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DETERMINING WATER REQUIREMENTS AND
SCHEDULING IRRIGATION OF APPLE TREES
USING SOIL-BASED, PLANT-BASED AND

WEATHER-BASED METHODS

Abstract

By Yasin Osroosh, Ph.D.
Department of Biological Systems Engineering
Washington State University
AUGUST 2014

Chair: R. Troy Peters

The goal of this work was to estimate water requénts, and to develop precision methods for autiognéte
irrigation of apples. Two models based on the gnbajance of a single leaf and infrared thermom@®R{) were
developed to calculate potential,J ind actual (T) transpiration from the whole trégand T were compared with
ET, and ET, respectively. The models were evaluated using#mopy temperaturd{) and air temperaturdy)
data collected in a well-watered orchard and weadhéa from a nearby weather station during the72@008 and
2013 growing seasons. In addition, the microclimaftehe orchard was investigated using a Suite eofsers.
Moreover, a wireless data collection network andesltling algorithms were developed to create asgigzific
irrigation control system. The precision methodseneompared based on the total irrigation wateunireqnents and
water use in 2013. The,Todel was able to reflect the high degree of dagpbetween the apple trees and the
humidity of the surrounding air during cold and hdmeriods. Both T and JTwere better correlated with EBn
warm and dry days than during cold and humid peti&imilar results in all of the three growing seasindicated

thatAT (T, — T,) could be linearly related to T. The results showet the transpiration of the trees was inteate |



in the morning and afternoon. A high correlationl @mall difference between daily mean canopy amcktsurface
temperatures suggested the potential to use tremipdrature as an alternative for traditional IR sneaments.
Because of the high discrepancies between thendasurements in the orchard and the weather rstatiovas
concluded that Jshould be measured in the vicinity of the IRTsthii-canopy wind velocities were about 0.1
times the surface wind speeds. In general, the daglans of the measurements in the orchard ancherestation
were highly correlated while they were not wellated at solar noon. The total irrigation water aaplby the

conventional irrigation (CNTRL) was significantlygher than all of other methods.
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CHAPTER ONE

GENERAL INTRODUCTION

Background

Irrigation is an integral part of the managementkpge for most of crops. It reduces the dangerrofight
stress and allows for production in arid areas (flagio et al., 2010). To specify when to irrigaerop and how
much water to apply, irrigation scheduling is nekdehe performed irrigation method determines hbavrequired
amount of water is applied to the field. Howeveaditional methods of irrigation scheduling usud#éad to over-
irrigation resulting in reduced vyields, higher eneand water costs and leaching nutrients. To sdbhedrigation
properly, crop water status, change in yield irpoese to water stress and irrigation method linoitest must be
known (Heermann, 1996). The employment of apprépiiaigation scheduling methods can lead to ineeegorofit
and water savings for farmers, reduced environnhémigacts and sustainable agriculture (Smith gt1#896). To
date, research has offered a large number of dgniabwater scheduling tools including procedutescompute
crop water needs and to simulate the soil waterizal (Pereira, 1999).

Development of technologies that apply the precseount of water demanded by crops is necessary
(Casadesus et al., 2012). Due to advances in tioigacience, new technologies have emerged ircomeext of
agriculture (Wiedenfeld, 2004; Kallestad et al.0@0Farahani et al., 2007). Weather-based ancsasitd irrigation
scheduling are examples of such technologies winchonsidering soil or weather information providigation
water to the crop based on actual water requiresn@fallidis et al., 2008; McCready et al., 2009;gl#tccio et al.,
2010). A “Precision Irrigation” method, usually eefed to as irrigation scheduling in the literatufetermines the
appropriate timing of irrigations (e.g. “when taigate” and/or “how much to irrigate”). Precisiomigation is a
concept in the context of irrigation managementolwhcontrols plant water stress at critical growthges by
applying the necessary amount of water to the @@8haughnessy and Evett, 2010). In precisionatian soil and
crop sensors are usually used to monitor soil dawt pvater status and schedule irrigation.

Irrigation scheduling methods are generally catizgdrinto soil-based, and weather-based methodshvarie
carried out by monitoring soil water status, segsirop stress, and calculating soil water budgdtraference ET

using weather data, respectively (Al-Kaisi et 4897; Orta et al., 2003; Jones, 2004; Ko and Pi¢cR009). For



soil water balance models, soil water in the ramiezis the base to decide when to irrigate. Ledémpotential or
canopy temperature is monitored as trigger pointrafation for the methods based on crop statésgi®an et al.,
1976; Turner, 1988; Jackson et al., 1977; Wanjued. £1995).

A considerable number of scheduling methods haen lokeveloped for automatic irrigation. These meshod
have been widely used by irrigation researchergielver no user-friendly irrigation scheduling mottet can be
readily used by farmers for single and multiplédfieases has been developed (Georgea et al., d@@0humber of
irrigation algorithms a combination of these methbdve been used. Best et al. (1986) developedgagm called
WIF which used soil moisture signal to quantify firesent soil moisture content. To predict theiestrirrigation
replenishing the root zone to a desired levelpihbined soil signal with an estimate of plant wates in the future.
Buchleiter et al. (1988) developed an irrigatiohextuling program called SCHED based on daily whadance
calculations of the present soil moisture depletiod a future estimate of crop ET. To foresee #ibest and latest
dates to irrigate a particular field, these twoeveombined. The SCHED and WIF programs have besgessfully
used by irrigation consultants (Dockter, 1996; 3alaet al., 1996). Hess (1996) described a rea-twftware
package of irrigation scheduling. The package ihetlalmost all of the available algorithms inclgdieference
ET, actual ET, soil water balance and a modelrajation forecast. Their evaluation of these modiels shown the
performance to be dependent on the accuracy afphu data measured in the field.

The most common irrigation scheduling methods gblep include the conventional method relying on
grower’s experience and soil moisture monitoringpgseuron probe (NP) or time domain reflectoméi®@R). ET
estimations combined with a water budget modeladse used to schedule irrigation. There are a wadage of
plant-based methods for detecting water stresppfearees and determine when to irrigate applakgt, 2003): 1)
visual inspection, 2) midday stem water potent@ry good indicator of water status, but too techhfor most
farmers), 3) canopy temperature monitoring (faigmads due to responses of apple stomata to fatitescrop
load) and 4) trunk and fruit monitoring. Considerithe large number of methods available it is \difficult to
determine which methods are suited for schedulirigation of apple trees, how thermal data can sedufor
scheduling irrigation of apple trees. It would beeresting to know if inexpensive soil sensors banused to

schedule irrigation of the trees.



Soil-based methods

In these methods, a “soil moisture” or “soil wapatential” senor specifies when to irrigate and whe stop
irrigating. A wide range of measuring instrumergsused for this purpose such as dielectric ser(@&, FDR,
etc), tensiometers, gypsum blocks, granular magnsors, etc. They range from very inexpensivegydsocks to
fairly expensive TDR sensors. Soil sensors have lnsed to automate irrigation in a number of plamtsuding
bell peppers, tomatos, and onions (Thompson e2@D7; Enciso et al., 2009; Zotarelli et al., 2008 llidis et al.
(2008) developed and evaluated a prototype red;tsmart sensor array for scheduling irrigatiorcatton which
measured soil moisture and temperature as stamgauts. The system was able to successfully mosidrwater
status, soil temperature, and air temperature mwithe canopy during the entire growing season. dtae
disadvantages associated with use of soil senBtast water stress responds to other factors ssi@traospheric
conditions, root-zone salinity, availability of mnts etc. In addition, sampling in heterogenesaits is difficult
and it is difficult to know where the roots aredted, thus the spot at which soil moisture is messmight not be
a good representative of the entire field. In aafseheap gypsum blocks, they only provide informaton when to

irrigate but not on how much to irrigate (Ferereale2012).

Weather-based methods

These methods are based on a soil water balancaadlgdestimations of reference ET from daily weattata
and an ET model. Frequently used ET models arePd@gm@man-Monteith (Allen et. al, 1998) and Hargreaves
(Hargreaves and Samani, 1985). A complete set afhee parameters from a nearby weather statioregréred to
calculate ET from the Penman-Monteith model whilesimple air temperature sensor can provide required
information to predict plant water need from thmglified model of Hargreaves. Using a feed-forw&T@-based
scheduling method can lead to over or under iriogaf the estimates of crop water use are incayithe soil water
content at the beginning of the season is unknawihe application efficiency of irrigation systamlower than
expected. Casadesus et al. (2012) proposed a mdtinodutomated irrigation scheduling by combining a
compensating mechanism based on soil or plant semeadings (feed-back control) and an estimatiowater
demand by water balance method (feed-forward chniftheir system was configurable by the user tppsut

different irrigation strategies. The results sugggghat the use of the water balance model allofeed quick



response to weather changes by predicting its tsffadile at the same time the feedback mechanauidadapt
the amount of water to the requirements of indigidarchards by compensating for the bias of theehod
Currently, the P-M equation corrected by a crope#jwecoefficient (K;) is used as the model of transpiration

for tree canopies like apples. The P-M model comynmeferred to as reference ET (TS primarily developed for
estimating transpiration from dense grass or afainopies while apple tree leaves are highly eaupd the
atmosphere. As a results of this coupling, the mad@sumption of apple trees is controlled by stai@gulations,
net radiation and vapor pressure deficit (Jarv@85) compared to the transpiration of grass/alfafing mainly
driven by net radiation (Lakso, 2003). Dragoni lef{2005) concluded a short dense crop cannot fu@er model
for apple trees transpiration leading to overediimneof ET during humid and cold periods. They sgtgd the P-M
model has to be modified to suit different conditioof tall discontinuous apple trees including sttahand

boundary layer conductances, as well as bulk &cebn transpiration.

Plant-based methods

Canopy temperature increases due to stomatal elaghich most of the times is associated with watesss.
Canopy temperature has shown to be an indicatplaot water stress and been used as an irrigatioalsn many
crops. Canopy temperature can be easily measutiad irdfrared thermometers (IRTs). Various thermasdéd
irrigation techniques have been developed includirgp water stress index (CWSI; Jackson et al.119888),
CWSI with a time threshold (CWSI-TT; O’'Shaughnesswl., 2012), stomatal conductance (SC; Blanquetet.,
2009), time temperature threshold (TTT; Wanjuralgtl992, 1995; patented) which is only testedyeneral crops,
and IRT-ET;, which calculates actual ET using IR data and ieliped for general crops (Ben-Asher et al., 1989).

The use of infrared temperature of plant canopiesgawith a number of supplemental environmental
measurements to standardize canopy temperature adtexnative approach to soil- or weather-basethous in
irrigation scheduling of general crops (Cohen et2005). The computation of the CWSI requires emapirically
or theoretically determined baselines: the non-wstieessed baseline (NWSBL) or lower boundary (jpiddd
canopy and temperature differened ) representing a fully irrigated crop ideally trpitgg at maximum stomatal
conductance and the non-transpiring baseline (NTBLICWSI value of zero corresponds with a well-watke
condition. A CWSI based on empirical baselines fira$ introduced by Idso et al. (1981) and a th&oa¢ CWSI

was first defined by Jackson et al. (1981). The=lfas derivation of the theoretical baselines hasrbthe P-M ET



model (Alves and Pereira, 2000) and the empiridAIST based on a linear relationship betwédnand air vapor
pressure deficit (Idso et al., 1981). Empirical NBLS are climate dependent, site-specific and majiainge from
year to year (ldso et al., 1990; Alves and Peréff)0). Thus, a theoretical approach not requidastly, time-
consuming field experiments will be more desiraleermal methods in form of empirical CWSI haverbstudied
on pistachios, peaches, olives and grapevinesi(@eat. 2008; Paltineanu et. al. 2013; Berni et2009; Agam et
al., 2013; Akkuzu et al., 2013; Wang and Gartur@§,®. Berni et al. (2009) mapped CWSI in Olive @als using
thermal data obtained by remote sensing techniqliesdate, no peer-reviewed research has been eeport
scheduling the irrigation of apple orchards usirgeamal approach.

As discussed before, the grass/alfalfa-based Eotis suitable model for apple trees transpiratitsiimation
of potential transpiration of apple trees requwaly NWSBLs which must be developed specifically &pple tree
conditions. However, the non-homogeneity of appde ttanopies and highly variable thermal distrirutbf their
surface pose a big challenge in the modeling amplired measurements. It might be possible to improv
measurements of canopy temperature by trying diffieinstallation positions and angles of infraredsors (IRTS)
and averaging readings from a number of sensasti@ve an optimum accuracy.

In practice, the CWSI has shown not to be a rediadagnal for irrigation scheduling because instaetas
measurements taken at solar noon or mean CWSlsrahgeaffected by impermanent atmospheric conditgutch
as wind guests or passing clouds (O’Shaughnesal,€2012). In a recent research, O’Shaughnessy. €2012)
tried to overcome some of these issues by assetisn@WSI over daylight hours. In order to improve
performance of the theoretical CWSI as a trigger datomatic irrigation scheduling of grain sorghuthey
incorporated a time threshold into the index anched it CWSI-TT (Appendix D: Fig. A.18). The resutif their
study indicated that this method can be usefulaetomatically scheduling full or deficit irrigatienfor grain
sorghum in a semi-arid region. However, they exgedsa shortcoming of the CWSI-TT as false positiger
stress signals leading to over irrigations in thdyeseason because the canopy is under develommdnthermal
sensors partially see the ground.

There is a long history of complaints in the litera on the inefficiencies of the CWSI. People hmyered
the fact that the CWSI alone cannot be usefulrigation scheduling unless used as the core ofladegeloped
irrigation algorithm. Less attention has been gaithe enhancement of the irrigation algorithms nehmost of the

challenges imposed by the CWSI can be overcomentggriating it into a robust control algorithm. Suah



algorithm avoids under or over irrigations by aauing for boundary conditions where the index fadsreflect
plant water status. Adding a soil feedback caneobhdpful because it is difficult to determine wheo install the
soil moisture sensors.

The efforts have been mostly concentrated on impgoCWSI calculations by refining the empirical or
theoretical methods of estimating the baselinear(@licet et al., 2009) while the algorithms avddadre as simple
as comparison of the midday CWSI with a predeteeahithreshold trying not to exceed it during thessea
(Jackson et al., 1988). This threshold is crop sitedspecific and can be determined for a well-veatteerop grown
on a lysimeter (O’'Shaughnessy et al., 2012). Cuiireigation scheduling algorithms work with a stathreshold
(i.e. constant throughout the season) while initsetlis a function of weather and plant condiohn general, little
information is available on the CWSI at which igign is needed. In addition, the CWSI value fer@ under no
stress is assumed zero and for a severely stresspdclose to one (Fereres et al., 2012). While #sisumption
might be true in case of homogeneous canopies ffrm@aw crops, it might not be applicable to het@oeous tree
canopies. The interference of thermal radiatiemfthe ground with the readings of canopy tempegateadings,
as well as the rough nature of the tree canopiad te smaller canopy and air temperature differeremed
consequently values of greater than zero even é&lrwatered canopies (Fereres et al., 2012). le chsipple trees,
the canopy temperature increases as low crop la@dseached because stomatal conductance is éofunétioad
and reduced as the load decreases (Lakso, 2008)mEans non-water stressed baselines are depemdkratd and
the CWSI might not reach zero in case of well-wedeapple trees in an alternate bearing year (lfttié) or
postharvest period (no fruit). Therefore, the tiiadal use of a CWSI reference value as a stresshibld has to be
revised.

The TTT method, also called “BIOTIC", is an autofadahermal-based method requiring canopy tempegatur
as feedback. This method is developed by Wanjural.e1992, 1995) and requires a “time thresholdd a
“temperature threshold”. The temperature threskolthe optimal leaf temperature for enzyme actidétermined
in lab and the time threshold is accumulated tilneva the temperature threshold for non-stressegl iorgpecific
climate calculated using experiment or simulateth.d®'Shaughnessy and Evett (2010) conducted soehd f
experiments using a time temperature threshold jJTaldorithm in short season cotton. The resultscateéd that

the TTT algorithm was a promising automatic metfardrrigation scheduling in arid regions.



Plant-based methods of irrigation scheduling cannim@e advantageous in detecting plant water stress
compared to soil-based methods of replacing wagécitl The tedious nature of soil water measureieising a
neutron probe, the difficulty to determine tree trdestribution and requirement of numerous fieldaswements
make it inevitable to use plant water status iritfor irrigation scheduling (Naor et al., 199Hpwever, unlike
the soil-based or water budget approaches, plagebmethods of irrigation scheduling lack any direformation
on the quantity of water to be applied (Fereres.e2012). Thus, plant-based method should be imsedmbination
with soil-based or weather-based methods to deterthie required depth of irrigation water.

Stomatal conductance of a leaf can be measuredtlglinesing a leaf porometer and scaled up to canopy
stomatal conductance. It can also be estimated) asirempirical or theoretical model (Blanquicealet2009). As a
recent approach, Blanquicet and Bugbee (2007) stedehat real-time stomatal conductance be usédigetion
signal. They proposed to give up the CWSI and mplawith a theoretical method of measuring cansfoynatal
conductance. Blanquicet et al. (2009) carried aubrmated measurement of canopy stomatal conductimce
alfalfa and turf grass. They used the energy balamodel of plant canopy, canopy temperature aneroth
measurements to calculate the stomatal conductarteey concluded it is possible to use canopy stamat
conductance in irrigation scheduling.

Canopy conductance has been an important partvefalenodeling efforts for estimating transpiratimintree
canopies (Pereira et al., 2006; Green et al., 2008has been directly measured in the field (@retal., 2003a),
alternatively estimated by empirical models (Jart&76: Thorpe et al., 1980) or as in the origeggbroach of the
P-M model assumed constant (Pereira et al., 2@@§)arently, stomatal conductance of apple treesaiane taken
constant because of its relationship with relatiuenidity (Dragoni et al., 2005) as a result of haglupling between
the trees and surrounding bulk air (Jarvis, 1985g available empirical equations usually dematelsgiecific data
on stomatal conductance and microclimate to detexmeéquired calibration coefficients. However, meament of
stomatal conductance itself most often is not &ifda option as a large number of field readings asually
required to well represent the tree canopies.dmstta close in response to water deficit, the trepspiration
decreases and canopy temperature increases (Biabh@tial., 2009). By the use of an energy budgeagon, the
canopy temperature, along with measurements of aratgical factors affecting conductance, can lerdfore

replaced with a direct measurement of stomatal wctasce required for estimating transpiration oflapgrees.



Therefore, as an alternative approach to the dimeisurement, canopy conductance can be dealtinditectly
through the measurements of canopy temperatuneftaréd thermometry.

Accurate knowledge of ET is an important key to mtein well-irrigated crops (Tanny, 2013). Appleeséall
into the category of tall, discontinuous horticadlucrops with well-coupled leaves to the surrongdair and
atmosphere (Jarvis, 1985). The transpiration ofeappes is controlled by stomatal conductance radiaition and
vapor pressure deficit (Lakso, 2003) all of whignde connected through a simple energy budgetiequahus,
by determining the sensible heat flux from leafface and net radiation, apple leaf transpiratiam foa estimated.
The components of the energy budget equation equicroclimatic parameters as their inputs white many
cases, the most feasible data are acquirable frareagher station in the vicinity of the field. Atthgh apple leaves
are well-exposed to the air, formation of micro@im around large tree canopies can cause diurnaltivas of
meteorological variables such as wind speed, veldtiumidity and air temperature to be notably défe than those
of obtained from a nearby weather station. Thestfdthe trees microclimate to find relationshipstveeen the
measurements taken within and outside the fieldgrabably allow for enhancing the estimations oplaprees
water use.

An important input to the energy balance equatiocainopy temperature. Different modeling approatiass
been developed based on the energy budget andahtymperature of vegetative surfaces to estimeteET of
row crops (Ben-Asher et al., 1989; Taghvaeian et28i12). However, direct or indirect applicationtlois method
has been challenging in non-homogeneous canopieseo€rops. Tokei and Dunkel (2005) reported & sasdy on
the possible use of canopy temperature in the m@tation of apple tree transpiration by a theoedtapproach.
Canopy temperature gives an average temperatune wakr the top of the surface. In case of a laeg canopy,
the leaves range from completely shaded (usuallyhatlower canopy) to completely sunlit at the tdR.
temperature readings have to comply with the asiompmade in the energy budget model of a reptatea leaf.
Mounting position and orientation of the IRT areaabf concern. Appropriate mounting position anértation of
the IRT can guarantee the sensor only sees thepgaunface. Any inclusion of soil or sky in the wief the senor

can lead to considerable errors in the measureni@laisquicet et. al, 2009).



Goals and objectives

The overall goal was to develop models to estimater requirements of apple trees, to identifyineefand
develop precision methods for automating irrigatafrapple orchards, and to determine which typérrigation
control signal will yield the best results in terofswater use, and applied irrigation water. Thecsfic objectives of
this study were to:

1) Develop a theoretical model for estimating potérntenspiration of apple trees:
The goal was to develop an analytical model foinesting potential transpiration of whole apple
tree () from the energy balance of a single leaf. Theoreéffncluded a) development of a
theoretical NWSBL model, b) a method of estimatireg radiation from climatic parameters, and
c) a simple model of canopy conductance not relyomg field measurements of stomatal
conductance. Predicted canopy temperatures andt@dtéranspiration rates in both situations

were compared with measurad values and ET calculated using the P-M approsxdpectively.

2) Develop a theoretical model for estimation of apgpdes actual transpiration based infrared therntigme
The goal was to develop an analytical model foinesting real-time transpiration of whole apple
tree from the energy balance of a single leaf dedntal measurements. Estimated transpiration
rates were compared with those of calculated utieg®°-M model and adjusted crop coefficient

values for the region.

3) Conduct microclimatic measurements and infrarednbenetry in apple orchard:
The objective was to investigate the microclimatarfed by apple tree canopies to account for
any significant difference between measured vagmbi the field and a nearby weather station. In
addition, surface temperatures of the ground aee trunk were measured and compared with

canopy temperatures. Various position and oriesatof infrared temperature sensors were also

examined.

4) Develop a wireless central control system and aati@nalgorithms for precision irrigation of appteés:



The effort included development of an electronidiagre using infrared temperature sensors, soll
moisture sensors and air temperature sensors, anogitand data logging software (graphical

user interface), precision irrigation algorithmgliding a CWSI-based algorithm, and field

experiments.

The off-shoot (secondary) research goal was tolgyrgrowers’ lives, decrease water and labor codtsrease

losses of water and nutrients to deep percolatimnease fruit yields and quality.
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CHAPTER TWO
ESTIMATING POTENTIAL TRANSPIRATION OF APPLE TREES U SING

THEORETICAL NON-WATER-STRESSED BASELINES *

2.1 Abstract

To maximize irrigation efficiency, applied watersh@ be precisely adjusted to the crop water usedéveloped a method
based on the energy balance of a single appletdeadlculate potential transpiration JTrrom the whole apple tree. Thg T
model was based on two main sub-models predictingmy temperaturgy) and total canopy conductangg:]. The g; model
was derived by simplifying the energy budget redyon only climatic data and an empirical coeffitiefrhese sub-models were
evaluated using the canopy temperature data cetlénta Fuji apple orchard during the 2007, 2008 20113 growing seasons.
The applicability of the J model was examined by trying it on a) well-watergoung Fuji apple trees, and b) well-irrigated,
older apple trees bearing little fruit (on altematbearing). Predicted potential transpirationesatit both scenarios were
compared with those predicted by the ASCE standeddiPenman-Monteith for alfalfa (BT Daily average weather data
collected during the three growing seasons provittet inputs to the jJmodel and its components. An analysis of the
microclimatic data revealed that air temperaturestnlie measured in the vicinity of the infrared themeters (IRTs). With the
exception of air temperature measured in the fitle rest of the meteorological data were obtafred a local weather station.
The canopy temperatures of the fully-watered treexe predicted during mid-season with mean abseiutes (MAE) of about
0.41, 0.33 and 0.2%C in 2007, 2008 and 2013, respectively. These MMEse better than the individual IRT accuracy of
+0.6°C. The coefficient of variation of the predictiof@V) averaged 2% over the experiment plots/yeairsgoeetter than that of
the measurements (CV = 4.8%) with the exceptioonef plot in 2007 with little difference (3% vs. 2%gstimated Jwas fairly
correlated with ETon warm and dry days {R: 0.58, p<0.001) with slope and interception afsel to 1.0 and 0.0, respectively.
The model was able to reflect the high degree apling between the apple trees and the humidithefsurrounding air during
cold and humid periods ag, Tesulted in significantly lower values. The overabults of the experiments with Fuji apple trees
showed that when using the crop water stress in@#Sl), the non-water-stressed baselines (NWSBLJ potential

transpiration of Fuji apple trees can be estimagddg the proposed approach.

Keywords: Infrared thermometry, canopy conductance, referenepotranspiration, potential transpiration

! Submitted to ASCE Journal of Irrigation and Drainage Engineering 6/28/2014
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2.2 Introduction

Currently, the Penman—Monteith (P-M) equation (Allet. al, 1998) corrected by a crop-specific caodfit
(Ko) is used as the model of transpiration for treeopées like apples. The P-M model commonly refeti@és
reference ET (Ej) is primarily developed for estimating transpioatifrom dense grass or alfalfa canopies. Apple
tree leaves, however, are highly coupled to theogpihere. As a result of this coupling, the watersconption of
apple trees is controlled by stomatal regulatioadiation and vapor pressure deficit (Jarvis, 138Bhpared to the
transpiration of grass/alfalfa which are mainlyvdn by net radiation (Lakso, 2003). Dragoni et (005)
concluded a short dense crop cannot be a propeelrfadapple trees’ transpiration leading to anregémation of
ET during humid and cold periods. They suggestedtl ttie P-M model be modified to suit different ciioths of
tall discontinuous apple trees including stomatal boundary layer conductances, as well as the diulkffect on
transpiration.

Canopy conductance has been an important parvefaemodeling efforts for estimating transpiratiofitree
canopies (Pereira et al., 2006; Green et al., 2008has been directly measured in the field (@retal., 2003a),
alternatively estimated by empirical models (Jar¥&76: Thorpe et al., 1980), or as in the origaggbroach of the
P-M model, assumed constant (Pereira et al., 2@@§arently, stomatal conductance of apple treasaiabe taken
constant because of its relationship with relativenidity (Dragoni et al., 2005) as a result of haglupling between
the trees and surrounding bulk air (Jarvis, 1986g available empirical equations usually dematelspecific data
on stomatal conductance and microclimate to determequired calibration coefficients. However, mgament of
stomatal conductance itself most often is not i@ option as a large number of field readings asually
required to well represent the tree canopies. dinstta close in response to water deficit the traaspiration
decreases and canopy temperature increases (Biabhgtial., 2009). Direct measurement of stomaiatioctance
can be replaced with estimations of a theoreticadleh based on an energy budget equation, canopyetaare,
and measurements of meteorological factors affgationductance. Therefore, as an alternative apprtadhe
direct measurement, canopy conductance can be dédhltindirectly through the measurement of canopy

temperature by infrared thermometry.
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A common method of indirect estimation of ET progabdy Jackson et al. (1981) relies on the crop iwate
stress index (CWSI) (Ben-Asher et al., 1989; Taghaet al., 2012). The computation of the CWSuhep two
empirically or theoretically determined baselind®e non-water-stressed baseline (NWSBL) or lowenndary
(potential) canopy and temperature differenad X representing a fully irrigated crop ideally trpiming at
maximum stomatal conductance, and the non-tramgpiraseline (NTBL). A CWSI value of zero correspomdth
a well-watered condition. A CWSI based on empiricatelines was first introduced by Idso et al. (398nd a
theoretical CWSI was first defined by Jackson e{E988). The base for derivation of the theorétizselines has
been the P-M ET model (Alves and Pereira, 2000)thacempirical CWSI based on a linear relationslepveen
AT and air vapor pressure deficit (Idso et al., 29&mpirical NWSBLs are climate dependent, sitectfprand
might change from year to year (Idso et al., 198es and Pereira, 2000). Thus, a theoretical aggronot
requiring costly, time-consuming field experimewii be more desirable.

As discussed before, the grass/alfalfa-based Efoisa suitable model for apple tree transpiratihe
estimation of the potential transpiration of apjpées requires only NWSBLs which must be develoggestifically
for apple tree conditions. However, the non-homeggnof apple tree canopies and highly variablerried
distribution of their surfaces pose a big challeilgthe modeling and required measurements. It tighpossible
to improve the required canopy temperature as ibgutying different installation positions and &g of infrared
temperature sensors (IRTs) and averaging readiogsd number of sensors to achieve an optimum acgur

The goal here was to develop an analytical modet$timating potential transpiration of whole appte ()
from the energy balance of a single leaf. The effeluded a) development of a theoretical NWSBLdelp b) a
method of estimating net radiation from, and c)impte model of canopy conductance not relying celdfi
measurements of stomatal conductance. Predictesbgatemperatures and potential transpiration rateboth

situations were compared with measutddvalues and ET calculated using the P-M approaspectively.
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2.3Material and methods

2.3.1Modeling of transpiration

Apple tree leaves were categorized into four mapes$ based on their exposure to long and short wave
radiation sources at midday (Fig. 2.1): a) one sikigosed to the sky and the other side exposedikttéotiage (top
leaves), b) both sides mostly exposed to the riadidtom the foliage within the canopy (middle aner leaves), c)
one side exposed to radiation from other leavebiwihe canopy and the other side exposed to thengrsurface
(bottom leaves), and d) one side exposed to theasHythe other side exposed to the ground surfide (eaves).
The top and middle leaves form the upper canopy tla@ side and bottom leaves make the lower canopy.

Here we assumed that an infrared sensor (IRT) céyn see the upper half of the canopy, thus onlydsa
falling into the “a” and “b” categories were of impance. The modeling was based on the assumgtatnthe
upper half can be treated as a single leaf bedh@gharacteristics of both upper canopy leavei iBhsimilar to
that of the “big-leaf” approach in the literatutddnteith, 1965; Thorpe, 1978; Caspari et al., 1998) assumes a
representative leaf embraces all of the propedighe whole tree canopy (Jarvis, 1995). Neglectiregabolic heat
production and heat storage, the energy balancagtieguor a single apple leaf is:

Rp = Raps — Loe = H + AE (2.1)
whereR,, is the net radiation®;;,; is the absorbed radiatioh,, is the outgoing emitted radiatiohE is the latent
heat flux, andH is the sensible heat flux from the leaf (all terane inWm~2). Absorbed radiation, for a leaf is the
sum of absorbed shortwave and long wave radiati®pss the difference between this sum and the emltad
wave radiation from the leaf. The average absorbdihtion for a leaf representative of the upperogy is then
calculated as:

Raps = a X Riop + b X Ripp, (2.2)
wherea andb are the percentages of each leaves typeand = 1. Because apple tree canopies are very sparse, it
is very probable that during day all types of thavies will finally become sunlit for about half adylight hours.
This leads to an assumption of equal numbers okk@ each category. Therefore, for daily meanesR,,  of

the representative leaf can be expressed as:

Raps = (Rtop + Rinn)/2 (2-3)
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E Upper Canopy

Figure 2.1Various types of leaves exposure to the long andat wave radiation sources (i.e. incoming and outgng) at solar noon.

The lower canopy will be still influential by radilag longwave energy at a temperature Tpf (canopy
temperature at the border of the two halves) touttiger half. As a simplification, this temperatwas assumed to
be the same as the canopy temperature measurde BRT. Total absorbed radiations (long and shavtes) for
the top and middle leaves were estimated usinfptlmving relationships, respectively:

Riop = as(FgiSq1) + @ (FaLa + FerLe) (2.4)

Rinn = as(FiySer) + a,(2F1 L) (2.5)
where Sy, is the global solar irradiance (sum of direct beamd diffused:S, = S, + S;), andS,, is transmitted
shortwave radiation through the apple legf & tSg,). L, andL, are longwave flux densities from the atmosphere

and the ground computed using the Stefan-Boltznesyuation. All radiations are in WF,,, F,., F, andF, are

gl
view factors between the leaf surface and the uargmurces of radiation; namely global (0.5) aadgmitted (0.5)
solar radiations, and atmospheric (0.5) and appkdanopy (0.5) thermal radiations, respectivEhe view factors
were calculated according to Campbell and Norm&®9&). 7, g anda; are green leaf transmittance, absorptivity
in the short and absorptivity in the thermal waveharespectively. The values of apple leaf and gdoaptical
properties were adapted from the available liteeafGreen et al., 2003b). The outgoing longwavéatemh from
the leaf (L,.) was calculated using the Stefan—Boltzmann reiatigp:

Loe = Foe,0T2 (2.6)
where g is the thermal emissivity of apple leafe;& o), o is the Stefan—Boltzmann constant
(5.67 x 10~8Wm™2K™*) T, is the canopy temperature (K), afdis the view factor between the entire surface of
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the leaf and the complete sphere of vigyw = 1.0). The emissivity of the skyef(c)) required to compute the
emitted radiation from the atmosphelg & ¢,(c)oTZ, T, in Kelvins), was calculated by (Monteith and Unsthipr
1990):

£,(c) = (1 —0.84c)¢g,. + 0.84c (2.7)
wherec is the fraction of the sky covered by clowdwas calculated by comparing daylight average af-timme

global radiation@, W m~?) with potential extraterrestrial incoming soladiation of the same dag{,, W m~?):

(-2 i<k
c = RaPot l gl = Tap (28)

0 otherwise

R4, was calculated according to the FAO-56 bulletitigAet al., 1998). The emissivity of clear sky{) was

estimated using the following empirical relationsfBrutsaert, 1984):
1/7
€40 = 1.72 (;—‘:) (2.9)

wheree, is the vapor pressur&Ra) at air temperaturel(, K).

The termH of the energy balance equation is expressed anfkel and Norman, 1998):

H = gyCp(T. — Ty) (2.10)
whereC; is the heat capacity of air (29.17 J th@™), T. is the temperature of the canopy (or the hypathéteaf,
°C), T, is air temperature (°Cj,, is boundary layer conductance to heat (m3lst). The termH is comprised of
two components ofl,, andH,; which are sensible heat fluxes from the abaxial adaxial sides of apple leaf,
respectively. This refers to the fact that appbevés are hypostomatous transpiring mostly throhghabaxial side
and that there is sensible heat exchange fromdid#s of the leaf.

The errors in conductance are normally distribwged its direct relationship to the water flux frahe leaf
makes it a better candidate for use in this came tasistance (Campbell and Norman,1998; Blanqeicet, 2009).
Thus, conductance here was preferred over thetitradi use of resistance in the calculations. Tbendary layer
conductance of air to heat for laminar forced catioa (g, ) was calculated using the following empirical fardan

(Campbell and Norman, 1998):

Gur = (1.4)0.135\/% (2.11)

where,u is the wind speed andl is the characteristic dimension defined as 0.#24i the leaf widthw; = 5cm:
measured in the field). The factor of 1.4 in EdLRis to account for turbulence (Campbell and NorniD98).
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Assuming equal conductance for both the abaxialaatakial sides of leaf, the combined air conduaancheat is
9gu = 2guys. Rearranging Eq. 2.1 to solve B1(= T,):

— guCpAT,

R,
T, = 15552 - (2.12)

whereT,, is the canopy potential transpiration (mm gaWT; is the potential canopy and air temperature difiee
(AT, = T, — T,) and factor 1555.2 (0.018 kg ot 24 h x 3600 s converts mol i3 s* to mm day. To estimate
T,,, AT, must be determined.

AT, of well-watered apple tree canopies was predibiedhe following procedure. First, the latent hétak

(AE) was calculated as (Campbell and Norman, 1998):

D
AE = grA (P—“> (2.13)

where P, is the atmospheric pressure (kPa)js the latent heat of vaporization (J Mpland g, is the total
conductance to water vapor (mofra') defined by a series combination of air boundaget conductancegf, mol

m? s%) and stomatal conductance to water vaggr (ol m? s?) (Blanquicet et al., 2009], is the canopy-to-air
vapor pressure deficit expressed ly= e.(T.) — e,, wheree,(T,) is the saturated vapor pressure (kPa) at canopy
temperatureT(., °C), e, is the vapor pressure (kPa) at air temperatlye®C). Substituting Eg. 2.12 and 2.13 in Eq.
2.1 and rearranging to solve T, yields:

P,R, — gzAD
AT, = &fn — 9127 (2.14)
9uCpFa

In this equationR,, and D, are functions of canopy temperatufk. was linearized a®, = A X AT, + D,
whereA is the slope of the relationship between satunatapor pressuree{, kPa) and air temperaturg,( °C). Air
vapor pressure deficitD) was calculated a®, = e, — e, (Idso et al., 1981), where; is the saturated vapor
pressure at the air temperatufg)(ande, is the actual vapor pressure of air. To eliminfefrom the right side of
Eq. 2.14, it was then rewritten as:

P,Q — grAD
AT, = —ta@ = 9r4la (2.15)
gHCPPa _nPa +AgTA

whereR,, = Q + nAT. Q andn are defined by the following equations, respetyive
Q = 0.25(asSy; + asSey + 4(a, — 1)Ly) (2.16)

and:
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n= (3a, — 4)e,(c)oT? (2.17)

By arranging Eq. 2.15, we can lineari%g in the formAT, = a — bD,:

A/P,
AT, =< ¢ )—( gri/Fa )Da (2.18)
9uCp —n +Agrs 9uCp —n +Agrs

wheres = A/P,. To avoid more sources of uncertaingy,andg, were not analyzed separately, but were dealt with
indirectly in form ofg;. Rearranging Eq. 2.14 to solve fpy yields:

Pa [Rn - gHCPATm]
= 2.19
gr D, ( )

where AT,,, the measured canopy and air temperature differehceand R,, are also computed using measured
canopy temperature. & function independent of canopy temperature was désived after analyzing the field

data.

2.3.2Application of T, model
Experiment site

The field experiments were conducted in an appthand of Fuji in the Roza Farm, at the WashingttateS
University, Irrigated Agriculture Research and Bsien Center in Prosser, WA, at the coordinatesatifude
46.26°N, longitude 119.74°W, and 360 m above seal.ld he site is located in a semi-arid zone withast no
summer rains and an average annual precipitati®ldfmm. The site’s soil is a shallow Warden Sdam (Web

Soil Survey) of more than 90 cm deep (field obsgom.

Plot design

The T, model was initially applied to a field investigati (scenario 1) in 2007 and 2008 where young, well-
developed apple trees were fully-irrigated. To stigate the consistency of the results across tbleaod during
each growing season, 2 rows/blocks of apple trd@stiees per block) as two replications were marfad
conducting the experiment. The rows/blocks wereathN” and “S”. The trees were spaced 4 m (row Bggdy
2.5 m (tree spacing) apart in the orchard andateid by amicro-sprinkler irrigation system witivater emitters of
27 L h* spaced at 2.5 m intervals. In 2007 and 2008, piateranspiration of apple treesfjlwas estimated for the

two fully irrigated blocks of N and S.
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After evaluation and optimization of theg ffiodel, it was applied to another case in 2013 wheesame apple
trees that while healthy, for various reasons Hittte or no fruit. During the 2013 growing periothe orchard was
irrigated this time by two lines of drip tubing éaals per row with in-line 2.0 L hdrippers, spaced at 91.4 cm
intervals along laterals. Six small plots consigtiof 18 trees each (6 by 3) were marked for coridgcthe
experiment. Two treatments of N and S were assigmétkse plots (3 replications/plots per treatment

The quantity of irrigation water applied to theetsewas controlled to never allow the soil waterlel#gn to
exceed the 50% maximum allowed depletion (MAD)dpple trees (Allen et al., 1998). This was assbsethking
weekly soil water content readings using a neufnabe (503DR Hydroprobe, Campbell Pacific Nucl€&oncord,

CA) to a depth of 90 cm (or deeper) in all of thetq@

M eteorological measurements

Canopy temperature along with meteorological datduding relative humidity, solar radiation, windezd
and air temperature were required inputs to thenddel and its subordinates. The real-time metegichl data of
the 2007, 2008 and 2013 growing seasons were @ltdiom two standard electronic weather stationsecko the
apple orchard (Roza and WSU HQ, Washington Agnicalt Weather Network). During our experiments ie th
2007 and 2008 growing seasons, no independergrapdrature measurements were taken in the orctiausl air
temperatures recorded in the field using the embeéd@mperature sensor of a Campbell CR21X datatogge
(Campbell Scientific, Logan, UT, USA) were usedeTdnclosure was shaded by the foliage at all ofithes. In
addition to these data, in 2013 air temperature maasured using three air temperature sensors (M&deL,
Campbell Scientific, Logan, UT, USA) installed ahe@ight of 2 m (in-line with the trees) at threedtons distant
from each other in the orchard. These air temperasensors were wired to Campbell CR10X dataloggers
(Campbell Scientific, Logan, UT, USA). Within-fielir temperature was calculated by averaging thdings from

the three sensors.

Measurement of canopy temperature
To monitor canopy temperature in 2007 and 200&ta bf 12 IRTs (Exergen model IRt/c®3 Type T,
Watertown, Mass.) in 6 pairs were mounted abovertes in the N and S plots. The IRTs were poidi@gnwards

at approximately 45 degree angles at both the rathsouth sides of a tree. The sensors were aibusing a
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blackbody calibrator (BB701, Omega Engineering,,|&tamford, CT) and wired to a CampkCR21X datalogger
(Campbell Scietific, Logan, UT, USA).

During the 2013 growing season, canopy temperaivae measured in retime using individual IRT:
(Excergen model IRt/c.2: Type J, Watertown, Masss)alled perpendicularly above a tree locatechatcenter o
the six plots (small plots of 18 treeSepulcr-Canto et al. (2006) and Testi al. (2008) used similar mounting
Olive and Pistachio trees, respectiveConsidering the field view of this model of IRT (8&gres), this form of
orientation and position willlecrease the chance of the ground being seen BRT. The IRT sensors were wirt
to a network of Campbell CR10 and CR10X datalogd&@ampbell Scientific, Logan, UT, USA) sending 1
temperature readings to a central computer thr@00 MHz wireless radios (RF40Campbell Scientific, Logar

UT, USA).

F Sensor

o i
-
- .

=
ke
Mouant ngTrell s
Pale

viounting/Treiiis
Poie

Figure 2.2IRT sensors setup in the field. In 2007 and 2008h¢ sensors were pointed downwards at approximate$5 degree angles &
both the north and south sides of a tree (left). 12013, the sensors were iralled at the top of trees closer to the crown to avd any

inclusion of the ground in the view.

Estimation of reference ET

To estimate alfalfa reference evapotranspirat , mm day’) of the irrigated Fuiji apple orchard, the AS
standardized Penmavienteith equation (ASC-EWRI, 2005) was used. The requin@éteorological datincluding
the dhily received solar radiation in (MJ? day?), relative humidity and wind speed were obtainearf the nearb’

weather stations. Air temperaturegximumand minimum) was provided by thefield sensors

Model assessment
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The performance of the,Tnodel was evaluated using the estimated valugsua$piration from the model and
those predicted by the P-M model. The two sub-modeAT, andgr were assessed using the measWwBdAT,,).
The statistical means used were consisting ofh@)relative errorRE) between total predicted transpiratioiy X
and ET, b) the root mean square err@MSE), c) the coefficient of variation of RMSEY of RMSE), d) the mean
absolute errorMAE), and e) a linear regression between predictedbhrdrved values or two sets of predictions. A
satisfactory prediction was assumed when the linegnession yielded slopes close to unity, intetcefose to zero
and high correlationR?). The accumulated predicted transpiration fromTEhenodel 1) and P-M model§py)

over a period of time were compared by calculativgrelative errorKE):
RE=—""-—-— (2.20)

The root mean square err®MSE) was exploited as a measure of the variance betgand ET.

RMSE = /w (2.21)

and as a measure of the variance between predieteopy and air temperature differened;f and measured

canopy and air temperature differena&y):

AT, — AT,,)?
RMSE = 2(17’") (2.22)

where n is the number of measurements. The coafti@f variation (CV) of RMSE was calculated byidiug
RMSE by the mean of measuremenis (

RMSE
CVruse = — (2.23)

Considering the sensitivity of the RMSE to outlietee mean absolute erravidE) was also used as a safer
measure of the variance betwedh andAT,,:

AT, — AT,
MAE = w (2.24)

In addition to the aforementioned statistical meahe coefficient of variation of the standard dgign
(CV of STD, the ratio of the standard deviation to the meaa$ also employed to calculate canopy temperature
variations among the apple trees. The RMSE was wdsd to measure the average difference betweerirveo

series.
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2.4 Results and discussions

2.4.1Microclimatic considerations
The T, model (Eg. 2.12) and its components required rolomatic parameters including relative humidity,

solar radiation, wind speed and air temperatuia@gs. We compared air temperature measuremetitg iorchard

in the growing seasons of 2007, 2008 and 2013 thitlh of obtained from the nearest weather stafien Roza,
Washington Agricultural Weather Network). During roexperiments in 2007 and 2008, no independent air
temperature measurements were taken in the orctheefore, the air temperature records by thenatesensor of
the datalogger were used. Although this methodrakeaperature measurement was expected to beiatsbwvith
errors, our analysis showed that these data werbefiéer than that of obtained from a nearby weasiation. A
sensitivity analysis and preliminary results reedathat using air temperature data from the weattsion could

lead to substantial errors making the applicatibtihe T, model impossible.
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Figure 2.3Comparison of diurnal changes of air temperature T,) obtained from the closest weather station (Rozawashington
Agricultural Weather Network) and those measured inthe orchard during the growing seasons of 2007 (82008 (b) and 2013 (c). All

graphs (a—c) represent the average @f, over 118 successive days (DOY=152-270) during naidd late season.

As it can be seen in Fig. 2.3, the two sets of dia¢athat of obtained from the orchard and neaxleather
station) exhibited completely different patterns aif temperature diurnal change in terms of maximamal
minimum temperatures and time of their occurrericethe growing seasons of 2007 and 2008. Maximuigh an

minimum of air temperatures measured in the orchaodirred with a few hours of delay after the cgpmnding air
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temperatures at the weather station. This resiitagh to 10°C of difference between the two time series during
some times of day and average difference (RMSBR)&IC in 2007 and 1.8C in 2008 for daily mean values.

Regardless of a relatively good method of air tenajpee measurement that was employed in 2013, &imil
problem was detected. However, the difference was pronounced with a RMSE of only 0@t for daily mean
values. This was an expected phenomenon becauggettae canopies of apple trees can form localadiicnate.
This causes diurnal variations of microclimatol@djicariables such as air temperature to be notdiffigrent than
those of meteorological parameters obtained fromearby weather station. In 2013, however, the éextén
difference in the diurnal changes of air tempematarthe field and weather station were less cosgpér 2007 and
2008 which could be due to lesser degree of camppwth and consequently lesser impact on the sndiog
environment.

AT was calculated by averaging over the course odrs¢vaysfor three occasions including early, mid and
late in the season with two different series oftamperature data (two scenarios): a) measurednwittie orchard
(Fig. 2.4a2c¢2) and b) obtained from the nearby weather stdfian 2.4a%cl). In scenario “a”, maximum stomatal
activity of apple trees (e.g. maximuT’) occurred late in the morning and late in theraften with a shift from
early in the season to late in the season. Eatlydr?008 and 2013 seasoa®, started declining in the morning and
reached positive valuedT > 0) at solar noon. Although similar declining patterould be seen throughout the
seasons, its occurrence at this degree might himlpaattributed to the contribution of the grousdrface thermal
radiation to the canopy temperature. The completibrioliage growth towards the mid season minimizbhd
ground being seen by the IRTs.

A similar pattern of apple trees activity to thdtsasenario “a” was previously reported by Tokei dhagnkel
(2005). This can be explained by the fact thatadidition to R, the transpiration of apple trees is controlled by
stomatal regulation which is reflected in a lowemdelevated canopy temperature. The observed merhafvthe
apple trees was different from row crops wherettaaspiration is mainly driven by net radiation kka, 2003) and
is reduced drastically in response to low solaratémh levels (Wanjura and Upchurch, 1997). Thit miake it very
difficult if not impossible to estimate hourly poté&l transpiration of apple trees as stomatal ootahce is
controlled by additional factor(s) not includedtie energy budget equation. Daily transpiratioryéner, relies on

daily mean values of canopy temperature where ti@yverall activity is of importance.
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Figure 2.4 Average diurnal changes of canopy and air temperate differences AT) during early, mid, and late season in the 2007 {a
a2), 2008 (b1, b2) and 2013 (c1, c2) growing seasoBach curve represents the average aff over a few successive days: DOY=152-160
as early, DOY=191-200 as mid and DOY=260-270 asdah the season. Average diurnal variations ofT are shown for two situations:

air temperature measured in the orchard (al—cl), athair temperature from the weather station (a2—c2).

In scenario “b” whereAT was calculated using, obtained from the weather station, maximum stomata
activity of apple trees moved to early in the mognwith a shift from early in the season to latéhe season. This
does not comply with the literature as it lacks dlegvity late in the afternoon reported by Toked@unkel (2005).
Our analysis showed daily meaf computed using air temperature obtained from athegastation could not
reflect trees stomatal activity being positive orall negative values throughout the season witaveamage of -0.5
°C (STD =1.2) in 2007 and -0% (STD =1.4) in 2008. We, therefore, only usedt@mperatures measured in the
orchard and focused only on predictions of dailyeptial transpiration rather than over shorter tsnales. All of
the other required meteorological parameters westaimed from the weather station assuming that ethos

measurements were reliable enough or of less defiegortance.

2.4.2Modeling of transpiration Potential AT (AT,)

During mid-season, the crop coefficient for conwveytalfalfa ET, to apple trees transpiration is almost 1.0 with

a peak of 1.06 (Karimi et al., 2013). This is adimvhen under normal conditions actual transpiratibrwell-
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watered apple trees is expected to be close talfafa reference ET (maximum of 6% discrepancy). avoid
uncertainties of canopy temperature measurememtsciadly during early-season (due to incomplete opgn
growth), we picked the time period of mid-seaso®@{D= 155-243) for the purpose of comparisons.

Total conductance to water vapge§ defined by Eq. 2.19 is simply a different arramgat of Eq. 2.18 before
linearization and is itself a function @f, therefore cannot be directly used to estimife Considering a high
degree of coupling between apple leaves and thewnding air, daily mean canopy-to-air vapor pressieficit
(D.) was highly correlated (linearly) with daily buslir vapor deficit D,) during the 2007, 2008 and 2013 growing
seasons with R-squared values greater than 0.9®.(01). The slope and intercept Bf and D, relationship
curves were slightly different across the plots &moth year to year. The fully irrigated season2007 and 2008
had the closest values, while the greatest fietéhigdity and difference with the rest of the exijpegntal years was
seen in 2013 when the apple trees were on alteberieng. Considering the good consistency amogdfidid
results on the linear relationship betweRn and D,, further steps were taken to simplify Eq. 2.19ntake it

independent of canopy temperature.

Daily Mean D, [kPa]
0.0 1.0 2.0 3.0 4.0 0.0 1.0 2.0 3.0 4.0 0.0 1.0 2.0 3.0 4.0
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Figure 2.5Relationship between daily canopy and air temperatte difference AT,,) and air vapor pressure deficit () for mid-season of

2007 (a), 2008 (b) and 2013 (c) (p<0.001).

There was very weak correlation between daily nigaandAT in the experimental years (Fig. 2.5). To relate
D, to AT, D. was linearized instead & = A X AT, + D,. Considering a linear relationship betwdgnandD,, D,
was replaced withmD, + b;, wherem and b; are the slope and intercept bf and D, relationship curve,
respectively. After some manipulations, Eq. 2.19 wawritten as:

_ QA+ (n — gyCp)(MD, + by)
gr A(mD, + by)s

(2.25)
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where m = m — 1. g was computed using Eq. 2.25 and coefficients of ‘and “b,” obtained by a linear
regression betweeb, andD,. It was then put in Eq. 2.15 aid; was estimated for the growing seasons of 2007,
2008 and 2013. The statistical results are predent€able 2.1. The correlation was not satisfactenich could be
due to different reasons including field variakilitinearization error, temperature measurememtrearc. We tried
determining the empirical coefficients by fitting|E2.25 to Eq. 2.19. The values obtained for coieffit “m” were
very close to unity. We, therefore, omitted “mh & 1), added two new empirical coefficients lgf and b, and
modified the model to the following form:

QA+ by(n—guCp)
A(D, + by)s

gr = b, ] +b, (2.26)

Among the remaining coefficients; had a minimum effect on the results (an improvenoémbout 0.31C if
included). Therefore, with minimal compromisingtbe prediction’s accuracy, Eq. 2.26 was furtheiirojzied to
the following equation:

P,Q
gr = b, E] + b, 2.27)

This equation, without the calibration coefficienis very similar to the inverse of the climaticsistance
defined by Rana et al. (2005). Eq. 2.27 is onlyeselent on air vapor pressure deficit and Q which fisnction of

global radiation §,,) and air temperature. We used this relationshipttie rest of total canopy conductance

estimations required for determining NWSBLs.

Table 2.1Comparison of predicted potential canopy and air tenperature difference (AT,) and observedAT (AT,,). The

coefficients are obtained by linear regression beteenD, and D, (b, = 0.0 and B = 1.0).

Year Plot B m R AT, CVofSID AT, MAE(°C) CV of RMSE

2007 S 0.07 0.69 0.39 -3.00 0.04 -1.91 1.12 0.07
N 007 071 0.33 -2.80 0.02 -1.73 1.11 0.06
2008 S 001 0.64 056 -2.77 0.07 -3.15 0.52 0.03
N 002 069 055 -2.69 0.03 -2.56 0.46 0.03
2013 S 0.06 092 0.14 -1.06 0.08 -0.23 0.89 0.05
N 000 0.84 043 -1.18 0.05 -1.20 0.24 0.02
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Figure 2.6 Comparison of average daily potential conductanceg((Pot), mol m? s*) estimated by Eq. 2.27, and that calculated by EQ.19

(gr(Cal), mol m? s?) (p<0.001).

By fitting the average daily potential conductaestimated by Eq. 2.27 to that calculated by EqQ Zlihear
regression), the values &f for the 2007 and 2008 seasons were obtained &sahl. 9.5, respectively. For the
same periodp, values were found to be -0.30 and -0.15, respagtivDue to the high non-uniformity of the
canopies in 2013, the coefficients calculated fer N and S plots were quite different with = 4.3 and b, =
—0.05 for the N plot, andb, = 8.0 andb, = —0.4 for the S plot. The results of linear regresdimtween the
simplified g model (Eq. 2.27) and the original model (Eq. 2f®)the N and S plots are illustrated in Fig. gaé
c). The average df, andb, in 2007 and 2008b§ = 10.5, b, = —0.23) were applied to both years to investigate
the repeatability of the results. The linear regj@s yielded slopes of close unity and intercefptslase to zero in
2007, 2008 and 2013. However, tRé value in 2013 (B=0.38, p<0.001) was less desirable compared to 2007
(R?=0.67, p<0.001) and 2008 180.64, p<0.001).

The empirical coefficients of band B were determined for each season separately bggfitT, to the
measured values afT (AT.)). The results are presented in Table 2.2. Asritleaseen, the values ofibh 2007 and
2008, and for the N and S plots were almost theesamd b was zero. In 2013, however, the coefficients were
different from the rest of the years. In 2013, fieéd also showed a high degree of non-uniformityoag the tree

canopies of the N and S plots which is reflectethastatistical results of Table 2. The plotggfPot), gr(N) and
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gr(S) are illustrated in Fig. 2.7. The difference betweg.(N) and g-(S) resulted from a difference in the

measured canopy temperatures which is itself diieetmon-uniformity of the apple tree canopies.

Table 2.2Comparison of predicted potential canopy and air tenperature difference (AT,) and observedAT (AT,,). The

coefficients were obtained by linear regression beteenAT, and AT, (b, = 0.0 and m = 1.0).

Year Plot B b, R, AT, CVOISTD AT, MAE(°C) CV of RMSE
2007 S 0.00 8.47 0.67 -3.00 0.04 -2.98 0.38 0.02
N 0.00 7.63 053 -2.80 0.02 -2.77 0.43 0.03
2008 S 0.00 8.12 0.76 -2.77 0.07 -2.80 0.34 0.02
N 0.00 8.14 0.76 -2.69 0.03 -2.71 0.32 0.02
2013 S 0.16 158 0.25 -1.06 0.08 -1.09 0.27 0.02
N 0.22 1.06 0.74 -1.18 0.05 -1.16 0.18 0.01
A EE

gT [mol m2s1]
o
wn

0.0

800008

o (o] oA
“‘AA‘AAAAAA

155 165 175 185 195 205 215 225

Day of Year

Figure 2.7Plots of average daily potential conductance {§Pot), mol m? s?) estimated by Eq. 2.27, and that of calculated bq. 2.19

(gr(Cal), mol m? s?) for the N and S plots (in 2007 and 2008,k 0.0 and b= 8.0; in 2013, b= 0.22 and b= 1.06).

The weak correlation between (Pot) andgr(Cal) in 2013 can be explained by the fact that theeppkes

were on alternate bearing. This means that altheaghtions of stomatal conductance were depengienteather
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conditions, the average level of stomatal condwdamas maintained low in response to the smaltsfron them
(Palmer et. al., 1997). In 2013, the trees play®dnbain role in controlling the average canopy cotahce rather
than climatic factors, while in 2007 and 2008 sttahaegulations were more affected by radiation &agor

pressure deficit.

Measured and predicted canopy and air temperaitfexrethces (daily average) for the three yearsieifif
investigations are plotted in Fig 2.8. Linear regien betweerT, andAT,, using the data of mid-season in 2007
yielded a slope, intercept aRd of 0.92, -0.26 and 0.67 for the S plot (Fig. 2,%ad 0.83, -0.49 and 0.53 for the N
plot, respectively. For the same period in 2008inear regression betwee&l, and AT, resulted in a slope,

intercept andk? of 1.19, 0.56 and 0.76 for the S plot, and 1.085@nd 0.76 for the N plot (Fig. 2.9b), respedyive

215 225 235

Dag of Year [DOY]
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|a)2007| cecefpece AT| - 0.0
—————— AT (S) ;

Daily Tc - Ta [°C]

-2.5

Figure 2.8Plots of measured 4Ty and ATs) and predicted (AT;) canopy and air temperature difference (daily aveage) for the three

years of field investigations (N and S plots, mideason in 2007, 2008 and 2013).

In 2013, the results from the N and S plots weligeqdifferent with no correlation betwe@T, andAT,, in the
S plot with slope, intercept arRf of 0.56, -0.45 and 0.25, respectively, and a iradbt high correlation between
the predicted and measurad in the N plot with slope, intercept amf of 0.85, -0.19 and 0.74 (Fig. 2.9¢),

respectively. The\T predictions were all satisfactory in the experniaé years with average MAEs of 0.41, 0.33
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and 0.23C in 2007, 2008 and 2013, respectively. Moreoveprasented in Table 2.2, variation of predicti(@¥
of RMSE) in all of the experiment plots/years wastér than that of measurements (CV of STD) withekception

of the N plot in 2007 with small difference (3% 2856).
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Figure 2.9Correlation between measured and predicted canopyra air temperature difference (daily average ofAT) for the three years

of field investigations (mid-season in 2007, 2008@& 2013).

The variation of canopy temperature measurementm@rthe plots and from year to year was about 4.8%.
This small variation indicates that the numberRT Isensors used per plot and canopy surface viéwehle IRTs
were good enough. In addition, this could be aficatébn that, as planned, all of the trees werd-imgdated (Testi
et al., 2008). As the linear regression resulteddad correlations andT was accurately predicted (Table 2.2), as

well as similar results in the N and S plots, isveancluded that the performance of M@ model was satisfactory.

2.4.3Potential transpiration (T )

In all of the three years,;Bhowed a good correlation with EWith T, being overall more than P-M reference
ET (Fig. 2.10al—c1). Based on the results preseintétable in 2.2, the best match between the prediend
observedAT in the 2007 and 2008 growing seasons were aathieyeonly adjusting » The rounded average of b
in these years (58.0) was used to estimaid, and potential transpiration rates of the applestiie 2007, 2008 and
2013. Except for the air temperature which was mmegs in the orchard, all of the meteorological paeters

required to computepland ET were obtained from the weather station.
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Figure 2.10Correlation of daily potential transpiration (mm day™) estimated by the T, model for two apple tree rows (N and S) with that

of predicted by the P-M model (ET) for the 2007, 2008 and 2013 growing seasons (f3QL).

Linear regression between daily @nd ET (Fig. 2.10al—c1l) yielded good correlations withdR 0.84, 0.76
and 0.89 (p <0.001) for mid-season in 2007, 2008 2013, respectively. However, non-zero interceptialues
and line slopes of about 0.7 pointed out at thetfsat the |, model overestimated transpiration compared tdPthe
M method. Due to this overestimation, totgl Was higher, yielding relative errors (RE) of -18%,13% and -

0.14% during mid-season in 2007, 2008 and 2013etively (Table 2.3).

Table 2.3Comparison of predicted potential transpiration rates by the P-M model (ET) and the T, model in the growing

seasons of 2007, 2008 and 2013 0.0, h = 0.0, = 8.0, and m = 1.0).

Year R RMSE(mm) RE

2007 0.78 1.45 -0.18
2008 0.70 1.64 -0.13
2013 0.81 1.52 -0.14

For the purpose of comparing thg and ET behaviors, two boundary conditions of warm and @y >
1.4kPa, S5 = 330 £ 30), as well as cold and humid{ < 0.4kPa, S, = 150 + 50) were assumed.,Twas fitted

to ET, to minimize their difference (Fig. 2.10a2—c2). Ihésulted in pvalues of 6.13, 6.51 and 6.5Q:%0) for the
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2007, 2008 and 2013 seasons, respectively. Asiibeaseen, no significant change in tHevRlues occurred as, T
estimations were already fairly close to thosehaf ET, estimations. Similar to the reference alfalfa/graksing
warm and dry days the transpiration of apple tre@s expected to be mainly driven by net radiat@ragoni et al.,
2005). As it was anticipated, the estimatgdvis well correlated with ETR? = 0.58, p<0.001) on warm and dry
days with a slope of close to unityQ(99) and interception of close to zer®(10) (Fig. 2.11a). However, because
of a high coupling between the apple trees andhtimaidity of the surrounding air (Jarvis, 1985) resulted in
significantly lower values (Fig. 2.11b) during caldd humid periods showing a very week correlatith ET, (R?

= 0.42, p<0.001).
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Figure 2.11Correlation between T, and ET, during warm and dry periods (a; p<0.001), and dung cold and humid days (b; p<0.001) for

the 2007, 2008 and 2013 growing seasons (combinéd)each category, days with similar average dailgolar radiation were used.

Total crop water use predictions from therifodel and P-M approach calculated for mid-seas&®©07, 2008
and 2013 are depicted in Fig. 2.12. Although theuawlated T of the N and S plots were very close, their values
were averaged to obtain one single value. Calauiatf T, using the coefficients presented in Table 253=(6.0
and b = 8.0) resulted in a small difference of about Ifith between the total Tand ET during all of the
experimental years (Fig. 2.12a). Accumulatgdviis also computed by assuming=t0.0 and b~ 6.5 (Fig. 2.12b).

The difference between the predicted values fraartwo models was very trivial.
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Figure 2.12Accumulated water use predicted by the , and P-M ET, models at mid-season in 20072008 and 201%(averages of the N

and S plots). T, was calculatedusing the coefficients presented in Table 2.3 (ahd using the values oby = 0.0 and t,= 6.5 (b).

According toDragoni et al. (2005), during warm and dry days ¢hap coefficients (I) are expected to be
similar to the published Kfor arid climates like Washington State. Considgrihe dominance of dry and wal
periods during midseason in Eastern Washington and a difference mfte8% (average) between accumulate(
and ET, the total predictetranspirations seemed logicin the studied arewith an arid climate (higlD,), there
does not seem to be any advantages in us, over the P-M modédbr the estimation of apple trees potential wi
use. However,n more humid climates (smallD,) ET, seems to be minimallgorrelated wit Tp. In more humid

climates, using Efis expected téead tosignificant overestimation of apple trees trangforerate:.

2.5Conclusions

During the 2007 and 2008 growing seasons canoppdeatures of apple trees were measured using
pointed downwards at approximately 45 degree argjlé®th the north and south sides of a and in 2013 using
those of installedperpendicularly abovea tree respectively. A transpiration model along withesh IR
measurements, ifield air temperature sensors, and local meteoicébglata from a nearby weather station w
used to estimate potential transpiration of appées The T, model presentediere adequately descrd the
transpiration of apple trees under real field cbods.

Since alfalfa/grass mainly respond to net radiatiorihe I-M approach a constant value of 0.6 m¢? st is
assumed for the “big leaf” stomatal conductarAllen et al., 1998 To account for the response of apple le:

stomas to the bulk air relative humidity, in thegent approach, a simple model \ theoretical basis depende
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merely on radiation and vapor pressure deficit degeloped. Under normal conditions (well-irrigatgdung apple
trees), this model only requires the determinatibone empirical coefficient. In the studied orahathis empirical
coefficient showed to be fairly constant with stigfariations from plot to plot and from year to yelm 2013, the
average stomatal conductance was maintained lothéyrees in response to low fruit loads which ttesuin the
empirical coefficients being different than the athyears. This has to be accounted for in estimatiof
transpiration at post harvest times because a tieduim crop loads can decrease the stomatal caadce and
consequently transpiration of apple trees (Auzmeedial., 2011; Girona et al.,, 2011). To formulatest
phenomenon, the relationship between the conduetand apple fruit loads needs to be established.

The canopy temperatures of the fully-watered treese well predicted, with an average MAE of about
0.32C. These MAEs were better than the accuracy ofdividual IRT indicated in the manual (+0@. Climatic
parameters and canopy conductangg (vere the only required inputs to th&, model. Once used to calculate the
CWSI, the present NWSBL model can be used for falljomating of apple orchards. Considering theaesp of
apple trees to the bulk air relative humidity, Huvantages of the NWSBL angl odels will be more pronounced
if used in more humid areas compared to Easterrig®n.

The components of the,Tmodel required microclimatic parameters as thgiut while, in many cases, the
most feasible data are acquired from a weatheiostan the vicinity of the field. Our analysis realed that,
although apple leaves were well-exposed to thefaimation of microclimate around large tree caesptaused
diurnal variations of a meteorological variableelikir temperature to be notably different than ¢hoE obtained
from a nearby weather station. All of the otheruieed meteorological parameters were obtained fiteerweather
station assuming those measurements were reliibleever, study of the microclimate to find relasbips
between the measurements taken within and oute&ldéiéld can probably allow for enhancing the eations of
crop water use from the model.

Apple trees transpiration was modeled based oertkegy budget of a single leaf. There were somecesiof
uncertainty in the modeling of light and thermaérgy interceptions by apple trees. A tree canompiaprised of
an unknown number of shaded and sunlit leaves,shndt growth constantly changes light interceppatterns.
Apple trees, which have discontinuous canopies, t@re various forms of architecture and their lsaaee of
different shapes, sizes and orientations. Moreottez, T, model was basically derived for light interception

conditions at midday. This introduced some errargstimations of transpiration when used for tim#eer than
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solar noon in hourly or smaller time scales. Anotlg@proximation was introduced into the model by th
temperature across the upper half of the canopggbassumed uniform and equal to the average tetopera
measured with the IRTs. Here we compared our appragainst the P-M model. The performance of thenddel
and its components can be further investigatedguisisimeter (Auzmendi et al., 2011) or sap flow smw@aments

(Dragoni et al., 2005; Nicolasa et al., 2005).
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CHAPTER THREE
ESTIMATING ACTUAL TRANSPIRATION OF APPLE TREES BASE D

ON INFRARED THERMOMETRY ?

3.1 Abstract

To maximize irrigation efficiency, applied watersh@ be precisely adjusted to the crop water usedéveloped a method
based on the energy balance of a single appladeziculate transpiration (T) from the whole trébe model uses canopy and
air temperatures measured in the orchard, and atlke&zorological data from a local weather statisrinputs. Two scenarios
were examined to support the application of thisletoa) well-watered, young Fuji apple trees, apdlter apple trees bearing
little fruit. Estimated transpiration rates at battenarios were compared with those of predicténgughe Penman-Monteith
model corrected by regionally adjusted crop cokffits (ET). The model was evaluated using the temperatueeatdlected in
an apple orchard during the growing seasons of 28008 and 2013. During the mid- and late-seasb88®@ and 2008, T were
better related to EJon warm and dry days {R= 0.57, slope = 1.16, Intercept = 0.4) than dugnofgl and humid periods R
0.48, slope = 0.69, Intercept = 2.3). Combiningrémalts of the two seasons, the T-model estimatvegre well correlated with
ET. (R* = 0.77) with relationship slope and intercept dd and 1.08, respectively. In 2013, the mean aciaikr use as
calculated by a soil water budget was significates than EJwhile there was no significant difference betwésmean total
T and the actual water use. In 2013, a linear ssipa analysis of the T and solar noon stem wattanpial T, showed they
were highly correlated (solar noon T?R0.85; daily T: B= 0.87). While our experiments presented variedlte®n a linear
relationship between air vapor pressure defigjf) (andT from year to year, similar results in all of thede growing seasons
indicated that the canopy and air temperature réiffee AT,,) could be linearly related to T. According to tfiemodel,
maximum transpiration of the apple trees occurrethe morning. As a basis for a fully automatedeysof irrigating apple

orchards, the present model can provide real-tigemuse in any time scale.

Keywords: Infrared thermometry, stem water potential, crogfficdient, evapotranspiration
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3.2 Introduction

To maximize irrigation efficiency, applied watershi@ be precisely adjusted to the crop water ussd@esus
et al., 2011). To estimate the water use of appest (ET), the evapotranspiration (ET) calculated using the
Penman—Monteith equation (Allen et. al, 1998) andected by a crop-specific coefficient JKis often used
(Lakso, 2003). Due to various approximations argliagptions in the determination of, =T, estimations can be
inaccurate (Auzmendi et al., 2011). To eliminate tieed for using a crop coefficient, some reseasdheve related
the transpiration of apple trees to the field measients of the daily or solar noon radiation ingégteon (Auzmendi
et al., 2011; Girona et al., 2011; Casadesus €2@l1). However, these relationships are empiacal most of the
times site-specific data are required (Pereird. e2606).

Apple trees fall into the category of tall, disdonbus horticultural crops with well-coupled leaviesthe
atmosphere (Jarvis, 1985). The transpiration ofeappes is controlled by stomatal conductance radiaition and
vapor pressure deficit (Lakso, 2003; Dragoni et2005). In addition to responding to environmeifiéators like
solar radiation and vapor pressure deficit (Jart835; Lakso, 2003), the stomatal conductance pfeafeaves
changes in response to changes in crop loads (Pa&imal., 1997). The latter is not directly accmahfor in
available empirical relationships (Jarvis, 1976oifte et al., 1980), thus satisfactory estimatiorsd@pendent upon
local adjustments and empirical coefficients.

If stomata close in response to a water deficittée transpiration decreases and canopy temperattieases
(Blanquicet et al., 2009). As an alternative apphpastomatal conductance and therefore transpiraten be
possibly estimated through the measurements ofpsateomperature by infrared thermometry. Rather thaing a
relative indicator of water stress, the canopy terafure along with measurements of metrologicabfacaffecting
stomatal conductance can be possibly used to dstitrenspiration of apple trees by the use of argnbudget
equation. There is fairly good literature availablethe applications of infrared thermometry in &fimations of
homogenous row crops. Jackson et al. (1981) prapaseethod to calculate crop ET indirectly from thep water
stress index (CWSI) measurements. Following theesapproach, Taghvaeian et al. (2012) used CWSksaio
estimate maize transpiration. Ben-Asher et al.89)%used infrared thermometry to estimate aerodymamd
canopy resistance required for the computatiomasfdpiration from a Penman ET equation in tomatoes.

However, the non-homogeneity of the tree canopése a big challenge in the use of infrared theretpm

the modeling of the transpiration process, anchenrequired measurements. Considering the highafasiermal
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cameras, complicated image processing requirenmehinadequate resolution of satellite images (Tetsal. 2008),
it is still beneficial to try different installatiopositions and angles of infrared sensors (IRMd)averaging readings
from a number of sensors to achieve an optimumracgu Thermal methods in the form of the empiriC&VSI
have been studied on some fruit trees includingapigos, peaches, olives and grapevines (Testi. 2088;
Paltineanu et. al. 2013; Berni et al., 2009; Agdrale 2013; Akkuzu et al., 2013; Wang and Garti2@f,0). Tokei
and Dunkel (2005) reported a case study on theilgessse of canopy temperature in the determinatioapple
tree transpiration by a theoretical approach. Tistidy focused primarily on the interactions of ttenopy
temperature and some environmental factors (ickatian and relative humidity) measured in the wiitgi of the tree
canopies with some specialized instruments.

The goal here was to develop an analytical modet$timating the real-time transpiration of whopgple trees
from the energy balance of a single leaf similathat of the big leaf approach (Monteith, 1965; iy 1978;
Caspari et al., 1993). This effort included a mdtbbestimating net radiation from climatic paraerstto eliminate
a need for net radiation measurements in the fiBlstimated transpiration rates were compared withse

calculated using the P-M model and adjusted creffictent values for the region.

3.3 Materials and methods

3.3.1Modeling of transpiration

It was assumed that the infrared temperature serfHRTs) could only see the upper half of the can@pg.
3.1). Based on this assumption, the top tree leaxwgs categorized into two main types based om thgiosure to
long and short wave radiation sources at solar napane side exposed to the sky and the otheresigesed to the
foliage (top leaves) and b) both sides mostly eggde the radiation from the foliage within the epp (middle or
inner leaves). The modeling was based on the assamtpat the upper half can be treated as a siegliebearing
the characteristics of both upper canopy leaf typeglecting metabolic heat production and heatagi®, the
energy balance equation for a single apple leaf is:
Rp = Raps — Loe = H + AE (3.1)
whereR,, is the net radiationR,;,, is the absorbed radiatioAE is the latent heat flux,,, is the outgoing emitted

radiation,H is the sensible heat flux from the leaf (all terame inWm™2). Absorbed radiation for a leaf is the sum
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of absorbed shortwave and long wave radiationsn@hdadiationR,, is the difference between this sum and emitted
long wave radiation from the leaf. Assuming equahbers of leaves in each categary, of a leaf from the upper
canopy can be expressed as:

Raps = (Reop + Rinn) /2 (3.2)

The lower canopy will be influential by radiatingnigwave energy at a temperaturefof{canopy temperature
at the border of the two halves) to the upper hBlffis temperature is assumed to be the same asatiwpy
temperature measured by the IRT. The total absarddidtion (long and short wave) for the top anddte leaves
were estimated using the following relationshigspectively:

Riop = as(FyiSy) + ay(Flg + F.L,) (3.3)
Rinn = as(FerSer) + a (2F.Lc) (3.4)
whereS,, is the global solar irradiance (sum of the ditegam and diffuseds,, = S, + S;), andS,, is transmitted
shortwave radiation through apple leavsg. € ©S,). Lo, L. and L, are the longwave flux densities from the
atmosphere, apple tree canopies, and the grounguteth using the Stefan-Boltzmann equation. All atidn is
measured in W i Fy,, Fyy, F, andF, are view factors between the leaf surface anddneus sources of radiation;
namely global (0.5) and transmitted (0.5) solatatoin, and atmospheric (0.5) and apple tree carfof®) thermal
radiation, respectively. The view factors were ghted according to Campbell and Norman (1998ys and«a;

are green leaf transmittance, absorptivity in thers and absorptivity in the thermal wavebandpeesively. The
values of apple leaf and ground optical propenvese adapted from the available literature (Greteal.e 2003b).
The outgoing longwave radiation from the leaf/canofh,.) was calculated using the Stefan—Boltzmann
relationship:

Loe = Foes0TS (3.5)
where ¢, is the thermal emissivity of apple leafs,&a), o is the Stefan—Boltzmann constant
(5.67 x 10~8Wm™2K™*) T, is the canopy temperature (K), afdis the view factor between the entire surface of
the leaf and the complete sphere of viéw= 1.0). The emissivity of the skyf(c)) that is required to compute the
emitted radiation from the atmosphelg & ¢,(c)oTZ, T, in Kelvins), was calculated by (Monteith and Unsthipr
1990):

£,(c) = (1 —0.84c)¢g,. + 0.84c (3.6)
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wherec is the fraction of the sky covered by cloudswvas calculated by comparing the daylight averdgeal-
time global radiation@, W m~?) with the potential extraterrestrial incoming saiadiation of the same dag [,
Wm™2):

S, . (3.7)

l .
c = (1 - RaPot) lf Sgl = Rap

0 otherwise

R4, was calculated according to the FAO-56 bulletitigi et al., 1998). The emissivity of a clear sky.§
was estimated using the following empirical relasibip (Brutsaert, 1984):

fqe = 1.72 (T—)l/ ’ (3.8)

wheree, is the vapor pressuré&Ra) at air temperatureT(;, K). The termH in the energy balance equation is
expressed as (Campbell and Norman, 1998):

H = gyCpATy, (3.9)
whereC; is the heat capacity of air (29.17 J th@™), AT,, is the measured canopy and air temperature diftere
(AT, = T, — T,), T, is the canopy temperature (or the hypotheticd] %), T, is the air temperature (°C), apg is
the boundary layer conductance to heat (mdlst). The termH is comprised of two components Bf, andH,,
which are sensible heat fluxes from the abaxial aaalxial sides of apple leaf, respectively. Thieneto the fact
that apple leaves are hypostomatous transpiringlynttsough the abaxial side and that sensible lesahange
occurs from both sides of the leaf. Following Carlpland Norman (1998) and Blanquicet et al. (2009),
conductance here was preferred over the traditiosal of resistance in the calculations. The bouyndayer
conductance of air to heat for laminar forced catioa (g,7) was calculated using the following empirical faren

(Campbell and Norman, 1998):

Guy = (1.4)0.135\/% (3.10)

where,u is the wind speed andl is the characteristic dimension defined as O.#®24i the leaf widthwf, = 5cm:
measured in the field). Assuming equal conductdocéoth abaxial and adaxial sides of leaf, the omed air
conductance to heat g, = 2g,,. Rearranging Eq. 3.1 to solve #®r(= T) yields:

= guCpATy

Ry
T = 15552 : (3.11)

49



whereT is the actual transpiration (mm ddyand the factor 1555.2 (0.018 kg mal 24 h x 3600 sH
converts mol i s* to mm day’. Considering thaf is a function ofAT,,, the slope and intercept of the line fitted to

the data set can be described by rearranging Efj.i3a linearized formI{ = ¢ + bAT,,) as the following:

_(Q gulp—n
T = (I) - A =Dy, (3.12)

whereR,, = Q + nAT,,. Q andn are defined by the following equations, respetyive

Q = 0.25(asSy + asSey + 4(a, — 1)L,) (3.13)
and:
n= Ba, —4)e,(c)oT? (3.14)

3.3.2Application of T-model
Experimental site
The field experiments were conducted in a Fuji appichard on the Roza Farm of the Washignton State

University Irrigated Agriculture Research and Estien Center near Prosser, WA, at the coordinatdatibfide
46.26°N, longitude 119.74°W, and 360 m above seeal.lf he site was located in a semi-arid zone waithost no
summer rains and an average annual precipitati®i éfmm. The site’s soil was a shallow Warden [Siam soil
(Web Soil Survey) of more than 90 cm deep (fielderbation). Using 3 dielectric soil moisture sess(OHS,
Decagon Devices Inc., Pullman, WA), soil moistueadings were taken from 3 different locations ie tlichard
after heavy irrigations to determine the field cg@pa From these measurements, the volumetric watetent at

field capacity was found to be 32.5%.

Plot design

Two scenarios were examined to support the appitatf this model. The T-model was initially appli¢o
field investigations (scenario 1) in 2007 and 20@&re young, well developed apple trees were fintlgated
throughout the growing seasons. Once the modebbad evaluated and optimized, it was applied tdahemaase
(scenario 2) in 2013 where the same apple trees alder and were bearing little or no fruit. Durithge 2007 and

2008 growing seasons, 2 rows/plots of apple tré@strees per plot) were marked for conducting tkgeement.
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The rows were named “N” and “S”. The trees werecedad m (row spacing) by 2.5 m (tree spacing) aipattie
orchard and irrigated byraicro-sprinkler irrigation system witivater emitters of 27 L-hspaced at 2.5 m intervals
(in-row between each tree). The transpiration gl@frees was estimated in the two fully-irrigapgots of N and S.
During the 2013 growing period, the same orchard indgated by two lines of drip tubing lateralsiofline
2.0 L h' drippers, spaced at 91.4 cm intervals along Ilsteffhis time three plots, each consisting of 4&sr (3
sub-plots of 6 by 3 per plot), were marked for astthg the experiment. In addition to the “N” an@"“plots, the
scientifically-based irrigation method using a mentprobe (NP) soil moisture meter was assigned t@w plot.
Manual irrigation was scheduled in the plots of e treatment based on weekly readings of thevsatiér content
using a neutron probe (503DR Hydroprobe, Campladifie Nuclear, Concord, CA). Throughout growingsen,
the quantity of irrigation water applied to theesevas controlled to not allow the soil water dapieto exceed the
50% maximum allowed depletion (MAD = 0.96 m) fopéptrees (Allen et al., 1998). This was assuredaling

weekly soil water content readings using a neupmaie in all of the plots.

M eteorological measurements

Canopy temperature along with meteorological datduding relative humidity, solar radiation, wingezd
and air temperature were required inputs to theoBiniThe real-time meteorological data of the 20108 and
2013 growing seasons were obtained from two stahel@ctronic weather stations close to the appibard (Roza
and WSU HQ, Washington Agricultural Weather Netwotk 2007 and 2008, air temperature was recordete
field using the embedded temperature sensor ofrapBall CR21X datalogger (Campbell Scientific, LogaiT,
USA). In addition to these data, in 2013 air terap@e was measured using three air temperaturersefidodel
109-L, Campbell Scientific, Logan, UT, USA) instll at a height of 2 m (in-line with the trees)taee locations
distant from each other in the orchard. The aimpterature sensors were shielded (41303-5A, Cam@o@ntific,
Logan, UT, USA). These air temperature sensors waed to Campbell CR10X dataloggers (Campbell &die,
Logan, UT, USA). Air temperature was calculateddweraging readings from the three sensors. Vapesspre
deficit was calculated using the following equat{taso et al., 1981):
Dy = e5(Ty) — eq (3.15)

wheree,(T,) is the saturated vapor pressure at the air teriyerfl,,) ande,, is the actual vapor pressure of air.
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Figure 3.1IRT sensors setup in the field. In 2007 and 2008h¢ sensors were pointed downwards at approximate$5 degree angles at

both the north and south sides of a tree.

Measurement of canopy temperature

To monitor canopy temperature in 2007 and 200&tal of 12 IRTs (Exergen model IRt/c.3 Type T,
Watertown, Mass.) in 6 pairs were mounted abovetrénes in the 2 rows. The IRTs were pointed dowdwaat
approximately 45 degree angles at both the northsmuth sides of a tree (Fig 3.1). The sensors walibrated
using a blackbody calibrator (BB701, Omega Engimggrinc., Stamford, CT) and wired to a Campbell 2R
datalogger (Campbell Scientific, Logan, UT, USA). 2013, canopy temperature was measured usingidodiv
IRTs (Excergen model IRt/c.2: Type J, Watertown,sMainstalled perpendicularly above a tree poirstiedight
down and located at the center of the six sub-f®fser plot). Sepulcre-Canto et al. (2006) anctiTetsal. (2008)
used similar mounting in Olive and Pistachio treespectively. Considering the field view of thisdel of IRT (35
degrees), this form of orientation and positionl wécrease the chance of the ground being seehebiRt sensor
and the number of sensors being used. The IRT semgre wired to a network of Campbell CR10 and CR1
dataloggers (Campbell Scientific, Logan, UT, USAnding out temperature readings to a central cosnput

wirelessly.

Estimation of transpiration

To estimate daily transpiration (T, mrif)dof apple trees during the growing season, twor@gghes were
examined: a) the daily averages of the meteoroddglata and canopy temperatures were used, arfge )5t min
time interval transpirationT{(s) was calculated and the 24 h total was obtaineddzyimulation X}, T;5). Solar

noon and noon transpiration rates were also estinasing the average values of the variables arsalad noon
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(i.e. from 11:00AM to 1:00PM) and solar noon (ifieam 1:00PM to 3:00PM), respectively. To estimdte taily
crop evapotranspiratio{,. , mm d') of the irrigated Fuji apple orchard, the ASCEnsi@rdized Penman-Monteith
equation (ASCE-EWRI, 2005) was used in combinatidth the crop coefficient values adjusted for tloedl
climate (Karimi et. al, 2013):

ET. = K. X ET, (3.16)
whereET, is the alfalfa reference evapotranspiration. Timegte daily ET, the meteorological data of the 2007,
2008 and 2013 growing season including daily remigolar radiation (MJ Fd?), maximum and minimum

temperatures, relative humidity and wind speed wétained from the nearby weather stations.

Crop water use

A water budget equation was used to estimate tiagavater use by apple trees in 2013 (Evett, 2002)
ET,, =P+I1+F—AS+D—R (3.17)
whereET,,;, is the actual crop water use (mrR)js precipitation (mm)] is the applied irrigation depth (mnf,is
lateral flux of water entering the control volunpm§itive) or exiting it (negative)), is deep percolation (mm) and
R is runoff (mm).D andR were assumed to be negligible. In addition, thveas no shallow water table below the
root zone, thus upward flow was not a concérmvas also assumed to be zero because soil morgaings were
taken at the center of the plots where the efféttonizontal fluxes are negligiblés is the change in soil water
content (mm) and was calculated using the neurobgreadings:
AS = 6; — 6, (3.18)
whered, is the final soil water content (mm) in the endltd measuring period (week or growing season)éaiisl

the initial soil water content (mm; week or season)

Measurements of stem water potential

During the growing season of 2013, the stem watdergial ¥,..,) at solar noon was measured once per
week from mid to late summer (July 31 to OctoberSlar noor¥,,.,, measurements were taken near solar noon
within a 2-hour time window (between 1:00PM and 0PM) and on the same day as the neutron probe
measurements. For each measurement six shaded lgsereplot) from the inner, lower part of eachet@nopy

close to the trunk of the apple trees (where anWR$ mounted) were selected, enclosed in alumirninedvered
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plastic envelopes, and left attached to the treeafperiod of time between 15 min and 60 min. #hg, of the
leaves was then measured with a pressure bomb (Mdde PMS Instrument Co., Albany, OR). TH&...,

measurements were made under different weatheitmorglincluding cold, humid and overcast days.

Model assessment

The performance of the T-model was evaluated usiagestimated values of transpiration from the rhadd
those predicted by the P-M model and correcteddowll K, values. The statistical measures used were: a) the
relative error RE) between predicted transpiration (T) and predictexp ET ET.), b) the root mean square error
(RMSE), c) the coefficient of variation of the RMSEW of RMSE), d) the Nash and Suttcliffe Coefficient of
Efficiency (COE) (Nash and Suttcliffe, 1970) and e) a linear regian between the transpiration model and. BT
satisfactory prediction was assumed when the linegression yielded slopes close to unity, inteicefose to zero
and high correlationR?). The COE gives an account of the deviation frarityuof the observations variance and
the ratio of the mean squared errors. Therefoeeclitser the COE to one is, the better the perfocmaf the model
is. The total amount of predicted transpirati@y)(and crop ET Ijzr) at the end of the growing season were
compared by calculating the relative errRE);

Dgr — D
RE=——2 T (3.19)
DET

The root mean square err®MSE) was exploited as a measure of the variance betpaslicted transpiration

and crop ET:

RMSE = ’w (3.20)

where n is the number of measurements. The CVeoRMSE was calculated by dividing the RMSE by treamof

the T-model predictions):

RMSE
CVarmse = — (3.21)

In 2013, the correlation between the solar négn,,, as widely accepted indicator of apple trees wsiius
(Lakso, 2003), and the solar noon and daily T wasstigated. The statistical analysis also inclualednalysis of
variance (atp = 0.05) using the SigmaPlot 11.0 (Systat Software Inan Sose, CA) to conduct multiple

comparisons of crop water use means of the irdgatieatments (i.e T, ETETyg and ETRp).
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3.4 Results and discussions

3.4.1Daily transpiration
T-model and Penman-Monteith method

During mid-season, the crop coefficient for converialfalfa ET, to apple trees transpiration is nearly 1.0 with
a peak of 1.06 (Karimi et al., 2013). This is adimvthen, under dry and warm conditions, actual pa@ason of
well-watered apple trees is expected to be closectalfalfa reference ET (Dragoni et al., 2003hvei maximum of
a 6% discrepancy. To avoid uncertainties of canepyperature measurements especially during thg-sealson
due to incomplete canopy growth, we picked a mitt ate-season time period for the purpose of coisgas but
mainly focused on mid-season.

Estimations of daily transpiration (mm d8yusing the T-model required input parameters iheluded the
daily average air temperature, relative humiditglas radiation and wind speed. The model also requi
simultaneous canopy temperature measurements wigoh recorded every 15 min throughout the seasaity D
transpiration estimated by the T-model, and thatljoted by the crop ET equation (f &re plotted in Fig. 3.2. ET
was calculated as the product of the, Bfid K values adjusted for the local climate. All of timeteorological
parameters were obtained from the nearby weath&piss except for air temperature which was measurehe
field.

Discrepancies in the estimations of daily T in thidy-irrigated plots N and S can be seen in Fig 8nd Fig
3.3. The difference in transpiration was causedliffgrence in canopy temperature measurements whadh a
result of field/canopy variability and/or the cayomperature measurement errors. Statistical aisashowed
there was no significant difference between thenned daily average (P = 0.699) and solar noorsprations of
the two tree rows (P = 0.787); however, there warglom occasions when there was a significant reifiee
between the N and S (data not shown).

Compared to ET predictions of the P-M method, themddel seemed to have overestimated transpiration
during the mid-seasons of 2007 and 2008 and urtiteeded it in 2013. In 2007 and 2008, the appléhard was
young and well-watered during the entire growingses (DOI=110-278). Linear regression between TEdhdor
mid and late seasons combined (DOI=155-270) in 306ided a slope, intercept amf of 0.99, 1.07 and 0.72,
respectively for the N plot. The results for thpl&t were almost the same with slope, interceptRidf 1.05, 1.08

and 0.77, respectively. Transpiration was relayiweell estimated with COEs of 0.86 (N-plot) and ®@.&-plot);
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however average T for the mid season when thepnati®n of apple trees was expected to be alnfessame rate
as reference ET was overestimated; 7.9 minand 8.4 mm d estimated by the T-model compared to 6.9 mm by

the P-M (RMSE = 1.6 and 2.0 mm).
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Figure 3.2 Comparison of the daily transpiration (T, mm d*) estimated by the T-model for the N and S plots,ral that predicted by the
crop ET (ET,) for the growing seasons of 2007 (a), 2008 (b) a2813 (c). ET was calculated as the product of the P-M referencET

(ET,, ASCE-EWRI, 2005) and the crop coefficient valueadjusted for the local climate (Karimi et. al, 2013.

Linear regression between T aRf. for mid- and late-seasons (combined) in 2008 gelslope, intercept and
R? of 1.0, 1.19 and 0.78 for the N plot, and 1.11020and 0.69 for the S tree row, respectively. Binto 2007,
transpiration was relatively well predicted with E® of 0.88 (N-plot) and 0.83 (S-plot) and the agera
transpiration of the mid-season was overestima&ae&@mm d and 8.4 mm d estimated by the T-model compared
to 7.8 mm by the P-M (RMSE = 1.7 and 2.1 mm). Conimgathe results from Fig. 3.4 and Table 3.1 sutgtsat
the T predictions of mid-season in 2007 and 2008 \ess correlated with E{weaker correlations during mid-

season compared to mid- and late-seasons combined).
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Figure 3.3Comparison of daily transpiration (T, mm d™) estimated by the T-model for two apple tree row¢N and S), and that predicted

by the crop ET (ET.) equation for the 2007 (al, a2), 2008 (b1, b2) a2d13 (c1, c2) growing seasons (DOY=155-270).Bas calculated

as the product of the P-M reference ET (ET, ASCE-EWRI, 2005) and the crop coefficient valueadjusted for the local climate (Karimi

et. al, 2013).

Table 3.1Comparison of predicted transpiration from the T-model and ET, for mid-season of 2007, 2008 and 2013.

Total ET (mm)

Average ET (mm d)

Year Plot K Slope Intercept ET T-Model RE (%) ET. T-Model RMSE CVof RMSE COE
2007 N 059 1.07 0.47 716 -14 6.9 7.9 1.6 0.24 0.86
S 0.63 1.12 0.58 758 -22 8.4 2.0 0.29 0.80
2008 N 0.73 1.25 -0.96 827 -13 7.8 8.9 1.7 0.22 0.88
S 072 160 -4.28 786 -8 8.4 21 0.26 0.83
2013 N 0.68 0.55 0.58 427 37 7.7 4.8 3.1 0.41 0.84
S 0.23 0.30 1.93 374 45 4.2 4.0 0.52 0.75

In 2013, linear regression between T and F€lded an Rof 0.64 (p <0.001) and 0.21 (p =0.002) for the N

and S plots, respectively. Transpiration was wedldicted with COEs of 0.85 and 0.75 for the N an@l@s,

respectively. However, over the experiment perigdrage T was under estimated, 4.8 mmamd 4.2 mm d

predicted by the T-model compared to 7.7 mm byRHd (CVruse = 41% and 52%). Considering that the apple
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trees were experiencing an alternate bearing yedgcrease in transpiration in response to le#sléads on the
trees was expected (Palmer et, 4897. This is illustrated in Fig. 3.2 where transpioatirate remained relative

constant throughout the mid- and Iatason:

Total water use

Total crop water use of apple trees was calculbtethe accumulation of daily T ., and E’. over mid-
season in 2007, 2008 and 2013. In 2007, the t@aspiration was predicted to be slightly highertly T-model
(716 mm and 758 mm compared to 628 by P-M) yielding REs of 4% and 22% in the N and S plc
respectively. In 2008, the errors of esating total transpiration during the mégason were relatively small w
REs of -13% and8% in the N and S plots, respectively. In 2013, g@bttmations of total transpiration using tt-M
and Twmodel were also different with T being significansimaler than ET with 427 mm and 374 mm predicted
the Timodel compared to 702 mm by tP-M. Although the values were very close, the totaf The N and S plot
was averaged to obtain ong.value (Fig. 3.4a). There was a trivial differenetvieen aveaged total ,gand ET
with Tag being 18% and 11% more in 2007 and 2008, respégtivie, 2013, however, the difference w

significant with T,,qbeing 47% less than total n-season EJ
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Figure 3.4 Total water use estimated by the Imodel (accumulated T.g) and the PM ET corrected by crop coefficient (accumulated E*)
in the growing seasons of 2007, 2008 and 2013 (@yly mid-season: DOY=155240). Comparison of apple trees water use estimatdyy
the T-model (accumulated T), water budget approach (Ewg), accumulated ET. and water use of fullyirrigated trees under the NP
treatment (ETyp) during the 2013 growing season (b) (DOY=1-270). The soil moisture readings at the beginningna end of the seaso
were used to calculate total water use. The errordss stow the standard error of the mean. Cumulative wateruse estimated by the -
model, water budget approach (EWs), ET. and water use under the NP treatment (EYp) during the 2013 growing season (c). Tt

weekly soil moisture readings were used to calculatvekly and cumulative water use.
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In order to determine which method correctly estedawater use during the irrigation period of th@l 2
growing season (DOY=155-270), actual water uséefapple trees was estimated using a water buggedach
(ETwo, Eq. 3.17) and compared with the totgls{average of the N and S plots). A comparison vss made with
the accumulated water use of the trees under theédifment for the same period (Fig 3.4b). It weseeted that
the water use of the trees under the NP treatnoergflect the actual amount of water consumed bi-watered
apple trees. On the other hand,.BWas meant to predict the water use of well-wateyezhard trees correctly.
However, the accumulated ETY.ET. = 787 mm) was significantly greater than thathef NP treatment water use
(> ETywp = 488+45 mm). There was no significant differebetween the water use calculated by the energydiudg
equation ¥ ETywg = 475+31 mm) and accumulated,J(>-Tayg = 46049 mm) with a P-value of 0.667. Similarlyet
differences in the mean values of accumulated T™ftbe T-model, water budget and NP methods were not
statistically significant (P = 0.885). Thereforehile ET, failed to predict the total transpiration of appiees

correctly during the growing season of 2013 (Figb3c), the performance of the T-model was quatesfactory.

T and solar noon ¥ ;.1

In the 2013 growing season, trees within a spepifit (i.e. N or S) did not necessarily receivégition water
on the same day as the other plot. However, statisinalysis revealed there was no significarfediihce among
the plots on solar nod#.., (P = 0.110) over the period of measurements (DA®=275). In addition, soil water
depletion in the N and S plots never exceeded @8 BIAD recommended for apple trees (Allen et #98). This
can be translated into the fact that the fluctuegiof both solar nooWy..,, and T were not related to a soil water
deficit, but caused by other factors. In additioratnon-limiting soil water status, the non-stresselar noo¥se,
values (Naor et al., 1997; Naor, 2000; Naor andefipR003) indicated that the irrigation treatmentsntained the

trees well-watered.
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Figure 3.5Soil water deficit (depletion) in 2013 at the root zoone down to theeghth of 60cm in the su-plots under N (N1, N2, and N3

and S (S1, S2, and S3). The soil moisture was mamitd using a neutron probe
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Figure 3.6Linear relationship between solar noor (SWP) and solar noon transpiration (mm i) estimated by the --model in the N
and S irrigation plots in 2013 (a, b). Linear relaionship between solar noor and daily transpiration (mm d™) estimated by the T-
model in the N and S irrigation plots in 2013 (, d). Each value represents the average of up to six measurents per plot. The
error bars show the standard error of the mean
To quantify the tension status of the apple 1, up to six readings (per plot peeasurement d) were

averaged to calculate the of each plot (N and S). The apple trees of botlisphad similar solar noc

fluctuations (Fig. 3.6). The trees maintained reédy high solar noot over the period of the experiment w
fluctuations maily driven by the weather conditiorDuring this period, solar noon values were higher (le:
negative) thanl.0 bar. There was an increasing trend in towards the end of the season with a minimur

-11.0 bar and maximum of -3.5 ba&dthough W, measurements were taken in different weather ciond, both
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solar noon T (mm H and daily T (mm da}) were highly linearly correlated with,., with R? = 0.92 and
R? = 0.87 (p<0.001), respectively (Fig. 3.6). Consideringrethwas no water stres¥,..,, was mainly dependent
on solar radiation, air temperature and relativeidity, thus the lower th&,.,,, the lower the transpiration rate

was.

Accumulated T and average T

To estimate the accumulated daily transpiratiogTfrom the T-model, 15 min time interval transpioat
(T;5) was calculated and the 24 h total was obtainecddmyumulation X%, T;s). Accumulated transpiration was
highly correlated with daily average T (J in 2007 (Fig. 3.7a; y = 0.93x + 0.19, R? = 0.830.001), 2008 (Fig.
3.7b; y = 1.02x + 0.53, R? = 0.95, p <0.001) and®(Fig. 3.7c; y = 0.95x + 0.15, Rz = 0.92, p <@Pompared

with the use of average meteorological data, actatenl T did not show any significant advantagestingations of

daily transpiration.
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Figure 3.7 Relationship between daily transpiration estimatecby accumulation of 15min transpiration over 24h (T, mm d*) and by

using daily average data (T, mm d*).

3.4.2Diurnal changes of transpiration

Solar noon (Tig) and noon (T,) transpiration rates were estimated using the ameervalues of
meteorological data measured around noon (11:00AM1100PM) and solar noon (1:00PM to 3:00PM),
respectively. The relationships betweggyBind Ty as well as Joon and Tyg during mid- and late-seasons of 2007,

2008 and 2013 are illustrated in Fig. 3.8.
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Figure 3.8 Relationship between noon transpiration (e, mm d*) and daily T (Tag) (al—cl), as well as relationship between solar o
transpiration (T mig, MM d*) and T, (22—c2), estimated by the T-model during the groimg periods of 2007 (al and a2), 2008 (b1 and b2)
and 2013 (c1 and c2). fon and Tmia Were calculated using the average meteorologicahth of 11:00AM to 1:00PM and 1:00PM to

3:00PM, respectively.

In all of the seasons, transpiration rates at Imoitn and solar noon were highly correlated wigfy, With R-
squared values of 0.82 and 0.74, respectivelyQdi72values of 0.84 and 0.83, respectively, in 2G0® similar
value of 0.74 for both noon and solar noon, in 2@&ablishing a relationship betweegland estimations of
transpiration at other times of day (before 11:00ANH after 3:00PM) resulted in significantly lowet values
(data not shown). The slopes of the relationshigécated a higher rate of,gh, than T4 in 2007 and 2008 with
values of about 3.1 and 2.1 timeg,l respectively for Jo,n compared to 2.0 and 1.6 timeg,g respectively for
Tmig- IN 2013, the slope at noon was the same as tisata noon with a value of 1.70 exhibiting no d&se from
noon to solar noon as it was observed in 2007 868.2

Considering that ., was greater than or equal tg,qf the maximum T must have occurred at a time other
than solar noon. To find an answer to this we engquladiurnal patterns of the apple tree’s transioingpredicted by
the T-model. Transpiration rates for 15 min tim&imals were calculated during early-, mid- an@-sg¢asons of
2007, 2008 and 2013 using the average values deaiperature, relative humidity, solar radiatiord aranopy

temperature over the course of several succesaiye (€ig. 3.9).
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Figure 3.9Diurnal changes (average) of T estimated by the T-adel during the 2007 (a), 2008 (b) and 2013 (c) gving seasons. Each
curve represents the average of T over a few suceage days: DOY=152-160 as early, DOY=191-200 as naidd DOY=260-270 as late in

the season.

As depicted in Fig. 3.9, the maximum transpiratdpple trees happened sometime in the morningratie:
afternoon with a shift from early to late in theasen. A similar pattern of the hourly transpiratiaes of apple
trees was previously reported by Tokei and Dunk8D6). The time of peak transpiration coincidechveitpeak in
canopy and air temperature difference which caaxXpdained by the fact that, in addition tg, Bhe transpiration of

apple trees was controlled by stomatal regulatidlected in a lowered or elevated canopy tempegatur
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Figure 3.10Hourly changes of ET (a) and incoming solar radiation (b) averaged ovethe course of several successive days during

(DOY=152-160), mid (DOY=191-200) and late (DOY=260%0) in the 2007 growing season.

The hourly transpiration (averaged over severakpagtimated by the P-M model (&Tor three different

occasions of early, mid and late in the 2007 grgvdeason is depicted in Fig. 3.10. As it can be,se peak ET
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has coincided with a peak in incoming solar radratiThe observed behavior of the apple trees wiferelt than
row crops where the transpiration is mainly driv@nnet radiation (Lakso, 2003) and is reduced dabf in

response to low solar radiation levels (Wanjuraldpdhurch, 1997).

3.4.3Transpiration and humidity

The relationship between the whole canopy trangpiraf apple trees and the air vapor pressureci€,)
was previously studied. Dragoni et al. (2005) dest@ted that in a humid climate, transpiration od trees was
highly related to R Auzmendi et al. (2011) also showed that T wasddpnt on Rat different weather conditions.
To conduct a comparison of T and H¥haviors on different days, two arbitrarily definconditions of “warm and
dry” (Dq > 1.5kPa, S, > 320), as well as “cold and humid’D{ < 1.0kPa, S, < 230) were assumed. The
predicted values of transpiration by the modelsewgnouped into these two categories and separfittielg by a

linear regression (Fig. 3.11). The transpirationapple trees was expected to be mainly driven hyradiation

during warm and dry days similar to that of theerefice alfalfa/grass (Dragoni et al., 2005).
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Figure 3.11Correlation between T, and ET, during warm and dry periods (a; p<0.001), during old and humid days (b; p<0.001) and for

all of the days during the growing seasons of 20@nhd 2008 (c).

As anticipated, estimated T was better correlatitd BT, (R* = 0.57, p<0.001) on warm and dry days with a
slope of 1.16 and interception of 0.42 (Fig. 3.1Bgcause of a high coupling between the apples teaw the
humidity of the surrounding air (Jarvis, 1985) Buked in lower values compared to Fduring cold and humid

periods showing a weak correlation with ER? = 0.48, p<0.001) with a slope of 0.69 and inteticapof 2.32 (Fig.
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3.11b). Combining the results from the growing seasof 2007 and 2008 (all days included) yieldddidy good
correlation between T and E{R? = 0.77, p<0.001) with a slope of 1.00 and inteta#i..08 (Fig. 3.11c).

The overall results confirmed the idea that thedpération of apple trees changes significantlyeisponse to
air vapor pressure deficit. While the relationshigtween solar radiation and T is theoretically ld&hed in Eq.
3.12, O, is not explicitly available in this equation. Hdwy, relates to T can be explained through its impact o
stomata (Rana et al., 2005; Dragoni et al., 2088)ansequentlT,, as any change in stomatal conductance has a
direct effect on canopy temperature (Blanquicedlgt2009). ThusD, is expected to be integrated into the canopy
temperature component of the T-model.

An empirical linear relationship betwe®) andAT,, was first established by Idso et al. (1981) in @raps.
Testi et al. (2008) were also able to develop alainempirical relationship in Pistachio trees. Howgr, such a
relationship has not been properly establishedpieatrees. Here, following the same principalsnathe original
approach of Jackson et al. (1981), we tried toréteally relateD, to AT,, and transpiration. Using the latent heat

flux formula (Campbell and Norman, 1998), T (mof 8t) may be defined as:

T=gr (%:) (3.22)

whereg; is the canopy conductance (a series combinatidsoohdary layer conductance to water vaggr,and
stomatal conductancgs, all in mol m? s*) andD, is the canopy to air vapor pressure deficit (kRajearizingD,
to A(AT,,) + D, (A, in kPa C., is the slope of the relationship between sammatiapor pressure and air

temperature) and substituting it in Eq. 3.22, T tteem be defined as a functionAdf,, andD,:

T = (gr)ATm + (57) D (3.23)
wheres = A/P, (C™1). Combining Egs. 3.12 and 3.22 and rearrangintpénform ofAT,, = a — mD, to solve for

AT, gives:

Al = (y*i— s) Q- (P%) (y*i— s) Da (3.24)

wherey” = (gyCp — n)/Agr, that is,y* is similar to the psychrometric constant defingddampbell and Norman

(1998). HavingAT,,, from Eq. 3.24, substituting it in Eq. 3.12 andrdpsome manipulatiorf; can be expressed in a

linear form, ' = a + bD,,), as the following:

r=5Bq 28, (3.25)
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whereg = 1/(1 +%). Making an assumption of constant stomatal condeetaa linear relationship betwe&rand

D, will be imaginable where an increase in air vapmssure deficit leads to an increment in T. Tlasnot be
necessarily a valid assumption as the stomata iedpaves respond to factors such as bulk aitiveléaumidity
(Jarvis, 1985; Dragoni et al., 2005) and net raalia{Rana et al., 2005). Thug; is not constant under normal
conditions.

Eq. 3.25 relates transpiration tq Bnd presents a theoretical method for estimatotgmial transpiration of
apple trees. As it was previously discussed, calstquyatal conductance is not constant and neelds toeasured
or estimated. Empirical models of Jarvis (1976) @&hdrpe et al. (1980) defined the stomatal condweaof apple
leaves as a function of the vapor pressure defiwitradiation. A reduction in crop loads after leatvor an alternate
bearing condition (little fruit) like in the growinperiod of 2013, however, can cause stomatal osund
consequently a reduction in transpiration ratesz(endi et al., 2011; Girona et al., 2011; Laks®@3)0This makes
the use of an empirical model of stomatal condwsarery limited.
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Figure 3.12Daily mean T (Tag) Versus daily mean canopy and air temperature diéfrence (ATy,) in the growing seasons of 2007 (al, a2),

2008 (b1, b2) and 2013 (c1, c2).

In the linear version of the T-model (Eq. 3.12k thtercept (c) is a function of net radiatiagh ¢omponent)

while the slope of the T amill;,, relationship is mainly controlled by the air contance to heaig(;). Being climate
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dependentQ andgy are functions of solar radiation and wind speedpectively, and air temperature affects both.
As depicted in Fig. 3.12, the fitted lines to ttealhad similar slopes and intercepts across éle dind from year to
year. This included the growing season of 2013 wheralternate bearing condition caused a sigmifidacrease in
the transpiration rate of the apple trees. Althotrghspiration rate dropped from about 14 mm in&@08 mm in

2013, a linear relationship with a similar constaats maintained between T afd,,.

3.5 Conclusions

During the growing periods of 2007 and 2008, cangmgperatures of apple trees were measured using IR
pointed downwards at approximately 45 degree argfldsoth the north and south sides of a tree. IB20RTs
were installed perpendicularly above the treestafddpiration model along with IR and air temperegumeasured
in the orchard, and local meteorological data fromearby weather station were used to estimatspitation of
apple trees. The T-model presented here adequdésgribed the transpiration of apple trees undal field
conditions.

In 2007, 2008 the transpiration of the trees ptedidy the T-model was slightly higher than thaEdf with
relative errors of 18% and 11% in mid-season. 18728nd 2008 it was assumed that the apple trees well
watered (non-limiting amount of water in the sait)d that the P-M EJImodel predictions exactly reflected the crop
water use of apple trees during the season. The &y@es had a mean crop level of above 100 ferittgee in 2007.
The same assumption was made for 2013; howeveryesult of alternate bearing the orchard yieldss than 15
fruit per tree with no fruits on some of the tre€bis provided a good opportunity to evaluate theddel when the
P-M model failed to predict the decreased transipmarate of apple trees in response to lower ¢oags. Both @
and stomatal conductance effects on transpiratiere integrated into the canopy temperature compafethe T-
model.

In 2013, the trees received less water compareld thi2¢ conventional calendar-based method. In 2013,
estimations were very close to the actual wateraisthe trees. The calculated water consumptionshbytrees
using the water budget approach were not signifigadifferent than the total estimated transpiratioy the T-
model or the plots irrigated by neutron probe. Remnore, T-model estimations were highly correlatétth solar

noon stem water potentiab,;..,, Which was logically anticipated.
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Although the overall performance of the T-model watsfactory, net radiation (daylight averagejnestions
on some days were sometimes small negative valose to zero, while net radiation is expected tgpbsitive
during the daytime (Allen et al., 1998). A sourdeesoror was the simplicity of the approach usecdehtercalculate
cloud cover and sky emissivity. More advanced aggines for estimating incoming longwave radiation ba
found in Flerchinger et al. (2009). Another reagamthis error could be due to the fact that ugimg average value
of incident solar radiation as in the case of usiogumulated gestimations on cloudy days were much better.

Apple tree transpiration was modeled based ormtieegy budget of a single leaf. There were somecesiof
uncertainty in modeling light and thermal energteioeption by apple trees. A tree canopy is coradrisf an
unknown number of shaded and sunlit leaves, andtsiowth constantly changes the light intercepiattern.
Apple trees have discontinuous canopies. They @ various forms of architecture and their leaass of
different shapes, sizes, and orientations. Moreotlee T-model was basically derived for light imteption
conditions at solar noon. This introduced somersrito the estimations of T when used for times iothan solar
noon as in hourly or smaller time scales. Anothgpraximation was introduced into the model by thmperature
across the upper half of the canopy being assumidron and equal to the average temperature megswuith the
IRTs.

One interesting finding of this study was that ffemk transpiration in apple trees occurred in tloening.
Considering this fact, maybe morning hours aredacbnsidered a better time for monitoring the watatus of
apple trees and for the purpose of irrigation salied rather than solar noon. It was also showrt the
accumulated transpiration of apple trees was dlosige average daily transpiration.

The overall results of the experiments with Fujplaptrees showed that actual canopy transpiratéon be
reliably estimated using infrared thermometery. €stmations of the T-model were highly correlatéth midday
Wsem Which is the best known indicator of water stresgpple trees. Their relationship can be usedeterchine
when to irrigate. In addition, real-time water ws® be computed in any time scale which determfiroes much
water should be applied. Therefore, the presentoagp can provide a basis for a fully automatedesysof
irrigating apple orchards. The possibility of pson irrigation scheduling of small areas withinger fields or even
individual trees is another advantage. There may beé a hope for replacing IRT sensors with sadIR pictures
for estimating transpiration of larger orchardseTdonventional use of a crop coefficient and refeeeET can be

then replaced by the present approach. Here we amupour approach against the P-M model. Usingntre
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calibrated T-model for the calculation of crop watese resulted in small errors. Further improvemeant be
achieved by calibrating the model using lysimetstad Auzmendi et al., 2011) or sap flow measuremédtagoni

et al., 2005; Nicolasa et al., 2005).
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CHAPTER FOUR
INFRARED THERMOMETRY AND MICROCLIMATIC

MEASUREMENTS IN A FULLY-IRRIGATED APPLE ORCHARD °*

4.1 Abstract

Apple tree transportation can be estimated using@rargy budget model, but it requires knowledgenadroclimatic
parameters. These data are usually acquired froeadoy weather station while diurnal variationsnafteorological variables in
the field might be considerably different. A casedy was conducted in an apple orchard to invegtigassible discrepancies
among the measurements within the canopies, inotebard and those obtained from an adjacent weattaion. The
measurements of air temperature, relative humidityl wind speed were taken using a suite of diffesensors. Canopy, tree
trunk and ground surface under the trees were ratsaitored using infrared thermometers (IRTs). Apanential model was
used to formulate in-depth change of wind speeidiénthe tree canopies. The relationship betweepmaand air temperature
difference AT) and vapor pressure deficibf) was also investigated. The IRTs mounted at @atfgle in 2007 and 2008,
resulted in better thermal readings than those teauperpendicularly or with a nadir view of the opies in 2013. In addition
to a high correlation (R= 0.88), there was a small difference of abouf®.Between daily mean canopy and trunk surface
temperatures suggesting the potential for usingktrtemperature as an alternative for traditional nifeasurements. Air
temperatureT,) measurements showed high discrepancies betwdbmwichard and weather station measurements irgach
an average difference of 6@ at solar noon in 2007. Within-canopy wind vel@sitwere about 0.1 times the surface wind
speeds meaning transpiration rates of inner calegwes were much lower compared to the leavesatahopy surfac@T was
fairly well correlated withD, for the daylight values in all of the experimenyahrs. Linear regressions yielded better corgaati
betweenAT and stem water potentid¥{.,) (R?> = 0.76) once in-field air temperature data was used.dnegal, the daily
means of the measurements from different locatiwase highly correlated while they were not wellated at solar noon
(average of 1:00PM-3:00PM). It was concluded tlivateanperature data should be measured in the ifiefde vicinity of other
plant and microclimate measurements. All other megumeteorological parameters can be obtained faorrearby weather

station. The results of this study can be a baskafer estimations of actual transpiration of @dfjpees using an analytical model.

Keywords. Microclimate, Air temperature, Wind speed, Infrdthermometry, Vapor pressure deficit

3 Submitted to ASCE Journal of Irrigation and Draied&ngineering on 7/6/2014
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4.2 Introduction

Accurate knowledge of evapotranspiration (ET) isiraportant key to maintain well-irrigated crops (ihg,
2013). Apple trees fall into the category of tdiscontinuous horticultural crops with a canopyt kavell-coupled
to the surrounding air (Jarvis, 1985). The trarafon of apple trees is controlled by stomatal emtance, net
radiation and vapor pressure deficit (Lakso, 2081Bpf which can be connected through a simple gnéudget
equation. Thus, by determining the sensible heat filom leaf surfaces and net radiation, apple tesispiration
can be estimated. The components of the energyebwtmation require microclimatic parameters ag thputs
while, in many cases, the most feasible data aguiceble from a weather station in the vicinity thie field.
Although apple leaves are well-exposed to theth&,formation of a microclimate around large traeapies can
cause diurnal variations of meteorological varialdach as wind speed, relative humidity and aipemature to be
notably different than those obtained from a neaslgather station. The study of the trees’ microatento find
relationships between the measurements taken wathéhoutside the field can probably allow for erdiag the
estimations of apple trees water use.

An important variable in the energy balance equattocanopy temperature. Different modeling appheac
have been developed based on the energy budg¢hermlal temperature of vegetative surfaces to eséirthe ET
(Ben-Asher et al., 1989; Taghvaeian et al., 201®) far irrigation scheduling of row crops (Cohenaét 2005).
However, direct or indirect application of this et has been challenging in non-homogeneous canopitee
crops. Tokei and Dunkel (2005) reported a caseystod the possible use of canopy temperature in the
determination of apple tree transpiration by a tbgcal approach.

Canopy temperature is measured using an infraredntimeter (IRT) which gives an average temperature
value over the top of the surface. In case of geldree canopy, the leaves range from completelglesth (usually at
the lower canopy) to completely sunlit at the tdp.temperature readings have to comply with theiagtions
made in the energy budget model of a representhafe Mounting position and orientation of the IRfe also of
concern. Appropriate mounting position and origatabf the IRT can guarantee the sensor only seesdnopy
surface. Any inclusion of soil or sky in the viewtbe senor can lead to considerable errors imtbasurements

(Blanquicet et. al, 2009).
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The goal here was to investigate the microclimatenéd by apple tree canopies to account for amjifgignt
difference between measured variables in the feald those at a nearby weather station. In additonface
temperatures of the ground and tree trunk were unedsand compared with canopy temperatures. Tleetefbf

various positions and orientations of infrared terapure sensors were also examined.

4.3 Materials and methods

4.3.1Theoretical considerations
Transpiration model

Neglecting metabolic heat production and heat gmréhe energy balance equation for an evaporatipie
leaf is:
R, = Rgps — Loe = H + AE (4.1)
whereR,, is the net radiatiorR ,;,, is the absorbed radiation by the leiH, is the latent heat flux,,, is the outgoing
emitted radiationH is the sensible heat flux from the leaf, andalhis are iflWm™2. R,, is the difference between
the sum of absorbed shortwave and long wave radmtand net radiation (for the leaf), and emiti@agl wave
radiation from the leaf. The terfh can be expressed as (Campbell and Norman, 1998):
H = gyCp(T, — Ty) (4.2)
where(, is heat capacity of air (29.17 J MaC?), T, is the leaf temperature (°Q), is air temperature (°CY is
the boundary layer heat conductance (mdlst). The boundary layer conductance of air to heataiminar forced

(gy) convection was calculated using the following &gl formulas (Campbell and Norman, 1998):

gu = 2(1.4)0.135\/% (4.3)

whereu is the wind speed andl is the characteristic dimension defined as 0.724ithe leaf widthd = 0.72w,).
Factor 2 accounts for the fact that apple leaveshgpostomatous. Substituting Egs. 4.2 and 4.3gn4EL and
rearranging it to solve faf (= T) yields:

T = Rn‘%ﬂ (4.4)
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whereT is the leaf transpiration (molfrs?), AT is the leaf and air temperature differene~ T,). The T model
was assumed to represent whole canopy transpiratiwe leaf temperature in Eq. 4.4 has been repladgdd

canopy temperaturd’y).

Sensitivity analysis

Estimations of transpiration (T) from the T modigt. 4.4) requires measurements of canopy temperéiy,
air temperatureT(,), relative humidity RH), global solar radiationR(,) and wind speedu]. To assess the effect of
possible errors in the measurements of each inmisihle, a sensitivity analysis was carried oug (#i4). For this
purpose, three arbitrary weather conditions inecigdi) a borderline cloudy, cool and humid, b) adlbdine sunny,
warm and dry, and c) a mild day having a conditisetween “a” and “b” were assumed. The values of

environmental variables under each condition aesemted in Table 4.1.

Table 4.1Environmental data for two hypothetical conditions under which the sensitivity analysis of the T modeilvas

carried out.

Weather Condition

Parameter  Cloudy, Cool, Humid Sunny, Warm, Dry  Mild

T.[°C] 9.6 30.0 27.0
T.[°C] 10.0 37.0 30.0
RH [%)] 80.0 25.0 50.0
R [W m? 200 600 400
ul[msy 2 2 2

The independent effect of each variable on thenasibn ofT was assessed by assuming the other variables as
constant (Blanquicet et al., 2009). The sensitigitlysis revealed that as the conditions movet fs@rm, sunny,
and dry to cloudy, cool, and humifl sensitivity to all of the input variables decrehséssuming &, measurement
accuracy of £0.6C which is typical of the IRTs used (manufacturepgcification), an error of +4% was expected
on a sunny, warm and dry day. This error increasabout +12% under the mild condition. On a cetdudy, and
humid day, an error of only 0% in T, measurement yielded +20% error in T estimationsorichange i,

measurement had the same effect on T, as
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Figure 4.1Change inT (%) in response to change in an input variable fothree hypothetical weather conditions presented iffable 4.1.

On a warm, sunny and dry d&,showed small change/error of about 5% in respémsa0 W n¥ change
(or measurement error) iR,. An error of #50 W rif yielded T error of +20% for the cool, cloudy, ahdmid
condition and £10% on a mild day. T behavior inpa@sse to a change in wind speedl was the opposite of other
variables under different conditions with erroragiang from £3% on a cool, cloudy, and humid daybwmut +12%
On a warm, sunny and dry day,iashanged #1.0 m’s

The sensitivity analysis of the T model suggesét ttepending on the direction of the error (i.egatwe or
positive), the variables measurement errors canetaach other or add up to one another. Total €59 can then
be calculated as the following:
er = e e tepte, (4.5)
where ¢, is the measurement error i, &, is the measurement error if,, ez is the error ofR,

estimation/measurement anglis the measurement errorun

4.3.2Field measurements
Experimental site

The field experiments were conducted in a Fuji appichard on the Roza Farm of the Washington State
University Irrigated Agriculture Research and Exien Center near Prosser, WA, at the coordinatdatitfide
46.26°N, longitude 119.74°W, and 360 m above seal lduring the growing seasons of 2007, 2008 ariB2The
site was located in a semi-arid zone with almossmmmer rains and an average annual precipitafi@ids mm.

The site’s soil was a shallow Warden Silt Loam §dikb Soil Survey) of more than 90 cm deep (fidddarvation).
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In 2007 and 2008, the apple trees were young, deeloped and fully-irrigated while in 2013, themsa
apple trees bore little or no fruit (alternate lg). During the 2007 and 2008 growing seasons,titbes were
spaced 4 m (row spacing) by 2.5 m (tree spacingjtap the orchard and irrigated by a micro-sprmktrigation
system with water emitters of 27 [*ispaced at 2.5 m intervals. During the 2013 growgegod, the same orchard
was irrigated by two lines of drip tubing lateraisin-line 2.0 L K drippers, spaced at 91.4 cm intervals along
laterals.

Throughout the growing season, the quantity ofjation water applied to the trees never allowed sihié
water depletion to exceed the 50% (0.96 m) maxinallawed depletion (MAD) for apple trees (Allen &t 4998).
This was assured by taking weekly soil water canteadings using a neutron probe (503DR Hydroprobe,

Campbell Pacific Nuclear, Concord, CA) to a dedtB@cm (or deeper) in all of the plots.

Meteorological measurements
Meteorological data of the 2007, 2008 and 2013 grgweasons were obtained from two standard elactro
weather station (WS) nearby the apple orchard (RowhWSU HQ, Washington Agricultural Weather Netkyor

The data included air temperature, humidity, anddvweipeed at 2 m high above ground.

Measurement of canopy temperature

In 2007 and 2008, IRTs (Exergen model IRt/E3Type T, Watertown, Mass.) wired to a Campbell CR2
datalogger (Campbell Scientific, Logan, UT, USA)rev@ised to measure the surface temperature of &egle In
2013, canopy temperature was measured using arafiffenodel of IRT (Excergen model IRt/c.2: Type J,
Watertown, Mass.). The IRTs were wired to a netwofkCampbell CR10 and CR10X dataloggers (Campbell
Scientific, Logan, UT, USA) sending out temperatueadings to a central computer wirelessly. To miné
radiation absorption by the body of the IRTs, theye shielded by white PVC fittings. The IRt/c'¥3ensors were
calibrated using a blackbody calibrator (BB701, @m&ngineering, Inc., Stamford, CT). The IRt/c.Ass@#s were
pre-calibrated; however, a checking process wasdumird using the blackbody calibrator in lab. Theuaacy of
the thermal readings was also evaluated in the figl comparing water temperatures measured by Hisa

thermometer. To determine proper orientation andmnting position of the IRTSs, the temperature ddfezes from
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sensors looking at both the north and south siflestoee were compared with those looking at thet ead wes

sides of a tree.

Microclimatic measurements

A portable suite of sensomgas developed based on an original design by Dhidbal. (2012) to colle
microclimatological data from apple tree canopiesirdy the growing period of 2013. The suite inclddsvo
infrared thermometers (IRTsyith a € field view (Model IRt/c.5: Typ J, Exergen Co., Watertown, Mass.)
measure surface temperatures of thak and ground, a sonic anemometer (WindSonidl, I@struments Ltd.
Hampshire, UK), and a combined relative humiditg éemperature sensor (HMP35C, Vaisala Inc., WobMA).
The sensors were wired to a Campbell CR3000 dateid@ampbell Scientific, Logan, UT, USA). Duriné week
time period (July 30 to September, #)e sensor suite was placed at 3 different lonatacross the orchard (C1,
and C3). Each time the sensite was installed at a height of approxima2 m above the ground-line with the

trees (covered with foliageThe readings were recorded a-min intervals, 24 hour a day.

Canopy Temp —— i

\de Speed
RH, Air Temp

Mounting f }
/
o, ) -

~. Trunk Temp
Mounting Pole

Figure 4.2Sensor suite setup in 2013: The suite monitored the differentlocations of the orchard (C1, C2 and C where IRt/c.2 sensors

were installed) one at a time. It was installed about 2 m highwithin tree canopy inine with tree rows (covered with foliage.

In addition to these data, air temperatwas recorded in the field using the embedded temtpes sensor of
Campbell CR21Xdatalogger (Campbell Scientific, Logan, UT, USAYidg the growing seasons of 2007 and 2(
In 2013, air temperature was measured using thretemperature sensors (Mel 109+, Campbell Scientific
Logan, UT, USA installed at a height of 2 iin-line with the treegnot covered with foliag at three locations

distant from each other in the orchard (AT1, AT2l akT3). The sensors were shieldedl80:-5A, Campbell
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Scientific, Logan, UT, USA) and wired to CampbeRTDX dataloggers (Campbell Scientific, Logan, UTSA).
Air temperature was calculated by averaging readfr@m the three sensors.

The three air temperature sensors installed atineseld were used to investigate spatial varigb#cross the
orchard. Wind speed, relative humidity and air teragures collected from tree canopies were compaitdthe
corresponding values obtained from the weatheiostatGround, tree trunk and canopy IR temperatuvese
compared with each other. Canopy and air tempexatifferences were also calculated using the amp&ratures
from the canopy, field and weather station and weerapared. The in-depth wind profile was determibgditting
the wind speed measurements (mean values regaflessmd direction) within the tree canopies andatier

station to an exponential model (Cionco, 1972; @filst al., 1982; Campbell and Norman, 1998):

u(z) = u(h)exp [a (% — 1)] (4.6)
whereu(h) is the wind speed at the interface of air-canegy, is the wind speed at depthwithin canopy and
is an attenuation coefficient for mean wind speedipple tree canopies. The wind speed at the aterfvas

assumed to be the same as wind speed measuredvatdther station.

Measurements of stem water potential

During the growing season of 2013, stem water piate(W,..,,) was measured once per week from mid to
late summer (July 31 to October 2). These measuresmgere taken at solar noon with a 2-hour timedein
(between 1:00PM and 3:00PM). For these measurensenthaded leaves from the inner, lower part eftiiees
canopy close to the trunk (where an IRT was moynteete selected, enclosed in aluminum foil covepksstic
envelopes and left attached to the tree for a dexfdime between 15 min and 60 min. THg,,, of the leaves was
then measured with a pressure bomb (Model 615, RMBument Co., Albany, OR). Th#.,, measurements

were made under different weather conditions inclgidold, humid and overcast days.

Statistical analysis

The daily values of the measurements were calalllayeaveraging the data of 24 hourly (mean), 6:06AM
6:00PM (daylight), 11:00AM—1:00PM (noon), 1:00PMB@PM (solar noon) and 1:00AM-3:00AM (after midnight
hereafter called night). Root mean square error $EMwas used to measure the average differencesbrttwo

data sets (time series) obtained collected frorferift locations including within-canopy, withinetvard and
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weather station. Standard deviation (STD), thefaent of variation of STDV of STD, the ratio of the standard
deviation to the mean) and standard error of e$#iffBEE) were also employed to calculate measurevaegiations

and estimation errors, respectively.

4.4 Results and discussions

4.4.1Position and orientation of IRTs

The temperature readings of the IRTs looking ahltbe north and south sides of a tree, and thoseo&ing
at the east and west sides of a tree were signtficdifferent from zero (Fig. 4.3). It was conckdithat either two
sensors must be used to look at both sides ofeaainel averaged, or a sensor must be placed such thaks

straight down on the top of the tree in a nadiritpms If the sensors are oriented this way, rovemtation is not

critical.

1| b) South - North

[t N

Temperature Difference [°C]

0 500 1000 1500 2000 0 500 1000 1500 2000
Time of Day Time of Day

Figure 4.3The mean temperature difference between the soutmd north (a, south - north) and the west and easbj west - east) sides of

the tree at different times of day. The dotted lins are the 95% confidence interval on the mean.

Based on the results, in 2007 and 2008, canopgcitEmperature was monitored using a total oRIXI(in
6 pairs) pointed downwards at approximately 45 degngles at both the north and south sides @fea(Fig 4.4).
As illustrated in Fig 4.5 (a—b), no sharp, sigrafit increase in the canopy temperatures was se@rgdhe early-,
mid- or late-seasons. This indicates that the IBddings were not affected by the longwave radiatiom the
ground surface even on the early days of growiagae when the foliage growth was not complete.

In 2013, canopy temperature was measured usindiddoal IRTs mounted perpendicularly above ap@es

(one IRT per tree) looking at them from a distanédess than 1.0 m (Fig. 4.2). A similar mountingsjtion and
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orientation to the latter setup has been succégdfidd by Sepulcre-Canto et al. (2006) and Testl. (2008) in
Olive and Pistachio trees, respectively. Howevpplatrees are relatively sparse and shorter cogdparOlive and

Pistachio trees increasing the chance of the grbeimth seen by the IRT.

IR Sensors

Figure 4.41n 2007 and 2008, the IRTs were pointed downwards approximately 45 degree angles at both the nortnd south sides of a

tree.
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Figure 4.5Diurnal canopy temperature changes in the growingeasons of 2007 (a) and 2008 (b). The curves repnaisaverages of several
successive days during the early- (DOY=143-153), ani(DOY=190-200) and late-seasons (DOY=240-250)ubial canopy, ground and
tree trunk temperature changes (c). Each value remsents the average of thermal readings taken at treame time over a period of 5

weeks.

The tree trunk maintained a lower surface tempegahan the canopy until solar noon when it shohigtier
temperatures of up to aboiG3(Fig. 4.5¢). The ground surface and canopy teaipess also appeared to be almost

the same late in the afternoon and through thetnfglsudden change in the ground temperature ar@Or@)AM
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was probably related to a direct solar radiatiatident on the ground. The increase started at 2b8®AM and
returned to normal at 11:00AM. A similar patternswacognized at around 4:30PM when the ground cairfeas
hit by direct sunlight as the sun was setting. Aresponding increase in the readings of canopy ¢eatpre
occurred at the same times. It can be seen thaipgaemperature readings of the IRT installed pedpzularly
above the canopies was significantly affected leyitmgwave radiation from the ground while the fegsl of trunk

surface temperate seemed to be unaffected by timdiongwave radiation.

4.4.2Field variability
Air temperature

The air temperature measurements showed smaltieasaacross the orchard with an averégef 4.1% and
STDs of 0.66C, 1.06C and 0.58C for the daily mean, solar noon and night valuespectively. The variability of
0.58C at night indicated the non-uniformity of the senssand/or offset errors of the dataloggers whilieiknces
among the ATs at other times were caused by nofomumity of apple tree canopies. Assuming withirldie
temperature differences as the only source of béitig daily average estimations of T were asstedawith an
uncertainty of about +4% on a sunny, warm and dxy, &12% under the mild condition and +20% on al,coo

cloudy, and humid day.

Canopy temperature

As expected, the highest variability among indieitlor pairs of IRTs was seen at solar noon in &lihe
experimental years with 0.7¢, 1.18C and 1.68C in the growing seasons of 2007, 2008 and 20kpeively
(Table 4.2). The readings at night presented tineso variability, yet still relatively high differees of 0.4€C,
0.81°C and 0.72C in 2007, 2008 and 2013, respectively which waghy higher than the expected accuracy of
+0.6°C (manufacture’s specification) in 2008 and 2018 smaller in 2007.

Averaging the readings from 3 pairs of IRTs in 2@0itl 2008, and 3 individual IRTs in 2013 decreabed
variability to less than 0.36 at all time scales. Thé, of canopy temperature measurements among the two
blocks/rows of apple tree canopies (averages nfi®idual/pairs of IRTs per block/row) and from yea year was

about 4.8%. A low canopy temperature variabilityd aamall C,, indicate how by increasing the number of IRT
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sensors used per plot a better thermal input ®imtimodel can be achieved. In addition, this cdiddan indication
that, as planned, all of the trees were well-itieéga(Testi et al., 2008) and that the canopy sarfaewed by the

IRTs were good enough.

Table 4.2Variability of T, among the 6 pairs of IRTs in 2007 and 2008, andigdividual IRTs in 2013 installed across the
orchard, as well as among averages of measuremefféserages of 3 individual/pairs of IRTs) for dailymean, solar noon

and night values.

Individual/Pairs of IRTs°C) Averages {C)
Year Mean Solarnoon Night Mean Solar noon Night
2007 0.41 0.71 0.40 0.24 0.28 0.16
2008 0.82 1.18 0.81 0.22 0.34 0.21
2013 1.01 1.69 0.74 0.20 0.27 0.18

4.4.3Daily changes

Comparisons of daily mean and solar noon of miamwadic measurements taken at the weather statioei
orchard and within the tree canopies (sensor sditephg the 5 weeks of the experiment in the grgnseason of
2013 are presented in Tables 4.3—4. Overall reBudisated that, with the exception of relative hdity, the daily
mean measurements of wind speed, air temperatareamopy temperature taken in the field and weadtation

were fairly well correlated to those taken withie tcanopies.

Thermal measurements

With the exception of a few days, tree canopiesntaaied temperature values of several degrees abeve
ground temperatures with average values of Z3d@mpared and 21°C for daily mean temperatures (Fig. 4.6a),
and 28.6C compared to 25°C for daily solar noon temperatures (Fig. 4.6b)e Tiscrepancies between the ground
and trunk temperatures were high on both daily n{&MWSE =1.7°C) and solar noon (RMSE 2.(°C) scales and
the trunk presented higher temperatures on most. daywver surface temperatures of the ground aira# scales

could be an indication of minimal contribution @nopy temperature measurements.
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Table 4.3Comparisons of daily mean measurements taken withicanopy, in the field (orchard) and those of obtaied

from the nearby weather station.

u(m s’) RH(%) TL°C) Tir(°C)

Canopy WS Canopy WS Canopy WS Field Trunk Ground Canopy

Avg 0.13 1.96 57 59 22.6 228 23.0 231 21.7 23.0
STD 0.08 0.38 8 10 2.2 1.9 2.1 2.0 1.7 1.9
SEE 0.02 6.2 0.9 0.5 1.0 0.7
RMSE 1.73 7.7 0.9 0.6 1.7 0.7
R-Sar 0.60 0.45 0.85 0.95 0.77 0.88

Table 4.4Comparisons of daily solar noon measurements takewithin canopy, in the field (orchard) and those of

obtained from the nearby weather station.

u(ms) RH(%) TL(°C) Tir(°C)

Canopy WS Canopy WS Canopy WS Field Trunk Ground Canopy

Avg 0.18 2.23 43 45 28.3 291 295 26.8 25.1 28.6
STD 0.12 0.92 6 12 21 2.7 2.6 15 1.6 25
SEE 0.07 5.5 1.2 1.2 1.8 15
RMSE 1.92 12.2 1.7 1.9 3.9 2.3
R-Sqr 0.21 0.04 0.66 0.66 0.52 0.66
* M b) Solar Noon

w
o

IR Tempe'[)ature [eC]
w
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o

Figure 4.6 Daily mean (a) and solar noon (b) canopy, shadedgund and tree trunk temperatures for a period of 5weeks (three separate

periods each lasting two weeks).
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Daily mean canopy and trunk temperatures showel $iigilarity on both average and amplitude with Bma
discrepancies (RMSE of 0Q). The average of daily mean canopy temperatuias 28.1+2.8C compared to a
value of 23.0+1.%C for the average of daily mean trunk temperatufesigh correlation between daily mean
canopy and trunk surface temperatures (Fig 4.7a, R88), allowed for canopy temperature estimatiaith a SEE
of only 0.7C. Considering a weaker correlation among dailprsobon values of the measurements (Fig 4.7 R

0.77), the determination of canopy temperature fiamk temperatures resulted in a high SEE ofQ..7
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Figure 4.7 The relationship between canopy temperature, and tmk (a) and ground (b) surface temperatures for thelaily mean values.

Air temperature measurements

The averages of the daily mean air temperature stiosmall differences with values of 22.6££2
22.8+1.9C and 23.0+2.°%C for the canopy, weather station and field (avesagf readings across the orchard)
measurements, respectively. At solar noon, weastation and field measurements presented almostasim
behaviors in terms of average and amplitude ofatiaris with values of 29.1+2@ and 29.5+2 % while canopy
measurements were lower in both average (Avg =°28.and amplitude (STD = 2Q). There were small
discrepancies between air temperature measuremnethis field and within the canopies for the daitgan (RMSE
= 0.6°C). The difference among the daily solar noon terapee measurements was high (RMSE =2@)9

Both daily mean air temperatures of field and weasliation measurements were highly correlated thibtse
taken in the canopies witl?Rf 0.95 (P<0.001) and 0.85 (P<0.001), respectiV@hily mean estimations of canopy
temperature using field or weather station dateevesssociated with SEEs of 6G and 0.9C. This did not seem to
have any significant improvements over a direct ofair temperature data obtained from the fieldnaather

station as RMSEs were calculated to be°G.éind 0.9C, respectively. It was shown that for 6@ error in air
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temperature measurement, the daily mean estimadibmswere associated with an uncertainty of ahei# on a

sunny, warm and dry day, £12% under the mild camdiand +20% on a cool, cloudy, and humid day.
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Figure 4.8 Daily changes of mean (a) and solar noon (b) airtgperatures for the canopy, field and weather statio measurements.

In addition to the within-canopy measurements oftamperature using the sensor suite, we colleated
temperature data in the orchard in the entire grgwseasons of 2007, 2008 and 2013. The highesta@elke
difference between air temperature measuremeriteinrchard and weather station occurred at solan in 2007
with RMSE of 6.8C (Table 4.5) followed by RMSEs of 4@® and 3.8C for daily solar noon values in 2008 and
daily night measurements in 2007. There was aivelgtlow correlation between the measurementshattivo
locations at solar noon in 2007%R 0.58, P<0.001) with a SEE of 4 while daily mean values were highly
correlated (R= 0.93, P<0.001) with SEE of £®. In 2008, the daily mean and solar noon air teatpees in the
orchard were estimated from weather station aiptature data with SEEs of iC1 (R’ = 0.88, P<0.001) and
1.5°C (R = 0.97, P<0.001) which were significantly bettéan the average differences of °C9and 4.C,
respectively.

In 2013, smaller temperature variability was obedrat all time scales with RMSEs of €4 0.8C and 1.1C
for the mean, solar noon and night measurements.cblld be attributed to lower transpiration raaéspple trees
due to small fruit loads and consequently less ohpa the ambient air temperature. In additionetavork of three
sensors installed across the field provided a nam@urate average of air temperature compared topoire
measurements in 2007 and 2008. In 2013, estimatibmsthin-orchard air temperatures from the weatstation
data did not show any advantage over direct useitbin-orchard air temperatures (RMSESEE). Although the
differences in daily mean values were lower comgpdoethe solar noon averages, a minimum (averaffeyehce

of about 0.8C seen at solar noon in 2013 could easily result é@stimation errors of up to +30%.

88



Table 4.5Comparisons of T, measurements 9C) in the orchard and air temperature data obtainedfrom the nearby

weather station for daily, solar noon and night tine values.

Mean Solar Noon Night

Year RMSE SEE R-Sgr RMSE SEE R-Sgr RMSE SEE R-Sqr

2007 2.8 1.6 0.93 6.3 4.2 0.58 3.9 2.2 0.88

2008 1.9 1.1 0.88 4.9 1.5 0.97 1.5 1.4 0.97

2013 0.4 0.4 0.97 0.8 0.8 0.99 1.1 1.0 0.97
Relative humidity

Relative humidity does not explicitly appear in Bgi. However, through affecting the stomatal cantaloce it
impacts canopy thermal temperature. The averadereiifce between the RH measured within the canapiéshat
measured at the weather station was 7.7% and 12&aily mean and solar noon measurements. Inrggmaean
RH of apple tree canopies was higher than the weatation RH (lower B). This difference was more pronounced
for the solar noon measurements. Both the dailymael solar noon readings (averages) showed oosagiben

RH at the weather station was very high while tweopy RH was much lower (Fig. 4.9a—b).
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Figure 4.9Daily mean (a) and solar noon (b) changes of relag air humidity measured within canopy and those obbtained from Roza

weather station.

This could be due to sensor malfunctioning or apemary change in the weather station microclimate.
Considering that the weather station was part adgcultural weather network installed in an iatigd field (near
the orchard) a change in the weather station mlionate was more probable and could be related tengorary
increase in RH due to operating sprinklers upwihthe weather station. As a result of this, poar@ation existed
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between the measurements of RH at the two locationdaily means (R= 0.45, P<0.001). There was no

correlation at solar noon tR 0.04, p=0.261).

Wind Speed

There was a fairly good correlation between wingesp measurements within the tree canopies and the
weather station for the daily mean values (FigOd)lcompared to a poor correlation for the daillaismoon
measurements with?f 0.21 (Fig. 4.10b, P<0.028). The difference kst the daily mean measurements at the
two locations was high with RMSE of 1.73 m, siowever because of a good correlation betweenthé speed
data obtained from the weather station and candjittss 0.60, P<0.001), within-canopy wind speed couéd b

estimated with a relatively small SEE of 0.02 h{Eable 4.2).
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Figure 4.10The relationship between within-canopy and weathestation wind speeds for the daily mean (a, p<0.00&nd solar noon (b,

p=0.028) values.

The average ratio of the wind speed values measatrédde center of the tree canopiag)(and the ones
obtained from the weather statiom, £), regardless of relationship significance, wei@0and 0.09 for the diurnal
and mean averages respectively, and this ratioOwits for the solar noon values. It was assumedviitad speed
measurements on the crown of the trees were the santhose of obtained from weather station. Cenisig the
sensitivity of T to wind speed (Fig. 4.1), much Evwithin-canopy velocities of about 0.1 times theface wind
speeds meant transpiration rates of inner canapyetewere much lower compared to the leaves dabthef the
canopy. For example, the estimation of inner candpwhen the average wind speed obtained from abgea
weather station (or at the top of the canopieg)is s', will simply lead to an error of +20% on a warm, syrand

dry day.
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The ratio of the wind speed values measured witleia canopiesu(,) and the ones obtained from the weather
station ¢, h = 1.5 m) were fitted to an exponential equation (Eq. 418 attenuation coefficient (average) for the
apple tree canopies was calculated tailse 2.43 (a = 2.43 £ 0.36). No significant difference was found among
the coefficient values calculated across the octliir= 0.922). The value of the coefficient wasyvelpbse to the
open canopy attenuation factor (a = 2.5; Raupad.etl996) indicating a similar degree of windeattation by
apple tree foliage which was somewhat unexpectdek attenuation coefficient for apple tree canopies
relatively independent of the wind speed at theopgrsurface, (s, R? = 0.16, P<0.001) and fairly correlated with
the wind speed measurements within the canopie&tu 0.58, P<0.001). The in-depth profile of wind sgdrom

the center of the canopy to a diameter of 1.5 theaborder with the air (h = 1.5 m) is depictedrig 4.11.
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Figure 4.11Profile of wind speed within apple tree canopies ksd on above canopy wind speeds, canopy depth d #h and attenuation

coefficient of a = 2.43.

4.4.4Canopy and air temperature differences

The daily mean values of canopy and air temperalifferences AT) were calculated using air temperature
measurements at the three locations over the cadrSenveeksin the growing season of 2013. The results of this
analysis are presented in Table. 4.6. The patteaT achanges if air temperatures from the nearby weatadion
are used compared to that4ff calculated using within-canopy air temperatureadat both the mean (R= 0.01,
p=0.663) and solar noon {R= 0.07, p=0.166) values. A good correlation existgth the mean values &fT
calculated using within-orchard air temperaturead@& = 0.50, p<0.001) allowing for estimations &f with an

error of 0.5C. However, this improved estimationsAff only 0.°C (RMSE = 0.6C).
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Table 4.6Comparisons of the daily mean AT (°C) calculated using canopy temperature and air temgrature

measurements taken within the canopies, in the oreind and those of obtained from the nearby weathertation.

Mean Solar Noon

Canopy WS Orchard Canopy WS Orchard

Avg 0.4 0.3 0.1 0.3 -0.5 -1.0
STD 0.7 0.5 0.4 13 13 1.4
SEE 0.7 0.5 13 1.2
RMSE 0.9 0.6 1.7 1.9
R-Sqr 0.01 0.50 0.07 0.17

The diurnal AT computed using canopy temperature and air temperaheasurements taken at the three
locations of the weather station, orchard/fieldd @anopies revealed a differenceAfi among the tree canopies
monitored by individual IRTs (Fig. 4.12a—c). Two the monitored tree canopies (C1 and C2; Fig. 44phad
more similar changing patterns while C3 (Fig. 4)1&xhibited a completely different pattern &F changes. As it
can be seen in Fig. 4.12(c), two sharp rising o the curves at about 11:30AM and 4:30PM ararlgle
distinguishable. As previously identified in theudial changes of canopies average thermal tempergig. 4.5c),
this was most probably the contribution of longwaadiation from the ground surface to the tempeeataadings
of the IRT installed in the C3 canopy. The discrepabetween C1 and C2 was most probably refleciriggh

degree of non-uniformity among the tree canopie0ih3.
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Figure 4.12Diurnal changes of canopy and air temperature diffeences averaged over a period of 5 weeks.
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AT and D,

The results of linear regressions between the aaégn, daylight, noon and solar noon value® gfandAT
for the time period of mid- and late-seasons in72@D08 and 2013 are presented in Fig. 4.13-1geteral, the R-
squared was low with value$ 0.36 (p <0.001) in 2007 (Fig. 4.11al) and 0@%0.001) in 2008 (Fig. 4.11b1) for
the mean values, and 0.53 (p <0.001) in 2007 (Figla2) and 0.69 (p <0.001) in 2008 (Fig. 4.11kf)the
daylight ones. In 2013, the results of correlatietween QandAT were better with Rof 0.66 (Fig. 4.11c1) for the
means and 0.74 (Fig. 4.11c2) for the daylight v&lue

In 2007, 2008, the slopes and intercepts of treiogiships were similar with -1.09 and -1.13 foe theans, -
1.11 and -1.37 for the daylight values, and -0.8d 4.06 for the solar noon values. The slope$®frélationships
at noon were about 60% more (negative) with vabfed .63 and -1.61 in 2007 and 2008, respectivEhis was
probably due to the high stomatal activity of appkes late in the morning previously observed lokel and
Dunkel (2005). In 2013, as a result of alternabearing leading to less stomatal activity (Palnteak, 1997), the
slope of the relationship at noon was the saméeaslope for the mean values ( -0.67 vs. -0.6920M3, only the
slope of the relationship between the daylight galof D and AT (-0.98) was similar to the 2007 and 2008

experiments.
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Figure 4.13Daily mean (al-cl) and daylight (a2—c2) values ofpor pressure deficit (0y) versus canopy and air temperature difference

(AT) in the growing seasons of 2007, 2008 and 2013o@y days were included.
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Figure 4.14Daily noon (al-c1) and solar noon (a2—c2) values\dpor pressure deficit () versus canopy and air temperature difference

(AT) in the growing seasons of 2007, 2008 and 2013o@ly days were included.

AT and solar noon Ygsem

Up to sixWs.m readings (per tree per measurement day) takeiff@reht weather conditions were averaged
to calculate theV .., corresponding to each IRT. The trees maintainéatively high solar nooW.,, over the
period of the experiment with fluctuations driventhe weather conditions. Considering there wasvater stress,
Y.em Was mainly dependent on solar radiation, air teatpee and relative humidity, thi,.., was higher (less
negative) under more humid, cooler conditions aigéhdr (more negative) under warmer, drier condgidduring
this period, solar noo¥ .., values were limited to a range with a minimumXf.0 bar and maximum of -3.5 bar.
Linear regressions betweexil and ¥ ., once in-field air temperature data is used, wdlda fairly good
correlation withR? = 0.76 (p <0.001; Fig. 4.18b) while that of air temperatobtained from the weather station

resulted in weaker correlation witf = 0.58 (p <0.001; Fig. 4.18a).
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Figure 4.15Linear relationship between solar noony ., and solar noonAT calculated using air temperature data from a wedier
station (a) and in-field air temperatures (b). Eachp.m, value represents the average of up to six measurents. The error bars show the

standard error of the mean.

4 5 Conclusions

Based on the energy budget of a single leaf, alsimmdel for estimating apple trees transpiraticas w
developed. To determine the contribution of measerg errors/uncertainties in estimated T, microatimiogical
parameters including,, RH, u, T, and thermal temperatures of trunk and ground vmeasured within the
canopies using a suite of different sensors andpeoed with those of measured across the orchaodgdb the
canopies) and obtained fromnearby weather station. This was done consideh@adact that large tree canopies
significantly impact their surrounding environmefibe contribution of errors in measurements/estonaof R,
was not part of this study.

The sensitivity analysis showed that the transpinatnodel was fairly sensitive to wind speed measunts
(x20inT for £1 error inu). In the application of the T model, the wind spe¢ the surface of the tree canopies was
assumed to be the same as the wind speed obtaoradafweather station, while this might be true, thown of
apple tree canopies is not a homogeneous surfdmes, Tiot all of the top canopy leaves are exposdtid same
wind flow. Instead of using the surface wind spetaking an “effective depth” for the measurements (
estimations) of wind speed might be a better regmadive of the top leaves. Moreover, wind speédiseacenter of
the canopies were approximately 10 times slowen thase obtained from a nearby weather statigp 6f about
3.2 times less). This means transpirations fronividdal leaves within a canopy are highly variabligh T being

much lower at the center of canopy than the crown.
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The required number of IRTs is a function of vailisbamong canopies, orientation, position anddigiew
of IRTs. The results of our experiment with perpenldrly installed sensors above apple trees shoavdgh
variability among individual IRTs. This suggestattireadings from individual IRTs cannot be trustsdhe chance
of the ground being seen by the sensor is highioAthe IRTs looking at canopies at 45 degree anatehe north
and south sides, a pair of sensors seemed to Imaugle resolution. In case of high variability amdhg trees, the
average of several pairs of IRTs can provide abetterage of orchard transpiration.

Tree trunk is a relatively big component of thadgé which was expected to be in balance with tlerame
canopy temperature. Thermal measurements revealatl differences between tree trunk surface tentpezan
terms of average and amplitude suggesting it asltamative for canopy temperature measurementsitibting
trunk temperature can decrease the chance of ingulohgwave radiation from the ground to zero &@azontally
mounted IRT with a very narrow field of view can tred.

D, has been proven to be linearly relatedTo(Idso et al., 1981) in row crops and in Pistadhées (Testi et
al., 2008). This linear relationship was first eaipked by the theoretical approach of Jackson €1881) where the
intercept and slope of the relationship were mafalyctions of g, andR,,, andT,, respectively. Since relative
humidity affects apple leaves stomata (Rana eR805; Dragoni et al., 2005), the relationship =D, andAT
was expected to be more complicated. The high aiityil between the results from 2007 and 2008 whentitees
were young and healthy confirmed the existencerefaionship between, andAT. Due to a stomatal response to
changes in relative humidity; however, any estioradiof AT usingD, will be associated with high errors. It was
concluded that a theoretical approach which acsofort all of the factors affecting, needs to be developed to
relateD, to AT.

In general, the differences between weather staiwhfield measurements were big enough to condheate
measurements from a nearby weather station ara feasible alternative for within-orchard measurnetsieThe
errors were the highest at solar noon and minimuranadaily mean values were used to estimate T.{@Exoe the
wind speed measurements, no significant differemas seen between the measurements taken withiratiepies
and in the vicinity of the canopies (within-orchpréir temperature measurements showed the highesability
among different locations at all time scales. Tfoee it is recommended to measure air and canepypératures in
the same spot. We suggest that air temperaturesungehin the field in the vicinity of the trees biged. All of the

other required meteorological parameters can bairedd from a nearby weather station.
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CHAPTER FIVE
DEVELOPMENT OF A WIRELESS CENTRAL CONTROL SYSTEM AN D
AUTOMATIC ALGORITHMS FOR PRECISION IRRIGATION OF

APPLE TREES

5.1 Abstract

To maximize irrigation efficiency, applied watershi be precisely adjusted to crop water use. &ledés data collection
network was developed to create a site-specifigation water control system in a Fuji apple orchafhe work involved
developing sensor nodes, base station, graphiealinierface, and required scheduling algorithmprtavide a fully automated
irrigation system. The irrigation algorithms eml@dcthe main categories of plant-based, soil-basedl weather-based
approaches including time temperature threshold'{T@rop water stress index (CWSI), soil water ptitd, evapotranspiration
(ET), neutron probe (NP), as well as combinatiohghe various approaches and conventional irrigaiio the region. A
comprehensive energy balance analysis of appleantatanopies using a big leaf approach providedbtse for developing
lower and upper boundaries of the CWSI. A robustafgive” control algorithm was developed with CW& its core to
automatically irrigate apple trees. The models usatbpy temperature and meteorological data frémea weather station (i.e.
relative humidity, solar radiation, wind speed, amdtemperature) as inputs. Various precisiomation methods of Fuji apple
trees were compared based on the total irrigatiatemapplied and crop water during the growing eeas 2013. Statistical
analysis revealed that the CWSI and midday sterenpattential W) Were highly correlated @&= 0.78). The CWSI algorithm
was able to avoid over irrigation early in the seaand under humid, cold weather. The total iritcgatvater applied by the
traditional practice of applying water in the ragi@CNTRL) was significantly higher than all otherethods (1345 mm; P
<0.001). Among the other methods, ET-based andbssiéd (SOIL) methods resulted in the highest amedt applied water
with values of 456 mm and 214 mm, respectively. fitest revealed that there was a significant chffiee between the total ET
estimated for the season and the water use of thgN- 0.021), TTT (p < 0.001), and CWSI treatmépts 0.021). The means
of water use in the plots under the NP treatmedtahbigher variability compared to the TTT and CW8atments with standard
deviation of 77 compared to 11 and 62, respectivitys could be related to a high variability amadhg trees of different plots.

The overall performance of the control system vedisfactory.

Keywords: Wireless control system, graphical user interfacecision algorithm, irrigation scheduling
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5.2 Introduction

The employment of appropriate irrigation schedulingthods can lead to increased profit and watengav
for farmers, reduced environmental impacts andasedble agriculture (Smith et al., 1996). To daésearch has
offered a large number of agricultural water schieduools including procedures to compute cropewrateeds and
to simulate the soil water balance (Pereira, 19Q@@jantitative irrigation scheduling methods maygbeuped into
monitoring of soil water status, calculations ofil swater budget, sensing of crop stress and reéeren
evapotranspiration (EY calculations using weather data (Al-Kaisi et 4B97; Orta et al., 2003; Jones, 2004; Ko
and Piccinni, 2009; Kisekka et al., 2010). For sater balance models, soil water in the root zerte base used
to determine when to irrigate. Leaf and stem wptgentials or canopy temperature are also monitagettigger
points of irrigation for the methods based on cstgius (Stegman et al., 1976; Turner, 1988; Jacksah, 1977;
Wanjura et al., 1995).

Due to advances in irrigation science, new techyiek have emerged in the context of agriculture
(Wiedenfeld, 2004; Kallestad et al., 2006; Farahemnial., 2007). ET-based irrigation and soil-bagsensor)
irrigation are examples of such technologies whastimate actual water requirements of the cropdnsidering
soil or weather information (Vellidis et al., 2008cCready et al., 2009; Migliaccio et al., 2010).cAnsiderable
number of scheduling methods have been developealifomatic irrigation. These methods have beerlyidsed
by irrigation researchers; however, no user-frigndigation scheduling model that can be readsgd by farmers
for single and multiple field cases has been dgedqGeorgea et al., 2000).

Best et al. (1986) developed a program called Whickvused soil moisture signal to quantify the pressoil
moisture content. To predict the earliest irrigatioeplenishing the root zone to a desired levetpmbined soil
signal with an estimate of plant water use in theire. Buchleiter et al. (1988) developed an iti@gascheduling
program called SCHED, which was based on daily mag¢ance calculations of the present soil moistieggletion
and a future estimate of crop ET. The SCHED and \Wike been successfully used by irrigation constdta
(Dockter, 1996; Salazar et al., 1996). Hess (12R@&cribed a real-time software package of irrigasoheduling.
The package included almost all of the availabl¢hods including reference ET, actual ET, soil wétalance and
a model of irrigation forecasting. Their evaluatioihthese models has shown the performance to pendent on

the accuracy of the input data measured in thd.fiel
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Automation of irrigation using soil sensors hasrbegaluated in a number of plants including tomatapn
and bell pepper crops (Thompson et al., 2007; Bnetsal., 2009; Zotarelli et al., 2009). Vellidis &. (2008)
developed and evaluated a real-time, smart sensay @rototype for scheduling irrigation in cottawhich
measured soil moisture and temperature as stangart.

The use of infrared temperature of plant canopédsng with a number of supplemental environmental
measurements, has been an alternative approacbiltoos weather-based methods in irrigation schiedulof
general crops (Cohen et al., 2005). Various thetraakd irrigation algorithms have been developech sis crop
water stress index (CWSI) and time-temperaturestiolel (TTT) methods. The upper and lower boundasfese
CWSI can be calculated using empirical and thecaktapproaches. A theoretical CWSI which compales t
canopy-air temperature differences with theoretwater stressed and non-stress base lines (WSBINaVEBL)
was first defined by Jackson et al. (1981, 1988)e Tost often used equations for calculating treoritical
boundaries are adapted from FAO-56 (Allen et &98) which are developed for the canopies of geémeops and
are not suited to most tree canopy conditions.

The CWSI might be affected by many unwanted facoich as dust or passing clouds (O’Shaughnesdy et a
2012); however, in conjunction with a well develdperigation algorithm it can be still very effigie In order to
improve the performance of the theoretical CWS& @dgger for automatic irrigation scheduling o&igr sorghum,
O’Shaughnessy et al. (2012) incorporated a timestiold into the index and named it CWSI-TT. Thaultssof
their study indicated this method can be useful datomatically scheduling full or deficit irrigatis of grain
sorghum in a semi-arid region. Thermal methodsiénform of empirical CWSI have been studied oredéht trees
such as pistachios (Testi et al. 2008), peachesi§Viad Gartung, 2010; Paltineanu et. al. 2013),adinds (Agam
et al., 2013; Berni et al., 2009, Akkuzu et al.12p

To date, the efforts have concentrated primarilyroproving CWSI calculations by refining the empéi or
theoretical methods of estimating the baseliness iBhwhile the algorithms available are simple panisons of the
midday CWSI with a predetermined threshold, trynag to exceed it during the season. This threshotdtop and
site specific and is determined for a well-wateceap grown on a lysimeter (O’Shaughnessy et all220Current
irrigation scheduling algorithms work with statleréshold, while in reality the threshold is a fuontof weather
and plant conditions. In general, little informaties available on the CWSI at which irrigation iseded. In

addition, the CWSI value for a crop under no stissassumed zero and for a severely stressed @wep t one
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(Jackson et al., 1981). While this assumption migghtrue in case of homogeneous canopies of mayocrops, it
might not be applicable to heterogeneous tree dasophe interference of thermal radiation from gineund with
the readings of canopy temperatures, as well asotligh nature of the tree canopies can lead tolenat-canopy
temperature differences and consequently resultalnes of greater than zero even for well wateradopies
(Fereres et al., 2012). In the case of apple trsescanopy temperature increases as low crop lasglseached
because stomatal conductance is a function of fsabireduces as the load decreases (Lakso, 2003).résult,
non-water stressed baselines of apples are depeaddonad and might not reach zero in case of d-walered
apple tree with no or very low load.

The TTT method (patented as “BIOTIC") is an irrigat scheduling method developed by Wanjura et al.
(1992, 1995) that relies on canopy temperature. Thé method is an automatic method requiring a &im
threshold” and a “temperature threshold.” The terapee threshold is the optimal leaf temperatureeiozyme
activity determined in lab and the time threshadaccumulated time above the temperature thresboldon-
stressed crop in specific climate calculated usmgerimental or simulated data. O’'Shaughnessy amedt £2010)
carried out automatic irrigation experiments usingime temperature threshold (TTT) algorithm. Tlesutts
indicated that the TTT algorithm was a promisingoauwatic method for irrigation scheduling of cottom arid
regions.

Weather parameters from a nearby weather statica simple temperature sensor can provide the redjuir
information to predict plant water needs (i.e. EAdequently used ET models are the Penman-MontAltan et.
al, 1998) and Hargreaves (Hargreaves and Samah).1C@asadesus et al. (2012) proposed an approachiming
a compensating mechanism based on soil or plasbeemeadings (feed-back control) and an estimatfomater
demand by water balance method (feed-forward chntftneir research suggested the use of the watkmbe
model allows for a quick response to weather chamgyepredicting its effects, while at the same tiime feedback
mechanism can adapt the amount of water to thareegants of individual orchards by compensatingtfar bias
of the model.

The objectives of this research were to investigat@utomatic irrigation control system relyingfeedbacks
from field sensors such as soil moisture, air tenajpee and infrared temperature sensors on Fujedpges. The
main objective here was to develop a theoreticalSCWbt requiring expensive, time consuming fielghenments

to determine lower/upper boundaries. The goal wasdvelop a CWSI-based irrigation algorithm adaptia
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changing conditions of apple tree canopies, fruitagh (i.e. load change) and shoot growth (i.ehtliopterception

change).

5.3 Materials and methods

5.3.1lrrigation algorithms

Based on irrigation scheduling techniques availéblthe literature, and considering the extenthef project
resources, the required base for implementing Bferdnt precision irrigation treatments was depeld. These
methods embraced most of the plant-based, soildbasd weather-based irrigation approaches anddaediiboth
feed-back and closed-loop control methods includinga temperature-based ET equation (ET; feed-fatwa
control), 2) soil water potential sensor (SOIL;dback control), 3) a combination of ET and a sadisture sensor
(SL+ET; feedback-feedforward control), 4) manuaigation scheduling using the scientifically-basedthod of
neutron probe (NP), 5) canopy temperature signdltae TTT method (TTT; feedback control), and 6hagay
temperature signal with the crop water stress inl@wWSI; feedback control). In Addition to these qséon
methods, a number of plots were managed usingaheentional irrigation scheduling method of appées in the

region (CNTRL).

CNTRL
This method was based on the calendar (irrigaégents on specific days of week) and low, high air
temperature thresholds. If the temperature waseBav2C the amount of irrigation water was doubled. B ir

temperature was below 22Q, the trees received half of the usual amount &gl D: Fig. A.19).

ET

The ET method (Appendix D: Fig. A.20) was basedacsimple soil water balance and daily estimatiohs o
reference ET from daily maximum and minimum tempees using the Hargreaves method. Irrigation waégth
was calculated as the following:

[=ET—P (5.28)
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wherel is the irrigation water, ané is the precipitation. All terms are in mm. Thetbigcal weather data of 20
years and the Penamn-Monteith Eq. were used tbratdi the Hargreaves model for the region. Theeuifice
between soil water content at the beginning of¢bason(6;) and soil water content at field capacitif{) was
added to the first irrigation event. Air temperatwas measured using the sensors installed in riitea@ and

precipitation amount obtained from a nearby weaskeion.

SOIL

An irrigation scheduling algorithm was developeddzhon soil water tension readings from a graruatrix
sensor installed at a depth of 0.3 m (one thirthefroot depth), the characteristic curve of thé as well as dry
and wet thresholds of -0.8 bar and -0.3 bar, rasmdg (Hill et al., 2008). The field soil was assad to be
homogenous. An irrigation event was automaticalthesluled whenever soil water potential exceededdtlye

threshold and stopped if it reached the wet thiestippendix D: Fig. A.21).

SL+ET
SL+ET treatment, which was the combination of tAedhd SOIL methods, used soil water tension data to
correct the ET model. An irrigation event was sched based on estimations of ET and stopped whersgegeil

tension of -0.3 bar (wet threshold) was detectgupehdix D: Fig. A.22).

NP

On a weekly basis, soil water content was measdoxeh to a depth of 90 cm with neutron probe (503DR
Hydroprobe, Campbell Pacific Nuclear, Concord, G irrigation manually scheduled in the plots loé NP
treatment to replace the water deficit to fieldaaty. Soil water content readings were also tadtethe plots under
CWSI and TTT methods. The installed access tubes wksufficient depth to allow for detecting angtgntial
deep percolation. Because of a suspicion of an rimeable layer at depths shallower than 90 cm, twidav
formation of a perched water table in the studg,siind hence upward flow of water to the root zdhe,water

storage of soil depths down to 60 cm was usedifigration scheduling purpose.

TTT
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The required thermometry data for determining tlaeameters of the time-temperature-threshold (TTT)
method were obtained from Peters (2007). The thmeshold was determined using the experimental atdtected
in 2007 from the same orchard and the temperahreshold was determined in a lab in Lubbock, TeXdse
determined temperature and time thresholds wet€ 48d 1035min. The temperature threshold seembd tow
(Table 5.1), therefore time thresholds needed hedule irrigation at other temperature thresholdsewdetermined

and a temperature threshold of 22 2nd time threshold of 225 min were used.

Table 5.1Time and temperature thresholds calculated from thewell-watered apple tress in the growing season @007

(Peters, 2007).

Temperature threshold Time threshold Max daily ET Average irrigation/Season Total irrigation
(°C) (min) (mm) (mm) days
10 1035 9.7 1077 110
CwWsS

The theoretical crop water stress index was cdledlaccording to Jackson et al. (1981) and Idsd. ¢1981):

cwsy = AL AT (5.29)
AT, — AT,

where AT is the measured difference between canopy temperand air temperaturdT; is the temperature
difference for a well-watered tree canopy, &fTy is the temperature difference for a non-transgiganopy. The
lower (AT;) boundary of the CWSI was calculated as desciib&hapter II:

Rn - .gTA eS(TCg —Za
a

guCp

WhereR,, is the net radiatione, (T,) is the saturated vapor pressure (kPa) at canopyeaeture T, °C), e, is the
vapor pressure (kPa) of ai, is the barometric pressure (kPa)is the latent heat of vaporization (J Mplg, is
the total water vapor conductance (mof 87, C, is the heat capacity of air (29.17 J tha@?), T, is the air
temperature (°C)gy is the boundary layer conductance to heat (mblst). Because the net radiatioR, is a

function ofT,, the AT; and AT,, equations were linearized as described in Chaptearthe following:
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AT,:( Q )_( grA/Fa )D

guCp —n+ Agss guCp —n+ Agys (5-31)

AT, was calculated by assuming that stomata are clasednon-transpiring dry canopy{ — 0), and replacing
with zero in Eq. 5.4:

Q

AT, = ————
“oguCr—n (5.32)

whereR,, = Q + nAT. Q andn were defined in Chapter Il by the following eqoas, respectively:

Q = 0.25(asSy + asSey + 4(a, — 1)Ly) (5.33)

and:

n = (3a, — 4)ea(c)oT; (5.34)

gr is a series combination of boundary layer conchaztao water vaporg(,, mol m? s) and leaf stomatal

conductance to water vapgy,( mol mi? s%):

1

gr=17—7—
Ya,+ g, (5.35)

gr was estimated by two different approaches: apfarell-watered apple tree, leaf stomata tend twide
open g, — ), thereforeg,, becomes the determining factgr-(— g,,), and b) the model developed for estimating

gr in chapter Il was employed:

FQ
gr = b E] * bo (5.36)
Whereb, andb, are empirical coefficients. The former approachwas the base for scheduling irrigations in the
growing season of 2013. To obtain cloudine3gé€quired to estimat®,,, daily average of real-time global radiation
(Sg1, Wm™2) was compared with potential extraterrestrial maug solar radiation of the same dd,{, W m~2):

1- i} if S, < 2R
c= 2Rap,; gt = =%ap (5.37)

0 otherwise

R4, Was calculated according to the FAO-56 bulletitigi et al., 1998). Factor 2 in Eq. 5.10 was aduted

convert the daily average solar radiation to anr@gmate solar noon average. Canopy temperatunegaldth

meteorological data including relative humidity,lasoradiation, wind speed and air temperature werglired
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inputs to calculate the CWSI. Real-time meteoralabidata of the 2013 growing season were obtaineeh &a
standard electronic weather station in the vicioityhe apple orchard (Roza, AgWeatherNet).

An irrigation scheduling algorithm which used th&VeI as its core was developed (Fig. 5.1). In this
algorithm, the difference between midday CW8WISIy;y) and a base CWSI valu€W Slz,s.), which is not
necessarily zero, is compared with a threshdddWSI = CWSI;; — CWSlg,..). The value of the base is
determined by the plant in response to irrigatidbepending on many factors, including the errorased by
uncertainties in canopy temperature measuremem®ramput weather data, in a well watered treeight be
always zero, always above it, or constantly chamgin

If the algorithm calculates a negative value fax AW SI then CW Sl is replaced witlCW SI,;,4. In this
case, no irrigation is scheduled.aW S1,,;, is negative AT < AT;) it is assumed “zero” and if greater than “one”
(AT > AT,) is assumed “one.” The decisions are made orpih CWSI,;; andCWSIg,,. have a value between
“zero” and “one” 0 < CWSIyq < 1and 0 < CWSIg,.s. < 1). Provided the mentioned conditions are met, deor
to make an irrigation decision th®CWSI is compared with the threshold. If tReCWSI is greater than the
threshold, an irrigation event will be scheduled.

The system applies some amount of water and thés foa the plant to respond. The response of phdthbe
reflected in a decreasing CWSI value. If the vatustill bigger than the threshold, the system kesptering until
the CWSI drops below the threshold or the total am@f water applied successively exceeds 80% @fvhter
holding capacity of the soil. At this point the basgill be reset to “one.” If the CWSI value goeddve the current
base, the base will be reset to the lower valueSCVélues below zero are assumed “zero” and vajuester than
“one” are treated as “one.” A resulting CWSI vahfe‘one,” which is expected to happen on a humidudy, or
cold day, is interpreted as an uncertain conditiod no comparison with the threshold or irrigattoanagement
decision is made. A base value of “one” resultsnin irrigation decision. The algorithm also compatbe
maximum air temperature with a temperature threshalue. This follows a traditional approach ofnfigrs to not
irrigate when it is too cold. In fact, the ET raitethis temperate is low enough to be neglected.

The threshold values reported in the literature vi@il-watered crops are site and crop specific and
reference values have been established for mastctops; however, values close to zero (0.2-0.8)eapected to
maintain crops far from being stressed. Higher dhoéds are also reported in case of deficit irfayat

(O’Shaughnessy et al., 2012). The adaptive natlitkeopresented irrigation algorithm required makahanges to
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the traditional definition of threshold. The algbhm helped the trees reach their potential ET lyviping them
with water and observing their subsequent respofse.algorithm needed a threshold greater thanrala@wSI
fluctuations (due to noises/errors) in non-stressedlitions and lower than a value causing watesst The higher
the threshold, the higher the irrigation depth tathe taken. For the purpose of this study, thérobsystem was
set for a conservative threshold of 0.2 and agation depthd) of 16.5mm (3 times the average crop ET of June
and July:d = 3 x 5.5mm = 16.5mm) to ensure irrigations replenished the water degleBefore starting the main

field experiment, the irrigation control system wiased and tested using these values.

CWSI_base =1
CWSI Threshold = C
Air Temp Threshold =T
IrriDepth = 3 *(Avg ET)

>
<
\ o ]
<
Is it 12:00 AM? No———p| Delay <t
Real-Time Wind Speed <

& Solar Radiation A

(During One-Hour

before solar noon) Vis

Calculate:
On-Hour Avg Wind Speed
One-Hour Avg Solar Radiation
Solar Noon Relative
Humidity (from l
Weather Station)
>
Solar Noon > Calculate:
/ Cazopy L >  CWSI_delta, M—Yes—
Today’s Max Temp
Solar Noon Air Temp LI ; No No
_ Is CWSI_today < _
Jt Is CWSI_delta >=C? No—p CWSI_Base? CWSI_base = CWSI_today
A
Yes
Yes
Yes L
L —No S successive irrigatio *
depth >= 0.8 * MAD?
Is Today’s Max Air
No

Schedule
Irrigation

Figure 5.1 CWSlI-based irrigation scheduling algorithm. Solar roon canopy and air temperatures were calculated bgveraging values

from 1:00PM to 3:00PM.
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The control system ran different algorithms at ngtiheach day, based upon the input data fromaheesday
and scheduled irrigation events (if decided) ofedént plots for 10:30 in the morning of next day.case of the
CWSI method, considering the low application rattéhe drip irrigation system (1.1 mm')y it took about 15 h to

trickle 16.5 mm of water to the trees.

5.3.2Development of hardware and software

A wireless central control system including hardevand software (graphical user interface) was desigind
installed in a one acre drip-irrigated apple ordhatr the Roza Farm, Prosser, WA (Appendix A: Figl-4). The
electronic hardware of the system consisted ofndrakly located RF receiver (master; RF401, Canipbeientific,
Logan, UT, USA) connected to a laptop computer gsircdensor nodes (slaves) installed in the fieldeAsor node
was made up of CR10(X) dataloggers (Campbell Sfigntogan, UT, USA) and all or some of the follow
sensors/components. Total numbers are mentioned her

a) Six soil water potential/tension sensors (Water®atRROMETER Co. Riverside, CA),

b) Three dielectric soil moisture sensors (10HS, Dendgevices Inc., Pullman, WA)

c) Three air temperature sensors (Model 109, Camgka#ntific, Logan, UT, USA), and corresponding

radiation shield (41303-5A, Campbell Scientific,gam, UT, USA).

d) Six infrared canopy temperature sensors (ExcergeaetiRt/c.2: Type J, Watertown, Mass.),

e) 21 Latching solenoid valves (lIrritrol, Riverside AC operated by L298 dual H-bridge motor drive

(Robotshop Inc., Mirabel, Quebec, Canada), and

f) A radio frequency tag (RF401, Campbell Scientifiogan, UT, USA) to transmit data to the received an

receive control signal from the central control.

g) Six 10 W solar panels (SYP105, Instapark Co., SBat&prings, CA)

The nodes took measurements from the various sefsated in each plot and reported them to therabn
computer located in a nearby building. This computeorded all readings, made irrigation contradisiens, and
then sent signals back to the individual data-leggehich opened or closed latching solenoid vabeeturn the
water on and off to each block of trees. Insteadioéless communication between the field and efftomputers,

USB modems (DataJack, Inc., Dallas, TX) were useaktess the GUI in the field. This also allowea gnaphical
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user interface (GUI) to obtain real-time weatheiadeand send alert emails. Due to the sensitivitthefmodems to
high temperatures a cooling system (fan) was atlnéte set.

Canopy temperature was measured in real-time usidiyidual IRTs (Excergen model IRT/c.2: Type J,
Watertown, Mass.) installed perpendicularly aboveea (< 1 m high) located at the center of thepdots (small
plots of 18 trees). Considering the field view littmodel of IRT (35 degrees), this form of ori¢itta and position
decreased both the chance of the ground beinglseam IR sensor and the number of sensors useallcse-
Canto et al. (2006) and Testi et al. (2008) usedlai mounting in olive and pistachio trees, respety. The IRT
sensors were wired to a network of Campbell CR1® @R10X dataloggers (Campbell Scientific, Logan,, UT
USA) sending out temperature readings to a ceotraputer wirelessly.

A comprehensive graphical user interface (i.e. mbrsoftware) was developed in VB.Net (V.2010, Misoft
Inc., Redmond, WA) and combined with CoraScript 1(¥.9.8, Campbell Scientific, Logan, UT, USA) to
communicate with the dataloggers through LoggefNe3.5, Campbell Scientific, Logan, UT, USA). Th&JGwas
installed on a laptop computer left in the fieldp@®endix B: Fig. A.5-5.13). The seven irrigation eghling
algorithms including ET, SOIL, SL+ET, TTT, CWSI, N&hd CTNRL were embedded into this user friendly
software. The GUI gathered data from the sensoesiodownloaded weather data from a nearby weathtors
ran the models, and automatically controlled thigation of different blocks within the Fuji apptechard. It also
allowed for manual control of individual plots, ped sensor readings, irrigation events, errorsaetcsent emails
(information, alarms, etc) to the user. The appBettings related to the irrigation treatments banseen in Fig.

5.11-5.12 (Appendix B).

5.3.3Application of control system

The field experiments were conducted in a Fuji appichard on the Roza Farm of the Washington State
University Irrigated Agriculture Research and Exien Center near Prosser, WA, at the coordinatdatitfide
46.26°N, longitude 119.74°W, and 360 m above seel.ld he site was located in a semi-arid zone aithost no
summer rains and an average annual precipitati@i éfmm. The site’s soil was a shallow Warden [Siam soil
(Web Soil Survey) of more than 90 cm deep (fieldebation). The orchard was irrigated by two linédrip

tubing laterals of in-line 2.0 L hdrippers, spaced at 91.4 cm intervals along litetssing 3 10HS sensors, soil
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moisture readings were taken from 3 different lmcet in the orchard after irrigations to determihe field
capacity (Appendix C: Fig. A.14). From these measants, the volumetric water content at field capagas
found to be 32.5%. The permanent wilting point (AWks assumed to be 13.8% volumetric water coriiaséd
on the soil type (Saxton and Rawls, 2006). Automatid manual irrigation events were scheduled duMmy,
June, July, August and September of the 2013 gigpa@ason.

The seven aforementioned irrigation treatments veswaduated in a randomized complete block desigh wi
three replications (blocks) (Fig. 5.2). In additit;n automatic data gathered by the system, alhefitrigation
scheduling methods were compared against each atidethe traditional method of irrigating applees¢ CNTRL)
over the depth of the irrigation water appliedtierh during the season, and three of them includiBgTTT and
CWSI were also compared based on the water useatArvbudget equation was used to estimate irrigatiater
use by apple trees in 2013 (Evett, 2002):

ET,, =P+I+F—AS+D—R (5.38)
whereET,,;, is the actual crop water use (mrR)js precipitation (mm)] is the applied irrigation depth (mn#,is
lateral flux of water entering the control volunpos$itive) or exiting it (negative)), is deep percolation (mm) and
R is runoff (mm).D andR were assumed to be negligible because the oretesdirip-irrigated, where no runoff or
deep percolation is expected. In addition, therse n@ shallow water table below the root zone, thusard flow
was not a concerrf’ was also assumed zero because soil moisture gsadiare taken at the center of the plots
where the effect of horizontal fluxes are negligildlS is the change in soil water content (mm). It wakulated
using the neuron probe readings:

AS =07 — 6, (5.39)
whered; is the final soil water content (mm) in the endléd growing season amtl is the initial soil water content

(mm) in the beginning of the season.
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Figure 5.2The orchard was divided into “seven” treatments andrandomized in “three” blocks (21 plots). Each plotwas consisting of 3

rows of 6 trees.

The statistical analysis included analysis of varéa (ANOVA), using the SigmaPlot 11.0 (Systat Saftsv
Inc., San Jose, CA) to test for the differences ragrine crop water use, as well as applied irrigatiater of the
irrigation methods. To conduct multiple comparisofshe means of the irrigation treatments, the fBowoni t-test

was employed (gt = 0.05).

5.4 Results and discussions

5.4.1CWSI
CWSI and ¥giom

The days on which the measurement&’gf,,, took place included some unusual conditions (T&kl¢. For
the purpose of irrigation scheduling,.., readings made under unusually cold or overcast daguld not be relied
on (Mitcham and Elkins, 2007%imilarly, interpretation of midday CWSI values @mahted on days with unusual

weather conditions needed to be carried out withica.

Table 5.2%¥., measurement days with unusual weather conditions.

Day of Year

212 219 226 241 268 275

Cloudy day High RH 100% Cloudy Partially Cloudy @oPartially Cloudy Cold, Cloudy
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To detect apple trees’ water stré¥s,., was measured at solar noon with a time windowbafua two hours
(13:00-15:00). This was the time that CWSI was algoected to reflect water stress. Thige,,, readings (per tree
per measurement day) taken in different weatheditions were averaged to calculate thg.,, corresponding to
each IRT. The trees maintained relatively high iso@onY¥,,., over the period of the experiment with fluctuaton
driven by the weather conditions. Considering thees no water stres¥ ..,, was mainly dependent on solar
radiation, air temperature and relative humiditsW¥..,, Was higher under more humid, cooler conditions and
smaller (more negative) under warmer, drier coadgi During this period, solar no8f,., values were limited to
a range with a minimum (average) of -11.0 bar aadimum of -3.5 bar.

Changes of midday stem water potentipl.{,,,) measured in the plots under the CWSI treatmerihduhe
period of irrigation (mid to late summer) followdte CWSI change very closely (Fig. 5.3). On a hdtdery humid
day (DOY = 219), bot¥/., and CWSI reached their lowest values at solar n@orthese days, high RH and high
solar radiation were driving transpiration to oppmslirections. On a very cold and overcast day YDO275), both

middayY¥.,, and CWSI reached their highest values.
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Figure 5.3Changes of midday CWSI and SWP.). Each value represents the average of up to sixeasurements/predictions per

treatment. The error bars show the standard error & the mean.

Linear regressions between midday CWSI #1d,,, once total canopy conductance was estimated tiseng
model, yielded fairly well correlations witR? = 0.78 (p <0.001; Fig. 5.4b) while the assumption gf =
resulted in slightly weaker correlation wikf = 0.73 (p <0.001; Fig. 5.4a). A similar linear regresshetweem AT
and¥..,, in Ch. lll resulted in a good correlation wikt = 0.76 (p <0.001; Fig. 4.15b) indicating thaT was as

predictive as CWSI under the conditions of the entristudy.
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Figure 5.4Linear relationship between solar noonp,,.,, and solar noon CWSI calculated by assumingrg= « (a) and model estimations

of gr (b). Eachyg.,, value represents the average of up to six measurents. The error bars show the standard error of thenean.

CWSI responseto irrigations

Assuming g = «, early season CWSI values were calculated usinganaogical and thermal data for fully-
irrigated apple trees in the growing season of 2B0F. 5.5a-b). The new algorithm was applied ®sthdata after
the end of the season for evaluation purpose. lastiated, the adaptive algorithm (Fig. 5.1) hassaderably
decreased the number of false early-season imig@&vents compared to the traditional CWSI algarifi\ppendix
D: Fig. 17). Prior literature mentions one of theues with the traditional CWSI method of schedyiirigation is

early-season over irrigation (O’'Shaughnessy epall 2).
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Figure 5.5Plot of early season CWSI values calculated using eteorological and thermal data of the 2007 growingeason for fully
irrigated apple trees. The adaptive nature of the ew algorithm (b) has resulted in considerably lessumbers of false irrigation events

early in the season compared to the conventional ithed (a).

115



The new algorithm adapted itself with the resparfsie apple trees to irrigations or rainfall asd@ng as the
CWSI had a decreasing trend no irrigation was sdleeld Application of the new algorithm to fully-igated apple
trees during the early-season period when the ¢as@pe under development, and thus the groundtrogbkeen by
the IRTs, can prevent the waste of irrigation waf@aily solar noon weather data on air temperattekgtive
humidity, and solar radiation used for estimatiohthe CWSI during the irrigation period (automatialy) of 2013

(June, July, August and September) are presenteig.irb.6.
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Figure 5.6 Midday changes of environmental variables including solaradiation, air temperature and relative humidity during the

T,[°C] and RH [%]
Solar Radiation [W m"

automatic irrigation period of 2013. The data wereobtained from Roza weather station (AgWeatherNet).

The dotted circles in Fig. 5.7 indicate days onclitthe new irrigation algorithm detected no watezss and
decided not to irrigate due to low temperature ighhrelative humidity, which made it impossibledetect water
stress. In response to high RH, or loy the CWSI was set to “one.” There is a limit o #tmount of water a plant
can transpire per day. Thus, a change of more @hgpecified value (e.g. threshold) in the midday &TWan be
related to reasons other than water stress andded! It can be seen in Fig. 5.7 that such a situatccurred on
cool, cloudy or humid days. The present algoriththghold on the system after three successivgatian events.
The dotted circles in Fig. 5.8 show days on whiuoh &lgorithm stopped irrigating the plot after thisuccessive
irrigation events to avoid excessive watering. Ehreigation events fulfilled 0.8 times MAD, thuftexr each three
irrigations the base CWSI was reset to “one.” Théetl circles in Fig. 5.9 specify days on which #gigorithm
detected water stress and scheduled irrigatiazaritbe seen that CWSI dropped to values belowhtiestiold after

one or two successive irrigation events.
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Figure 5.7 The dotted circles indicate days on which the irrigtion algorithm decided not to irrigate due to lowtemperature (no water

stress) or high relative humidity (not possible taletect water stress). In response to high RH, or e T, CWSI was set to “one.”
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Figure 5.8 The dotted circles indicate days on which the irrigtion algorithm stopped irrigating the plot after three successive irrigation
events (to avoid excessive watering) and reset thase (base=1). Three irrigation events fulfilled 8.times MAD, thus after each three

irrigations CWSI was reset to “one”
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Figure 5.9The dotted circles indicate days on which the irrigtion algorithm detected water stress and schedulerigation. It can be

seen that CWSI dropped to values below the threstmlafter one or two successive irrigation events.
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5.4.2Comparisons of treatments
Climate and precipitation

During the growing season of 2013, there were donak days with overcast skies throughout the pkrio
Rainfall from May thru September totaled 48 mm, tradswvhich (43 mm) occurred in July. The 2013 seasas a
relatively warmer year compared to the 2007 growiagod when the time threshold of TTT was deteadimwith

greater maximum daily temperatures anq #lues (Table 5.2).

Table 5.3Climatic conditions for the 2013 growing season.

Max Mintemp MinRH Max RH Total monthly Max total solar Average daily
Month temp £C) (°C) (%) (%) precipitation (mm) radiation (MJ rif) ET® (mm db)
May 26.3 -1.1 39.0 58.3 0.0 26.2 6.1
June 32.6 6.7 32.9 87.1 33.8 30.6 5.9
July 34.1 13.7 449 92.1 429 31.2 6.5
Aug 37.7 18.0 32.8 59.9 0.0 30.4 8.9
Sept 36.9 17.6 47.0 825 5.3 26.8 6.2

2 Reference ET (EY data for alfalfa from the Washington Agricultlviieather Network (AgWeatherNet).

Applied irrigation water

The difference in the mean values among the sewajation treatments was statistically significgft =
<0.001). The total irrigation water applied by thraditional practice of applying water in the reagiovas
significantly higher than all of the other methq#s<0.001) with a value of 1345 mm. Among the otimethods,
ET and SOIL resulted in the highest and lowest iadplvater with values of 456 mm and 214 mm, respelgt
(Fig. 5.10). Clearly under-irrigating the treess(uél inspection of the trees), the SOIL along whk SL+ET
method (273 mm) exhibited an insufficient respotesswater stress. The ET method was significantifedént than
SOIL (P <0.001) and SL+ET (P = 0.004). All of thther methods were also significantly different thhat of the
SOIL method, while there was no significant difiece between NP and SL+ET (p = 0.097), as well ean€
SL+ET (0.069).

The under irrigation of the plots under SOIL candxplained by the fact that a soil sensor monitnty a

limited volume of soil and might have not have baea depth or place where the root systems wasatising a
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feed-forward EThased scheduling methin combination with a soil sensor did not improwégation scheduling
as the signals to stop irrigatiomgere probably issued as soon as the first watethezhthe soil surrounding tl
sensor. The ET method itsefin lead to over or under irrigation if the estiesabf crop water use are incori (ET
model errors) the soil water content at the beginniof the season is unknown, or the application edfficy of

irrigation system is lower than expec.
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Figure 5.10Total irrigation water applied to sever different treatments.

Crop water use

The water use of the apple trees in the TTT (T),SIWC) and NFtreatments for the entire growing season of 2
(DOY = 110-270) was calculated using the water budget appr@@igh 11«b). The difference in the mean valt
among the TTT, CWSI, NP and ETmethods was statistically significant (P = 0.28%). multiple comparison
procedure (test) revealed that there was a significant diffeeebetween the estimated ET and the crop wateoft
the NP treatment, T treatment, and the CWSI treatrfe< 0.(5; Table 4 while there was no significant differen
among theliermal treatments (i.e. TTT, CWSI) and the NP treait(P < 0.001).

The means of crop water use in the NP and TTT rireats were almost the same with 483 mm for -
compared to 488 mm for NP. The mean of crop wagerin the CWSI treatment was sliy higher with a value ¢
541 mm. The test revealed that there was a significant diffeeebetween the total I, estimated for the seas
and the water use of the NP (p = 0.021), TTT (pG00), and CWSI treatments (p = 0.0zFig. 11 (a) shows th
means of water use in the plots uncthe NP treatment had a higher variability compaethe TTT and CWS
treatments with standard deviation of 77 comparedt and 62, respectivelThis could be related to a hi

variability among the trees of differepiots.
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Table 5.4Comparisons of applied irrigation water of the irrigation treatments using the Bonferroni t-test for gnificant

differences among means.

Comparison Diff of Means t P P<0.050
CNTRL vs. SOIL 1131 32.381 <0.001 Yes
CNTRL vs. SL+ET 1072 30.69 <0.001 Yes
CNTRL vs. NP 951 27.218 <0.001 Yes
CNTRL vs. CWSI 944 27.034 <0.001 Yes
CNTRLvs. TTT 916 26.215 <0.001 Yes
CNTRL vs. ET 890 25.456 <0.001 Yes
ET vs. SOIL 242 6.925 <0.001 Yes
ET vs. SL+ET 183 5.234 0.004 Yes
ET vs. NP 62 1.762 1 No
ET vs. CWSI 55 1.577 1 No
ETvs. TTT 27 0.759 1 No
TTT vs. SOIL 215 6.165 0.001 Yes
TTT vs. SL+ET 156 4.475 0.016 Yes
TTT vs. NP 35 1.003 1 No
TTT vs. CWSI 29 0.818 1 No
CWSI vs. SOIL 187 5.347 0.004 Yes
CWSI vs. SL+ET 128 3.656 0.069 No
CWSI vs. NP 7 0.185 1 No
NP vs. SOIL 180 5.163  0.005 Yes
NP vs. SL+ET 121 3.472 0.097 No
SL+ET vs. SOIL 59 1.691 1 No

As depicted in Fig. 5.12, the soil water depletidrihe plots under NP, CWSI and TTT treatments nager
allowed to exceed the 50% maximum allowed depletddAD) for apple trees (Allen et al., 1998). Thevas also
no sign of over irrigation. This illustrates the G\and TTT methods of scheduling irrigation propedsponded to
water stress of the apple trees under the treatheemat these methods competed well with the scieaitif method

of irrigation (i.e. NP).
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Figure 5.11Water use of the irrigation treatments Each value represents the average of thremeasurements per treatment. The erro

bars show the standard error of the meanThe weekly soil moisture readings were used to callate the total water use of the seasc

Table 5.5Comparisons of crop water use of three irrigation teatments and predictedET for significant differences

among the means.
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ETc vs. NP 246 0.021 Yes

ETcvs. TT1 304 0.000 Yes

ETc vs. CWS 246 0.021 Yes

CWSI vs. Ni 53 0.178 No

CWSI vs. TT1 57 0.204 No

TTT vs. NF 5 0.923 No
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Figure 5.12 Average volumetric soil water content of the NP (a), TTT () nad CWSI (c) treatments measured down to the deptof 60cm
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using the neutron probe (DOY = 128275). The total waterdeficit in all of the plots of irrigated using the CWSI and TTT automatic

algorithms, as well as NP has maintained below theaximum allowed depletion of 96cm
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5.5Conclusions

Seven irrigation scheduling algorithms includingasmatic (TTT, CWSI, SOIL, SOIL+ET, ET) and manual
(NP and CNTRL) methods were developed. The basethiese methods, except for the CWSI, was already
available. CWSI values were calculated using theottétical models of the NWSBL and WSBLs previously
developed in Chapter Il. The algorithms were emkeddihto a computer software (e.g. GUI) controllithg
hardware (i.e. the sensor nodes, solenoid val¥eginstalled in the orchard. Although, the NP neetlwas manual,
weekly readings of soil water content were fed itht® GUI to automatically turn on/off the valvesaagther model
was also developed which automatically irrigated ptots under CNTRL based on the calendar daystlaad
temperature thresholds. The overall performandbetontrol system was satisfactory.

In the 2013 growing season, the irrigation methadse tested in a one acre orchard of Fuji applestr&he
crop water use of plots irrigated using CWSI andl Was also compared with those irrigated usingsttientific-
based irrigation method of neutron probe and croe&imated using the P-M model corrected by crgfficient.
The CWSI algorithm drastically decreased early aeasver-irrigation, yielded significantly fewer & irrigation
signals on cloudy, humid, or cold days and adaptedhanging conditions of apple trees (i.e. show &uit
growth). In addition, the theoretical CWSI was Hjgborrelated to middaWse,n, The CWSI irrigation algorithm
introduced here avoided over-irrigation at the begig of the growing season because no irrigatias 8cheduled
on the cold days of early season and/or when thé&SIChdd a decreasing trend. No irrigation occurradcold,
humid, or cloudy days or at the absence of windhasCWSI value was either “1” or “0” on these dayse
adaptive nature of the algorithm, through the usa dynamic lower, non-stressed boundary, allowexhitoring
the real-time water demand of the trees, avoidingng stress signals caused by wind effect, shamitly, etc. It
was minimally sensitive to different sources oferincluding temporary atmospheric conditions (dast, passing
clouds, etc), IR sensor installation and measuréeears, apple tree architecture and model erkbisle the crop
water stress index was developed for apple treeadaptive control algorithm is independent of coofrrigation
method.

In the current study, the treatments were compsotely based on the irrigation water applied arapavater
use. In future studies, the treatments can be cadgsased on decreased water and labor costs |lassvaecreased
losses of water and nutrients to deep percolatiothe event of future experiments, it is anticggththe methods

relying on the sensing of canopy temperature vaBuft in more water savings, compared to othegatibn
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scheduling methods. While this is an initial stegvdrd implementing variable rate irrigation praeticon apple
trees, it has the potential to improve water ugieiency, which leads to increased production, retlproduction

costs, reduced pumping energy requirements, ancbirad quality.
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CHAPTER SIX

GENERAL CONCLUSIONS

In the present research, the following models veereeloped and validated in an apple orchard ofiRuhe
Roza Farm, at the Washington State Universitygated Agriculture Research and Extension Centd?®rosser,
WA:

1- Canopy conductance (Chapter 11)

Since alfalfa/grass mainly respond to net radiatiothe P-M approach a constant value of 0.6 mbkh
is assumed for the “big leaf” stomatal conductafiéen et al., 1998). To account for the responsapmple
leaves stomas to the bulk air relative humiditythia present approach, a simple model with thesaehasis

dependent merely on radiation and vapor presstuigtdeas developed:
FQ
gr = b, [;Ta] + by (6.40)

whereQ is defined by the following equation:

Q = 0.25(asSy; + asSey + 4(a, — 1)L,) (6.41)

In case of well-irrigated, young apple trees, timedel only requires determination of one empirical

coefficient (i.e.b,). In the studied orchardy, was zero and, showed to be fairly constant with slight

variations from plot to plot and from year to year.

2- Potential canopy and air temperature difference (Chapter 11)

D, has been proven to be linearly related\fo (Idso et al., 1981) in row crops and in Pistadnées
(Testi et al., 2008). This linear relationship wast explained by the theoretical approach of 3acket al.
(1981) where the intercept and slope of the raiatigp were mainly functions ofgy and R,, and T,
respectively. Since relative humidity affects apleleves stomata (Rana et al., 2005; Dragoni eR@05), the
relationship betweeP, andAT was expected to be more complicated. The highlaiityi between the results
from 2007 and 2008 when the trees were young aalihlyeconfirmed the existence of a relationshipagen

D, andAT. Due to stomatal response to change in relativeidity; however, any estimations af" usingD,
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will be associated with high errors. It was conelddhat a theoretical approach which accounts [fasfahe

factors affectingl,. is to be developed to relafg to AT. The following equation is the result of this mbig

effort:

AT, = (gHCP _?l + AgTs) B (gHCPg—T/}”L/iZAgTs) Da (6.42)

whereR,, = Q + nAT,. n is defined by the following equation:

n= (Ba, —4)g,(c)oT3 (6.43)
Climatic parameters and canopy conductangg (vere the only required inputs to th&, model. Once

used to calculate the CWSI, the present NWSBL moedal be used for fully automating of apple orchards

Considering the response of apple trees to thediulielative humidity, the advantages of the NWSBId T,

models will be more pronounced if used in more ltlareas compared to Eastern Washington.

3- Potential transpiration (Chapter 11)

Eq. 6.5 relates transpiration to bulk air vaporspuge deficit ([)) and presents a theoretical method for

estimating potential transpiration of apple trees.

= U-B) 5 4 Aotk
T="5-Q+= =D,

(6.44)
During the 2007, 2008 and 2013 growing seasons tkinspiration model along with these IR
measurements, in-field air temperature sensors,l@a meteorological data from a nearby weathaticst

were used to estimate potential transpiration @lefrees. The Jfmodel presented here adequately described

the transpiration of apple trees under real fieldditions.

4- Actual transpiration (Chapter 111)
Similar to the potential transpiration model, tltual transpiration of apple trees was modeleddase
the energy budget of a single leaf. It mainly ml@n the difference between the thermal temperaifitbe

canopies and air temperature, formulated1p, as an indicator of stomatal enclosure, to estimaatime

water use of the apple trees:

_(Q guCp—n
T = (7) - &= =D, (6.45)
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The overall results of the experiments with Fujplaptrees showed that actual canopy transpiratéan c

be reliably estimated by the means of infraredrtizanetery.

There were some sources of uncertainty in modéigig and thermal energy interceptions by applegsreA
tree canopy is comprised of unknown number of sthaahel sunlit leaves, and shoot growth constantiynghbs light
interception pattern. Apple trees have discontisutanopies. They can have various forms of ardoite@and their
leaves are of different shapes, sizes and orientatiMoreover, the T-model was basically derived Ilfight
interception conditions at solar noon. This introglth some errors in estimations of T when usedifogg other than
solar noon in hourly or smaller time scales. Anotla@proximation was introduced into the model by th
temperature across the upper half of the canopggbassumed uniform and equal to the average tetopera
measured with the IRTSs.

The sensitivity analysis showed that the T-modes$ Viarly sensitive to wind speed measurementshén t
application of the T-model, the wind speed at tidage of the tree canopies was assumed to beathe as wind
speed obtained from a weather station, while thightnbe true the crown of apple tree canopies is ao
homogeneous surface. Thus, not all of the top categves are exposed to the same wind flow. Instéading the
surface wind speed, taking an “effective depth” e measurements (or estimations) of wind speeaghtntie a
better representative of the top leaves. Moreowend speeds at the center of the canopies showelleto
approximately 10 times slower than those of obthiftem a nearby weather statiog,(of about 3.2 times less).
This means transpirations from individual leaveghimia canopy are highly variable with T being mimlver at the
center of canopy than the crown.

Required number of IRTs is a function of varialgil@dmong canopies, orientation, position and figklwof
IRT. The results of our experiment with perpendiciyl installed sensors above apple trees showedgla h
variability among individual IRTs. This suggestattneadings from individual IRTs cannot be trustedhe chance
of the ground being seen by the sensor is highfoAthe IRTs looking at canopies at 45 degree angtehe north
and south sides, a pair of sensors seemed to mteyle resolution. In case of high variability amahg trees,
average of several pairs of IRTs can provide abatterage of orchard transpiration.

In general, the differences between weather staiwhfield measurements were big enough to condheate

measurements from a nearby weather station ara feasible alternative for within-orchard measunetaeThe
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errors were the highest at solar noon and minimdmanadaily mean values were used to estimate T.(ExXoe the
wind speed measurements, no significant differemas seen between the measurements taken withiratiepies
and in the vicinity of the canopies (within-orchpardir temperature measurements showed the higle&bility
among different locations at all time scales.

In the 2013 growing season, seven irrigation methedre tested in a orchard of Fuji apple trees. droe
water use of plots irrigated using CWSI and TTT was0 compared with those of irrigated using thiergific-
based irrigation method of neutron probe and croe&imated using the P-M model corrected by crgfficient.
The CWSI algorithm drastically decreased early @eawer-irrigation, yielded a lot less false irtiga signals on
cloudy, humid, cold days and adapted to changimglitions of apple trees (i.e. shoot and fruit giowin addition,
the theoretical CWSI was highly correlated to midda., The CWSI irrigation algorithm introduced here len
over-irrigation at the beginning of the growing se@ because no irrigation was scheduled on thedald of early
season and/or when the CWSI had a decreasing tfdredadaptive nature of the algorithm through the af a
dynamic lower, non-stressed boundary allowed fdiofdng the real-time water demand of the treesiding
wrong stress signals caused by wind effect, shantidp etc. It was minimally sensitive to differesdurces of error
including temporary atmospheric conditions (i.estdypassing clouds etc), IR sensor installation medsurement
errors, apple tree architecture and model errotsléthe CWSI was developed for apple trees thetadacontrol

algorithm is independent of crop or irrigation nadh

Significant Findings

¢ Infrared thermometry can be used for estimatingtiege water use of apple trees.

e Readings from individual IRTs installed perpendily above canopies cannot be trusted as the clednce
the ground being seen by the sensor is high. Ath®iRTs looking at canopies at 45 degree angdlésea
north and south sides, a pair of sensors seemaavtenough resolution. In case of high variabdityong
the trees, average of several pairs of IRTs canigeca better average of orchard transpiration.

e Canopy temperature correlates very well with treakface temperature on a daily scale. Measurenaénts
trunk surface temperature can be an alternativabopy temperature monitoring and a promising ntetho
for automation of irrigation in apple trees.

e Maximum transpiration of apple trees occurred gntorning.
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While this is an initial step toward implementingriable rate irrigation practices on apple tree$as the
potential to improve water use efficiency, whichds to increased production, reduced productiots cosduced

pumping energy requirements, and improved quality.
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CHAPTER SEVEN

SUGGESTIONS FOR FUTURE STUDIES

In 2013, the average stomatal conductance was amaéat low by the trees in response to low fruitd®a
which resulted in the empirical coefficients bedifferent than the rest of the years. This hase@tcounted for in
estimations of transpiration at post-harvest tinhegause reduction in crop loads can decrease tmattl
conductance and consequently transpiration of appés (Auzmendi et al., 2011; Girona et al., 20Tb)formulate
this phenomenon, in future studies the relationdiepveen the conductance and apple fruit loads snéede
established.

The proposed T-model can provide a basis for § fulitomated system of irrigating apple orchardseas
time water use can be computed in any time scaézidton irrigation scheduling of small areas witharger fields
or even individual trees is another possibilityefd may also be a hope for replacing IRT sensdts saitellite IR
pictures for estimating transpiration of largertlaas. The conventional use of crop coefficient eafdrence ET
can be then replaced by the present approach.

Although the overall performance of the T-model wasisfactory, net radiation (daylight averagejnestions
on some days were sometimes small negative valose to zero, while net radiation is expected topbsitive
during the daytime (Allen et al., 1998). A sourdeesoor was the simplicity of the approach usecehercalculate
cloud cover and sky emissivity. If better accurésyesired more advanced approaches for estimatgning
longwave radiation can be adapted from Flerchirgeat. (2009).

Tree trunk is relatively big component of the fgiawhich was expected to be in balance with avetagepy
temperature. Thermal measurements revealed snffgiedice between tree trunk surface temperatuterims of
average and amplitude suggesting it as an altemdtir canopy temperature measurements. Monitofingk
temperature can decrease the chance of includimgwlave radiation from the ground to zero as a botaly
mounted IRT with a very narrow field of view can tmed.

In the current study, the treatments were compargtdbased on the irrigation water applied and craper
use. In future studies, the treatments can be cardpgzased on decreased water and labor costsadedriosses of

water and nutrients to deep percolation as wehe©suggestions can be summarized as the following:
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One interesting finding of this study was that fleak transpiration in apple trees occurred in thening
rather than the solar noon which was in agreeméhtprevious studies. In order to detect waterssiré is
suggested that apple trees be monitored duringinghours.

The main focus of this research was well-watered-stressed apple trees. In future studies, it trigha
good idea to investigate the applicability of deyeld models in apple trees under water deficit.

Here we compared our transpiration models (i.end §) against the P-M model (i.e. E&nd ET). The
performance of the models and their componentdbeafurther investigated using lysimeter (Auzmertdi e
al., 2011) or sap flow measurements (Dragoni eR8D5; Nicolasa et al., 2005).

Based on the results of the present study, itdsmenended that air and canopy temperatures be megsu
in the same spot. All of the other required metkgical parameters can be obtained from a nearby

weather station.
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APPENDIX A: HARDWARE SETUP IN THE FIELD

Figure A.1 Different hardware components of the irrigation corrol system.
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Figure A.2 The USB modems (USB Modem, DataJack, Inc.) were employed taccess the central control computer in the fieldA 3G

model was first used; however, after it stopped wding it was replaced with a 4G model by the companyDue to the sensitiviy of the

modems to hightemperatures a cooling system (fan) was added toefset.

Figure A.3IRTs used to remotely measure leaf temperature (asensor setup in the field (b) and c) -line with tree rows. IRT sensors

were shielded by PVC pipes from radiationLater on the IRT sensors were also wrapped in alumum foil.
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Figure A.4 A typical wireless node, hooked-up sensors and ceak control computer.

137



APPENDIX B: GRAPHICAL USER INTERFACE
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Figure A.5 “Blocks” tab of the Graphical user interface.
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Figure A.6 “Weather station (Roza)” tab of the Graphical userinterface.
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Figure A.7 “Precision Methods” tab of the Graphical user inteiface.
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Figure A.8 “Neutron Probes” tab of the Graphical user interface.
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Figure A.9 “Neutron Probes” tab of the Graphical user interface.
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Figure A.10 “Calibration” tab of the Graphical user interface.
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Figure A.11“Settings I” tab of the Graphical user interface.
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Figure A.12“Settings II” tab of the Graphical user interface.
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Figure A.13“Console” tab of the Graphical user interface.
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APPENDIX C: SENSOR READINGS

Soil water content (10HS sensors)
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Figure A.14 Plots of soil moisture data collected using the 106isoil moisture sensors (Decagon Devices Inc., Pugin, WA).
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Soil water potential (SL+ET treatment)
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Figure A.15 Plots of soil water potential collected at three jits (“SL+ET” treatment) using Watermark sensors.
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Soil water potential (SOIL treatment)
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Figure A.16 Plots of soil water potential monitored at three pbts (Treatment “SOIL") using Watermark sensors.
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APPENDIX D: ALGORITHMS

CWSI_Threshold =0.2 -0.3
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Figure A.17 Conventional CWSI algorithm.
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Figure A.18 CWSI-TT algorithm developed by O’'Shaughnessy et a{2012).
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Figure A.19 Traditional irrigation scheduling algorithm (CNTRL) .
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Figure A.20 Temperature-based ET control.
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Figure A.21 Soil moisture-based irrigation scheduling algorithm(SOIL).
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Figure A.22 Combined soil moisture and ET irrigation schedulingalgorithm (SL+ET).
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Figure A.23 Time-temperature-threshold irrigation scheduling agorithm (TTT)
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