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ARTICLE INFO ABSTRACT

Keywords: Accurate assessment of evapotranspiration (ETa) and crop coefficient (Kc) is crucial for opti-
Energy balance mizing irrigation practices in water-scarce regions. While satellite-based surface energy balance
Evapotranspiration

models offer a promising solution, their application to sparse canopies like apple orchards re-
quires specific validation. This study investigated the spatial and temporal dynamics of ETa and
Kc in a drip-irrigated ‘Pink Lady’ apple orchard under Mediterranean conditions over three
growing seasons (2012/13, 2013/14, 2014/15). The METRIC model, incorporating calibrated
sub-models for leaf area index (LAI), surface roughness (Zon), and soil heat flux (G), was
employed to estimate ETa and Kc. These estimates were validated against field-scale Eddy
Covariance data. Results indicated that METRIC overpredicted Kc and ETa with errors less than
10 %. These findings highlight the potential of the calibrated METRIC model as a valuable
decision-making tool for irrigation management in apple orchards.

Crop coefficient
Remote sensing

1. Introduction

Apple trees (Malus domestica Borkh) are a major fruit crop grown under irrigation in Mediterranean and semi-arid regions, with an
annual global production of around 87 million tons [1,2]. However, the future of apple production is threatened by water scarcity,
which directly reduces the availability of water for irrigation and compromise the sustainability of crop water resources [3,4]. Global
warming characterized by rising temperatures and water scarcity [5-7], poses a serious challenge to apple orchards by increasing their
water requirements (ETa). Drought stress significantly affects apple tree metabolism, adversely affecting fruit quality and size [1].
Hence, developing appropriate irrigation schedules emerges as a critical strategy for adapting apple production to the effects of climate
change, where accurately estimating the ETa is a key factor in this regard [8,9].

The daily ETa is calculated by multiplying the single crop coefficient (Kc) for each specific growth stage (initial, middle, and end) by
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the reference evapotranspiration (ETo) obtained using the FAO-56 Penman-Monteith method [10-12]. This method is still widely used
to estimate ETo and requires air temperature, relative humidity, wind speed, and solar radiation measurements from a weather station.
However, the Kc values obtained from literature are derived from specific experimental conditions, representing average values that
may not sufficiently capture the influence of spatial variability at field scale and may not be adequate to use in different crop and
climate conditions [13-15]. As a result, extrapolating those Kc values to the entire field (in both time and space) can be challenging for
farmers and may lead to inaccurate irrigation scheduling in an operational scenario [11,16,17].

To address this limitation, satellite-based remote sensing approaches have emerged as a cost-effective alternative for estimating and
mapping the spatial and temporal variability of both Kc and ETa throughout the growing season [17-20]. The Landsat satellite family
provides auxiliary images every 16 days, or every 8 days when used in combination. These images can be combined with public ground
weather data and easy to use open-source software for processing satellite algorithms [21-23]. Residual surface energy balance (RSEB)
algorithms, such as SEBAL [24], SEBALI [25], METRIC [26], S-SEBI [27], T-SEB [28], among others, have been extensively validated in
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Fig. 1. Reference location of the drip-irrigated apple orchard under study. On the top: (A) Apple orchard tree architecture and Eddy Covariance
Tower (EC Tower). (B) Experimental plot highlighted in a red polygon, EC tower location and Footprint area, (C) predominant wind direction on the
study site (Pelarco Valley, Maule Region, Chile).
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different agricultural areas for irrigation management. While these physically-based models, utilizing the thermal band of satellite
imagery, have shown strong agreement with field observations in annual crops [19,29-32], most RSEB algorithms requires adaptation
for non-homogeneous crops with diverse canopy architectures [33-36]. Therefore, calibration and subsequent validation are necessary
for their application in these scenarios.

Sparse woody crops, like apple orchards, pose a challenge for accurate and representative Kc calculation due to their complex three-
dimensional structure. From a satellite’s perspective, a fruit orchard consists of distinct rows of trees interspersed with bare soil [34,
37]. This spatial arrangement influences the partitioning of net radiation (Rn) into soil heat flux (G), latent heat flux (LE), and sensible
heat flux (H) within the orchard. Consequently, it impacts the spatial variability of Kc and ultimately, ETa [38]. Several factors can
further influence this spatial variability, including soil type, climate, tree age, cultivar, orchard orientation, tree height and spacing,
canopy architecture, and the training system employed [11,12]. By capturing these influences, satellite data provides a comprehensive
view of the actual water conditions within the orchard.

The METRIC model has been successfully adapted for sparse woody crops, including vineyards and fruit orchards, by several re-
searchers. In this regard [32,39], reported that the model incorporating calibrated functions of leaf area index (LAI), surface roughness
(Zom), and G achieved an accuracy of approximately 11 % in estimating Kc for a drip-irrigated vineyard. For a drip-irrigated olive
orchard, [40] indicated that the METRIC model using calibrated functions of LAI, Z,, and G underestimated the Kc and ETa by less
than 4 % and 6 %, respectively. Ref. [34] found that adjusted METRIC algorithms of LAI, Z,, and surface temperature for estimating
ETa in a super-intensive olive orchard had a mean bias of 12.6 %. Ref. [41] also found that METRIC, when applied with corrections in
the Zop, sub-model, produced an RMSE of 0.045 and 0.25 mm/day for Kc and ETa, respectively, in an olive orchard. For a drip-irrigated
apple orchard, [33] indicated that METRIC using calibrated sub-models improved the estimation of LE and H fluxes with errors of +5
% and +16 %, respectively. However, the uncalibrated METRIC functions resulted in higher errors of +29 % for H and +26 % for LE.
Supporting these findings, [42] considers this level of accuracy sufficient for irrigation management purposes based on satellite
monitoring.

Inaccuracies in satellite-based estimations of Kc and ETa can have significant negative consequences for farmers, water managers,
and the long-term sustainability of water resources in the orchard. This is particularly critical in Mediterranean fruit-growing regions,
where apple orchards often face water scarcity [44,45]. Precise Kc and ETa data are essential for effective irrigation management, and
satellite-based remote sensing technology, exemplified by the calibrated METRIC model, offers a promising solution.

Remote sensing technology has been suggested as a decision-making tool to improve irrigation scheduling in drip-irrigated apple
orchards growing under Mediterranean agroclimatic conditions [42]. However, the ability of the calibrated METRIC model to capture
the unique spatial and temporal variability of Kc and ETa within apple orchards remains unverified. This study aims to address this gap
by evaluate the spatial and temporal dynamics of Kc and ETa for a drip-irrigated apple orchard using the METRIC model with cali-
brated functions LAI, Z,n, and G.

Table 1
Values of cumulative growing degree days (base 10) (CGDD) associated with the BBCH-scale for the main phenological stages of the drip-irrigated
apple orchard (Pelarco Valley, Maule Region, Chile).

Growing Season Date (dd-mm-yyyy) Day of year (DOY) CGDD (°C) BBCH
Index
2012/13 27-09-2012 271 35.7 57
17-10-2012 291 72.7 61
31-10-2012 305 111.6 71
26-11-2012 331 270.6 74
12-02-2013 43 970.2 77
15-03-2013 74 1175.5 81
16-04-2013 106 1297.3 87
2013/14 10-09-2013 253 37.2 57
14-10-2013 287 72.2 61
24-10-2013 297 110.8 71
24-11-2013 328 271.1 74
06-02-2014 37 969.4 77
03-03-2014 62 1178.6 81
20-03-2014 79 1295.7 87
2014/15 21-09-2014 233 37.7 57
14-10-2014 287 72.1 61
25-10-2014 298 112.1 71
23-11-2014 327 267.4 74
08-02-2015 39 970.1 77
04-03-2015 63 1171.3 81
19-03-2015 78 1305.0 87

BBCH-scale: 57 = Pink bud stage: flower petals elongating; sepals slightly open; petals just visible; 61 = Beginning of flowering: about 10 % of flowers
open; 71 = Fruit size up to 10 mm; 74 = Fruit diameter up to 40 mm,; Fruit erect; 77 = Fruit about 70 % final size; 81 = Beginning of ripening: first
appearance of cultivar-specific color; and 87 = Fruit ripe for picking. BBCH = Biologische Bundesanstalt, Bundessortenamt and CHemical industry.
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2. Materials and methods
2.1. Site description

The experiment was conducted during three consecutive growing seasons (2012/13, 2013/14, and 2014/15) in a drip-irrigated
apple (Malus domestica ‘Pink Lady’) orchard planted in 2008 on ‘M7’ rootstock. The study site was 5.5 ha (ha) plot located in the
Pelarco Valley, Maule Region, Chile (35°25.2' S; 71°23.6' W; 189 m.a.s.l.) and surrounded by other apple orchards with the same
agronomic management (Fig. 1). Apple trees were trained under the vertical axis system and fruit thinning was carried out every
season to obtain a crop load between 200 and 250 fruits per tree. The planting framework is a high-density system with a spacing of 1.5
x 4.0 m (1667 trees/ha). The average tree height was 4.0 & 0.07 m, canopy width 1.55 + 0.02 m, and mean rooting depth of 0.8 +
0.15 m measured directly by root pit excavations. During this study, the orchard was irrigated using two 4.0 1/h surface drippers per
tree (precipitation rate = 5.33 mm/h) and maintained under non-water stress conditions. The experimental site has a Mediterranean
climate, with an annual rainfall of 690 mm, most of which (75 %) occurs during the winter months (May to October) [6,46]. The soil is
loamy clay with a flat topography (34 % clay, 30 % silt, and 36 % sand).

2.2. Apple phenological stages and water status

Field data were collected from 18 spatially distributed sentinel trees over three growing seasons, from mid-November to late March.
The apple phenological stages were classified using the BBCH-scale (Biologische Bundesanstalt, Bundessortenamt and CHemical industry)
for pome fruit [47], which was associated with the Cumulative Growing Degree Days (CGDD) base 10. Based on visual inspection, the
main phenological stages were identified as follows: (57) = Pink bud stage: flower petals elongating; sepals slightly open; petals just
visible; (61) = Beginning of flowering: about 10 % of flowers open; (71) = Fruit size up to 10 mm; fruit fall after flowering; (75) = Fruit
about half final size; (77) = Fruit about 70 % final size; (81) = Beginning of ripening: first appearance of cultivar-specific color; and
(87) = Fruit ripe for picking. The starting stage was assumed when almost 50 % of apple trees had reached a new phenological state
(Table 1).

The midday stem water potential (¥x) was measured with a pressure chamber (PMS 600, PMS Instrument Company, Corvallis, OR.,
USA) to evaluate the water status of the experimental plot. The measurements were performed at solar noon over 36 fully expanded
leaves (two per tree; 18 sentinel trees) on both sides of the apple rows. Leaves were encased in a plastic bag and wrapped in aluminum
foil at least 2 h before measurement [48].

2.3. Weather data for ETo estimation

To estimate daily evapotranspiration of apple trees using the METRIC model, a reference automatic weather station (AWS) installed
over a well-watered (grass or alfalfa) surface is needed in the process [26,49]. For this purpose, a grass reference AWS (Adcon
Telemetry model A733, add wave) was installed 1000 m East from the experimental site (35°25,1'S; 71°23,1'W, 180 m.a.s.l.). Weather
measurements include solar radiation, air temperature, relative humidity, wind speed and direction, and precipitations. Monthly
maintenance was carried out on the AWS’s sensors and over the grass reference surface to control growth, as [10] suggested.
Instantaneous (ETojps; mm/h) and daily ETo (mm/day) were computed using the pyfao56 module in python [50] based on the FAO-56
Penman-Monteith method [10].

2.4. Field measurements of Kc and ETa

Apple Kc and ETa were obtained using the surface energy balance (SEB) technique based on field measurements of net radiation
(Rn), soil heat flux (G), latent heat flux (LE), and sensible heat flux (H), and the AWS data. Fluxes of Rn were measured every half-
minute by a four-way net radiometer (CNR4, Kipp and Zonen Inc., Delft, The Netherlands) installed on a tower of 5.5 m high
located inside the orchard. Fluxes of LE and H were measured ten times per second (10 Hz frequency) by a three-dimensional sonic
anemometer (CSAT-3, Campbell Scientific Inc., Logan, UT, USA) and an infrared gas analyzer (LI-7500, LI-COR Inc., Lincoln, NE, USA),
respectively. To obtain measurements in the footprint area from the EC system, the CSAT-3 and LI-7500 instruments were installed
considering the predominant wind direction (south-west; S-W, 270°). The fetch information (source area for turbulent fluxes calcu-
lation) was obtained by EC fluxes following [51]. The footprint model analysis showed that the peak footprint location (xpmax) was
obtained at 15 m. A cumulative normalized contribution to the flux measurement (CNF) of 90 % was obtained at 278 m (1:46 ratio),
which is similar to other field observations reporting fetch ranging from 1:15 to 1:75 [52,53]. Measurement was recorded in a CR5000
datalogger (Campbell Scientific Inc., Logan, UT, USA). To close the surface energy balance, the hourly LE values from the EC system
were recalculated using the Bowen ratio approach [54].

For soil energy fluxes calculation, four soil heat flux plates and four soil thermocouples were installed in the ground under tree
rows, and four others were located between rows to estimate G fluxes of the orchard [38]. This installation allows us to consider the
effect of the shadow between rows during the day. Soil heat flux plates (HFT3, Campbell Scientific Inc., Logan, UT, USA) were buried at
a depth of 0.08 m, and thermocouples (TCAV, Campbell Scientific Inc., Logan, UT, USA) were positioned at 0.02 and 0.06 m depth
above each heat flux plate [55]. Measurement was recorded using a CR3000 datalogger (Campbell Scientific Inc., Logan, UT, USA)
installed at the bottom of the tower at half-hour time intervals.

The statistical analyses of the hourly energy balance closure from the EC system indicated that the turbulent fluxes (H + LE) were
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14 % lower than the total available energy (Rn - G) in the apple orchard footprint. A linear regression through the origin indicated that
the coefficient of determination (R?) was 0.87 for days with available satellite images. These results agreed with similar studies that use
micrometeorological information based on drip-irrigated sparse crops such as vineyards and olives trees [32,33,38,56]. Also, results
indicated that the data was appropriate for accurate estimations of Kc and ETa over the apple orchard using the EC system in the
footprint area. The statistical methods, flux recalculations, and theoretical foundations used in this study to estimate SEB fluxes from
EC system data are extensively detailed by Ref. [57].

2.5. Remote sensing data

For the computation of time series Kc and ETa using the METRIC model, a dataset of 20 Landsat 7 ETM + satellite images (Table 2)
were downloaded from the USGS Geospatial Data Source repository (www.usgs.gov) for the three growing seasons. Satellite images
were selected based on a cloud cover criterion of less than 30 % over the study area. The images were downloaded with a default
standard terrain correction (Level 1T). However, satellite images for September and April were not available due to the heavy cloud
cover in the apple orchard (Table 2). Nevertheless, the Landsat 7 ETM + images used in this study (Path 233/Row 85) did not have any
pixel gaps.

The original METRIC model proposed by Ref. [26] and its modification for apple trees proposed by Ref. [33] were used in this study
to calculate and map daily single Kc and ETa on the satellite dataset using the Water package in R [21]. Model modifications were
related to the parameterization in the sub-models of LAI, Z,n,, and G fluxes for apple orchards. These calibrated sub-models, including
their statistical performance obtained in this study, are presented in detail in Table 3.

After incorporating these sub-models in the process, the METRIC model computes pixel by pixel LE in the orchard based on the
remotely sensed energy balance derived from Landsat satellite imagery. Thus, LE is obtained as a residual of the surface energy balance
method (Eq. (1)).

LE=Rn-G-H (€D)]

where, LE is the latent heat flux (W/m?), Rn is the net radiation from the sun, atmosphere, and surface (W/m?), G is the soil heat flux
into the ground (W/m?), and H is the sensible heat flux to the air (W/m?).

Following the computation of all components in Equation (1), instantaneous evapotranspiration (ETaj,s) at the time of satellite
overpass (expressed in mm/h) is determined at the pixel level (Eq. (2)). This calculation involves dividing the LE derived from Equation
(1) by both the latent heat of vaporization (A, J/kg) and the water density (pw = 1000 kg/m®).

LE

Lepw (2)

ETajpy = 3600 o

Then, the Kc (also called reference evapotranspiration fraction; ETrF) was calculated as the ratio between instantaneous ETa
(ETajpg) at pixel level and the instantaneous ETo (EToj,g), obtained from the local weather station at the image acquisition time (Eq.

(3.
ETrF=Kc = — ¢ 3)

Finally, daily values of ETa (mm/day) were calculated for each pixel based on daily ETo as follows (Eq. (4)):
ETa=Kc * ETo (©)]

where, Kc is the pixel level satellite-based crop coefficient (or ETrF) and ETo is the daily reference evapotranspiration (mm/day)
computed from the weather station.

During the post-processing of each available satellite image, an area of interest was selected, which was a 30-m perimeter from the
inward edges of the experimental plot using the QGIS (Quantum GIS) 3.28.10 open-source software. This procedure excludes any
contamination by pixels that fell outside the study site, such as internal orchard roads and surrounding apple plots [32]. Results from
the calibrated METRIC model were compared with field measurements using the EC system data (Fig. 1A).

Table 2
Summary of Landsat 7 ETM + satellite imagery used to estimate Kc over the apple orchard (path 233/row 85) (Pelarco Valley, Maule Region, Chile).
Season 2012/13 Season 2013/14 Season 2014/15
Date (dd-mm-yy) Day of Year (DOY) Date (dd-mm-yy) Day of Year (DOY) Date (dd-mm-yy) Day of Year (DOY)
11-11-2012 316 30-11-2013 334 01-11-2014 305
27-11-2012 332 16-12-2013 350 17-11-2014 321
29-12-2012 364 17-01-2014 17 04-01-2015 4
30-01-2013 30 02-02-2014 33 05-02-2015 36
15-02-2013 46 18-02-2014 49 21-02-2015 52
03-03-2013 62 06-03-2014 65 09-03-2015 68
19-03-2013 78 22-03-2014 81 - -

Satellite images for September and April were unavailable due to the high cloud cover in the study area.
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Table 3
List of calibrated functions of the METRIC model considered in the study, including their equations and statistics summary on apple orchards
[33].

Sub-Model Formula Statistics

LAI 2.42 — 1.04¢~5021eNDVI’*2 R?=0.98
RMSE = 0.2 m?/m~2
MAE = 0.15 m?*/m 2 d = 0.44

Zom ((17 exp<70.060LAI>> wxp(m.oe.mz)) oh R%=0.94
2 2 RMSE = 0.03 m
MAE = 0.03 m d = 0.91
G T5(0.00261 e 0.06 -+ 0010) e (1 — 0.98  NDVI*)  Rn R%2=10.97

RMSE = 16 W/m?
MAE = 14 W/m? d = 0.84

LAI = Leaf Area Index; Z,,, = momentum roughness length (m); G = soil heat flux (W/m?); h = canopy height (m); NDVI = normalized
difference vegetation index; Rn = net radiation (W/m?); Ts = radiometric surface temperature from Landsat TIR Band (°C); RMSE = root mean
square error; MAE = mean absolute error; d = index of agreement.

2.6. Data analysis

Instantaneous and daily Kc and ETa values computed by the METRIC model were compared to the values directly measured in the
footprint area of the EC system. This footprint area was estimated as 4170 m? in the S-W wind direction departing from the EC tower
placement (Fig. 1B, C). The pixel-by-pixel comparison was made considering an average of 90 x 90 m? area (3 x 3 pixels), agreeing
with the Landsat pixels resolution (30 x 30 m). Measured values of Kc and ETa from the EC system (Kceqdy and ETaedqdy) were compared
with the original and calibrated estimations of the METRIC model (Kcpetric and ETapetric). Only data of 2012/13 growing season
(validation set) was use in this step. A regression analysis was conducted to evaluate the agreement between observed and estimated
values, represented by coefficient (b).

A series of statistical tests, as described by Refs. [58,59], were used to evaluate the statistical differences among variables at the 95
% confidence level. These statistics include the t-test (for b), root mean square error (RMSE), mean absolute error (MAE), and the index
of agreement (d).

It is important to note that only the validation sets were used in the statistical analysis. The calibration sets (2013/14 and 2014/15)
were deliberately excluded to avoid any potential bias or over-corrections in the results.

250

Growing Season ETo Avg 2012/13
ETo Avg 2013/14 |7
Rainfall 2013/14 ETo Avg 2014/15
Rainfall 2014/15
200 J

w

150

FS

Rainfall (mm)
Average Evapotranspiration (mm)

w

100

50

May Jun Jul Aug Sept Oct Nov Dec Jan Feb Mar Apr
Month

Fig. 2. Monthly values of rainfall and accumulative grass reference evapotranspiration (Penman-Monteith FAO-56 ETo) during the 2012/13, 2013/
14, and 2014/15 seasons (Pelarco Valley, Maule Region, Chile). The gray shadow area corresponds to apple orchard growing season.
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3. Results
3.1. Weather conditions and apple tree’s water status

The meteorological conditions across the growing seasons were consistent, characterized by dry and hot climates with reduced
rainfall events from September through April (Fig. 2). In general, annual values of ETo during apples tree’s growing season (from
September to April in Chile, Table 1) were 919 mm, 1005 mm, and 995 mm. The highest daily ETo was recorded in summer (mid-
December to February) with 6.1 + 0.9 mm/day. The annual rainfall for the 2012/13, 2013/14, and 2014/15 growing seasons was
233.6 mm, 111.0 mm, and 174.2 mm, respectively (Fig. 2). Rainfall events were concentrated from May to mid-September, with
minimal rain events into spring and summer (Fig. 2). Consequently, minimal rainwater was stored in the soil profile for orchard use
throughout these seasons. The daily air temperature for the apple trees’ growing period was characterized by cold conditions at the
beginning of the spring, presenting some events of night frost until mid-October. Then, the climate changed to dry and hot weather
conditions during the mid-summer, showing daily maxima above 35 °C (Table 4). The average maximum vapor pressure deficit (VPD)
values were 1.28 + 0.31 kPa for all evaluated growing seasons (Table 4). From mid-November to late March, these dry and hot at-
mospheric conditions presented sunny days, occasionally cloudy, and no considerable rainfall periods (Fig. 2). In this regard, the
cumulative rainfall and evapotranspiration were similar for all three growing seasons. However, the cumulative reference evapo-
transpiration (water loss) was greater than the cumulative rainfall (water input), suggesting that supplementary irrigation was
necessary from November onwards for all three study periods. The total cumulative irrigation volume for the three growing seasons
was 414 mm/ha, 465 mm/ha, and 436 mm/ha, respectively.

3.2. Comparison between satellite-based Kc against EC measurements

Fig. 3 shows a comparison of the single-Kc and ETa values computed from the Eddy covariance (EC) system (Kceqdy and ETaeqdy)
and those computed from the METRIC model using the standard and calibrated functions of LAI, Z,, and G for apple trees (Kcpetric and
ETapetric)- The computed values from the METRIC using the original sub-models (green triangles) resulted in points above the 1:1 line
for both Kepetric and ETapetric values. On the other hand, using the calibrated sub-models of LAI, Z,, and G significantly improved
these trends in the daily Kcpetric and ETapetric estimations (blue circles), which moved closer to the 1:1 line. The statistical analysis
showed that the standard METRIC model had a MAE and RMSE of 0.18 and 0.19, respectively, for Kc estimations, while the METRIC
using the calibrated sub-models had a MAE and RMSE of 0.04 and 0.07, respectively (Table 5). The t-test of the ratio of Kcedqy to
Kcmetric Was statistically significant at the 95 % confidence level, indicating that the calibrated functions for apple trees (LAI, Zop,, and
G) reduced the overestimation of Kcperic with an error of 10 %. The improvements in the estimation of Kc were also reflected in the
daily estimations of ETaperic in the apple orchard. The statistical analysis showed that the calibrated sub-algorithms of the METRIC

Table 4
Summary of meteorological conditions during the studied apple tree growing seasons (Pelarco Valley, Chile).

Growing Season Max Temp. (°C) Min. Temp. (°C) Average DPV (kPa)

2012/13 Sep 26.2 -0.9 0.2
Oct 24.5 -0.8 0.3
Nov 30.3 2.5 0.6
Dec 31.4 3.5 0.6
Jan 34.2 7.0 0.7
Feb 35.5 5.3 0.7
Mar 30.3 0.9 0.5
Apr 29.5 -1.8 0.3

Annual value 30.2 2.0 0.5

2013/14 Sep 26.4 -3.3 0.2
Oct 28.7 -0.4 0.3
Nov 32.2 3.1 0.6
Dec 33.1 5.5 0.9
Jan 36.1 6.4 0.9
Feb 32.6 3.4 0.7
Mar 30.5 1.8 0.6
Apr 24.2 -2.8 0.2

Annual value 30.5 1.7 0.6

2014/15 Sep 21.8 -0.5 0.2
Oct 28.4 -1.7 0.4
Nov 31.7 0.7 0.6
Dec 33.1 4.5 0.7
Jan 35.0 6.1 0.9
Feb 33.4 4.0 0.8
Mar 341 3.0 0.7
Apr 28.2 -0.8 0.3

Annual value 30.7 1.9 0.6

Max. Temp. = maximum air temperature; Min. Temp. = minimum air temperature; Average VPD = Average vapor pressure deficit.
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Fig. 3. Comparison between observed and estimated values of Crop Coefficient (Kc) and actual evapotranspiration (ETa) of the drip-irrigated apple
orchard for validation season (Pelarco Valley, Maule Region, Chile). Green triangles and blue circles corresponded to the METRIC simulations with
the original and calibrated sub-models of leaf area index (LAI), momentum roughness length (Z,,,), and soil heat flux (G), respectively.

Table 5

Statistical analysis of measured crop coefficient (Kc) and daily actual evapotranspiration (ETa) versus estimated values using the
original and calibrated METRIC model for a high-density apple orchard (Pelarco Valley, Maule Region, Chile, Validation set =
2012/13 growing season).

Variable With Original METRIC sub-models With Calibrated METRIC sub-models

Kceddy Vs Kemetric

RMSE 0.18 0.07
MAE 0.19 0.04
b 1.18 1.10
d 0.54 0.84
t-test F F

ETacady Vs ETametric
RMSE

1.03 (mm/day)

0.42 (mm/day)

MAE 0.96 (mm/day) 0.29 (mm/day)
b 1.17 1.07

d 0.48 0.93

t-test F F

RMSE = root mean square error; MAE = mean absolute error; d = index of agreement; b = slope between estimated/observed T =
true hypothesis (b = 1); F = false hypothesis (b # 1). Subscripts: “netric” was computed by the METRIC model, “cq4y” was measured
by the Eddy covariance system.

model were able to reduce the biases in daily ETayetic by 7 %, which is equivalent to a 0.29 and 0.42 mm/day in the MAE and RMSE,
respectively (Table 5).

3.3. Seasonal evolution of satellite-based Kc

Daily values of ¥x and crop coefficients obtained by the Eddy Covariance system (Kceqqy) and calculated by METRIC model
(Kcmetric) are indicated in Fig. 4. This Figures indicates that ¥x ranged from —0.9 to —1.49 MPa for the study periods. Also, Fig. 4 shows
a comparison of Kc curves for different phenological stages of apple trees. The estimates of remotely sensed Kc were made using the
original and calibrated METRIC functions were compared to the standard Kc values suggested in the FAO-56 tables, and the measured
Kc from EC system. The satellite-based Kc curve for the 2012/13 growing season spans 165 days, from day of year (DOY) 316 of 2012
(mid-November) to DOY 78 of 2013 (mid-March). This is the growing season validation period defined in Table 2. It is important to
note that the cloudiness in the study area, especially from September to October, made it impossible to obtain clear Landsat images of
the apple orchard at the beginning of the growing season (Table 2). The METRIC model using calibrated functions of LAI, Z,,, and G
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Fig. 4. Daily values of midday stem water potential and crop coefficients obtained by the eddy correlation system (Kceqqy) and calculated by
METRIC model (Kcpetric) for the main phenological stages of a drip-irrigated apple orchard (Pelarco Valley, Maule Region, Chile). White and dark
circles corresponded to original and calibrated sub-models of leaf area index, momentum roughness length, and soil heat flux, respectively.
Phenological scales 61, 71, 75, 77, 81 and, 87 correspond to 30 % Flowering, Fruit size 10 mm, Fruit at half size, Fruit at 70 % of final size, Pre-
harvest, and Harvest, respectively. BBCH = Biologische Bundesanstalt, Bundessortenamt and CHemical industry.

produced Kc values closer to the ones measured using the EC system during the growing season than the standard METRIC version, as
shown in Fig. 3 and Table 5. The maximum difference between Kcpetric and Kceqqy values was found at BBCH 74 (DOY 332), with a
difference of 0.13.
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Fig. 5. Spatial and temporal distribution of satellite-based crop coefficient (Kcpetric) of @ drip-irrigated apple orchard during the 2012/13 growing
season computed with the calibrated sub-models of METRIC (Pelarco Valley, Maule Region, Chile). BBCH phenological stages scale: 71 = Fruit size
up to 10 mm; fruit fall after flowering; 74 = Fruit diameter up to 40 mm; Fruit erect; 75 = Fruit about half final size; 76 = Fruit about 60 % final
size; 77 = Fruit about 70 % final size; 81 = Beginning of ripening; 85 = Pre-harvest, advanced ripening: increase in the intensity of cultivar-specific
color. BBCH = Biologische Bundesanstalt, Bundessortenamt and CHemical industry.
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Fig. 4 shows that the Kc values estimated using the modified METRIC model during the apple trees’ growing season (gray circles)
were in close agreement with those measured using the EC system (black triangles). On the other hand, the values obtained using the
standard METRIC model (white circles) were generally further from the measured values. The main differences between the estimated
and measured values of Kcpetric were obtained during the apple trees’ development and late growth stages (BBCH 76 to BBCH 81)
(Fig. 4). Here, the daily Kc computed from the standard METRIC model was 0.93, contrasting with the one obtained from the EC tower
(Kceqdy = 0.73). Likewise, at the end of the growing season, the differences between measured and computed Kc’s using the standard
model reached up to 0.27 (DOY 78).

3.4. Spatial patterns of satellite base-Kc

Fig. 5 shows the spatial patterns of Kc maps obtained from the calibrated METRIC model during the main phenological stages of
apple trees in the 2012/2013 growing season (validation set). Pixel-based Kc values are classified into color-coded categories from
brown to green, across different phenological stages. The brown category indicates lower Kc values (higher water stress), while the
green category likely corresponds to higher Kc values (optimal water conditions). The white category represents an intermediate state.
These visual groupings of Kc offer a perspective on the spatial variability of Kc during critical growth phases, as indicated by the
differing phenological stages labeled BBCH-71 through BBCH-85 and the corresponding days of the year (DOY). The highest Kcpetric
values were observed in the mid-growing season (from the stages BBCH 74 to 76), when fruits reach between 30 and 60 % of final size.
The highest spatial differences of pixel-by-pixels Kc were observed on DOY332, which presented a coefficient of variation (CV) of 18 %
in the orchard. In contrast, the lowest spatial variability in Kc was found when apples reached the BBCH-76 growing stage (DOY30)
with a CV of 4 %. The observed spatial variability in Kc on DOY 332 was attributed to the presence of a grass cover between tree rows,
particularly on the north side of the plot (Fig. 1A). This grass cover emerged following spring rain and the raising air temperatures
these days (November) (Fig. 2). In the case of DOY 62, the substantial spatial variability in Kc observed via satellite imagery can be
attributed to irregular distribution of water application.

4. Discussion
4.1. Satellite-based Kc and ETa comparison to Eddy covariance field-data

The METRIC model is an operational single-layer model that uses local meteorological data and thermal and multispectral Landsat
satellite images to estimate Kc and ETa as a residual of the surface energy balance (RSEB). It was initially developed to produce
consistent, pixel-by-pixel maps of the ETa over agricultural lands with full-cover crops of soil [26]. Ref. [17] found that the model can
estimate very well the Kc for full-cover crops such as alfalfa, bean, corn, pea, sugar beet, and grain with an average error of 5 %.
However, in the case of sparse woody crops, such as apple orchards, the short vegetation coverage in the soil between tree canopies
changes over time and during the growing season, which can affect the accuracy of the model’s estimates. This trend is typical in sparse
crops at the beginning of the development growth stages in Mediterranean areas, where the weed cover growing in the inter-row area,
resulting from the initial soil water content contaminates the pixel information [32,36]. Then, the inter-row weed cover dried naturally
when the local conditions became hot and dry in early December (Fig. 2). This orchard characteristics affect the partitioning of the
surface energy balance computed by the METRIC model and impacts the estimated ETa values in the orchard. The distribution of the
canopy and bare soil has been shown to influence the determination of Kc, as has been extensively studied in the literature [38,60].
Furthermore, precipitation events can significantly influence soil evaporation rates, thereby affecting the METRIC model’s compu-
tation process [26]. In such scenarios, it is often required to adjust the model to accurately reflect the impact of rainfall events,
particularly in sparce crops. In this study, the lack of rain during the apple trees’ growing season (Fig. 2) made it unnecessary to adjust
the satellite-based ETa estimations [17]. These weather conditions are typical of Chile’s Central Valley, which corresponds to a
Mediterranean-type climatic conditions and with a decreasing rainfall trend in the last decade [6,61].

Indeed, the results obtained for the studied apple orchard can be considered with acceptable accuracy when Kc was computed on
sparse crops (less than 20 %) [11,20]. The METRIC model and other Landsat-based single-layer models have a maximum resolution of
30 x 30 m (900 m?), integrating canopy and soil elements at each pixel. However, when the thermal band is taken into account, this
resolution is lower (60 x 60 m). Usually, the overall mean bias in similar estimated satellite-based ETa studies varied between 2 % and
25 % in different crops [11,20] found that the METRIC model had a MAE of 0.32 mm/day in estimating the overall ETa in the Cal-
ifornia plains. They computed seasonal adjusted Kcmetric Values for apple trees between 0.58 + 0.22 and 1.18 + 0.22 for the growing
season. The deviation levels of this study are consistent to those reported in the literature when single-layer satellite-based models
were used to estimate the Kc and daily ETa. Also, similar studies on sparse crops, such as ‘Merlot’ vineyards, [56] found that the
calibrated METRIC model overestimated the Kc by about 10 % with an RMSE and MAE of 0.10 and 0.08, respectively. The daily ETa
values were also overestimated by 9 % (MAE = 0.50 mm/day and RMSE = 0.62 mm/day). In a study of super-intensive olive orchard,
[34] adjusted the METRIC model-specific functions of LAI, Z,y,, and surface temperature. This evaluation resulted in an overestimation
of daily ETa by 11 %, with mean differences between EC measurements and METRIC-modeled ETa of 0.52 mm/day. Similarly, after
adapting the calibrate METRIC functions of LAL, Z,y,, and G to the drip-irrigated super-intensive olive orchard, [40] overestimated ETa
by 6 %, compared to EC measurements. In Pistachio, [62] found that calibrations on Z,y, directly impacted the daily ETapeqic esti-
mations, resulting in an MAE and RMSE of 1.1 mm/day and 1.4 mm/day, respectively. Consistently with the findings of previous
studies, the results of this study demonstrate the significant potential of remote sensing techniques to improve irrigation efficiency at
various field scales [42,63,64].
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4.2. Seasonal progression of satellite-based Kc across apple phenological stages

The higher differences in the Kc values estimated by the standard METRIC model could be attributed to the changes in the irrigation
frequency, which varied from 2 to 5 days (data non show). These variations in the irrigation scheduling were most pronounced at the
end of the growing season due to water supply restrictions imposed by the Chilean government due to the drought (Figs. 4 and 5 -DOY
62-78). The changes in the irrigation frequency and the severe drought conditions in the bare soil could have created imbalances in the
G fluxes. The standard METRIC functions were unable to detect these imbalances, as they were developed for fully covered annual
crops. Also, the Wx values presented in Fig. 4 support the conclusion that the drip-irrigated apple orchard was well-watered throughout
the growing season [65,66].

The METRIC model computes ETa as a residual of the surface energy balance, it means that any errors in the intermediate cal-
culations of the RSEB can be propagated to the estimates of Kc and then ETa. Ref. [62] found that this can result in overestimating
Kcmetric Values. However, when calibrated functions were applied, the differences between the estimated and measured Kc values were
minimized, with an average of 0.73 + 0.07 for the same period. It is well known that the soil-vegetation-atmosphere water fluxes in
woody canopies (with spacing between rows) are more complex than those observed in annual crops with full soil coverage [60,67]. In
this context, the application of the specific calibration in the sub-models of METRIC for LAIL, G, and Zp,, proposed by Ref. [33]
(Table 3), was positive in reducing the bias in the estimation of Kc and ETa values in the studied apple orchard. Similar performance
improvements have been reported in applying a calibrated version of the METRIC model for other sparse crops [32,34,41,62,68].

The highest differences in the Kc’s values were observed for those suggested in the FAO-56 manual compared to the EC and METRIC
outputs. Fig. 4 shows that single Kc estimated by the METRIC model and measurements from the EC system were substantially less than
those suggested in the literature for apple trees at the initial, medium, and end growth stages. Differences in field management,
cultivar, and planting spacing, among others, have been identified as sources of variability in Kc values. It highlights the need for
adjusting Kc values proposed by the literature [11]. Both the standard and calibrated METRIC models depict the seasonal fluctuations
of Kc during the crop season, following a Kc trend similar to that of the EC measured at ground level. The calibrated METRIC model
seemed to track the seasonal variations of Kc in the drip-irrigated apple trees orchard better than the standard METRIC model. It is
important to note that [69] reported similar Kc values (to those obtained in this study) in a ‘pink lady’ apple orchard using an EC
system in South Africa, which has a Mediterranean-type climate. This study was corroborated by the results of [37], who reported
similar Kc values on a 10-year-old apple trees using the weighing lysimeter technique.

4.3. Spatial-temporal patterns of crop coefficients and applications

The maps produced in this study provide a potential way to use remote sensing-based Kc to map the site-specific variability of apple
trees’ water consumption during the growing season. The irrigation management at the field scale, based on mid-resolution satellite
images such as those obtained from Landsat products, has been suggested as a reliable alternative to the current Kc from the literature,
which does not reflect the natural spatial variability of the field [70,71]. Also, [43] demonstrate the potential use of the calibrated
METRIC model (LAI and Z,p,) to compute ETa on a vineyard using high-resolution images from an unmanned aerial vehicle.

Efficient water resource management is increasingly evident in regions undergoing prolonged water stress. Over the recent decade,
Mediterranean-type areas (such as Central Chile) have consistently experienced extended periods of drought, as documented by Refs.
[6,7]. Such water constraints pose significant challenges for agricultural management, given the essential role of irrigation in crop
yield optimization. Exploring new strategies for irrigation water management based on calibrated satellite models is not merely an
operational consideration. It becomes a new factor in ensuring agricultural resilience and long-term sustainability over large areas.
Considering the current climate change phenomenon, the higher dry and heat weather conditions increase the plant’s water con-
sumption [72], affecting the irrigation schedule. Thus, adjusting the Kc of different plots inside the field, considering their spatial
variability estimated from the METRIC products (for each specific phenological stage), could positively impact water productivity,
increasing production compared to the amount of water irrigated (water use efficiency, WUE).

Regulated deficit irrigation (RDI) presents a water-saving strategy with significant potential for apple orchards. When combined
with calibrated remote sensing-based monitoring of ETa, this approach can optimize WUE and even improve fruit size and quality on a
plot-by-plot basis [1,66,73]. In this context, the METRIC model, incorporating calibrated sub-models for LAI, Z,n,, and G (as detailed in
Table 3), emerges as a powerful decision-making tool for site-specific irrigation water management. Plot-specific adjustments based on
real-time ETa data can optimize irrigation practices on apple orchards.

5. Conclusions

The calibrated METRIC model, incorporating functions of LAI, Z,n,, and G overpredicted Kc and ETa values for a drip-irrigated
apple orchard with errors less than 10 %, while the standard METRIC overpredicted Kc and ETa with errors of 18 % and 17 %,
respectively. The observed discrepancies between standard METRIC estimates and measured values can be attributed to the dynamic
ground cover between tree rows, particularly during early growth stages. Fluctuating weed cover, influenced by initial soil moisture,
can distort remote sensing data. Furthermore, varying irrigation frequencies present additional challenges to the standard model’s
accuracy in Kc estimation. These findings highlight the limitations of the standard METRIC model in complex orchard ecosystems. In
contrast, the calibrated METRIC model’s ability to account for spatial variability through sub-models for LAI, Z,y, and G presents a
significant advancement. This calibrated model offers a promising tool for irrigation management in apple orchards, particularly in
Mediterranean climates facing water scarcity. By providing spatially Kc and ETa data, the calibrated METRIC model has the potential
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to optimize irrigation scheduling, ensuring efficient water use and promoting sustainable orchard management.
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