo, and the albedo
increased as the rice plants grew and covered the surface. At the initial
stage of the rice planting season, sensible heat flux density and net
radiation was consistently high because the small coverage of plant
canopy above the water surface. Sensible heat flux and net radiation
decreased during the season as a result of the increase in the canopy size
over the water surface, and the cooling effect of the plants. As a result of
the overall energy balance, the water energy and temperature was higher
at the initial stage of the planting season, and it continue to decrees
throughout the season as a result of the plant canopy shading the water
from solar radiation.
Based on the observed energy balance, the actual daily ETc-SR was
estimated by using the SR method, and compared with the ETc-FAO
daily (estimated from the multiplying the ETo values by the standard
smoothed Kc-FAO). Figure (2) shows the daily values of the ETc-SR,
ETc-FAO and ETo. As noticed from the figure the values of ETo and ETcFAO show some high fluctuations for some days, as a result of using low

Misr J. Ag. Eng., October 2019

- 1081 -

IRRIGATION AND DRAINAGE

resolution wind speed data from the standard ETo station. For both ETcSR and ETc-FAO, the average daily value was 5.3 mm/day along the
season. Whereas the daily value of the initial stage was 5.1 and 4.9
mm/day for ETc-SR and ETc-FAO, respectively. This average increased
to be 5.5 and 5.7 mm/day for the mid-season stage ETc-SR and ETcFAO, respectively. And decreased to be 4.9 and 5.0 mm/day for ETc-SR
and ETc-FAO, respectively.
The determined overall RMSE between the ETc-SR and the ETc-FAO
was 0.92 mm/day. The RMSE between the ETc-SR and the ETc-FAO
values changed during the different growth stages, that it was 1.27
mm/day at the initial-season stage as a result of the high energy fluxes
from the water surface of the flooded paddy rice. The RMSE between the
ETc-SR and the ETc-FAO values decreased at the mid-season stage to
0.80 mm/day, and reached to the minimum level to 0.48 mm/day at the
late-season stage.
Figure (3) shows the cumulative values of the ETc-SR, ETc-FAO and
ETo. The total estimated ETc-SR was 527 mm/season, whereas the total
ETo and ETc-FAO were 466 and 533 mm/season.
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Fig. (1): The daily presentation of the energy balance main fluxes, of net
radiation (Rn) and sensible heat (H), latent heat (LE), and soil heat flux
(G) density measured during the experiments of rice
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Fig. (2): The daily ETc-SR, ETc-FAO and ETo of rice crop.
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Fig. (3): Cumulative values of ETc-SR, ETc-FAO and ETo during the
growing season of rice crop.
Figure (4) shows the difference the daily actual Kc-SR values vs. the
smoothed curve of Kc-FAO recommended by FAO. The average value of
Kc-SR was 1.17, 1.13 and 1.14 at the initial-season, mid-season and late
season stages, respectively. The overall RMSE between the Kc-SR and
the Kc-FAO values was 0.11. The RMSE was 0.17, which at its highest
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value at the initial-season stage. The RMSE decreased throughout the
season to be 0.10 at the mid-season, and 0.03 at the late-season stage.
The estimated Kc values from SR are dynamic variables affected by the
cultivars of the crop, the on-farm management practices, and the
environmental conditions. Considering this type of variability in irrigation
scheduling could improve the water productivity at farm level by
significant amounts, which have a positive impact on water-use
optimization in agriculture.
1.6

1.4
1.2
1.0
0.8
0.6
0.4
0.2

9-Sep

30-Aug

Kc_SR

20-Aug

10-Aug

31-Jul

21-Jul

11-Jul

1-Jul

21-Jun

1-Jun

11-Jun

Kc_FAO

0.0

Fig. (4): The daily Kc-SR and Kc-FAO of rice crop
CONCLUSION
In conclusion, SR method as a direct method for ETc estimation, operates
close to the canopy, thus minimizing fetch requirements, which make it a
useful and sensitive micrometeorological method. The combination of the
SR procedure and the simplified surface energy balance equation appears
to be an affordable alternative to be considered for estimating water use in
agriculture. Unless, the SR method still need several evaluations,
calibration work, in order to be used significantly to upgrade the Kc value
for the local crop cultivars in Egypt. The estimated Kc values from SR are
dynamic variables affected by the cultivars of the crop, the on-farm
management practices, and the environmental conditions. Considering
this type of variability in irrigation scheduling could improve the water
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productivity at farm level by significant amounts, which have a positive
impact on water-use optimization in agriculture.
Further work still required to calibrate SR method to be applied for
different crops, at different agroecozones, in the way which allow
upgrading the Kc values for the main crops Egypt to match the actual
specifications of the Egyptian cultivars.
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انًهخص انعربى

طريقت جذيذة نتقذير اإلستهالك انًائى و تعذيم يعايم انًحصىل نألرز فى يصر
بطريقت انسطح انًتجذد
أيم أبى انًجذ ،1سًريحًذ انطاهر،1ريتشارد سينايذر ،2حازو سيذ يهاود 1و جًال حسن انسيذ

1

يرطهة ذطٕيز إدارج انزٖ ذٕافز يؼهٕياخ ٔأدٔاخ دليمح نرمذيز االحرياخاخ انًائيح نهًحاصيمٔ .
يؼذ اإلفرمار انٗ يدًٕػاخ تياَاخ حذيثح ٔ يرٕاصهح نهثخزَ-رح انًحصٕنٗ انفؼهٗ ٔ يؼايالخ
انًحاصيم أحذ أكثز أٔخّ انمصٕر انرٗ ذٕاخّ ػًهيح ذخطيظ اسرخذاو انًياِ ػهٗ انًسرٕٖ
انٕطُٗ ٔ .ػهٗ ْذا ذٓذف ْذِ انذراسح إنٗ إخزاء ذمييى يحهي نطزيمح "انسطح انًردذد ")(SR
 ،كطزيمح يثاشزج نرمذيز تخزَ-رح انُثاذاخ انفؼهٗ ) (ETcتمياص يؼايالخ إذشاٌ انطالح ،
ٔذحذيث يؼايم انًحصٕل ( )Kcنًحصٕل األرس في يصزٔ .نرحميك ْذا انٓذف ذى ذزكية
يحطح  SRتًشرػح "لطاع اإلَراج انشراػي" يشرٓز -تًحافظح انمهيٕتيح ،يٍ أخم خًغ تياَاخ
حمهيح ػانيح انذلح نؼُاصز إذشاٌ انطالح تحمم األرس ٔ .ذى اسرخذاو انثياَاخ نحساب انثخزَ-رح
انفؼهي نهًحصٕل )ٔ (ETcيؼايم انًحصٕل ) (Kcتاسرخذاو طزيمح ٔ ، SRيمارَح انُريدح يغ
انميى انمياسيح انري أٔصد تٓا يُظًح األيى انًرحذج نألغذيح ٔ انشراػح (.)FAO
ٔ لذ أتذخ انُرائح أٌ " خذر يرٕسظ يزتغ انخطأ" ( )RMSEانكهٗ تيٍ ليى انثخزَ-رح
انًحصٕنٗ انًحسٕب تطزيمح  ٔ )ETc-SR (SRانثخزَ-رح انًحصٕنٗ انًحسٕب تانطزيمح
انمياسيح نًُظًح  ،)ETc-FAO( FAOذى حساتّ تًمذار  0,22يى/يٕو  ٔ .لذ كاٌ يمذار انخطأ
فٗ أػهٗ ليًّ خالل يزحهح ًَٕ األٔنٗ نهًحصٕل ٔ ،إَخفضد ليًّ ذذريديا نرصم انٗ 0,44
يى /يٕو تُٓايح يٕسى انشراػح.
ٔ تانًثم كاٌ يرٕسظ ليًح  1,14 ٔ 1,13 ٔ 1,11 ْٕ Kc-SRفي يزاحم انًُٕاألٔنيح ٔ ٔسظ
انًٕسى َٔٓايح انًٕسى ػهٗ انرزذيةٔ .كاَد ليى  RMSEتيٍ ليى ٔ Kc-SRليى ْ Kc-FAOي
 0,03 ٔ 0,10 ٔ 0,11في يزاحم انًُٕاألٔنيح ٔ ٔسظ انًٕسى َٔٓايح انًٕسى ػهٗ انرزذية.
1يعهذ بحىث انهنذست انسراعيت ،يركس انبحىث انسراعيت ،يصر.
2جايعت كانيفىرنيا ،قسى بحىث األراضى و انهىاء و انًياه -ديفيس -انىالياث انًتحذة األيريكيت.

- 1087 -

Misr J. Ag. Eng., October 2019

IRRIGATION AND DRAINAGE

ٔتُاء ػهٗ انُرائح ،يرضح أٌ اندًغ تيٍ اسرخذاو طزيمح  ٔ ٔ SRانرؼثيز انًثسظ نًؼادنح إذشاٌ
انطالح ،يًكٍ أٌ يؼرثز تذيالً يمثٕالً نرمذيز إإلسرٓالن انًائٗ انفؼهٗ فٗ انشراػح .إال أٌ طزيمح
 SRتحاخح إنٗ انؼذيذ يٍ انرمييًاخ ٔأػًال انًؼايزج ،يٍ أخم اسرخذايٓا ػهٗ َطاق ٔاسغ
نرحذيث ليى  Kcنألصُاف انًحهيح نهًحاصيم انٓايح في يصز.
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