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Original Research Article
Estimation of Regional Evapotranspiration based on Tri-Angle Method Using
Thermal and VNIR Data.

Abstract

Evapotranspiration is a critical component in thgdrblogical cycle, water resources
management and climate studies especially in arit ssemi-arid regions. This paper aimed at
producing a simplified and applicable procedure dstimating spatial distributed daily actual
evapotranspiration (EJ directly at regional scale using thermal and blesinear infra-red
(VNIR) data. Triangle method, which makes a paranmsdtion of priestly-Taylor equation, was
used to estimat&T, at daily scale directly by using a simplified apgeh with realistic
hypotheses. This study conducted in Egypt, Sabifapf October Company as an arid region
over the winter crops (wheat, potato and sugar) rdtivated there using multi date Landsat
images. The results were compared Vi, values adjusted from crop evapotranspiration ET
“FAO Penmamn-Monteith approach” using the Crop W&tess IndexGWS). The results
showed high accuracy and good agreement againsssmsent method. The correlation factor
(R? values for wheat, potato and sugar beet were, @88 and 0.99 and Root Mean Square
Error (RMSE) were 0.2, 0.26 and 0.37 respectivelgrahe different dates. In the"16f April,
2014 there was a significant difference in wheaves as the RMSE were 0.8 and we explained
the reasons of this difference as it is a resulthef sprinkler irrigation system effect on the
mature wheat. This results show that the proposecepure is accurate enough at least in most
cases of our study for estimating the regionalaag@fET, but it need to evaluate for wheat under
other irrigation systems like surface or drip iaiign systems

Keywords: Remote sensingTa Landsat, CWSI and Arid regions.

1. Introduction

Fresh water resources are becoming increasingltelinin many parts of the world, and decision
makers are demanding new tools for monitoring watailability and rates of consumption [26].
The water shortage is the main constraint and amtiajpiting factor facing the implementation
of the country’s future economic development pl@713. Global estimates of water consumption
by sector indicate that irrigated agriculture ispensible for 85% of the water-use and that
consumption in this sector will increase by 20%2025 [10]. In general, water availability is a
major limitation for crop production and agricukulevelopment specially, in arid and semi-arid
regions. Egypt is under the water poverty linettes per capita is less than 650/year. In
addition to water poverty, Egypt faces a great @amyie to the millennium dam in Ethiopian,
which will lead to water quota shortage from thdeNRiver. As the agriculture sector is the
largest consumer of fresh water, so it will be tlist and largest sector influenced by this
shortage. Management water resources, developingation systems and actual water
requirements studies must be conduct in orderde fais danger. A better understanding of the
water balance is essential for exploring water rgaviechniques. One of the most important
concepts regarding water balance in arid and sehisgieas is crop evapotranspiratidar )
which is a key factor for determining proper irtiga scheduling and for improving water use
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efficiency in irrigated agriculture [11-41]. Larg®mlumes of water transfer from the soil and
vegetation to atmosphere by evapotranspiratior).(Accurate, spatially distributed information
on water use, quantified at the scale of humamémite, has been a long-standing critical need
for a wide range of applications. QuantifyiiJ for irrigated crops in arid regions is vital to
water resources management. The detd&lEanaps enable managers to allocate available water
precisely among agricultural, urban, and environtalenses. The actual rate of water use by
vegetation can deviate significantly from potentdl rates due to impacts of drought, disease,
insects, vegetation amount, phenology, soil textdeetility and salinity [1-2-26]. Different
methods have been proposed for measuEihgn various spatial scales from individual plants t
fields or landscape scales. However, conventiomahriiques provide essentially point
measurements, which usually do not represent areahs because of the heterogeneity of land
surfaces and the dynamic nature of heat transteregses [39-40]. In recent years, as a result of
the enormous developments in remote sensing teatwosatellite datapecifications, spatial,
temporal and spectral resolution, are continuoimfyroving. Many surface parameters, such as
albedo, vegetation coverage, land surface temperadnd leaf area index, can be retrieved from
visible, near-infrared, thermal infrared and otbands of satellite data. These data provide a
basis for estimatingT from farmland and other regions and have attrasteeéspread attention
for the use of remote sensing technologies to stagwnalET [25]. Over the last few decades,
different physical and empirical remote sensingedasnodels, which vary in complexity,
accuracy, and needing for ancillary metrologicdadhave been proposed for estimatiifat
different scales. In general, Accuracy in estinatiT basically depend on the accuracy of the
input satellite data products, such as land surtecgperature L(ST), normalized difference
vegetation indexNDVI), surface emissivitye() and surface albeda)( However, the satellite
derived variables are in turn and it depend onofactelating to residual atmospheric effects,
spatial and temporal resolution, viewing angles, Ancillary surface and atmospheric data like
wind speed, aerodynamic resistance, and surfaghness, which cannot readily be measured
through remote sensing techniques, usually requioedthese models. Therefore, it is still
challenging to estimate and produe& maps at regional and even global scale usinglisatel
remote sensing without ground measurements or Iygaath meteorological data. In order to
overcome this problem, some attempts have been toatkvelop new parameterizations EOF
estimation that depend entirely on remote sens30§ [One widely used approach among them
is theLST-NDVItriangle method, which was proposed by [19-20] mmgroved by [21]. Briefly,
this method shows the relationship and the incidaetaction between the soil, vegetation and
weather conditions. ThEIDVI values refer to the land cover type whil&T is a function in
weather conditions and soil moisture content. Thisthod is based on the-T (Priestley—
Taylor) equation [32], which can be considered asinaplified version of the more general
Penman equation [31]. The most sensitive poinhis approach is the determinationgoivhich
substituted for thd®>—T parameter and accounts for aerodynamic and caregstances and
ranges from O at nBT to 1.26 at maximurkT. The¢ parameter is estimated from the triangular
shape of the.ST-NDVIfeature space, which is formed by the scatterpldtST versusNDVI
over a wide range of soil moisture content andtivaal vegetation cover. The formalization of
the triangular shape is caused primarily by difféensitivity ofLSTto soil moisture variations
over bare soil and vegetated areas. There are adesteidies replaced thDVI with other
Vegetation Indices\{l) such as fractional vegetation covéir)([24-38] or broadband surface
albedo [41]. The advantages lo8T—-VItriangle method versus the other methods of serfac
energy balance for estimatingT are that:- 1) very high accuracy ST retrieval and
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atmospheric correction are not indispensable, 2¢diess to parameterize the complex
aerodynamic resistance and uncertainty originataa feplacement of aerodynamic temperature
with LSTis by passed, 3) it depends completely on rematehsed ST andVI, 4) a direct
calculation of evaporative fractiok), and 5) estimations of the Evaporative Fracti®R)(@and

the Net RadiationRn) are independent from each other. Therefore, tleeativerrors inET can

be traced back t&F andRn separately. There are some other methods makéngdiimation of
EF andRn dependent on each other [3-29], thus making itossfble to trace errors separately.
Limitations of LST—VItriangle mainly lie in a bit subjective determioat of both dry and wet
edges and a large number of pixels required ovkat @area with a wide range of soil moisture
and fractional vegetation cover [38]. The trianglethod has been applied successfully in certain
applications for estimation of bot&T [13-20-28-33-34-35] and soil moisture [7-37]. Timain
objective of this study is estimating dalBf, directly with no need to estimate the net radratio
(Rn) and evaporative fractiorEF) instantaneously by using a simplified approachinduthe
winter agriculture season in the different growtiges of the crops cultivated in the study area.

2. Materialsand Methods
2.1 Study area description

El-Salhia project is located at the eastern pamnfiNile Delta as shown in (Fig. 1) and its
climate is dry arid according to Koppen Climate sSiéication System. The whole area of the
project is about 13,800 ha. Two irrigation systemesused in the project; the sprinkler irrigation
center pivot and the drip irrigation. The projeastabout 100 center pivot irrigation units. Each
pivot unit irrigates an area of about 63.6 ha. Temon pivots length in the project is about
450 meter.
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113 (Figure 1) Location map of the study area “ Salhia”

114 2.2  Dataavailability

115 Satellitedata: a combination of Landsat 7 and Landsat 8 (Path6=ahd Row = 39) were used
116  to cover winter season crops. Table (1) illussdke details of Landsat 7 and 8 satellite data.

117 Table (1) illustrates the Landsat 7 and 8 satdliitia details.
No. Date Sensor type | Spatial resolution | Number of bands

1 17-12-2013 Landsat 7 8

2 02-01-2014 Landsat 7 30mx30m 8
3 11-02-2014 Landsat 8 11
4 15-03-2014 Landsat 8 11
5 31-03-2014 Landsat 8 11
6 16-04-2014 Landsat 8 11
7 02-05-2014 Landsat 8 11

118 Climatic metrological data: ground meteorological data namely air temperatwired speed,
119 dew point temperature and net radiation was usedolder to calculate reference
120  evapotranspiratiorETo) during the days of the study.

121

122 2.3 ET,estimation

123  The method applied here aimed to estimate dallydirectly by using the daily component of
124  the energy balance equation eq.1,;



125 Rn =G+ H+AE ()

126 Where;R, is net radiation\{/ni?), G is the soil heat fluxWni?), H is the sensible heat flux
127  (Wm?) andAE is the latent heat flux that is associated with dctualET (Wm2). The energy
128  balance can be rewritten to;

129

130 AE = EF- (Rn — G) (2)

131  Where; EF is the dimensionless evaporative fraction gReh - G) equals the net available
132 energy forET. G can often be ignored for time scales of 1 day orenand thu&E is a function
133  of RnandEF only [42]. TheEF is also defined as the ratio of act&dl to the available energy
134  (dimensionless).

AE

135 EF = — (3)

136 The common formula which represents the Triangl¢hot (Priestley and Taylor, 1972) was
137  used in this study according to (Priestley—Tay&miation;

138 AE=¢[Rn-Q) 7] (@)

139  Where;¢ is a substituted fdP—T parameterA is the slope of saturated vapor pressure at the air
140 temperaturekPa/K) andy is the psychometric constakiP@/K) and fromeq. 2, 3 and 4&F can
141 be rewritten as;

142 EF = —

Rn]—EG - q)(Ai-l-y) (5)

143  LST-Vltriangle method (Fig. 2) was applied in this sturdyrder to estimaté parameter. It is
144  originated from the parameterization of [19], isimplified P-T formula [32]. RegionaET, and
145  EF were estimated according to Eq. (4) which depeaid®ost completely on remotely sensed
146  data.The accurate interpreting of the scatter plot whigulted from remotely sense®T and
147  NDVI under conditions of variance ranges of soil moestavailability and vegetation cover

148 leads to accurate estimation of regioB#}.
L

A Duu-0
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Surface Temperature (LST)

149 Vegetation Index (NDVT)

150 (Fig.2) Schematic diagram interpret the scatter @ildLST—NDV) triangular space to estimate
151 evaporative fraction using wet and dry surfacesrapsion and data distribution entire the triangle.
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The dry edge is the oblique red solid lideB] and the wet edge is the horizontal blue solid lin
(CB) represent the minimuT and maximunET, respectively. The two boundaries (dry and
wet edges) of th€ ST-NDVIfeature space represent limiting conditidos the surface fluxes.
These edges respectively represent two limitingas$ soil moisture content and so evaporative
fraction for eachNDVI value (i.e., the unavailability of soil moisturadastressed vegetation at
the dry edge and non-stressed vegetation which oeabgp potentialET at the wet edge).
Specifically, EF at the wet edgy is k& (ERna=1) S0, pixels at the wet edge are regarded to
evaporate/transpirate potentially while at the elilge, EF varies from Efs (EFRnwin=0) at the dry
bare soil to ERax(EFnax=1) at fully non stressed vegetation cover when aludiitp of root zone
soil water is good. At the dry eddgéT, mainly comes from the transpiration of vegetafi@m

the root zone water as the soil surface hasn’t gmovater to evaporat@he values of ¢) also
ranges from¢min = 0) at dry bare soil pixels t@(nax=1.26) at non stressed with full vegetation
cover pixels and the othdr values for each pixel are based on its soil wedatent and partial
vegetation covern the absence of significant advection and conerct in eq. (4 and 5) can

take a wider range of O (rtor) to (%) (maximumkeT).

Determination of dry and wet edges in ttfeT-NDVIscatter is necessary, to estimate pixel by
pixel ET andEF using Egs. (4) and (5). In arid and semi-arid sirédashould be noted that, for
given vegetation cover, spatial pixels with highface temperature and |loiF are detectable
by satellite remote sensors. On the other hand,sHtarated soil water which evaporates
potentially pixels is rarely and hardly existedtimese conditions (see red lined triangle inside
fig.2).
Obtaining of thep value for each pixel requires a three step lima@rpolation scheme based on
the LST-NDVI triangle which used to allocat$ values inside the scatterplot (Fig. 2); (1)
determines the dry and wet edges in the triangpace. Thé&F estimation accuracy depends
basically on the accuracy of determining wet andetiges; (2) minimum and maximumare
respectively set temin = 0 for the driest bare soil pixel “with lowddDVI and highest.ST
(point A) andpmax = 1.26 for the full vegetated pixel “with laggeNDVI and lowest.ST
(point B). For eaciNDVI; value, there are max and min valueshpfdi max located on the wet
edge (point E) @i maxis generally set t@; max= pmax = 1.26) andpi min Located on the dry edge
(point D). 3) Finally,pi entire eachNDVI value, is linearly interpolated betweén i, anddi
max through the similarity between tWeBC andEBD triangles (Fig. 2). The following relation is
taking out from the similarity;

AD ED

AB  AC
Thus, by converting the symbols into real paranseter value for each pixel can be calculated
using the given mathematical expression as follows;

Tmax—Ti

di = [( )*(¢p max —¢pmin )] + ¢pmin (6)

Tmax—Tmin
Since thep minis equal to zero andlmaxis equal to 1.26, the eq.6 becomes as:

d)i — (Tma—x—Ti)* 1.26 (7)

Tmax—Tmin
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The above scheme accuracy depend on the accutatendetion of the dry and wet edges, as
the eq.7 depends ony,d which represents the high value on the dry edge Bgm, which
represents the wet edge as optimal conditionsEfar Also, intensive care during the pre-
processing and extracting thé&T from the remote sensing data must be taken intous.
(Fig.3) represents of the relation betwé&TandNDVI for sample of our data which illustrates
the triangle shape and both of dry edge (obliqddire) and wet edge (horizontal blue line).

LST/NDV]

L5T

xovi
(Fig.3) Scatterplot which illustrates the trianghlepe and both of dry edge (oblique red line) and
wet edge (horizontal blue line).

Daily (24 hours)R, according was estimated by using the [3] equati®il] and [9] used the
following equation to calculate it;
Rn2a= (1-(1)RS¢-1101’SW24 (8)

Where;Rn24 is the daily net radiatiori®), o is the surface albedBg is the 24hour solar
radiation (vmi®) andtswo4is the atmospheric transmissivity.

The following assumption was used to estimate dailyalues in a direct way; the near noon
instantaneou&F, which estimated by the triangle method was used eepresentative value to
the daily average&F value based on the observations of [6-8] for blttmogeneous and
heterogeneous land surfaces EF remains fairly anh&r daylight hours, particularly at about
10:00 and 16:00 O'clock and this assumption used3by. During daytime,EF is mainly
controlled and determined by land surface propemigch as vegetation amount, soil moisture
and surface resistance to heat and momentum trandfest of them are slowly varying
parameters during daytime as compared to other ¢hsinging variables (e.g., surface
temperature and radiation), which have much stnorayernal cycles due to radiation and
atmospheric forcing [22]. On the other hand, analg$ our hourly climate data showed that the
difference between meteorological parameters sacraemperatures and relative humidity at
the satellite overpass time and the daily averdgbese parameters were not considerable. The
highest relative error value of air temperature egldtive humidity values during the overpass
time value and the average daily value was notexk®8% and 15% respectively over the seven
used dates of data. Hence, we can regard the weathditions during the satellite overpass
time are representative of the whole day &t too. In addition to, several studies have
concluded that using local near ndeh instead of daily\EF for daily ET estimation incurs very
small error [14-15-16-18].
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ET gaity= (Rn daily—G daily) * EF daily 9)

As the dailyG ignored in this study, as it is usually assumegligible over the diurnal cycle or
day time scale [12-22-36-38]. The above equationbzarewritten as;

ET gaity= (Rn daily* EF gaily). (10)
2.4 Validation strategy.

Crop Evapotranspiratio(ETC) has been used to chick the performance and thétses the
proposed procedure by converting it fré&tcto actualET, using the crop water stress index
(CWS) extracted from satellite image€Tc calculated by multiplying FAO table crop
coefficient (Kc) and reference evapotranspiratidmEThere are many different approaches used
for estimating reference ETo such as Penmamn-Mbnt&laney-Criddle and Hargreaves
Samani [30-31]. Here, we used thAO-Penmamn-MonteithHPM) equation to calculate the
ETo. TheCWSlis based on observed canopy-air temperature €ifées and is an index for the
water availability in the soil. When a crop withlfaover has adequate water it will transpire at
the potential rate for that crop. The actual eviegmspiration ET rate will fall below the
potential rate when water becomes limiting [4-52Bf- TheCWSlIranges from 0 (no stress) to 1
(maximum stress) and has been defined as:

CWSI=1—(ET,/ETY) (11)

The following expression used to calculate CWS &snction in difference ibST.

(Ti—Tmin)
(Tmax—Tmin) (12)
Where;T; is theLSTof each pixelTyin is the minimunLST, Tyaxis the maximunL.STat the
study area. This strategy was applied to verifyateuracy of the results of this approach on the

wheat, potato and sugar beet crops during therdiffegrowth stages.

CWSI =

3. Results and Discussions

Daily ET, was calculated by using eqg.10, which consist @f tmain component&F andRn EF
estimated by triangle method, which parameter2d)(parameter from th€ST/NDVIscatter
plot. The paramete(d) is a down samples coefficient for both aerodynammad surface
resistance of evaporation and making the complicaénsible heat calculations are not needed
the thing which make this procedure is more sintpln others models. The)(parameter
basically depends on and estimated by ukf@gin a form of rational equation which eliminates
the error INnLST calculation “if there is error”. There are othergmeters in eq.5 which entered
in calculation ofEF such af\ and y which depend on air temperature. In this studyus&d the

air temperature which obtained from the metrologstation in order to calculate theand y,

but there are many studies aimed at correlate LiB& and T, in order to dispense of
metrological information completely. The second poment is the net radiatioRn, which
estimated by using eq.8 at daily scale directhheatthan instantaneous calculatiofSla
estimated by the proposed procedure validated sigantuaET, adjusted fronETc by using the
CWSlwhich account for the soil moisture availabiliti/heat, potato and sugar beet are three
herbaceous crops which were used to test the sabdlithis procedure. The results showed high
agreement and responsible results during diffeyemwth stages over these crops. TRev&lues
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of wheat, potato and sugar beet were 0.88, 0.980a9@ respectively which mean that the
proposed procedure had enough accuracy for wheiattopand sugar beet at least in our case.

L1

(L

(Fig.4) shows matching and the correlation betwaenal evapotranspiration ETa estimated by
the triangle method and the actual evapotranspirati ETa FPM) adjusted from FAO-

Penmamn-Monteith (FPM) crop evapotranspiration By eising the crop water stress approach
for many crops cultivated in the study area dudiifgrent growth stages

Maps of dailyETawere created for all study area crops but for befitew, we viewed a part
which contains the studied center pivot units af thifferent crops in fig.5 and detailed ETa
distribution for these crops (wheat, potato andasumget) at different crop stages in fig.6. The
highlighted red, purple and brown circles represemtat, potato and sugar beet respectively. In
17" of December th&Tavalues for wheat and sugar beet were 1.1 aminldayrespectively
and the validation values for these crops at thmesaate were 1.24 and 0.68m/day
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respectively. These values showed good agreemehé asheat and sugar beet where the RMSE
were 0.101 and 0.277 respectively. M 2of January, th&Tavalues for wheat and sugar beet
were 1.35 and 1.1imm/dayrespectively and the validation values for thesmpg at the same
date were 1.07 and 0.68m/dayrespectively. These values showed good agreemseheavheat
and sugar beet where the RMSE were 0.201 and 8spectively. In 1 of February, th&€Ta
values for wheat, potato and sugar beet were 2£1and 2.25mm/dayrespectively and the
validation values for these crops at the same wate 2.29, 0.86 and 1rm/dayrespectively.
These values showed good agreement as the whéath pad sugar beet where the RMSE were
0.079, 0.23 and 0.24 respectively. If"1& March, theETa values for wheat, potato and sugar
beet were 3.78, 3.1 and 3.f6n/dayrespectively and the validation values for thesps were
3.76, 3.48 and 3.6imm/dayrespectively. These values showed good agreensetiteawheat,
potato and sugar beet where the RMSE were 0.028,ahd 0.36 respectively. In3bf March,

the ETa values for wheat, potato and sugar beet ®&7, 3.54 and 3.7@m/dayrespectively
and the validation values for these crops at thmesdate were 3.75, 3.75 and 41b6n/day
respectively. These values showed good agreemehé agheat, potato and sugar beet where the
RMSE were 0.079, 0.15 and 0.31 respectively. [ di6April, the ETavalues for wheat, potato
and sugar beet were 3.75, 4.3 and 4r66/dayrespectively and the validation values for these
crops at the same date were 2.6, 4.4 and Buiddayrespectively. These values showed good
agreement for potato and sugar beet where the RMSE 0.06 and 0.32 respectively, but for
wheat there was significant error as the RMSE wa&4.0in 2 of May, theETa values for
wheat, potato and sugar beet were 1.3, 1.55 arimrB/dayrespectively and the validation
values for these crops at the same date were B8.ahd 5.2nm/dayrespectively. These values
showed good agreement as the wheat, potato and lsegawhere the RMSE were 0.38, 0.004
and 0.25 respectively. For crop wheat, there wersignificant error at the initial development
and mid stages, but at the late stage a high &gniferror appeared as the RMSE were 0.81 in
16" of April and 0.38 in 2 of May. We interpreted the significant error at thte stage to many
reason: 1) at the late stage wheat leaves, eslyebadal leaves, became almost dead which
mean that the cell structure is more weak and #&blevater absorption than healthy leaves
(development and mid stages). 2) sprinkler irrmasystem increase the leaves water absorption
chance. 3) Continuation of the irrigation procesdater stages every day or at least day after
day. The previous reasons made the LST and sualaeelo &) down normal, the thing which
raise the EF and Rn values respectively. Risingfofand Rn values led to raising of estimated
ETa value. Absence of this significant error witttgio and sugar beet “ever green until harvest
crops” support our interpretation. This mean tln proposed method need to test for wheat
under other irrigation systems like surface or dhmigation.
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(Fig.6) ET, distribution for wheat,
different crop stages. (Note: on"1@f December, 2013 and

Pivot was not cultivated)

otato and sugar beet snopich used for validation during
f January, 2014, the potato
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4. Conclusion

Decision-makers and water resources managers &egsaineed to regional information about
ET to manage water resources distribution. Trianglaate sensing method was proposed by
[19-20] and improved by [21]. This method is useddstimating spatial distributed regioial
and soil moisture content. Although, this methotinestes instantaneous value of Evaporative
Fraction (EF), it could be used to estimate d&lya directly; the near noon instantanedtis,
which estimated by the triangle method is used @peesentative value to the daily averéage
value which strengthened by the analysis of ounalic data. ActuaET at daily scale had been
estimated directly for different dates during thater season over different crops cultivated
there. The assessment strategy conducted on tiopg, evheat, potato and sugar beet through a
comparison betweeTa estimated by the proposed procedure Bhd adjusted fronETc using

the CWSI approach. ETc calculated by using of ,Effom FAO Penman-Monteith (FPM)
equation and FAO crop coefficient (KC). The Bmlues of wheat varied from 1.1 mm/day at
the development stage to 3.78 mm/day at the mgksda the highest value, then 1.3 mm/day at
the late stage. Potato graduated from 1.2 mm/ddleainitial stage to 4.3 mm/day at the mid
stage as the highest value, then 1.55 mm/day datbestage. The last crop is sugar beet which
graduated from 1 mm/day at the initial stage t@34@8n/day at the mid stage. The maximum
RMSE for the wheat (before the late season), posa sugar beet is 0.20, 0.26 and 0.37
respectively over the different dates. At the Istiisge of wheat a high significant error appears
due to the sprinkler irrigation system effect o tmature wheat. The results showed high
agreement between the two methods values duringrtiveing season of the three crops. The R
values were 0.88, 0.98 and 0.99 for wheat, potatbsaigar beet respectively which mean that,
this method is a responsible, realistic and actéptr estimating dailET, at regional scale.
We recommend that, the proposed method need twateafor wheat under other irrigation
systems rather than sprinkler irrigation system.
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