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Abstract. Daily transpiration () is crucial for both irrigation water management and increasing crop water productivity. The
use of the remote sensibgsed twesource energy balance model (TSEB) has proven to be robust in estimating plant
transpiration and evaporation separately for varapaps. However, remote sensing models provide instantaneous estimations,
so daily upscaling approaches are needed to estimate daily fluxes. Daily upscaling methodologies have not yet been examine
to upscale solely transpiration in woody crops. In thggard, this study aims to evaluate the proper image acquisition time
throughout the day and four methodologies to retrievi@ @lmond trees with different production systems and water status.
Hourly transpiration (f) was estimated using the TSEB contextual approagiT $EB) with highresolution imagery five

times during two diurnal courses. The tested methodologies were the following: the simulated evaporative fraction variable
(EFsim), irradiance R9, reference evapotranspiration (ETo) and potential evapotranspiration (ETp). These approaches were
first evaluated withn situ sap flow (¥SF) data and then applied to theTISEB. Daily TSF showed significant differences
among production systems and levels of water stress. ThedfE ETp methods correlated better with measur&dF,Tand

reduced the underestimation observed usindgréend ETo methods, especially at noon in the severely water stressed trees.
However, the daily upscaling approaches applied in the TSEB SEB) failed to detect differences between production
systems. The lack of sensibility of-TSEB among production systems poses a challenge when estimaitincafopies with
discontinuous architecturstructuresThe use of ETp as a reference variable could address this issue, as it incorporates various
aerodynamic and radiative properties associated with different canopy architectures that influence theSéapwatiern.

However, more accurate ETp estimates or more advanced ETp models are needed.

1 Introduction

Almond is one of the higlralue crops witlihe greatestvater usagéGoldhamer and Fereres, 2017; Loj€pez et al., 2018)

In Spain, a paradigm change is taking place with the introduction of new intensified almond production systems with more
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planar designs (Iglesias and Echeverria 2022), which may complicate the accurate estimation of evapotranspiration (ET) usin
remote sensing models. Thus, since the expansion of almond production is occurring in a context of increasing water scarcity
many studies have focused on quantifying its water usage in different environments and water regimes. From a water
management point of view, there is particular interest in validating the daily ET and its components, transpiration (T) and
evaporation (E), in e crop and under different production systems and water status. This is relevant because almond is
considered a drougholerant species able to control water loss through stomatal closure, which has been identified as a
common and early event in plant response to water defiagtél and Ferere$981, Escalona et al. 1999, Chaves et al. 2002).
Romero et al. (200&)lso showed that the influence of the evaporative demand of the atmosphere on steimataliiwas

higher under wellvatered compared to watetressed almonds. The same study also demonstrated thasinedsed almonds
restricted stomat activity earlier in the morning when atmospheric vapor pressure deficit (VPD) was still low. As a result,
maximum T values occurred during this period and were significantly higher than those observedviatevetl almonds

Accurate infield quantification of crop ET and the partition components E from soil and plant T is very useful for both
irrigation water management and increasing crop water productivity (Zhang et al. 2021). Consequently, several methodologie:
have been eveloped to address this objective (Evett and Tolk 2009). Of these, remote sensinglthsedaurface energy
balance models have shown their utility in retrieving ET in a wide range of environments and ecosystems (Shuttleworth and
Wallace 1985; Bastiaanssen et al. 1998; Drexler et al. 2004; Overgaard et al. 2006; Allen et al. 2007; Timmermans et al. 2007
Kalma et al. 2008; Kustas and Anderson 2009). The advantage of using remote sensing lies in the possibility of monitoring
heterog@neous surfaces over a wide range of spatial resolutions and thereby generating operational ET products (Kalma et a
2008). One such model that calculates T and E explicitly is thesbwoce energy balance (TSEB), which was initially
developed by Normaat al. (1995) and Kustas and Norman (1999 separate T and E outputs provide the advantage of
simultaneously evaluating canopy stress and directly quantifying plant water consumption. This information can be valuable
for enhancing water use efficiency in agricultural and environmental management. Moreover, T is also linked to plant
productivity asthe exchange of both water and carbon between the atmosphere and the plant is conveyed via the leaf stomz
The TSEB approach has demonstrated its robustness in accurately estimating plant ET across diverse surface conditions an
wide range of landscapé@sustas and Anderson 2009; Kustas et al. 2@E&nezCandon et al. 202G ao et al. 2023; Knipper

et al. 2023)To estimate T, the use of very high resolution thermal and multispectral imagery allows for the direct estimation
of canopy T¢) and soil temperaturdly), facilitating the retrieval of ET partitioning, through use, for example, of the TSEB
contextual approach (TSEBT) model (Nieto et al. 2019; Nassar et al. 2020; Gao et al.; 2D2idtanillaAlbornoz et al.

2023.

Models for estimating ET fluxes based on remote sensing, however, can only be used to derive an instantaneous ET at the tin
of clearsky satellite or aircraft overpass. Thus, the selection of a proper overpass time and the development of upscaling
algorithms to extrapolate ET from instantaneous to daily scale are of special interest for the management of crop watel
consumptionCurrent thermal infrared (TIR) polar orbiting satellites, such as Landsat, Sehtingehe moderateesolution

imaging spectroradiometer (MODIS) on board Terra, have an overpass time close to 10:00 am (mean locator solar time)
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However, several studies suggest that the best accuracies in ET retrievals would be captured better in the early afternoc
(Delogu et al. 2012Anderson et al. 2031 Bellvert et al. (2014) also showed that early afternoon was the most appropriate
moment to detect maximum differencedirbetween welwatered and watestressed crops. For this reason, in coming years

new TIR satellite missions including TRISHNA (Thermal infraRed Imaging Satellite for High Resolution Natural resource
Assessment) (Lagouarde et al. 2018), SBG (Surface BidogyGeology) Basilio et al. 202p or LSTM (Land Surface
Temperature Monitoring) (Koett al. 2018) are planned at an overpass time around 13:00 hours (GMT time).

Daily upscaling of ET fluxes is commonly performiegl assuming a constant relationship over the course of the day between
instantaneous ET and a reference meteorological forcing that can be computed at hourly and daily timesteps (Crago an
Brutsaert 1996 an Niel et al. 2011Cammalleri et al. 2014). This hypothesis is generally known apsedervation (Crago

and Brutsaert 1996). Generally, the most commonly used methods for upscaling ET are: the evaporative fraction (EF) methoc
the solar radiationR9 method, the stress factor method and the canopy resistance method (Hoedjes et al. 2008; Delogu et al.
2012; Cammalleri et al. 2014; Jiang et al. 2021; Nassar et al. 2021). Experimental studies have shown that the EF metho
which is based on the ratio between latent heat fl&x &nd the available energy at the surface (AE), is relatively stable during
midday hours for days with clear sky conditions, but significantly higher during early morning and late afternoon. These
differences in EF during the day cause a systematic uniteagion of daytime average values under wet conditions
(Shuttleworth et al. 9489; Brutsaert 1992; Crago and Brutsaert 1996; Lhomme and Elguero 1999; Gentine et al. 2007). To
address this challenge, Hoedjes et al. (2008) introduced a parameterization of the diurnal EF pattern based on the primat
atmospheric forcing paramete®sand relative humidity (RH). Implementing this approach, known as,HbPelogu et al.

(2012) successfully reduced the overestimation associated with the EF method from 15.8% to 6.5%.

Additionally, while estimating the instantaneous AE at a specific time can be relatively straightforward using thermgal imager
and meteorological data, determining daily AE needs daily course measurements or estimates of net Radeatisbsdil

heat flux G), which can be challenging. Given that the diurnal pattern of AE is primarily influencBg lityhas become a
common practice to udesas a reference variable for the estimation of daily ET fluxes from instantaneous measurements
(Jackson et al. 1983; Zhang and Lemeur 1995). The u$s of the context of remote sensing applications has fewer
requirements than the EF method, with the latter needing auxiliary information dectihascan be complex to measure and

may further limit operatinal utility. When used thBsupscaling method, both Cammalleri (2014) and Nassar (2021) improved
daily ET compared to EF methods.

Another upscaling method that has been proposed is the stress factor method. This approach employs the referenc
evapotranspiration (ETo) or potential evapotranspiration (ETp) as a reference variable, which inherently accounts for the key
meteorological fators influencing the evaporative process (Trezza 2002; Delogu et al. 2012). Trezza (2002) found a constant
ratio between ET and ETo during the daytime and employed it to estimate daily ET using remote sensing estimations, achievin
better results compared to EF upscaling methods. However, Cammalleri (2014) obtained similar results when using both the
EF method and the ETo to estimate daily ET in sites without stress conditions. For their part, Delogu et al. (2012) evaluatec

the use BETp as a reference variable and obtained worse results compared to the EF method for a dataset with stress event
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This was attributed to the fact that the AE followed both stressed and unstressed ET patterns, whereas ETp often increase
independently of the water stress levels.

Nevertheless, the aforementioned upscaling methods reported in the literature in agricultural ecosystems have only bee
validated against daily ET, usually over sites with eddyariance flux towers, with a footprint with mixed information on

the spatialvariability (Cammalleri et al. 201&u et al. 2018Jiang et al. 2021). Therefore, to the best of our knowledge, the

use of upscaling methodologies to estimate dailyfg) ibased on instantaneous T values has not been previously examined.
Furthermore, thdiurnal pattern of T has a different response betweerwatttred and watestressed crops (Poni et al. 2009,

Tuzet et al. 2008 and this different response would also depend on the stomatal control of each species to soil water and vapo
pressure deficits. Thus, the hypothesis of this study is that upscaling methods may have different responsestfesseater

and wellwaterel almond trees (Sanchez et al. 20Xifrel e k a lebak 2022 Iglesias and Echeverria 2022; Peddinti and
Kisekka 2022; Knipper et al. 2023). Therefore, the main purpose of this study is to evaluate diffetgrsicdling
methodologien almond trees under different production systems and water regimes using sap flow measurements. This study
aims to contribute to our understanding and establish a reference for upscaling remote sensing canopy T in woody crops, whic

is crucial in mapping daily ET partitioning from field to global scales.

2 Materials and Methods
2.1 Trial location and design

This study wasonductedn an almond orcharsituatedat the experimental station of the IRTA (Institute of Agrifood Research

and Technology) inLeBor ges Bl anques, Spain (41A30631. 89 dh@Hmond A516
orchardwas pl anted in June 2009, with A Mar i-G7TardotstockAdditerdllyas t h
the orchard was planted with different planting distances and subjected to different pruning techniques. The combination of
planting distance and pruning t ec h mhrep@amaend praduction dystems veefee r r
evaluatedopen vase with minimal pruning (MBpaced at5.5 x 3.5 m, central axigt5 x 3 m, and hedgeroat4.5 x 3 m

(Fig. 1band Fig. 1% The orchard was situated on a clay letxtured soil, with a depth ranging from 1.6 to 2Trhe study

site has a Mediterranean climatéth an average annual rainfall of 364 mm and an average annual evapotranspiration of 1088
mm. Two different dates were selected to assess the diurnal cours@%th June and 19th August 20E2gure 2 displayed

the meteorological conditions during the campaign.
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Figure 2. Meteorological conditions at hour scale during the flight campaign.
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The orchard was irrigated using a drip irrigation systenthe open vase (MP) systetwo lateralpipeswere positione@n
135 each side of the tree at 40 cwith a dripper placed every 70 cm and a water discharge rate of 2.Zhdxcentral axis and
hedgerow systems had a lateral pipe alongdheline, with drippersplaced aB0 cmintervalswith a water discharge rate of
3.8 | ! per dripper Daily irrigation was scheduled on a weekly basis to complement potential crop evapotranspiration (ETc)
using:ETc = (ETo x Kc)i effective rainfal] as described byllen et al.(1998. ETo was obtained frona meteorological
stationwithinCat al oni ads official n et w btipk//rumitat. garcat.eabwelduestagronyeteo s t ¢
140 situated500 mawayfrom the study siteThe ETo is estimated using the FAO56 Perifetmteith methodAllen et al. 1993
Kc refers to the crop coefficierthe Kc was assigned based on different phenological stages, foll@eldgamer and Girona
(2012) The assigned Kc values wekéc; = 0.70 (April), Ke = 0.95 (May), Kg =1.09 (June), Ke=1.15 (July), Ke=1.17
(August), and Kg= 1.12 (Septemberiffective rainfallwas determined following the method outlined®ijvo et al.(2009)

which considers half of the precipitation for days with a single event exceeding 10 mm, otherwise, it is considdregteero.
145 irrigation treatments were implemented for each production system during the 2021 and 2022 growing(isdadbn:
irrigation, where irrigatiomatche<eT requirements (100%T c); (ii) mild stress, irrigated at 50%T c; and (iii) severe stress,

irrigated at 20%&Tc. The water applied was quantified using digital water mg@r20003M, Contazara, Zaragoza, Spain).
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2.2 Sap flow measurement

Sap flow sensorsffer substantial advantages, enabling the continuous and automated measurement of sap movement for eac
plant with a high temporal resolution (Smith and Allen 1996; Forster 2017; Fernandez 2001). When properly calibrated, these
sensors can measufteT for the entire plant (LopeBernal et al. 2010; Forster 2017; Noun et al. 2022). Among the sap flow
measuring methods available, the compensation heat pulse (CHP) has been suggested as a tool for detecting water stress
for irrigation scheduling purpes (Fernandez 2001; Alarcén et al. 2005). Therefor& ltiesap flowmethod combined with

the calibrated average gradient technique @mployed to estimate the The sap flow systeroonsistsof a 2 mm diameter

4.8 W stainless stl heater and two temperature sensors positioned 10 and 5 mm downstream and upstream of the heate
respectively. Each temperature sensor is embedded with-typpeEhermocouples (chrorm@nstantan wire) spaced 10 mm

apart along the needle. The heat pulse velocity at 5 and 1Bealmw the cambium is used to calculate the sap flow density
across the trunk radius. The sap flow system was developed by tHeSKSlaboratory. For further specifications, refer to
Villalobos et al. (2009)Sap flow data wereollectedevery 15 mimitesandstoredin a CR1000 datalogger (Campbell Scientifc

Inc., Logan, UT, USA)

Sap flow sensors were installed in each production system, monitoring two trees from the full irrigation and severe stress
treatments, and one tree from the mild stress treatments, as shown in Figureylere installed at 0.5 m above the ground.

Each sap flowtranspiration (¥SF) underwent correction for wound and azimutbtiects (LopezBernal et al. 2010) using

actual T measured by a water balance methag) h July 13, 2022. Thewh was calculated using E(fL).
4 0 O YYod 00 % (1)

WhereP is precipitation|r is the amount of water applied through irrigationS W@ the difference in soil water content
(SWC)between two consecutive daiaR is deep percolation and E corresponds to evapor@j@P andlr were considered
zero because the water balance was calculated for days withodtr applied. Additionally, the soil was covered with plastic
sheeting during these dayspmeventEf | u x e s. DiffdEences betjveen,f and T-SF measurements were assumed to
remain constant throughout the season, as demonstraksphglafor et a(2015) The calibrated ISF was used to calculate
both the accumulated hourly THBF) and the accumulated daily Ts{($F).

The SWC was measured using a neutron probe at intervals of 20 cm down to a depth of 180 cm (Campbell Pacific Nucleatr
Scientific, Model 503)The tubes used for SWC measurements were installed to cover one quarter of the planting area. In each
tree,two groups of three tubes were instaliecparalle| positionedbelow the emitter, at a quarter of timer-row distance

and at halfof the interrow distance.Soil sampled were taken at the time of tubes installation to estimate the volumetric

moisture content (chof water cm® of soil). This measurement was then used to calibrate the neutron probe readings.
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2.3 Field measurement
2.3.1 Stem water potential, stomatal conductance, leaf transpiration and leaf area index

Stem wat ery), ganatal oonduadahces(g@d leaf transpiration (&) were measured at 7:00, 9:00, 12:00, 14:00
and 16:00 solar time during the UARight campaign and in the same trees where sap flow sensors were ingtated.
measurement dils followed the protocol outlined bylcCutchan and Shackel (1992he s was determined by measuring
three shaded leaves from each tree. Prior measurement, each leaf was enclosed in a plastic bar covered with aluminium fc
for one hour to equalize the water potential between the leaf, stem, and branches. A pressure(Blaarnb¢ater Status
Console, Model 3500; Soil Moisture Equipment Corp., Santa Barbaraw@g\tilized to obtainthe (s in all measurement
within onehour.The g and Eeas Were measured using the-600 porometer/fluorometer ((COR Inc., Lincoln, NE, USA).
Three sunny leaves were measured in each tree concomitant to image acqursttieaf area index (LAI) was determined
for trees equipped with sap flow sensors uslirgltAl-2200 Plant Canopy Analyzer (PCA) €0OR Inc., Lincoln, NE, USA)
TheLAI was measured in each flight date around middde LAI measurement procedure involved one measurement taken
above the tree and four below the tréhe incident radiation above the tree wesordedn an operareausing five sensor
rings A single measurementag taken in each cardinal direction (N, S, E and W) beneath th&heeeAl was subsequently
estimated from the vertical profile of the crown using FV2200 v. 2.1.1 softwar&he accuracy of LAl estimations was 0.57
m? m2 (QuintanillaAlbornoz et al. 2023).

2.3.2Image acquisition campaign

Ten flightswereconducted on June 29 and August 29 of 2828 UAV Dronehexa XL (DRONETOOLS, Seville, Spain)
On each day, five flights were conducted at 7:00, 9:00, 12:00, 14:00 and 16:00r&MJAV was outfitted with Micasense
RedEdgeMX multispectralcamera(Micasense, Northlake Way, Seattle, US#)d a FLIR SC655thermalcamera(FLIR
Systems, Wilsonville, OR, United Sta}eBlicasense RedEdgéX captures images in five spectral bands at wavelengths of
475 + 20 nm, 560 = 20 nm, 668 £ 10 nm, 717 + 10nm, and 840 + 4BltiR.SC655has a spectral response in the range of
7.5 13 ym. Theflights werecarried outat a height of50 m above ground level tapturemultispectral and thermal images
with spatial resolutions of 0.03 m aAd6 m, respectively.

All images were subjected to radiometric, atmospheric and geometric corre¢tienFieldSpec 4 Standafdes
spectroradiometer (Malvern Panalytical, Inc., United Kingde:$ used to acquire in situ spectral measurenogntsrious
ground target simultaneously with the image acquisition radiometric calibration. Thd-ieldSpec 4 Standaif@es
spectroradiometehas an optical resolution of1) mm and a wavelength response between 350 and 2508eiare
conducting spectral measurements on the ground sartipet spectroradiometer was calibrated using whiierence panel
(white color SpectralonTMandadarkreferenceThe thermal sensor underwent radiometric calibration in the laboratory using
a blackbody(model P80P, Land Instruments, Dronfield, United KingdofAdditionally, in-situ temperature measurements

were acquired usingn St111-SS Apogee infrared radiometer connected to an Apogeel@d microCache Bluetooth

8
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micrologger (Apogee instruments Inc, Logan, UT, USR)e mosaicking process, as well as the generation of the digital
elevation model (DEM) and the digital surface model (DSM), were performed Agiagft Metashape Professional software
(Agisoft LLC., St. Petersburg, Russi@eometric and radiometric corrections veamiductedusingQGIS 3.4 (QGIS 3.4.15)

2.4 TSEB model description

The TSEB schemanitially introducedby Norman et al(1995) and further refinedby Kustas and Anderson (20Q0%yas
utilized to estimate T employing higlesolution imagesThe TSEB is a energy balance models that assumessndace
radiation R,) is primarily distributed among sensible heat flth,(latent heat fluxI(E) and sd heat flux G). Consequently,
the LE (W m) is calculated as the residual of the surface energy equation. (8. BpEq. (2.2) andEg. (2.3):

50°'Y 0 0 2.1)
50 Yi 'O "Q 2.2)
b0 Yi 'O, (2.3)

Wherethe subscripts andsreferto the energy fluxes of theanopy and soil, respectivelijhe Campbell and Norman (1998)
canopy transfer model, considering a rectangular clumping index, was employed to d&tiaatR, ., as described byarry
et al. (2019)and QuintanillaAlbornoz et al. (2023)G wasassumeds a constant fraction &, sof around 0.35A series
resistance scheme was utilized, dividignto soil (Hs) and canopyHc) asshownin Eq. (3.1, Eg. 3.2) and Eq. 8.3):

0 "6 — (3.1)
0o "6 —, (3.2)
0 0 " , (3.3)
where | i s tplsthe specific heaeoh aT is the, soil @mperaturd, is the canopy temperatur®, is the air

temperatureTac is the temperature in the canopy air space, equivalent to the aerodynamic tempetattire resistance to
heat flow in the boundary layer immediately above the soil surfacethe total boundary layer resistance of the complete
canopy leaves, andg is the aerodynamic resistance to turbulent heat transport between the air canopy layer and the overlying

air layer. The resistances weaterivedaccording tdKustas and Norman (1999) and Norman et al. (1995).

The contextual approach of the TSEB model (TSHB was evaluated in this study and is available online at
https://zenodo.org/doi/10.5281/zen0d0.594732. The T3ERas applied with direct measuremnseoft T. and Ts from high-
resolutionthermal imagesT. and Ts were obtained with a supervised image classification based on using the DSM and the
soil-adjusted vegetation index (SAVI). SAVI was chosen due to its ability to reduce the impact of ground brightness in the
near and shortwave infrared wavelengths, which enhances the contrast between vegetation and the ground surface (Qi et
1994).Pixel were classified as canopy if they exhibited a DSM greater than arll a SAVI greater than 0.2x€ls that did

9
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not meet these conditions were classified as pure Bodse layersvere employed to retrieval th&: and Ts from thermal
images. Finally, the hourly in mm (Ty-TSEB)was estimated usind000 x 3600 1. E./ w@-)where} is the density of
water (assumed to be 1,000 kg® and & is the | ate®ht Rexad250dED.002361F.p Alli z at i
biophysical traits required for TSEB models, the fractional canopy cmyecénopy heightic) and canopy widthwc), were
obtained using the multispectral and DSM high resolution ima&gesr addi t i on al details on th

refer toQuintanillaAlbornoz et al. 2023

2.5Models evaluated to upscale daily transpiration

The selfconservation method is the most commonly used approach to upscale ET fluxes from instantaneous measurement:
This assumes a constant relationship between the instantaneous ET and some meteorological variables over time under cert;
conditions. According to Cammalleri (2014), the relationship between instantaneous measurement of ET fluxes and a referenc

variablecan be illustrated using E@1):

gy  -—, (4)

w h e ILE is the instantaneous latent heat flux at the acquisitionttiddeand Xy are the values of the reference variable at
the acquisition timé¢and during the dasgl, andb represents a correction factor to account for potential biases or nighttime ET.

This paper evaluates four s@ifeservation approaches, elucidated below, along with their implications for estimating T

almond crops.

2.5.1Simulated evaporative fraction variable (Ekim) method

The ERkim is based on the evaporative fraction (EF) method. The EF method assumes that the ratiollieameeAE is
relatively constant during the day. Following E5.1), Eq.(5.2) andEq. (5.3), we can obtain the dailyE fluxes:

00 — (5.1)
1 % 'Y O (5.2)
00 ! % 00 (5.3)

wherelLEg and AR correspond to daily accumulate®f and AE, respectivelyR, can be determined from remote sensing data

using Eq(6):
Y p | 3y -2Y -9 JY (6)
whereUcorrespondsto he al bedo, U tRet hseu raftantoes pehneirsisci vliotnyg-Batzman r a d i

constantand Trag the radiometric temperature. To avoid daily measuremeRt ahd G, the AE @nbe extrapolated from
instantaneous AE estimated through thermal imagndRs, following the methods proposed by Jackson et al. (1983) and
Delogu et al. (2012), as expressed in EqQ. 7

10
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where AE represents the instantaneous AE estimated through thermatryn®g the dailyRs andRs is the Rsat the
measurement timéccording toHoedjes et al. (2008}he daily pattern of EFambe simulated as a function Bsand RH,

as in Eq(8.1). However, EEnis a theoretical curve and must be adjusted using real EF values w{thZxq.

00 pg W— TW— (8.1)

0’0 00 (8.2)

f
whereRsis inW m2and RH is in percentage. Additionally, sk represents actual EF values estimated using remote sensing

imagey based on E(5.1), and Eksimis the Ekin at the time of Efws Finally, the EEm method employs Eq5.3) with an
EF estimated using E€B.2) and AE; estimated using E¢7) to estimatd_Eg.

2.5.2Incoming shortwave solar radiation (Rs) approach

An alternative strategy consists of replacing AE as a reference variable witls fhileis method is founded on the principle
thatRsis the primary radiation flux during the day, resulting in a strong correlation and associated variations between actual
ET andRs(Jackson et al. 1983; Delogu et al. 2012, Nassar et al. .ZD243,LE4 can be estimated with E(P):

00 Yi— 9)
whereRs; corresponds to dailRsandRs is theRsat the time thakE was estimated.

2.5.2Stress factor approach

The stress factor approach involves upscaling the instantaneaussrig€ither reference (ETo) or potential evapotranspiration
(ETp), as depicted in E¢L0):

0"Y "Y'QO'YO'Y (10)

The stress factor is defined as the ratio betweeartTinstantaneous ETo or ETPH = ET/ETo (or ETP) The ETo was
obtain@ using the FAG56 method (Allen et al., 1998). ETp was estimated using the Penman Montegbwne energy

balance model, and forcing it with meteorological data and the actuafAlieh et al., 1998)The ETp obtained from the
Penman Monteith model &vailable in the Python programming languagketgts://zenodo.org/doi/10.5281/zen0d0.594732

The minimumbulk canopy resistander the ETp modelvasdetermined through a method tipairameterizethe relationship
betweengs andVPD, as describe bi{ustas et al., (2022Meteorological data were obtained from the weather station of the
Meteorological Service of Catalonia located near the experimental orchard.

The EFRim, R§ ETo and ETp upscaling methods were used to estimateom T,-SF measurements and from-TSEB

estimations. The qlobtained using th&Fsim, R§ ETo and ETp upscaling methods fromSF measurements was called T
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SFETsim, T--SFRS T¢-SFETo and §-SFETp, while the Testimated from FTSEB estimations was called-TSEB-ETsim,
To-TSEB-Rs T¢-TSEB-ETo and §-TSEB-ETp, respectively.

3 Results
3.1Biophysical traits and physiological measurements

Table 1 shows aanalysis of variance (ANOVA)f the main biophysical traits and Table 2 the average of each biophysical
variable for each production system and irrigation treatment. The fractional canopy fcpgagnificantly varied between
production systems, with open vase (MP) and hedgerows presenting the highest and lowest values, respectively. The avera
fc for each production system was 0.56, 0.50 and 0.47 for open vase (MP), central axis and hedgerow, respectively. Canop
height fic) significantly varied between production systems, irrigation treatments and their interaction. Overall, taller trees
were observed in the open vase (MP) system. However, open vase (MP) and hedgerow systems led to smaller trees in t
severestresdreatmentwhereas the central axis had the smallest trees in thestngks treatmenThe measured LAI did not

show significant differences among production systems or irrigation treatments.

Variable Date PS TRT PSxDate | TRTxDate PSXTRT | PSxTRTxDate
fc ns 0.008 ns ns ns ns ns
hc 0.0004 | <.0001 | <.0001 | ns ns <.0001 ns
LAI ns ns ns ns ns ns ns
ds ns 0.0059 | <.0001 | ns 0.0044 0.0398 ns
Os ns ns <.0001 | ns 0.0046 0.0152 ns
Eleat 0.0003 | 0.0098 | <.0001 | ns 0.0321 0.0188 ns
To-SF 0.0001 | 0.0033 | <.0001 | ns ns 0.0111 ns
Th-SFmoming | 0.0003 | <.0001 | <.0001 | ns ns 0.015 ns
Th-SFmidday ns ns <.0001 | ns ns ns ns
Th-SFatternoon | NS 0.005 <.0001 | ns 0.011 0.001 ns

Table 1. Analysis of variance (threewvay ANOVA) testing the effect ofdate, production system (PS) and irrigation
treatment (TRT) and their interaction on fractional canopy cover €c), canopy height fic) and leaf area index (LAI),
stem water potential s), and hourly (Th-SF) and daily transpiration (Tq¢-SF) measured by sap flow sensors. P values
less than 0.05 wereonsidered statistically significant

Production system Irrigation fc hc LAI Td-SF
treatment

Full irrigation 0.6l a 5.82a 3.12 4.61la

Open Vase Mild stress 0.57 a 5.42b 2.8 3.8ab
Severe stress 0.51a 5.01c 2.96 13c

Full irrigation 0.53 ab 4.11d 3.08 3.75b
Central Axis Mild stress 0.5 ab 4.07d 3.27 26Db

Severe stress 0.48 ab 35e 3.16 1.54c

Full irrigation 0.44b 4.02d 2.61 3.37b

Hedgerow Mild stress 05b 4,78 c 3.7 3.59b

Severe stress 0.49b 4.18d 3.65 0.99c
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Table 2. Comparison offractional canopy cover c), canopy height fic) and leaf area index (LAl), and daily
transpiration (T ¢-SF) measuredduring the flight campaign. Different letters mean significant differences at p < 0.05
usi ng Tu k esignifisant Wifferercs test considering the interaction between production system and irrigation
treatment.

3.1.1Stem water potential, stomatal conductance and leaf transpiration

The diur nals gpand Eaeexhibited varfatior@ primarily attributed to the irrigation treatm@ig. 3). These

variations | ed to signifi gasmhdkganforfigehe differerd isrigation treatmef@ble ai | y

1). Moreover, the interaction betweproduction system and irrigation treatm@$xTRT) hadh significant impact, primarily
attributable to the central axis subjected to the stildsdreatment. The central axis undiee mild stresgreatment exhibited
values comparable to those observed in the sesterssreatment The daily pattern of]s exhibited significant differences
between irrigation treatmentas early as 7:0BGours In contrast,discernible significant differences between irrigation

treatments fogs and Eeaswere evidentag ar |l 'y as 9: 00 h g o and Ry bBtivderi igigagon teatsments n

q

remained evident unti.l 1 6 gPabd Ekyrampongdgrrigationhtreatnemsanlere dbsesvedaaround i e

12: 00 hours. Phad ifs mast redircédsvalues wittean avgragd @5 MPa in the full irrigation;1.86 MPa

in the mild stress ane?.30 MPa in the severe stress treatments. Simultane@dstained its maximum values with an
average of 0.41 mol¥s?, 0.25 mol n? s?, and0.12 mol n? s for the full irrigation, mild stress, and severe stress treatments,
respectively. The most pronounced variations,ég &@mong irrigation treatments occurred at 12:00 hours, and the highest E
values were recorded at 14:00 hours, with respectively averaged values ofrh@obi? s, 6.96 mmol m? st and 5.24
mmol n? s for thefull irrigation, mild stressand severstress treatments Fi nal | vy, on av e rsfarghe,
fully irrigated treatment wasl.18 MPa, while the mildtressand severstresdreatments showed values-4f65 MPa and

1.99 MPa, respectively. Similarly, the tree daily averaged valuesnrg 0.32 mol id s, 0.21 mol n? s?, and 0.13 mol m
2stfor full irrigation, mildstressand severstresgreatments, respectively. Additionally, the tree dailytEalues were 7.74

mol m? s?, 5.77 mol n? s, and 4.12 mol M s* for full irrigation, mild stressand severstressreatments, respectively.
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Figure 3: Daily course of stewat e r p o §, stontataladndu¢ta@ice (§ and leaf transpiration (Eear) for 29" June and 19"
340 August 2022 in almond trees with three different production systems (open vase (MP), central axis and hedgerow) and irrigatio
treatments (full irrigation, mild stress, and severe stress).

3.1.2 Sap flow transpiration

The T¢-SFshowed significant differences among production systems, irrigation treatfA8niER Tand dates (Table 1). The
345 open vase (MP) transpired significantly higher, with an average of 3.13 hoontpbared to 2.64 mnt'dor the central axis

14



and 2.46 mm d for the hedgerow systems. Notably, in hedgerow, the mild stress treatment showed higkamilies
compared to the full irrigation treatment, although the difference was not statistically significant (Table 2).
Figure 4 shows the daily patternsTafSF. The Ty-SF patterns exhibited variations based on production system, irrigation
treatment, and date. The daily pattern may vary between days due to differences in the main weather forcing parameters (st
350 Fig. 2), as well as an irrigation scheduling error that oeclion June 29at 12:00hours coinciding with the ongoing
measurements. The error in the irrigation schedule resulted in significant pattern variations, particularly in ttetressere
treatment. In this treatmeni,-SF exhibited a notable increase at 13Hiurs reaching its peak at 14:00 and 15Hurson
June29" in all production systems. The maximuSFratesrecordedn theseverestress treatmemnn June 29 were 0.14
mm h?, 0.20mm h?, and 0.23 mm ffor the open vas@MP), central axis, and hedgerow systems, respectively. Conversely,
355 the maxinum Ty-SFratesin the severstressreatment on August 99were observed between 10:00 and 1h060Qrs with
0.10mm h?, 0.12mm h*, and 0.07 mm hfor the open vasfMP), central axisand hedgerow systemespectively
In the full irrigation treatment, the maximum-SFrates varied depending on the day and the production system, occurring
between 12:00 and 14:@@urs In the open vasgP) system, the highe3i-SFvaluesaveraging 0.45 mmh wererecorded
at 14:00hours In the central axis system under full irrigation, the maximiwSF occurred at 12:00ourson June 29 and
360 at 14:00hourson August 19, with a T-SF rateof 0.43 mm H for both dates. In the hedgerow system, the full irrigation
treatment yielded a maximuf-SFof 0.37 mm H-on both days, observed at 12#08urson June 29 and at 14:0tourson

August 19
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Vol v 2B —:\ —— Severe stress
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365 Figure 4: Daily course of hourly sap flow transpiration (Th-SF) for different irrigation treatments in the production systems a) open
vase (MP), b) central axis, and c) hedgerow, for dates 29une and 19" August 2022.

Similar tothefull irrigation treatment, in the mildtresgreatment, the timing of maximui-SFdepended on the day and the
production system. In thmild stresstreatment for the open va¢elP), the maximumT,-SF was recorded at 12:0fours

370 correspondingo 0.45 mm Hon June 29 and 0.39 mm fion August 19. In contrast, the mildtresgreatment for the central
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axis system reached its peak at 14100rson June 19 and at 12:00ourson August 19, with Tp-SFratesof 0.26 mm h

and 0.30 mm #, respectively. In the hedgerow system, unther mild stresstreatment, the maximuriiy-SF rates of
approximately 0.38 mm-hand 0.34 mm fiwere observed at 14:Gfburson June 29 and at 12:0Ghourson August 19,
respectively.

The Tr-SFexhibited significant differences between 6a0@21:00hours,attributed to the irrigation treatments-SFfor the

severe stresiseatment was systematically lower than the other two treatments. These diffeveneenore eviderduring

daytime hours. Ts themaximum differences betwedémefull irrigation andsevere stredseatmens were observed at 12:00

hours reflecting an averaged difference of 0.28 mit Rurthermore, nocturnal fluxes, which accounted for approximately
5% of the totall¢-SF, were observed, with the exception of one tree in the oper{M&e@nd one tree in the hedgereystem

(both undethe severe stresieatmentwhere nocturnal,-SFcontributed to 21.3% and 10.6% of the tdia&ISF, respectively.

The statistical analysis showed tAatSF during the morning (6:00 to 10:0Gour9 and afternoon (14:00 to 18:0@ur9

showed significant differences among production systems and PSXTRT (Table 1). During those daytime intervals, the oper
vase(MP) production system demonstrated significantly higheompared to the other production systems. The significance

of PSXTRT is explained by the fact that the hedgerow, undenitdestresdreatment, exhibited highdi-SFvalues than the

full irrigation treatmat in both time periods. Notably, although there was no statistical difference between production systems
at midday (11:00 to 13:08our9, the irrigation treatment was significant for mdapSF(Table 1).

Figure 5 illustrates the relationship betweenTh&Fmeasured during the days of the flight campaign and the key parameters
utilized in the estimation ofy (Rs ETo, and ETp) for all irrigation treatmeni®,-SFwas strongly correlated witRs ETo

and ETp for all irrigation treatment8verall, the relationship between-$F and ETo had the highest Pearson correlation
coefficient ), with values of 0.95, 0.95 and 0.90 for the full irrigation, mild stress and severe stress treatments, respectively.
Similarly, the correlation witliRsyieldedr values of 0.94, 0.94, and 0.8¥hile ETpshowed values of 0.94, 0.94, and 0.85,
respectively for the full irrigation, mild stress, and severe stress treatribet&Tp model exhibited a root mean squared
error (RMSE) of 0.22 mm-hcompared tdy-SF for the full irrigation treatment. Additionally, the RMSE of the ETp model
showedsignificant variation between production systems, with an error of 0.18 Hfr the open vase (MP), 0.19 mmth

for thecentral axis, and 0.27 mmtHior the hedgerowsystems
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Figure 5: Regression between hourly sap flow transpiration (f-SF) with a) solar irradiance RS, b) reference evapotranspiration
(ETo) and c) potential evapotranspiration (ETp), separating by irrigation treatment. The box displays the statistical valuder the

400 determination coefficient (R?) and Pearson's correlation coefficient ) across the full irrigation, mild stress, and severe stress
treatments.
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The difference between the hourly and daily ratidRe{%rs), ETO (%10 and ETp (%) and T-SFis shown in Fig 6. The
diurnal pattern in %s was significantly different between irrigation treatments, but not in production systems. gghe %
displayed a relatively consistent trend between 9:00 and 15:00, fluctuating within the range of 28 to 58% primarilydnfluence
by irrigation treatment and date. However, during the interval from 12:00 to 15:00z¢léd% ot show significant differences
across production systems, irrigation treatments and dates. During this interval of time, the overall average values®f %
-14.47,-15.70,-10.2 and-2.47% from 12:00 to 15:00 hours, respectively.
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Figure 6. Daily evolution of differeand PEUweepresent g
between transpiration and the reference variable, while '%' corresponds to the formula LI A @ I
where the subindex indicates the respective method.
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