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estimation and irrigation schedule formulation. Eddy covariance system observations were conducted to
investigate the seasonal variations of energy flux, evapotranspiration (ET), crop coefficients (K.) and basal K.
(Kcp) in drip-irrigated kiwifruit (3 years) and citrus (4 years) widely planted in Southwest China. Energy par-
titioning showed significant seasonal and diurnal variations during the growing seasons, and most net radiation
was consumed by latent heat flux, with ratios of 70.9 % in kiwifruit and 69.9 % in citrus orchard, respectively.
The average ET and T were estimated at 2.044+0.18 mm d*and 1.15+0.16 mm d™! for kiwifruit, and
2.49 +0.25mm d ! and 1.18 £ 0.09 mm d ™! for citrus orchard, respectively. The derived transferable, standard
K¢ (Ke-standard) for kiwifruit was 0.74 + 0.01 at the initial stage (Kc.ini), 0.99 + 0.02 at the mid-season stage (K.
mid), and 0.82 + 0.01 at the late-season stage (Kc.end), While the stagewise value for Kcp-standard was 0.24 + 0.09
(Kecb-ini), 0.58 +0.05 (K¢b.mid) and 0.63 +0.09 (K¢p.end)- The derived Kc.standara Values were 0.92 +0.03, 1.01
+0.03, and 0.95 £0.07 at the citrus initial, mid-season, and late-season stages, while the standard citrus Kcp.ini,
Kcb-mid and Kep.end wWere derived at 0.59 +0.03, 0.61 +0.02 and 0.69 +0.03, respectively. The locally developed
daily K. and K}, were effectively regulated by leaf area index, growing degree days and underlying conductance
in both perennial cash orchards. Seasonal rainfall and vegetation cover greatly affected orchard locally K, due to
the changes in soil surface moisture and coverage, especially in citrus orchards planted with wide rows. The
calibrated K. and K}, can serve as valuable guidelines for assessing the actual ET and precise irrigation water
management of extensively planted kiwifruit and citrus orchards in Southwest China.

1. Introduction

Evapotranspiration (ET) plays a vital role in sustaining water and
energy balance in agricultural ecosystems, particularly in areas with
limited water resources and arid or semi-arid areas. In-depth studies on
cropland ET are vital for managing water resources, optimizing irriga-
tion schedules, improving water use efficiency, and advancing agro-
ecosystem hydrologic process research (Cui et al., 2023;
Segovia-Cardozo et al., 2022). ET generally comprises transpiration (T)
and evaporation (E, including soil evaporation (E;) and
canopy-intercepted evaporation (E;)). T denotes the transfer of water
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from the soil to the atmosphere via crop organs or tissues, intimately
associated with crop physiological activities like photosynthesis, sto-
matal behavior, and nutrient transport processes (Jiang et al., 2019b;
Kool et al., 2018). E refers to the unproductive loss of water through the
soil or the wet crop canopy, which is essential for creating suitable
environmental conditions for crop development (Kool et al., 2018).
Accurate quantification of crop ET and water use is the premise for
determining irrigation timing and water volume, serving as a foundation
for eco-hydrological studies and irrigation water management (Pereira
et al., 2021a).

Various techniques have been established to assess ET and its
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components, including sap flow and micro-lysimeters (Mly) (Mobe et al.,
2020; Peddinti and Kambhammettu, 2019), and large weighing lysim-
eters (Bian et al., 2024; Segovia-Cardozo et al., 2022). The issue of
upscaling canopy transpiration and sap flow calculations remains
controversial (Wiedemann et al., 2016; Flo et al., 2019), and there are
great uncertainties in ET and E measurements obtained from lysimeters
because of their limited representative areas (Wang et al., 2020; Gong
et al., 2020). The EC and large-aperture scintillometers with a Bowen
ratio system (Anapalli et al., 2020; Zhao et al., 2021) offer direct and
precise methods for measuring ET over short intervals, such as 30 min,
without disturbing the underlying surface (e.g., 30 min); its represen-
tative area is much larger compared to that of a lysimeter (Guo et al.,
2020). However, long-term continuous observation and maintenance for
such equipment are challenging and expensive. Consequently, esti-
mating crop ET using models is more straightforward and significant in
practical applications. Various models estimate ET from hydrological or
micrometeorological perspectives, such as the multisource
Priestley-Taylor model (P-T model, T plus Esyj plus E;) (Gan and Liu,
2020), thermal-based surface energy balance models (Burchard-Levine
et al., 2022; Mebrie et al., 2023), and Penman-Monteith (PM) models,
which assume heat and water vapor occur at the same level (Ershadi
et al.,, 2015). The PM model is extensively used owing to its robust
physical mechanisms for depicting the water and heat transport pro-
cesses. In addition, it serves as a theoretical basis for other variations in
P-M-type models (Ershadi et al., 2015). For example, the Shut-
tleworth-Wallace models partition the evaporative source into distinct
patches and compute the individual ET components by formulating
separate energy balance equations for each patch (Cui et al., 2023; Jiang
etal., 2019b). However, the practical use of P-M-type models is hindered
by uncertainties, particularly due to the extensive and contentious
measurements required for variables like minimum stomatal resistance
(Ershadi et al., 2015; Jiang et al., 2022a).

The most prevalent and effective method to estimate crop ET is the
crop coefficient method, as identified by Allen et al. (1998), crop ET can
be determined by integrating crop characteristics (e.g., crop coefficient
[K.]), weather parameters (i.e., reference evapotranspiration [ET,]),
and management practices (e.g., treatments imposed) (Gong et al.,
2017, 2019). The K, is primarily influenced by specific crop features
rather than by climate, enabling an easy adaptation of standard K.
values to region-specific values based on location and climate (Petry
et al., 2024; Wang et al., 2023). Two distinct crop ET approaches are
outlined in the FAO-56 document: the single-crop coefficient method
and the dual-crop coefficient method. The single-crop coefficient
approach is used to quantify total water use and is primarily used for
irrigation management because of its simplicity and scalability (Pereira
et al., 2021b; Zhao et al., 2021). The dual-crop coefficient approach is
extensively employed to assess E and T based on two separate co-
efficients (i.e., basal crop coefficient [K.,] and soil evaporation coeffi-
cient [K.]) (Gong et al., 2019; Mobe et al., 2020; Segovia-Cardozo et al.,
2022). Several studies indicate that the dual-crop coefficient technique
surpasses alternatives in estimating ET, underscoring its significance in
evaluating water-saving strategies and sustainable water management
(Anderson et al., 2017). Although FAO-56 provides a relatively sub-
stantial method for crop water requirement estimation, many studies
have shown that site-specific K. and K, may deviate from FAO-56
tabulated values as they change across locations, seasons, cover vege-
tation and management conditions (Kato and Kamichika, 2006; Petry
et al., 2024; Segovia-Cardozo et al., 2022). Therefore, tabulated crop
coefficients in FAO-56 must be adjusted to reflect the specific growing
conditions based on actual local ET measurements.

Kiwifruit (Actinidia chinensis deliciosa) and citrus (Citrus reticulata
Blanco) are important perennial cash crops, and the area has increased
rapidly because of the higher economic value and suitable climate in
Southwest China (Chen et al., 2023; Jiang et al., 2022b). Despite the
significant rainfall in Southwest China, the uneven distribution of
rainfall over time causes the seasonal dry in spring and autumn,
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resulting in unstable agricultural production (Chen et al., 2023).
Therefore, accurately calibrated crop coefficients and determined water
use requirements are urgently required for optimizing agricultural water
management and water resource reallocation. The objectives of our
research were to (1) study the seasonal variations in energy and water
fluxes in kiwifruit and citrus widely planted in this region, (2) determine
the local K. and K¢, curves based on actual ET and T measurements, and
(3) analyze how the K. and K}, were regulated by the biophysical var-
iables. This study provides one of the first comprehensive, long-term
datasets combining EC and sap flow measurements to calibrate and
validate both single and basal crop coefficients for drip-irrigated kiwi-
fruit and citrus orchards in a humid subtropical climate. This addresses a
critical gap in the literature, which has predominantly focused on field
crops in arid and semi-arid regions, and offers directly applicable pa-
rameters for improving irrigation water management in similar humid
hilly areas of Southwest China.

2. Materials and methods
2.1. Study region and site descriptions

The study area is located in the western Sichuan Basin, China,
characterized by a subtropical monsoon humid climate (AM) according
to the Koppen classification. It experiences a mean annual temperature
of 16.5°C, annual precipitation of 1100 mm, a limited sunshine duration
of 1122h per year, and a high relative humidity of 82%. The total
amount of precipitation is generally sufficient for crop water con-
sumption, with > 70 % of MAP occurring during the wet season (May-
October). However, a lack of rainfall in autumn and spring can easily
result in crop water shortages.

In our study, two orchard ecosystems, kiwifruit and citrus, were
selected and fully instrumented to enable the state-of-the-art measure-
ments of CO; and HyO fluxes and meteorological variables. The
geographical location, elevation, crop species, and physical soil prop-
erties of the two orchard sites are detailed in Table 1. Kiwifruit (Actinidia
chinensis deliciosa cv. Jin Yan) and citrus (Citrus reticulata Hort. ex
Tanaka) were planted in Pujiang and Qionglai sites, having the growing
seasons of mid-March to the end of October for kiwifruit, and early April
to mid-November for citrus. Winter pruning of fruit trees is usually
carried out in January and February. The specific divisions of the
different crop growth stages are outlined in Table 2. Kiwifruit was
planted in the Pujiang site in 2006, with a spacing of 5.0 x 4.5 m, and
began fruiting in 2009. The main trunk of the kiwi usually retains two
branches, and sprigs on the branches are fixed, causing a canopy height
of 1.8 m above the ground because of the implementation of a trellis
system. The predominant soil type at the Pujiang site was yellow, with
an average bulk density of 1.35 g cm 3. The soil was composed of 76.8 %
silt, 12.3% sand, and 10.9 % clay. Citrus trees were planted at the

Table 1
Experimental site location, crop and soil parameters in the selected kiwifruit and
citrus orchard.

Site information Pujiang Qionglai
Study period 2018-2020 2020-2023
Latitude (°N) 30.3265 N 30.3376°N
Longitude (°E) 103.4252E 103.4386°E
Elevation (m) 537 535

Mean annual temperature (°C) 16.3 17.5

Mean annual precipitation (mm) 1197 1117

Crop types Kiwifruit Citrus
Plant density (number/hm?) 445 833
Maximum canopy height (m) 2.2 1.8
Maximum canopy leaf area index (m?/m?) 3.8 2.85

Soil type Yellow loam Yellow loam
Dry bulk density of soil (g cm™%) 1.35 1.15
Saturated volumetrical soil water content (05, %) 471 % 45.2 %
Field capacity (6, %) 33.5% 30.8%
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Table 2
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Duration and growing stages division of the kiwifruit and citrus orchard in Southwest China.

Crop types Division Initial Developed Middle Late Accumulated values
Kiwi Days 27 25 98 70 220

Date 15.Mar—10.Apri 11.Apri—5.May 6.May—11.Aug 12.Aug—20.0ct

GDD (°C) 344 540 1829 1095 3808
Citrus Days 30 46 92 61 229

Date 1.April—30.Apri 1.May—15.Jun 16.Jun—15.Sep 16.Sep—15.Nov

GDD (°C) 187 467 1216 357 2227

Note: GDD is growing degree days observed during the experimental period (°C).

Qionglai site since early 2018, with a spacing of 3.0 x 4.0 m and started
fruiting in 2020. The canopy amplitude of citrus trees around the EC
tower is measured by a meter stick during the observed period. Citrus
trees typically have a canopy height ranging from 1.5 to 2.0m and a
canopy cover fraction up to 0.33. Notably, these two orchards were
seasonally covered with wild grass beneath the tree canopy in kiwifruit
and in the adjacent inner canopy in the citrus orchard. Farmers often
allow grass growth in the orchard as it helps to mitigate soil erosion,
boosts soil organic matter, and regulates soil and micrometeorology
conditions. Both orchards are irrigated with surface water using the drip
irrigation system. The irrigation water from the Dongfeng Canal irri-
gation district flows through the experimental orchards via the water
conveyance channel. The local ecological environment bureau conducts
regular water sampling from drainage channels to monitor water quality
parameters, ensuring compliance with established irrigation water
standards. The farmer uses a water pump to divert the water from the
irrigation channel into the pond for backup. When irrigation is needed,
the irrigation water passes through the backwashing sand and gravel
filter, the disc filter and the irrigation pipeline in sequence, and is finally
carried out by the dripper. In Pujiang, drippers delivered 1.6 L/hour,

while they delivered 2.0L/hour at 0.3m intervals in the Qionglai
experimental orchard. Irrigation was applied only when the soil water
content dropped below 70 % 6;, with the irrigation upper threshold set at
85 % 0. Irrigation amount was calculated as follows:

m = 1000Z,p(f, — )0y €}
Where m is the irrigation amount (mm); Z; is the root depth (0.6 m); 6¢is
the field capacity (g cm™3); 1 and p; represent 85 % 6¢ and 70 % 6y,
respectively; p is the wetting ratio (50 %).

2.2. Field observations and data processing

2.2.1. EC measurements and data processing

In the center of each experimental site, the EC system was used to
continuously measure latent heat (LE) and sensible heat (H) fluxes
during the kiwifruit growing season of 2018-2020 and the citrus
growing seasons of 2020-2023. The EC system consists of a 3D Sonic
Anemometer (Campbell Scientific Inc., USA, model CSAT3) to measure
three-dimensional wind speed and sonic air temperature, and a closed-
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Fig. 1. The geographical location and overview of the studied ecosystems and the footprint for 90 % of effective fetch during the kiwi (left) and citrus (right) growing
seasons. Imagery from Date 4 April 2022. Image from OvitalMap (V9.7.1) (www.ovital.com, Copyright 2010-2024 © Beijing Ovital Software Co., Ltd. All

rights reserved).
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path CO5/H,0 gas analyzer sensors (EC155, Campbell Scientific Inc.,
USA) were installed at 8.0 m above the ground in Pujiang experimental
site. During the observed period, 90 % of the effective fetch for the half-
hour footprint was within 240 meters of the Pujiang EC site, while the
nearest village was over 600 m away (Fig. 1). Therefore, the planting
area was sufficiently large to provide an adequate fetch for both EC
systems. While in the Qionglai experimental site, an open-path CO5/H20
gas analyzer sensors (EC150&CSAT3A, Campbell Scientific Inc., USA)
were installed at 5.0 m above the ground to continuously measure citrus
orchard LE and H. Citrus is grown within 500 m in any direction with the
flux tower as the center of the circle (Fig. 1), which allowed us to neglect
heat advection in the citrus field. LE and H were calculated by eddy
covariance :

LE = p,wq @
H=CppWT ©)

Where LE and H are the latent and sensible heat flux, respectively, (W
m’z); A is the latent heat of vaporization, (J kg’l); pq is the moist air
density, (kg m~3); Cp is the specific heat at constant pressure (J kg’1
K™1); wq indicates means of the products of the instantaneous deviation
of vertical wind velocity w'(m s~!) and air humidity ¢ from average (kg
kg™ 1) over certain time, 30 min in this study; wT indicates means of the
products of the instantaneous deviation of vertical wind velocity w' and
potential temperature T from average (K) over 30 min.

To assure good quality control of the EC data, the original 10 Hz flux
data were processed with the EddyPro software following standard
procedures, including double-coordinate rotation, both low- and high-
frequency corrections, time lag compensation for the closed-path gas
analyzer, WPL density corrections for open-path system, etc., (Falge
et al., 2001). Data were collected and averaged at 30 min using Data-
logger Support Software version 4.4 (Campbell Scientific Inc., USA).
Quality control of the half-hourly flux data was performed based on the
quality flag provided by the calculation procedures, and the low-quality
data were removed as described by Jiang et al. (2022b). For the missed
and unreliable data, the linear interpolation method was used to fill the
gaps that were less than 2 h, whereas larger gaps (>2 h) were filled
using the daily average variation method introduced by Reichstein et al.
(2005). For the longer gaps (15 days) that occurred in Qionglai owing to
electricity interruption and maintenance, a backpropagation neural
network (BP) model was used to estimate the missing water flux data.
The BP model can automatically learn the complex mapping relation-
ships between the input and output, enabling the modeling and pre-
diction of nonlinear data using a backpropagation algorithm.
Specifically, to minimize the potential influence of citrus phenological
variations on the data imputation process, the BP model training
incorporated data from both the period preceding the missing records
and the subsequent 15 days. A total of 2880 half-hourly data sequences
were used to train the BP neural network, with net radiation, wind
speed, soil moisture, vapor pressure deficit, and air temperature as input
variables, and LE as the output. The model achieved a training perfor-
mance, with an R? of 0.87 and an RMSE of 3.87 W m~2. Furthermore, the
trained model was validated using independently collected data from a
corresponding non-missing period, yielding a validation performance
with R? of 0.84 and RMSE of 3.98 W m™2 These results indicate that the
BP neural network method provides reasonably reliable imputations for
the half-hourly LE fluxes.

2.2.2. Meteorological and soil water content measurements
Meteorological measurements are taken over the irrigated orchard
ecosystem, adjacent to the EC system, and the planting area is suffi-
ciently large to provide an adequate fetch for meteorological measure-
ments. Auxiliary meteorological variables, including air temperature
(T, °C), relative humidity (RH, %), precipitation (P, mm), net radiation
(Rn, W m’z), wind speed (u, m s~ 1 and direction (WD, °), air pressure
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(P,, KPa), soil temperature (T), soil moisture profile (SWC, %) and soil
heat flux (G, W m~2), were recorded every 30 min using sensors inte-
grated with an EC system in Qionglai or independent automatic weather
station in Pujiang site, the specific sensors and measurement location at
each site are detailed in Table 3. The measured u was adjusted to 2 m
reference height (u3) using the wind speed profile equation for calcu-
lating ET, (Allen et al., 1998). The auxiliary meteorological data were
downloaded every two weeks, and the sensors were well supervised and
maintained, including cleaning and calibrating for clean and level
maintenance every two weeks. Four SWC sensors, with a measured in-
terval of 0.2 m, were installed in a kiwifruit orchard (Table 3). Three
SWC sensors were installed in the mid-row for measuring 0-0.50 m
SWC, while ten SWC sensors, with the measured interval of 0.1 m, were
installed in citrus plantation lines to obtain the citrus root zone SWC
profile. This dual-location measurement strategy was implemented to
capture the pronounced spatial heterogeneity in soil moisture inherent
to drip-irrigated orchards with wide rows. The plantation line sensors
monitored soil water dynamics in the primary root zone and wetted area
under the drippers, which is most critical for plant water uptake. The
mid-row sensors quantified moisture changes in the exposed, predomi-
nantly rain-fed inter-row space, which dominates E. For the calculation
of the root zone depletion and the subsequent water stress coefficient
(Egs. 10-12), a soil-water-content-weighted average from the plantation
line profile (representing the tree root zone) was used, as this directly
reflects the water available for T. The SWC measured by sensors was
calibrated using the gravimetric method with soil samples collected
adjacent to the sensors. The quality of the measured data was evaluated
by the built-in procedures, including the evaluation of the normal
operation of the meteorological and soil water sensors and the reliability
of the data test, and the accuracy of the datalogger clock time verifica-
tion. Furthermore, the measured R, data were evaluated against the
estimated values derived from standard FAO-56 calculations (Allen
et al., 1998) to determine the necessity for instrument recalibration. As
Ta, u, RH, G, and SWC were measured at different positions, the simple
visual method (trend analysis, consistency analysis) was used to assess
whether one was faulty and reliable (ASCE-EWRI, 2005).

2.2.3. Ancillary crop parameter measurements

Eight sample plots were randomly selected every 1-2 weeks for
measuring canopy leaf area index (LAI.) with a leaf meter (LAI-2000, Li-
Cor, inc. USA), covering the double rows and the space between two
adjacent double rows, following the recommendations for row crops.
Seasonal grass cover under the tree canopy and adjacent inter-canopy
adds complexity to the orchard surface. MODIS-based vegetation pa-
rameters provided feasible ways for regional vegetation growth infor-
mation investigation because of their availability and reliability (Kalfas
et al., 2011; Huang et al., 2022). In this study, orchard total surface leaf
area index (LAI) was obtained every eight days using the MODIS 15A2H
reflectance product, which has a spatial resolution of 500 x 500 m (htt
ps://modis.ornl.gov/data.html). The data from the EC site’s location
was utilized. Linear interpolation of adjacent available data over time
was used to fill the data gaps. The TIMESAT software was utilized to
smooth spikes in the raw LAI data (Jonsson and Eklundh, 2004). Then,
the eight-day LAI; data were interpolated to a daily scale using a spline
function.

The kiwi canopy amplitude measured approximately 5.0 x 3.5 m,
with a maximum cover fraction of 0.8 during the mid-season, estimated
based on the Beer-Lambert law. The canopy of citrus is evergreen, and
the canopy cover fraction was estimated based on citrus canopy
amplitude and actual occupying space (3.0 x 4.0 m).

2.2.4. Sap flow measurements and data processing

Stem sap flux was assessed via the Granier heater dissipation method
and then upscaled to determine the orchard’s total T (Granier, 1987).
The sap flow technique employed a pair of heated and unheated needles
inserted into the trunk to sample the conductive area, the heat in the
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Table 3
Instrumentation and environmental variables of observed orchard sites.
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Parameter Sites Instruments and manufacture Installed height or depth (m)
Air temperature and Relative ~ Pujiang HPM155, Vaisala, Helsinki, Finland 8.0
humidity Qionglai ~ HMP155, Vaisala, Finland 4.0
Precipitation Pujiang L3, Jinzhou Sunshine Meteorological Technology CO., 0.6
LTD., Jinzhou, CN
Qionglai RG13 H2NN, Vaisala, Finland 2.0
Solar radiation Pujiang TBQ—2, Jinzhou Sunshine Meteorological Technology 3.5
CO., LTD., Jinzhou, CN
Qionglai ~ NRO1, Hukseflux, Netherlands 4.0
Net radiation Pujiang TBB-1, Jinzhou Sunshine Meteorological Technology 3.5
CO., LTD., Jinzhou, CN
Qionglai ~ NRO1, Hukseflux, Netherlands 4.0
Soil heat flux Pujiang HP-1, Jinzhou Sunshine Meteorological Technology 2 layers (—0.05, —0.10)
CO., LTD., Jinzhou, CN
Qionglai ~ HFPO1, Hukseflux, Netherlands 4 layers (—0.05, —0.1, —0.15, —0.2)
Soil temperature Pujiang PTWD-2A, Jinzhou Sunshine Meteorological 4 layers (—0.05, —0.1, —0.15, —0.2)
Technology CO., LTD., Jinzhou, CN
Qionglai CS655, Campbell, USA 3 layers (—0.05, —0.1, —0.2)
Soil volumetric water Pujiang TDR-3, Jinzhou Sunshine Meteorological Technology 4 layers (—0.2, —0.4, —0.6, —0.8) between
content CO., LTD., Jinzhou, CN the lines and rows
Qionglai ~ CS655, Campbell, USA 3 layers (—0.15, —0.30, —0.45) between the lines

10 layers (0.1, —0.2, —0.3, —0.4, —0.5, —0.6, —0.7, —0.8, —0.9, —1.0)
between the rows

upper probe was dissipated into the sapwood to measure the vertical sap
flux surrounding the probe. Eight trees within the flux footprint of EC
were selected as the experimental trees for plant sap flux measurement,
with an installed height of 0.60 m above the ground for kiwifruit.
Although prior studies have proved that different sap flow rates within
the trunk, with the sunny side often overestimating the average flow
rates (Molina et al., 2016; Flo et al., 2019). In this study, the kiwi vines
were uniformly fixed by iron wires at a height of 1.8 m, causing a hor-
izontal canopy structural feature, the sap flow difference between the
north and south-facing sides was ignored due to the relatively uniform
distribution of sunlight within the canopy (Jiang et al., 2022). Since the
citrus tree canopy was vertical, and apparent sunny leaves and shaded
canopy existed between the north or south-facing side, therefore, eight
citrus trees were selected for sap flow measurement, with four sensors
installed on the south/north-facing side of the tree at 0.30 m above the
ground, and the averaged value was used to calculate sap flow. Sensor
calibration, including zero offset without sap flow, needle distance
calibration, response time and frequency calibration, was made before
installation. Besides, to minimize potential measurement errors caused
by solar radiation, rainfall, and natural thermal gradients, the trunk area
where the sap flow sensors were installed was fully covered with sun-
screen film. After installation, the needles are insulated with reflecting
materials. The sap flux density (Js (g HoO m—2 s’l)) was determined by
measuring the temperature difference between heated and unheated
samples.

AT (€3]

b
g - a[ATmax - AT]
Where a and b are the empirical coefficients, which were 119 and 1.231
for this study. ATnax denotes the maximum temperature difference
observed when sap flux is zero, defined as the daily maximum temper-
ature difference (°C). AT represents the temperature difference between
heated and unheated needles. Sap flow fluxes were calculated by
multiplying the Jg with the sapwood area (Granier, 1987). The selected
sample trees were located within 0.5 km of the EC tower at each site.
The stem sap flow was estimated every 10 min based on original mea-
surements. These data were subsequently extrapolated to estimate single
tree canopy scale T using Eq. (5):
A
T= JSA_g %)

Where Js (g H,0 m~2 s71) represents the sap flux per unit xylem area,
with As denotes the average xylem section area, and Ay denotes the
ground area per tree. Eight sample trees were selected for sap flow
installation purposes in both orchard sites, while the number may not
represent the average growth level of experimental trees. As sap flow
measurements are plant-based processes, more than 30 trees were
collected randomly to investigate measurement representativeness and
estimate conductive xylem area. Sample trees were obtained within a
0.5 km x 0.5 km plot centered around the tower. Sapwood thickness of
each sample tree was measured using a core extracted with a 5-mm
increment borer. The heartwood area depth was determined by its
unique color variations. The canopy T of the sampled trees was averaged
to estimate the ecosystem T at the kiwifruit and citrus tree sites.

2.2.5. Consideration of measurement uncertainties

The derived crop coefficients are subject to uncertainties originating
from the measurement techniques. For the EC system, the energy bal-
ance closure was 0.92 and 1.04 for the kiwifruit and citrus sites,
respectively (Table 5), and gap-filling for missing ET data introduced
additional uncertainty, though higher accuracy (R? of 0.84 and RMSE of
3.98 W m™?) for the neural network model used in the citrus site inspires
confidence.

In sap flow measurements, potential uncertainties arise from the
spatial variability of sap velocity within trees and the scaling from point
measurements to stand-level transpiration. This is because sap flow rates
are rarely uniform across the sapwood area, as conducting properties
were different along the xylem radial direction (Flo et al., 2019). We
mitigated this by sampling multiple trees and sides (for citrus) and using
a large sample size (>30 trees) to characterize the sapwood area.
Furthermore, the wound effect caused by the invasive measurement may
also result in uniform thermal diffusion gradients (Wiedemann et al.,
2016). Due to the lack of direct measurement data for theoretical sap
flow correction, the T of kiwifruit and citrus provided in this study may
slightly deviate from the actual values. However, the systematic appli-
cation of standardized sensor placement protocols across all study trees
ensured measurement consistency, and inter-annual trends exhibited
strong temporal stability.

2.3. Calculation of reference evapotranspiration and crop coefficient

According to FAO-56, crop actual ET (ET,) can be estimated using the
crop coefficient (single K. and dual K, reflecting the specific
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characteristics of the crop), and ET,, as recommended by Allen et al.
(1998). It is critically acknowledged that the standardized parameters of
the ET, calculation equation (e.g., the fixed surface resistance of
70 s m™ and the aerodynamic resistance parameterization) are explic-
itly defined for a well-watered hypothetical grass surface. In this study,
however, the required meteorological data were measured within the
orchard, which presents different surface characteristics. Therefore, the
ET, values estimated here represent the ET demand for the hypothetical
grass reference surface under the specific local microclimatic conditions
of the experimental orchard. This approach, while deviating from the
ideal scenario, is consistent with the practical recommendations of
FAO-56 when site-specific weather data from a reference surface are
unavailable (Allen et al., 1998). It was adopted to ensure internal con-
sistency in our modeling and, most importantly, to accurately capture
the microclimatic drivers that a distant standard weather station might
not represent (Jamshidi et al., 2020; Peddinti and Kambhammettu,
2019; Wang et al., 2020). This site-specific ET, estimate is considered
more appropriate for assessing the actual atmospheric water demand
experienced by the specific crop at the study site.

ET, = K,K.ET, = (K,Ko, + K. )ET, (6)

; _ 0A408A(R, — G) + ¥ Ttz (s — €a)

o 7
A+ y(1+ 0.34u,) 7

Where Ais the curve slope of the saturation vapor pressure (kPa °C™1), y
is the psychrometric constant (KPa °C’1), Tmean 1S the mean air tem-
perature (°C), e; and e, represent the saturated and actual water vapor
pressure (kPa), respectively. K, is the basal crop coefficient; K. is the
soil evaporation coefficient. According to the dual K. approach, K, can
be derived based on the measured T in the orchard ecosystem.

Kc—den‘ved = ETa/ETo /Ks (8)
ch—den'ved = T/ETO/Ks (9)

Where K; is the water stress coefficient, the detailed calculations are
available in Allen et al. (1998).

TAW-D,; TAW—D,;
L L D> RAW
K.— ) TAW-RAW (1-p)TAW "~ 10)

17 Dr.i < RAW

Where TAW is the total soil water accessible to crops within the effective
root zone, determined by the difference between the water content at
field capacity (¢¢) and the wilting point (yp) (Allen et al. 1998). p
represents the portion of TAW that a crop can extract from the root zone
before suffering water stress.

D.; =Dy — (Pi—RO;) —I; — CR; + ET.; + DP; 1)
Dyi 1 = 1000(6; — 6,.1)Z 12

Where D, ; is root zone depletion (mm), the subscript i denotes the day of
i. D ;.1 is the water content in the root zone (mm), P; is the precipitation
(mm), RO; is the runoff from the soil surface (mm), j is the net irrigation
depth that infiltrates the soil (mm), CR; is the capillary rise from the
groundwater table (mm), ET; is the crop evapotranspiration (mm), DP;
is the water loss out of the root zone by deep percolation (mm). RO; was
estimated based on the measured drainage volume of the drainage ditch
and the drainage area. 6; and 6;_; denotes the soil water content in the
day of i and i-1. Z, is the root depth (mm). The groundwater table for the
experimental site was 10-13 m below the ground, CR; and DP; can be
negligible in this study according to Allen et al. (1998). The seasonal
water balance showed that the water depth of RO+ET+D; was overall
consistent with the variations of P + I during the growing seasons for
both orchard sites. The calculated relative bias (calculated as abs
[(RO+ET+Dy)-(P + D1/(P + I)) between RO+ET+D; and P + I was 27.0,
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12.9, 9.7 and 15.7 % during the growing seasons of 2020-2023 in citrus
sites, while the values was 20.3, 16.3 and 15.2 % during the 2018-2020
growing seasons for kiwifruit site, respectively. The seasonal water
balance and the cumulative water volume of different water cycle
components in the orchards during the growing season can be found in
Fig. S1 and S2.

TAW = 1000(6; — 6,,) Z, a3)
P = Puapie +0.04(5 — ET¢) a4
RAW = pTAW 15)

Where p,,, is referred as 0.35 for kiwifruit and 0.50 for citrus, respec-
tively.

The FAO-56 method provides standardized K. values for various
growth stages under standard conditions (up = 2 m s ! and RHpyiy =
45 %). The single-crop coefficient K, is defined by three distinct values:
Ke.ini, Ke-mid, and Ke.end, corresponding to the K. at the initial, mid-
season, and late-season stages, respectively (Allen et al., 1998). Ac-
cording to FAO-56, the tabulated K. values have to be adjusted into a
local K. by considering the crop-specific effects of relative humidity,
wind speed and crop characteristics. K.jni can be modified according to
the mean interval between wetting events and evaporation rate, while
K¢ mid and Kc.eng were adjusted based on uy, RHp,i, and crop height (h).
For sparse vegetation, as vegetation having stand characteristics
compared to ‘pristine’ conditions, like citrus planted in a wide row, the
adjustment equation should consider the effect of cover fraction as
presented in Eq. (17):

B\ 03
K_raoseadi = Kc—raosetavie + [0.04(uz — 2) — 0.004(RHpin — 45) | (‘)

3
(16
ch—FAOSGadj = Kemin + (ch Sull — Kcmin) (1 - eXP[ - 07LAI::] ) a7)
h 0.3
Kevput = Kep-raosetavic + [0.04(Us — 2) — 0.004(RHpyi, — 45) | (g)
(18)

Where Kc.raos6 adj and Kcb.raose adj represent the adjusted K. and K¢,
considering the local environment conditions. K. min represents the
minimum K. for bare soil, typically ranging from 0.15 to 0.20, Kcp funl
denotes the estimated basal K, during the mid-season for vegetation
with complete ground cover. Kc.paos6 table a0d Kcb-FAO56 table F€Present
the tabulated values of K. or K}, as outlined in the FAO report (Allen
et al., 1998). In this study, Kc.pa0s6 table a0d Kcb-FA0s6 table for kiwifruit
and citrus were calculated combined with the values under active
ground cover and no active ground cover.

K. _raosetable = fCngc + (1 _fE)chover 19
ch—FAOSE:table = chcb ngc + (1 *fc)ch cover (20)

where K¢ nge (Kep nge) is the Ke (Kep) of citrus and kiwifruit with no active
ground cover, K. cover (Kcb cover) is the K. (K¢p) for the active ground
cover (0.95, (0.90)), f. is the fraction of ground covered by tree canopy
(e.g., the sun is presumed to be directly overhead). For humid and
subhumid climates, where there is less stomatal control by citrus, values
for Ke ini (Keb ini)> Ke mid (Keb mid), and Ke end (Keb end) Were increased by
0.1, 0.2 and 0.2 following Rogers et al. (1983).

The derived K. (Kc.derived) OF Kcb (Kc-derived) multiplied by Kj is
regarded as the local actual K. (K¢.jocal) OF Kcb (Keb-local), Which is an
adjusted recommended value based on the water availability and local
climatic conditions. The standard, transferable K. (K¢.standard) and Kcp
(Kcb-standard) Values are applicable for irrigation management and pre-
cipitation frequencies typical of a sub-humid climate with RH,;, = 45 %
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and up =2 m s~ ! (Allen et al., 1998). When local climatic conditions
differ from these meteorological values, the derived K. and K}, values,
need to be adjusted by atmosphere correction to become the K¢ standard OF
Kcb-standard Values for transferable purposes. In our study, Kc-standard and
K pb-standard Values were calculated based on K gerived and Kcp-deriveds
respectively.

h 03
Kc—standard = Kc—den‘ved - [004(112 - 2) - 0004(RHmm - 45) } (§> (21)
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2.4. Calculation of underlying conductance (G) and growing degree days
(GDD)

To determine the relationship between K¢ jocal, Keb-local and under-
lying characteristics in various croplands, the underlying conductance
(Gs) was calculated as follows (Monteith, 1965):

LE-G
G, = .

= 23)
A 4 Pa-Cp-VPD-Gg
;(R,l —G) - <;+1)LE+IJYT

h 0.3
ch—standa!d = bi—den'ved - [004(112 - 2) - 0004 (R-Hmin - 45) ] (g)
(22)
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Fig. 2. Seasonal variations of biophysical factors in Pujiang and Qionglai cropland sites. Biophysical factors include daily average air temperature (T3), daily
maximum temperature (T,.max), daily minimum temperature (Tamin), reference crop evapotranspiration (ET,), canopy conductance (Gs), vapor pressure deficit
(VPD), wind speed at 2 m height (u5), and daily available energy defined as net radiation reducing soil heat flux (R,-G).
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Where G, is the aerodynamic conductance (s m™Y); 2, and 2y, are the
measured height of the wind speed, air temperature and relative hu-
midity (m), respectively; and u is the measured wind speed (m s kis
the von Karman constant (0.41). The momentum transfer roughness
length, 2., is determined by the equation of 2.y, = 0.13h. (m); the heat
transfer roughness length (2.1), is given by 0.124m; h is the mean canopy
height of the crop (m); and the zero-plane displacement height (d, m), is
calculated using the formula d = 0.63h,.

GDD was calculated from the daily mean-temperature by subtracting

base-temperature (Thase) and expressed in °C day, while Tpyse Was set at
12 °C for citrus and 5 °C for kiwifruit (Kwon et al., 2021).

(Tmax - Tmin)
2

G, = (24)

GDD = — Thase (25)

Where Tmax and Tpin indicate the daily maximum and minimum air
temperature, respectively. If the Tyqy is above the upper temperature
value of 30 °C, then 30 °C is used to replace Thayx in Eq. (25). If (Tax-
Tmin)<Thase, then the calculated GDD is recognized as zero on this day.

3. Results
3.1. Meteorological conditions

The seasonal variations in the meteorological variables, ET, and Gg
across the various growing seasons of the two orchard sites are shown in
Fig. 2, and the average values of these factors at the individual stages
and the entire growing season are summarized in Table 4. Given the
varying growth periods, the average meteorological factors, ET, and Gg
observed during the mid-season stage were generally higher than those
during the crop initial and late-season stages (Fig. 2, Table 4). All fac-
tors, except up, exhibited significant seasonal variations at the two
experimental sites, with peak values generally occurring during summer
(Fig. 2). Although the annual meteorological conditions were similar in
the two sites, the crops experienced varying climatic conditions because
of the different growing seasons at each location. For instance, the
average T, was 22.3°C for kiwifruit in Pujiang, while the value was
21.8°C for citrus in the Qionglai site (Table 4). Daily VPD and R, were
averaged at 0.74 kPa and 69.3 Wm 2 for kiwifruit, 0.51 kPa and
89.9 W m™2 for citrus, respectively. The daily average u, values were
comparable in the two sites, with a value of approximately 1 m s~'. LA
showed seasonal variation in the two experimental orchards, and LA
was larger than LAI. throughout the experimental period due to the
presence of understory weed (Fig. S3 and S4). Differences in meteoro-
logical factors and phenological rhythms resulted in varying atmo-
spheric evaporative demands between the crops, with ET, values of

Table 4
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2.68 mm d ! for kiwifruit at Pujiang, 2.79 + 0.27 mm d " for citrus at
the Qionglai site. The G consistently increased from the initial stage,
peaked during the mid-season stage, and then gradually decreased.

3.2. Energy balance and seasonal variations

The relationship between R,-G and LE + H exhibited a significant
linear correlation during the observational period (Fig. 3, P < 0.01). The
slopes between daily Ry-G and LE + H were estimated at 0.93 and 0.82
for kiwi and citrus orchard, with intercepts of —0.25 and 18.95 W m~2
and coefficients of determination (Rz) of 0.85 and 0.90, respectively
(Fig. 3, Table 5). The EBC (EBC = Y (LE + H)/> (R, —G)) values were
estimated at 0.92 for the Pujiang and 1.04 for the Qionglai sites, sug-
gesting a high reliability of the energy closure measurements (Cui and
Chui, 2019; Wilson et al., 2002). The residual energy (RE, calculated as
Ry-G-LE-H) was redistributed using the evaporative fraction (EF)
method to achieve energy forced closure (Gebler et al., 2015). Specif-
ically, EF was estimated based on the ratio of the sum of 15-day LE to the
sum of LE+H, and the forced closure corrected LE (LEco.) was described
as LEcorr=LE +RE x EF, LEc was then used to calculate ET by dividing
A

The average diurnal variations in Ry, LE, H, and G during the indi-
vidual crop growth stages and throughout the growing season are
illustrated in Fig. 4. The average diurnal energy fluxes showed an
unimodal pattern during crop each growth stage and the entire growing
season, with peaks generally occurring between 12:30 and 2:00. Both LE
and H varied with Ry, with LE consistently higher than H throughout the
growing season. The average daily energy fluxes reached their highest
levels from the beginning to the mid-season stage, and then declined
towards the late-season stage. The average Ry, LE, H, and G was 69.28
+ 4.84 (standard deviations), 53.04 + 4.65, 15.14 + 1.53, and 0.88
+0.39Wm 2 for kiwifruit, 89.87 &+ 13.75, 64.59 +9.26, 20.39
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Fig. 3. Regression analysis of available energy (defined as the difference be-
tween net radiation (R,) and soil heat flux (G)) and the sum of latent heat (LE)
and sensible heat flux (H) in the (a) kiwifruit and (b) citrus orchard during the
growing seasons.

Averaged biophysical factors and reference evapotranspiration (ET,, mm-d—1) at the different growth stages in the drip-irrigated kiwifruit and citrus orchard in
Southwest China. Biophysical factors include air temperature (T,, °C), wind speed at 2 m height (uy, m s~ 1), water vapor deficit (VPD, kPa), net radiation (R,, W m?),

Precipitation (P, mm), underlying total leaf area index (LAIL, m? m—32).

Crop types Stage Days Ta u2 VPD Rn 14 LAI ETo
Kiwifruit Ini 27 16.5 1.16 0.68 68.5 87.5 1.98 2.59
Dev 35 20.3 1.11 0.87 82.1 123.2 2.58 3.03
Mid 92 25.0 1.05 0.85 80.4 832.6 3.41 3.02
Lat 66 21.5 0.95 0.55 47.2 277.2 3.04 2.05
Average 220 22.3 1.04 0.74 69.3 1320.5 2.93 2.68
Citrus Ini 30 17.9 1.14 0.54 94.0 69.3 1.41 2.84
Dev 46 22.0 1.12 0.68 104.1 108.0 1.67 3.23
Mid 92 25.6 1.08 0.62 111.5 578.7 1.67 3.41
Lat 61 17.3 0.92 0.20 45.7 148.2 1.08 1.52
Average 229 21.8 1.05 0.51 89.9 908.2 1.44 2.79

Note: underlying’ total leaf area index, including tree canopy and grass leaf area.
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Table 5
Energy components and regression analysis of energy balance closure (EBC) in the drip-irrigated kiwifruit and citrus orchard in Southwest China.
Crop Year EBC y=a*x+b R? RMSE R, (W-m-2) LEcor Hcorr G
Kiwifruit 2018 0.98 y = 0.96x+ 2.47 0.87 15.29 71.38 54.02 16.68 0.63
2019 0.88 y = 0.94x-0.64 0.85 16.52 71.12 49.75 20.04 1.32
2020 0.80 y = 0.86x—1.14 0.86 14.07 69.14 49.02 19.41 0.71
Average—3years 0.92 y = 0.93x—0.25 0.85 15.91 69.28 + 4.84 53.04 + 4.65 15.14 +£1.53 0.88 + 0.39
Citrus 2020 1.01 y = 0.77x+ 20.45 0.93 11.82 99.63 71.47 20.21 4.08
2021 1.11 y = 0.83x+ 20.13 0.91 11.66 70.85 50.93 15.44 1.89
2022 1.04 y = 0.90x+ 13.60 0.88 17.73 97.52 67.66 22.94 3.67
2023 1.01 y = 0.79x+ 20.26 0.90 12.76 97.70 68.31 22.96 2.46
Average—4years 1.04 y = 0.82x+ 18.59 0.90 13.59 89.87 +£13.75 64.59 + 9.26 20.39 + 3.54 3.02 £1.02
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Fig. 4. Averaged diurnal variation of net radiation (R,), latent heat flux (LE), sensible heat flux (H), and soil heat flux (G) at the kiwifruit (upper and a and b) and
citrus (below ¢ and d) individual growth stages (initial, developed, middle, and late growing stage, left) and total growing seasons (right).

+ 3.54, and 3.02 = 1.02 W m~2 for citrus, respectively (Table 5). The
consistently low magnitude of the G relative to Ry, LE, and H is a typical
feature of well-vegetated, closed-canopy ecosystems, where most of the
available energy is partitioned into LE and H fluxes, with minimal en-
ergy reaching and being stored in the soil substrate (Wilson et al., 2002).

3.3. Seasonal variation in evapotranspiration, evaporation, and
transpiration

The seasonal variations and statistical summarizations of the ET and
its components in the two orchard sites are illustrated in Fig. 5 and
Table 6. Daily ET and T showed similar variation patterns, which were
relatively low in the initial stage, increased with crop canopy develop-
ment and supported water and heat conditions during the mid-season
stage, and showed a decreasing trend toward the late-season stage.
The seasonal T exhibited a smaller variation amplitude than the corre-
sponding ET. The differences between the two were more pronounced in
summer, during periods of high atmospheric demand and abundant
precipitation, and gradually decreased as the ET decreased (Fig. 5). The
daily average ET and T were measured at 2.04 + 0.18 mm d ! and 1.15
+0.16 mm d ! for kiwifruit in Pujiang, 2.49 + 0.25 mm d ! and 1.18
4+ 0.09 mm d~! for citrus in Qinglai site, respectively. T contributed
approximately 50 % of the total ET, with specific ratios of 0.57 + 0.02
for kiwifruit, 0.52 + 0.05 for citrus, respectively.

As a difference between ET and T, daily E in kiwifruit increased from

the initial and crop development stage, but decreased subsequently.
However, the seasonal patterns of E in citrus croplands increased until
the late-season stage. Furthermore, in comparison to T, daily E fluctu-
ated sharply throughout the growing season in the two orchard sites,
with the daily average of 0.89 & 0.04 mm d~! in kiwifruit and 1.31
4+ 0.19 mm d~! in the citrus orchard, respectively.

3.4. Seasonal variation of crop K, and K.

The water stress coefficient (Ks) showed seasonal variability, with
values below 1 occurring mainly during the initial and late-season stages
when soil moisture was limited (Fig. S5). This reduction in K contrib-
uted to lower K¢ jocal and Kcp-local Values during these periods, as proved
in Fig. 6, a linear relationship was found between K, K.1ocal, and Kcp-local
in both orchards. Daily K., K.}, values and the locally developed curves
for kiwifruit and citrus are shown in Fig. 7 and Fig. 8. The locally derived
kiwifruit K. (Ke.1ocal) and Ke.standard Values exhibited seasonal variations,
which were both lower in the crop initial stage, tended to reach their
maximum in the mid-season stage, and subsequently decreased during
the late-season stage (Fig. 7). The initial K.jocq) for kiwifruit was 0.67
=+ 0.01, which was higher than the corresponding staged Kc.ra0s6 table
and K¢ raos6 adj values (0.40, 0.34 £ 0.01), while the values during the
kiwifruit mid-season and late-season stages (0.89 + 0.02 and 0.68
+ 0.02) were slightly lower than the corresponding staged K. ra0s6 table
and K¢ rao0s6 adj values (Fig. 7 and Table 7). Kiwifruit Kep.1ocal €xhibited a
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Fig. 5. Seasonal variations of precipitation (P), irrigation (I), evapotranspiration (ET), transpiration (T), and evaporation (E, defined as ET-T) in the kiwifruit and
citrus orchard.

Table 6
Measured daily average evapotranspiration (ET, mm d 1), transpiration (T, mm d 1) and soil evaporation (E, mm d ™) in the drip-irrigated kiwifruit and citrus orchard

during the observed periods.

Crop types Year Stage ET E T T/ET

Kiwifruit 2018-2020 Ini 1.44 £ 0.31 1.10 +0.29 0.33 + 0.20 0.24 + 0.16
Dev 2.28 +0.13 1.30 £ 0.14 0.98 + 0.25 0.45 + 0.10
Mid 2.50 + 0.24 1.12+0.17 1.38+£0.14 0.61 + 0.04
Lat 1.47 £ 0.30 0.29 + 0.09 1.18 £ 0.35 0.72 + 0.10
Seasonal 2.04 +£0.18 0.89 + 0.04 1.154+0.16 0.57 + 0.02

Citrus 2020-2023 Ini 2.42 + 0.83 1.27 £ 0.55 1.1540.30 0.47 + 0.05
Dev 2.77 + 0.50 1.57 £0.37 1.21 £ 0.20 0.47 + 0.08
Mid 3.12+0.18 1.70 £ 0.15 1.42 4+ 0.08 0.49 + 0.03
Lat 1.38 £ 0.24 0.57 + 0.20 0.81 + 0.08 0.63 + 0.10
Seasonal 2.49 +0.25 1.31 £0.19 1.18 £+ 0.09 0.52 + 0.05
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Fig. 6. The relationship between the water stress coefficient (K;) and locally derived single crop coefficient (K.joca1) and basal crop coefficient (Kcp.jocal) in kiwifruit

and citrus orchards.

seasonal variation trend, with values of 0.13 &+ 0.02, 0.46 &+ 0.05, and
0.53 + 0.06, corresponding to the kiwifruit initial, mid-season, and late-
season stages, respectively (Table 7). The Kcp.jocal Values of kiwifruit
were consistently lower than both the Kcraose table and Kc.raose adj
values, especially during the kiwifruit mid-season and late-season
stages. The standard, transferable kiwifruit stepwise K. values (K¢ stan-
dard) Were estimated at 0.74 4 0.01, 0.99 + 0.02 and 0.82 =+ 0.01, which
were slightly lower than the K..gp0s6 table Values, while the values for K},
(Kcb-standard) Were estimated at 0.24 4 0.09, 0.58 + 0.05 and 0.63
+ 0.09 for initial, mid-season and late-season stages (Fig. 7).

Compared to kiwifruit, the K¢ joca1 Values of citrus remained rela-
tively stable throughout the growing season, with values of 0.72 + 0.07,
0.85 £ 0.02 and 0.74 &+ 0.08 in citrus initial, mid-season, and late-
season stages (Table 8). The Kcp.jocal in the citrus orchard was also
relatively stable, with a value varying from 0.41 to 0.47 throughout the
growing seasons, which closely matched the Kcpraose agj (Fig. 8,
Table 8). The Kcstandara Values for citrus were estimated at 0.92 + 0.03,
1.01 £+ 0.03 and 0.95 + 0.07, which were higher than the K. ra0s56 table,
while the values for Kcp.standara Were estimated at 0.59 + 0.03, 0.61
4 0.02 and 0.69 + 0.03 for citrus initial, mid-season and late-season
stages.

3.5. Relationships between crop coefficient and biophysical variables

The relationships between K¢.jocal, Kcb-l1ocal and LAIL, GDD and Gs were
shown in Fig. 9. Kiwifruit K¢.jocal and Kcp-local increased with an increase
in LAIL (Fig. 9a). However, citrus K oca1 increased with increased LAIL,
and then slightly decreased when LAI exceeded 1.5 m? m™2 (Fig. 9b).
Citrus K., decreased significantly with increased LAI; with a linear
relationship (p < 0.01). Both kiwifruit and citrus Kc.joca had a parabolic
relationship with GDD, with peak values appearing approx. GDD of 1800
°C and 1200°C, respectively, and then decreased with an increase in
GDD (Fig. 9¢,d). Kiwifruit Kcp-1ocal increased rapidly with increased GDD,
and tends to be steady when GDD exceeds 1000 °C. Contrarily, citrus Kcp-
local Showed a slightly decreased trend with increasing GDD, and then
increased when GDD exceeded 1000°C. The Kc.jocal Of kiwifruit and
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citrus showed a strong correlation with Gs during the growing seasons,
with R? of 0.71 and 0.62, respectively (Fig. 9e,f). Kiwifruit Kcp-jocal Was
also closely related to Gs during the initial and crop development stage,
while no consistent relationship was found at the mid-season and late-
season stages. Citrus Kcp.local decreased rapidly with G and tended to
stabilize once G reached a certain threshold (Fig. 9f).

4. Discussion
4.1. Water use characteristics of kiwifruit and citrus orchards

The daily T in the kiwifruit orchard exhibited significant seasonal
variation due to changes in canopy structure throughout the growing
season, and total T/ET in kiwifruit (0.57) was higher than that of the
citrus orchard (0.52) because of the higher canopy cover, though citrus
was an evergreen plant. At the Qionglai station, citrus was planted with
a wide row spacing configuration, which allowed light to reach the soil
surface more easily and facilitated the evaporation of more soil water,
resulting in a relatively lower T/ET ratio. This phenomenon of signifi-
cant E contribution in widely-spaced orchards, even under drip irriga-
tion, has also been reported in other humid and sub-humid regions
(Marin and Angelocci, 2011; Zhang et al., 2011). In addition, higher E
values were observed in the mid-growing season in the citrus orchards,
primarily due to increased wetting events from natural precipitation,
which keeps the soil surface moist and promotes E, a pattern consistent
with observations in other rain-affected orchards (Ramos et al., 2023;
Segovia-Cardozo, et al., 2022). However, in the kiwifruit orchard, most
radiation was intercepted by the upper canopy leaves due to the hori-
zontal canopy structure, while understory plants and soil did not receive
enough energy to evaporate water, even though the soil was not
suffering from water constraints during the crop mid-season stage. The
seasonal dynamics of crop canopy development and meteorological
variables also influence the ratio of T to ET. For instance, during the
initial stages of kiwifruit, T typically constitutes a small proportion of
ET, this ratio increases as the canopy develops. However, E may not
decrease accordingly, owing to favorable moisture and thermal
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Fig. 7. Kiwifruit crop coefficients (K.) and basal K. (K,) derived from the observed data, the FAO-56 standard curve (the short dot line with blue), the FAO-56
adjusted curve (the dotted line with red), and the locally developed K. and K, curves (the solid line).

conditions in midsummer. As shown in Fig. 5, E remained a significant
component of the water flux in the kiwifruit orchard during the 2018
and 2020 growing seasons. In contrast, a noticeable reduction in E and
ET occurred during midsummer of 2019, which can be attributed to
decreased precipitation P. Meanwhile, the mature kiwifruit vines, with
their deep root system, were likely still able to access soil water, sus-
taining a relatively high transpiration rate. This combination of sup-
pressed E and sustained T led to T consistently exceeding E during
midsummer. The observed E values were lower at the late-season stage
in both perennial orchard sites. On the one hand, decreased seasonal
rainfall reduced E due to soil water constraints, and on the other hand,
leaves and understory vegetation gradually age in autumn, soil surface
was covered by wilted grass and leaf litter cove, forming a dry matter
cover layer, which increased the vapor transfer resistance of the soil
surface to the atmosphere.

Kiwifruit and citrus are the top cash crops in the agricultural regions
of Southwest China, with their cultivated areas rapidly expanding due to
increasing market demand and rural economic development. Expanding
fruit plantations in Southwest China will supplant traditional field crops,
including those in the rice-wheat rotation system. Qiu et al. (2019)
estimated the total ET for the rice-wheat rotation system in South
China’s humid region to be 765-841 mm/year using the Bowen ratio
energy balance. The total growing season ET was approx.500 mm for the

12

kiwifruit orchard, and the kiwifruit orchard was relatively bare and only
weed growth occurred during the non-growing season. Therefore, the
annual ET for the kiwifruit orchard should be less than that of the
rice-wheat rotated cropland system. Besides, the total amount of citrus
ET (600, 736 and 743 mm in 2021-2023, ET in the non-growing season
was also included for year comparison) was also slightly less than that of
the rice-wheat rotated cropland system. It seemed that the replacement
of traditional field crops with fruit plantations may not be causing
pressure on irrigation water resources. However, recent studies indi-
cated that Southwest China is experiencing a warm and dry climate,
leading to increased crop ET and heightened competition for water re-
sources among various crops (Jiang et al.,2019a ; Wang et al., 2025). To
sustain crop production in Southwest China, it is still essential to
implement additional irrigation facilities and water management tech-
niques, including water-saving irrigation engineering, agronomy, and
optimization of irrigation water in Southwest China.

4.2. Comparison of crop coefficients in different climate regions

Accurately estimating ET and T poses a significant challenge because
of variations in crop type and climatic conditions. The FAO-56 has
tabulated K. and K, values for numerous crops, however, both previ-
ously published and recently developed, may not be suitable for crops
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grown in different climatic regions or diverse species and plant struc-
tures, ground cover conditions and training systems, etc., (Pereira et al.,
2024, Lopez-Urrea et al., 2024). Therefore, it’s essential to dynamically
update standard single and basal crop coefficients for accurate crop
water requirements calculation (Pereira et al., 2021 a,b).

There is a lack of reported information for kiwifruit K. and K¢, in
subtropical humid monsoon climates, the values derived in this study
can fill this gap. This study found that the kiwifruit initial and crop
development stage Kc.gtandard Was marginally higher than the corre-
sponding values for generally deciduous fruit trees (apple, peach) pro-
posed by Allen et al. (1998), such differences may stem from the larger
understory ET during the kiwifruit initial growing season, during which
weed growth occurs, and forms a green surface in the kiwifruit orchard.
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However, the Kcgtandard values for the kiwifruit mid-season and
late-season were marginally lower than the FAO-56 tabulated K, values
in our study. It could be explained that once the kiwifruit canopy was
fully developed, the expanded shaded ground led to understory vege-
tation growth restriction and even death, forming a dry matter mulch
layer on the soil surface. This layer could prevent E and result in a lower
K. value (Table 7). As for the previously reported kiwifruit K. and K, a
study conducted in a mature kiwi orchard showed that the seasonal K of
0.50, 1.10, and 0.80 for the kiwifruit initial, mid-season, and late-season
stage, respectively (Xiloyannis et al., 2012). The reported K..in; value
was lower than the value derived in our study, likely because partially
ground cover resulted in a lower K, value, while the reported Kc.mig and
Kcend (0.99 and 0.82, respectively) were comparable to ours. Besides, a
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Comparison of the locally derived, adjusted FAO tabulated values and derived transferable standard crop coefficient (K.) and basal K. (K) for the drip-irrigated

kiwifruit in Southwest China.

Year Stage Ketocal KcFaos6 adj Ke standard Keb-ocal Keb-FA0s6 adj Kb standard
2018 Ini 0.67 0.33 0.73 0.19 0.13 0.33
Mid 0.91 0.95 1.01 0.53 0.78 0.62
Lat 0.71 0.93 0.82 0.50 0.75 0.52
2019 Ini 0.66 0.34 0.75 0.14 0.14 0.14
Mid 0.88 0.95 0.99 0.46 0.76 0.53
Lat 0.67 0.91 0.81 0.60 0.70 0.68
2020 Ini 0.68 0.35 0.75 0.18 0.15 0.25
Mid 0.88 0.96 0.96 0.43 0.77 0.59
Lat 0.67 0.90 0.82 0.49 0.70 0.67
Average Ini 0.67 = 0.01 0.34 £0.01 0.74 £ 0.01 0.13 £ 0.02 0.14 £0.01 0.24 £ 0.09
Mid 0.89 + 0.02 0.95 + 0.01 0.99 + 0.02 0.46 + 0.05 0.77 £0.01 0.58 + 0.05
Lat 0.68 £ 0.02 0.91 £ 0.02 0.82 + 0.01 0.53 £+ 0.06 0.71 £ 0.03 0.63 £+ 0.09
Table 8

Comparison of the locally derived, adjusted and derived transferable standard crop coefficient (K.) and basal K. (K.}) for the drip-irrigated citrus in Southwest China.

Year Stage Keitocal K¢ FA056 adj Ke standard Keb-ocal Keb-Fa0s6 adj Kb standard
2020 Ini 0.65 0.77 0.91 0.34 0.60 0.60
Mid 0.88 0.75 1.00 0.47 0.50 0.61
Lat 0.71 0.69 0.89 0.53 0.48 0.73
2021 Ini 0.71 0.74 0.92 0.44 0.49 0.61
Mid 0.87 0.74 1.05 0.48 0.49 0.65
Lat 0.68 0.72 0.97 0.45 0.48 0.69
2022 Ini 0.80 0.78 0.95 0.47 0.52 0.62
Mid 0.84 0.76 1.06 0.46 0.50 0.64
Lat 0.82 0.71 1.01 0.49 0.47 0.73
2023 Ini 0.78 0.81 0.97 0.41 0.54 0.56
Mid 0.87 0.76 1.04 0.44 500.50 0.60
Lat 0.85 0.70 1.05 0.48 0.46 0.68
Average Ini 0.72 £ 0.07 0.76 = 0.03 0.92 +£0.03 0.41 £+ 0.05 0.53 £ 0.05 0.59 £ 0.03
Mid 0.85 + 0.02 0.74 £ 0.01 1.01 +0.03 0.45 + 0.02 0.49 £ 0.01 0.61 + 0.02
Lat 0.74 £ 0.08 0.68 + 0.01 0.95 + 0.07 0.47 £ 0.03 0.46 + 0.01 0.69 + 0.03

similar kiwifruit mid-season K, value was reported as 0.95 by Silva et al.
(2008) in the Mediterranean climate. The slight difference between K. or
Kb across the different observed sites was allowed due to different
climate characteristics and plant conditions, i.e., ground cover, training
system, etc., as concluded by Lopez-Urrea et al. (2024).

The citrus Ke.jocal Values were comparable to most reports conducted
in different climate regions, while staged Ke.standard Values were gener-
ally higher than K. paos6 table Values. Besides, K¢.standard numbers exceed
Ke.derived Dy substantial amounts. In this study, citrus was planted in
subtropical humid monsoon climates, with the observed annual average
up and RHp,, being 0.87 m s7! and 62.7 %, respectively. Therefore,
higher air relative humidity and lower wind speed may be the reason
causing substantial deviation between K¢ standard and Kec.derived (EQ. 21),
highlighting the importance of atmosphere correction for crop co-
efficients, especially in such climatic regions (Rogers et al.,1983). In
addition, a seasonal citrus K. was found throughout the growing sea-
sons. As concluded by Peddinti and Kambhammettu (2019), seasonal
citrus K. values were 0.80 + 0.22 (initial), 0.87 + 0.14 (mid), and 0.91
+ 0.13 (late) in tropical to dry climates of the USA, whereas the values
were 0.55 + 0.24, 0.51 + 0.18, and 0.62 + 0.12, respectively, in trop-
ical to temperate climates of Brazil, and 0.39 + 0.13, 0.87 + 0.17, and
0.91 + 0.09, in Mediterranean climates in Spain. The lower K, values in
the tropical climate of Brazil were due to citrus leaves restricting water
loss under high atmospheric water demand (Marin and Angelocci,
2011). Seasonal K gtandard for citrus obtained in this study aligned with
those documented for tropical to dry climates in the USA, with mid- and
late-season values consistent with the upper observations in Mediter-
ranean climates. A review of locally developed K. and K, values for
citrus across various climate types in other regions is presented in
Table 9. Citrus, being an evergreen tree, typically has constant K. values
throughout the growing season as recommended in FAO-56. While some
studies showed a K, curve, with higher values at the crop initial and

late-season stage, particularly in Mediterranean climates characterized
by minimal summer precipitation (mid-season stage, Table 9)
(Maestre-Valero et al., 2017; Segovia-Cardozo et al., 2022; Ramos et al.,
2023). Seasonal K. was also found in our study, with higher K. values
occurring during the mid-season stage, during which abundant precip-
itation occurred, affected by the monsoon climate, which contrasts with
the FAO reports (Section 4.3 for the reason). Therefore, using a constant
K. may not be appropriate for citrus cultivated with wide rows when
they undergo seasonal precipitation during the growing season.
Seasonal K, values for citrus trees have been observed across diverse
climates (Taylor, 2015; Segovia-Cardozo et al., 2022; Jafari et al., 2021).
The derived citrus staged K, values in our study were within the re-
ported range, and the higher K}.eng value may be due to soil-to-canopy
advection enhancing T at the citrus late-season stages. Er-Raki et al.
(2009) indicated that the three-staged K¢}, values for citrus orchards in
Morocco were 0.3, 0.5, and 0.4 under flood irrigation and 0.35, 0.55,
and 0.45 under drip irrigation management. Alves et al. (2007)
demonstrated that K, values for young lime orchards ranged from 0.4 to
1.0 throughout the growing season in the tropical and temperate cli-
mates of Brazil. Taylor et al. (2015) calibrated K, for citrus, varying
from 0.35 to 0.43, using the heat ratio method. Totally, various studies
have also reported that the stagewise K, varied from 0.34 to 0.63,
0.37-0.72, 0.38-0.90 in citrus initial, mid-season and late-season stages,
respectively (Pereira et al., 2024). The staged Kcp-standard in this study
was within the reported range, but the late-season stage Kcb-standard
(0.68-0.73) was slightly higher than that in most reports and the initial
and mid-season Kcp-standard reported in our study (Taylor et al., 2015;
Maestre-Valero et al., 2017; Ramos et al., 2023). Decreased precipitation
during the citrus late-season stage caused a relatively dry condition
within the row, since citrus root soil water can be supplied using a drip
irrigation system, and within-field advection existed between the crop
canopy and row soil. The transfer of hot air from a warmer to a cooler
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Fig. 9. The relationship between the 10-moving averages of local derived crop coefficient (K.jocar), basal crop coefficient (Kep-jocal) and total leaf area index (LAIL),
Growing degree days (GDD) and underlying conductance (G;) in the kiwifruit (Left) and citrus orchard (Right).

surface can increase evaporation by supplying additional energy, pro-
vided that water is accessible (Kool et al.,, 2018). Therefore,
soil-to-canopy advection may enhance T at the citrus late-season stage,
which causes a higher Kcpstandarda (Allen et al., 2011).

4.3. Seasonal variation of underlying conditions affecting crop coefficient

The crop coefficient method is widely recognized for estimating ET
and T, with numerous studies confirming that single and dual crop co-
efficient methods effectively evaluate daily ET and its components with
the calibrated coefficient by the measured value at various growth
stages (Anapalli et al., 2020; Liu et al., 2023; Zhang et al., 2023).
However, actual K. and K, are affected by local climate conditions,
vegetation and water availability (Segovia-Cardozo et al., 2022). For
instance, the occurrence of Ks< 1 during the initial and late-season stage
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partly explains the lower K¢ jocal and Kcp-1ocal Values in both kiwifruit and
citrus orchard, as soil moisture deficits reduced actual ET and T (Fig. 6).

Several researchers have demonstrated a strong correlation between
K. and crop leaf area (Pereira et al., 2021a; Wang et al., 2023), canopy
cover (Carpintero et al., 2020), and the fraction of light intercepted by
the canopy (Williams and Ayars, 2005), with linear or polynomial
characteristics. Therefore, the K. and K, values in kiwifruit croplands
varied seasonally due to the seasonal changes in LAI and canopy cover,
which is a typical pattern in such deciduous broadleaf orchards. As a
reflection of crop phenology, GDD also exhibited a polynomial rela-
tionship with K, and K, in kiwifruit and citrus orchards, aligning with
previous studies (Ji et al., 2017; Guo et al., 2020). Although the LAI
reflects the overall regulation of the vegetation community on water
flux, the relationship between LAI; and K, or K.y, as well as its functional
form, can vary significantly owing to the dynamics of crop physiological
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Table 9
Comparison of locally developed crop coefficients (K) for the citrus crops in other regions under different climates.
Author Location and ET measurements Irrigation f. or fipar Age Height Ground Derived averaged staged K. Derived
main climate (ET, method and (years) cover staged Ky,
equation) strategy

Maestre-Valero Valencia, EC (FAO-PM-ET,) Drip FI 0.66 mature 2.8 BS 1.11, 0.74 and 0.99 0.63, 0.53

et al. (2017) Spain Med. and 0.58
Semi-arid

Segovia-Card ozo Palermo, Italy SF, SWB-FDR(FAO- Micro-spr, 0.40 30 2.5 AGC 0.95, 0.43 and 0.95 n/r, 0.39
et al. (2022) Med. dry PM-ET,) Drip and FI Aut-Spr and 0.90

Ippolito et al. Palermo, Italy ~ EC, SWB-FDR, Kc- Drip DI 0.50 mature 2.5 AGC n/r, 0.55 and 0.75 n/r
(2023) Med., dry VI (FAO-PM-ET,)

Ramos et al., (2023) Aljustrel, SWB-TDR Drip and FI 0.29 5-6 2.8 AGC 0.94, 0.50 and 0.93 0.40, 0.40

Portugal SIMDualKc (FAO- Aut-Spr and 0.40
Med., dry PM-ET,)
Peddinti and Vidabha, EC, SF, SWB-ML, Flood, Drip 0.70 8 2.5-3.0 BS 0.80, 0.65 and 0.80 0.60, 0.45
Kambhammettu central SIMDualKc (FAO- and deficit and 0.55
(2019) India PM-ET,) irrigation
Jafari et al. (2021) Fars, SWB-neutron, ML Drip and FI 0.85 25 3.0 BS 0.68, 0.87 and 0.81 0.59, 0.72
Southern Iran (FAO-PM-ET,) and 0.72
Semi-arid

Jia et al. (2007) Central EC (ASCE-PM- Micro-spr n/r 16 4.5-5.5 BS 0.73,0.93 and 1.07 n/r
Florida Sub- ET,)
tropical
humid

Castel (2000) Valencia, WL (FAO-PM-ET,) Drip and FI 0.09-0.38  6-14 1.7-2.3  AGC 0.33-0.75,0.30-0.55,0.38-0.66  n/r
Spain
Med. Semi-
arid

Taylor et al. (2015) Limpopo, S. SF, A&P app (FAO- Drip and FI 0.60 11 4.1 BS n/r 0.40, 0.41
Africa PM-ET,) and 0.42
Summer
rainfall

Taylor et al. (2015) Limpopo, S. SF, A&P app (FAO- Drip and FI 0.63 6 2.3 BS n/r 0.34, 0.37
Africa PM-ET,) and 0.38
Summer
rainfall

Taylor et al. (2015, Western Cape,  SF, A&P app (FAO- Drip and FI 0.88 14 3.3 BS n/r 0.50, 0.35
2017) RSA Winter PM-ET,) and 0.80

rainfall

Note: Ly is lysimeters, EC is the eddy covariance technique, BREB is the Bowen-ratio energy balance system, WB is the Water balance method, SF is the sap flow
technique. WL is weighing lysimeter, A&P represents the Allen and Pereira (2009) approach, AGC and BS represent the active ground cover and bare soil charac-
teristics. FDR and TDR represent the frequency domain reflectometer and time domain reflectometer, respectively. FI is the full irrigation, Micro-spr is Micro-sprinkler
or micro-sprayer. FAO-PM-ET, is the grass reference, ET, represents the values computed with full data.

regulation and the underlying crop characteristics (Segovia-Cardozo
et al., 2022). For instance, a negative relationship was found between
LAI and K, in citrus orchard, and the possible reason was that the
increased T, and VPD during the summertime caused a stomatal limi-
tation for citrus leaves, which constrained the canopy transpiration and
resulted in a lower K., value, though the active ground cover increased
(Segovia-Cardozo et al., 2022). G5 combines the physical and physio-
logical variations between the crop-specific and reference surfaces, and
is expected to describe the dynamics of the K. and K., (Wang et al.,
2023). Good logarithmic relationships were observed between K. and Gg
in our study, and K. increased with Gs and tended to stabilize once G;
reached a certain threshold (Fig. 9), aligning with findings from Wang
et al., (2020). Previous studies have found that competition among in-
dividual leaves for radiation was increased under higher LAI or canopy
coverage, which decreased T per unit of leaf area. Therefore, K. and Kcp
tended to remain stable when LAI or G5 were higher.

Both local actual and standard K. and K, values for citrus in our
study and other studies showed seasonal variations, contradicting the
constant value recommended by FAO-56 (Jafari et al., 2021; Jamshidi
et al., 2020; Peddinti and Kambhammettu, 2019). Citrus is commonly
planted sparsely in wide rows, a common practice in Southwest China.
Seasonally drying, caused by decreased precipitation, occurs annually
during the citrus’s initial and late-season stages, limiting E within the
row. This resulted in a lower K.ini despite the drip irrigation being
applied to supply water for the crops. During the wet period, the fre-
quency of rainfall events and increased soil moisture facilitated the
active growth of ground cover within the row, leading to elevated K.

16

values during the mid-season stage (Kool et al., 2018; Qin et al., 2023).
As the growing season progressed, soil moisture storage was depleted
due to limited rainfall. The surface was inadequately watered and the
soil was completely covered by dry weeds, which inhibited soil surface
evaporation (Petry et al., 2024). Therefore, decreased K. values have
been observed during the late-season stage of citrus orchards
(Segovia-Cardozo et al., 2022). The increased K}, during the late-season
stage confirmed the changes in soil water content attributed exclusively
to the citrus T process, since citrus root soil water can be supplied using a
drip irrigation system, and a dry environment may also enhance citrus T
(Pereira et al., 2020; Nandi et al., 2023; Qin et al., 2023). This outcome
was anticipated as the K, values closely matched the corresponding K.,
when ET was primarily influenced by tree T, with minimal ground
transpiration in the late-season stage.

While this study provides robust locally calibrated crop coefficients,
it is important to acknowledge certain limitations. The estimation of ET,,
using the FAO-56 Penman-Monteith equation was conducted within the
orchard environment, which differs from the standard well-watered
grass reference surface. This approach, though practical and widely
adopted in the absence of an ideal reference site, may introduce biases
due to the altered aerodynamic and surface resistance characteristics of
the orchard. Future research should explore the development of ET,
correction frameworks or alternative reference surfaces that better
represent the microclimatic conditions of perennial cropping systems in
humid regions.
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5. Conclusion

Based on the two EC experimental sites conducted in orchard sites
(kiwifruit and citrus), this study provided a comprehensive analysis of
energy partitioning, water use dynamics, and crop coefficients for the
two represented orchard agroecosystems in the humid subtropical re-
gion of Southwest China. The energy flux components and ET exhibited
notable seasonal variability, with R;, predominantly consumed as LE
during the entire growing season. Daily average ET was 2.04 + 0.18 mm
d ! for kiwifruit and 2.49 + 0.25 mm d ! for citrus, with T contributing
over 50 % of the total ET in both orchards. The derived K standard for
kiwifruit was 0.74 + 0.01 at the initial stage (Kc.ini), 0.99 + 0.02 at the
mid-season stage (Kc.miq), and 0.82 £ 0.01 at the late-season stage (K.
end), While the stagewise value for Kcp.standard Was 0.24 £ 0.09, 0.58
=+ 0.05 and 0.63 + 0.09. For citrus, the corresponding K ini, Kc.miq and
Kc.end Were derived at 0.92 + 0.03, 1.01 £ 0.03 and 0.95 4 0.07, while
the stagewise Kcp-standard Values were 0.59 + 0.03, 0.61 + 0.02 and 0.69
+ 0.03, respectively. Both K¢ocal and Kcp.ocal Were significantly regu-
lated by biophysical variables (including LAI, GDD and Gs). Seasonal
precipitation patterns and active ground cover in orchard rows affected
Keciocal and Kep.ocal, €specially for citrus orchards planted with wide
rows, highlighting the limitations of applying FAO-56 tabulated values
directly in humid subtropical orchards with active ground cover and
wide row spacing. This study provides the long-term, dual-crop coeffi-
cient dataset for kiwifruit and citrus in this region, offering practical
tools for improving water management in similar agroecosystems.
Future work should focus on developing dynamic K. models that inte-
grate vegetation indices and soil moisture data to support precision
irrigation.
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