Irrigation Science (2024) 42:1-13
https://doi.org/10.1007/500271-023-00869-4

ORIGINAL PAPER q

Check for
updates

Daily crop evapotranspiration and diurnal dynamics of the surface
energy balance of a drip-irrigated blueberry (Vaccinium corymbosum)
orchard

L. Octavio Lagos'? - Camilo Souto’ - Mario Lillo-Saavedra®> - Andrés Pérez' - Juan Hirzel* -
Mathias Kuschel-Otarola® - Eduardo Holzapfel' - Lucia Scaff*¢

Received: 30 September 2022 / Accepted: 23 May 2023 / Published online: 13 June 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

Accurate estimation of crop evapotranspiration (E7,) considering global warming is a key aspect to optimize water applica-
tion, yield and fruit quality for sustainable blueberry production. This study quantifies daily crop ET,, diurnal dynamics of
the surface energy balance (SEB) and the crop factor (CF) of a drip-irrigated blueberry (Vaccinium corymbosum) orchard
field. CF is defined as the ratio of ET, and reference ET. ET, and the SEB were measured using an Eddy Covariance (EC)
system every 30 min during four growing seasons. Results show maximum values of available energy, Net Radiation (Rn)
minus soil heat flux (G), reached 18 MJ m~2d!, while that the sum of turbulent fluxes extended to 17 MJ m~2 d~'. Maximum
values of latent heat (AE) normally occur on November—December from 10 to 11 MJ m~2 d~!. The correlation between Rn
between crop rows and Rn above the crop canopy-soil surface was 0.73 during all growing seasons. G below the canopy
represents 5% of Rn above the crop canopy-soil surface. During this study, ET, reached up to 5.0 mmd~' when ET, was 7
mmd~'. Maximum ET, values occur during December. Weekly specific CF varied from 0.5 to 0.8 from October to March. CF
showed no significant variation year to year suggesting that they could be used by farmers to better predict water demand and
improve water use efficiency. To our knowledge, there are no previous studies at a field’s scale documenting all components
of the daily SEB and its diurnal dynamics over blueberry orchards.

Introduction

Blueberries are functional foods, and their consumption has
increased because of their positive effects on people’s well-
being and health (Romo-Muiioz et al. 2019; Ortega-Farias
et al. 2021). Blueberries are also being used as ingredients
and additives to improve the quality and properties in foods
and beverages. Due to all these combined consumptions,
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the trade and production of blueberries is expanding glob-
ally. Global production and trade have seen the most dra-
matic growth between 2010 and 2019, driven ever higher
by mounting consumer demand. Global production more
than doubled between 2010 and 2019, rising from 439,000
t to nearly 1.0 Mt (FAS-USDA 2021). During this time, the
number of countries with reportable production expanded
from 26 to at least 30, with 27 countries showing growth. In
2010, only 4 countries produced more than 10,000 tons: the
United States (224,000 t), Canada (84,000 t), Chile (76,000
t), and France (11,000 t) (Protzman 2021).

Chile established blueberry as the first crop in the late
1980 s, however, the industry in the nation only began to
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grow up after 1997. From 2003 to 2007, the planted area
increased from 2135 to 9940 ha and in 2019, the total area
was 18,374 ha (Slot et al. 2019). Located in the southern
hemisphere, Chile plays a pivotal role in extending the
worldwide blueberry production season. Chilean produc-
tion ships fruit to the northern hemisphere during the win-
ter (November through March), when fresh fruit in those
latitudes are not available (Beaudry et al. 1998).

According to the growth of the blueberry crop in Chile,
some of the key limitations are the variation in the mar-
ket exchange rate and the high harvest costs due the labor
and investment in research and innovation (Retamales et al.
2014; Almonacid 2018). Farmers also recognize the chal-
lenge on managing the right amount of irrigation for opti-
mizing total production and fruit quality. Water requirements
and new irrigation strategies under global warming and cli-
mate change scenarios are currently key aspects for sustain-
able blueberry production.

Chilean farmers are concerned about the rate at which
temperature is expected to increase during the second half
of the 21st century (Beltran 2018). The IPCC’s moderate and
severe climate change scenarios show that at the end of the
century the temperature may rise up to 1-3 and 2-4°C in the
northern and central parts of Chile, respectively (Parry et al.
2007; Beltran 2018; Pabon-Caicedo et al. 2020). Moreover,
economically valuable crops like blueberries are suscepti-
ble and vulnerable to climate change as 2-4°C increase of
temperature may cause a decline in blueberry flower produc-
tion (USDA 2000). Even though a warmer climate could
decrease the number of frost days and thus benefit orchards
crops (Parker et al. 2021), drought periods hurt global crop
production (Lesk et al. 2016).

Chile has been facing a prolonged drought period of more
than 10 years in recent decades (Garreaud et al. 2019). As
such, water scarcity in Chile has become one of the outstand-
ing problems, which are not only caused by climate vari-
ability and climate change but also by the increasing need
of water resources due to the raise in on-going anthropo-
genic activities such as agriculture, mining, hydro power and
others. Consequently, the government has declared water
scarcity as an agriculture emergency in over more than 100
communities (Tempest 2019).

Blueberry production crucially relies on the amount of
water applied and its distribution within the soil due to the
superficial nature of its root system (Holzapfel et al. 2004).
Farmers who adopt drip irrigation are experiencing quicker
growth, larger and more uniform blueberries with increased
yields. There are two reasons why drip irrigation is suitable
for blueberry production: (a) blueberry plants have a fine
and shallow root system, so the crop is vulnerable to water
stress; and (b) blueberries grow best on well-drained soils
(NETAFIM 2020). Usually, estimated water requirements
are less than the irrigation requirements, and even more drip
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irrigation requires less water than other means of irrigation
like sprinkler (Breiman 2001). According to Holzapfel
et al. (2004), the amount of water applied and its distribu-
tion within the soil has a significant effect on actual crop
evapotranspiration (ET,) and yield. An accurate estimation
of ET, is a crucial step-forward in developing strategies to
optimize water application, yields and quality crops (Yunusa
et al. 2000; Campos et al. 2010; Galleguillos et al. 2011).

There are several methods to measure and estimate actual
ET, that make a distinction between analytical approaches
and empirical approaches (Rana and Katerji 2000). Among
the analytical methods; lysimeters, Bowen ratio method
(BREB), or Eddy Covariance (EC) systems are the most
commonly used (Carrasco-Benavides et al. 2012). EC sys-
tems are often used in ET studies due to ease of set-up,
the ability to provide a continuous direct sampling of the
turbulent boundary layer and the possibility to associate
measurements of the surface energy balance (SEB) com-
ponents (Allen et al. 2011). The simplified SEB equation
used here (Rn — G = AE + H) is widely applied to estimate
actual evapotranspiration as a residual of the SEB at a field
and regional scale (i.e. Bastiaanssen et al. 1998; Allen et al.
2007; Cawse-Nicholson et al. 2021). The simplified SEB
also provides information for other applications such as the
analysis of ground and canopy surface temperatures in land
surface models which are usually coupled in mesoscale and
climate models (Sellers et al. 1996; Chen and Dudhia 2001).

Allen et al. (1998) established that under standard condi-
tion evapotranspiration is often calculated as the product
of a crop-specific coefficient (Kc) and reference evapotran-
spiration (ET,). Under non-standard conditions, estimating
Kc is complicated, because the canopies are not always uni-
form and their shape and size depends on pruning manage-
ment techniques (Marsal et al. 2013). Although Kc values
documented by the FAO-56 (Pereira et al. 2021) are valid
for optimum agronomic and water management conditions,
these values depend on the environmental and manage-
ment conditions under which they were obtained such as
the density of seeding or planting, fertilizing, tillage, irriga-
tion method and watering frequency (Farahani et al. 2007;
Hunsaker et al. 2003).

At present, few studies were focused on elucidating the
relationship between ET, and actual ET,. Storlie and Eck
(1996) used a lysimeter to obtain a Kc value of 0.27 in a
4-year-old low canopy cover, “Bluecrop” highbush blueber-
ries, in New Jersey (USA), planted 1 m apart within rows
and 3 m between rows with manual watering. Hunt et al.
(2008) calculated monthly Kc values at 2 sites for a 3-year
study period, with a mean Kc value of 0.69 for lowbush
blueberry using daily weighing lysimeter in Maine (USA).
In New South Wales (Australia), Keen and Slavich (2012)
developed an adjusted Kc curve for a 5-year-old “Star” high-
bush blueberries, planted 0.8 m apart within rows and 3 m
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between rows, with a drip irrigation system. The estimated
Kc values (non measured) were 0.4 for the semi-dormancy
stage with partial leaf fall, 0.8 on the peak water demand
period from start of ripening through to end of harvest and
0.6 for the post-harvest through the vegetative growth stage.
In a work by Williamson et al. (2015), measurements from
non weighing drainage lysimeters were used to evaluate the
water use of Highbush Blueberry in north central Florida
irrigated by microsprinklers. They showed that the Kc
curve generated in a monthly scale for a 0.9 m in-row by 3
m between row plant spacing, starts from a minimal value
of around 0.4, then values showed a slow increase until 0.8.
This behavior depends on plant spacing and canopy cov-
erage, as was described in Allen et al. (1998). After that,
the Kc then falls slightly to 0.7. The final decrease of the
Kc values depends mainly on the permanence of leaves in
the plant and dormancy, weather, irrigation and fertiliza-
tion. In this work, we use CF defined as the ratio of ET, and
reference evapotranspiration (E7o) calculated following the
procedure of the standardized method proposed by ASCE-
EWRI (2005). When crop fully satisfies water demand, then
CF equals Kc.

To our knowledge, there are no previous studies docu-
menting all components of the daily surface energy balance
and its diurnal dynamics over blueberry orchards. The par-
titioning of Rn into AE, H and G fluxes allows us to under-
stand the thermodynamic equilibrium between turbulent
transport processes in the atmosphere and laminar processes
in the sub-surface (Bastiaanssen et al. 1998). This is particu-
larly critical for ET modeling as well as for estimating ET
from SEB models that use remote sensing techniques (UAV
and Satellites platforms). The main objective of this study is
to quantify daily crop ET,, the diurnal dynamics of all com-
ponents of the SEB and crop factor CF of a drip-irrigated
blueberry orchard field.

Materials and methods
Study region

This study is performed in the South-Central valley of Chile,
in the Nuble region. This region has an annual mean precipi-
tation of 1025 mm and the average high and low tempera-
tures are 20.6 and 7.6°C, respectively (DGA 2004). Blue-
berry plantations in Nuble stand out with 4023.6 ha and
a growth of 17.3%, accounting for 21.9% of all blueberry
crops in the country (Slot et al. 2019). Like other fruit trees
such as cranberry, hazelnut, cherry, raspberry, and walnut,
blueberries are also irrigated by micro-irrigation systems.
The annual pruning of this orchard normally occurs dur-
ing the first half of May and it receives four applications of

chemical control during the year. The vegetative develop-
ment of this crop takes its first growth flash in early October
until the second half of December. The second growth flash
starts from February until the first half of April. Flowering
depends on the amount of chill hours that exist in the year,
but usually starts during the first half of October and the
fruit sets during the first half of November (100% fruit set).
The fruit starts the stage of veraison from the second half of
November until mid-December while the harvest starts from
the second half of December until the first half of February.

Experimental site and instrumentation

ET, and the SEB components were measured in the South-
Central valley of Chile using an EC system for a six year
old blueberry (Vaccinium corymbosum) field during four
growing seasons (2011-2012, 2012-2013, 2013-2014 and
2014-2015). The study area is a field of 3.7 ha blueberry
orchard belonging to the Nuble Region, located at 36° 37.25
S, 71° 53.98” W, 125 m above sea level (a.s.l.) (Fig. 1).

The soil in the site is formed by volcanic ashes (Andisols)
and its texture is silt loam, class 2, with a rooting depth of
1 m, however, the effective rooting depth was considered
of 0.4 m. The site does not present a high heterogeneity in
both horizontal and vertical (depth) axes with bulk density
(p) ranging from 0.89 to 0.95 Mg m™, soil water content
at permanent wilting point (6py,») and field capacity (6y¢)
ranging from 0.262 to 0.270 and from 0.481 to 0.494 m?
m>, respectively. Thus, the total available soil water in the
root zone (TAW) ranges from 108 to 116 mm.

In 2006 Legacy variety blueberries were planted in the
study site with a standard spacing of 1 m in a row and 3 m
between rows (3333.3 trees ha™!) with a fraction of ground
covered by vegetation of 0.55 - 0.61 during the growing sea-
sons. Crop height was between 1.2 — 1.3 m above the soil’s
surface. The orchard under study is irrigated by a micro-irri-
gation system, with 2 emitters per plant and a discharge of
2.2 L h™!. Irrigation starts the first week of October and lasts
until the last week of April. Generally, during irrigation, one
hour pulses are applied twice per day for six consecutive
days, followed by one day of 3.5 h continuous application
of water each week. There was not water stress during all
four seasons.

An EC system was installed at the study area (Fig. 1) to
measure both weather and energy related variables prior to
evaluating the energy balance components at 30-min inter-
vals. This EC system also included two radiometers (NR-
Lite2, Kipp & Zonen, Delft, Netherlands) that allowed us to
measure net radiation (Rn). While one of them was mounted
at 1.2 m above the top of the crop canopy-soil surface,
another one was installed in-between crop rows at 1.4 m
above the soil surface. A combination of a 3D sonic ane-
mometer (CSAT3, Campbell Scientific, Logan, UT, USA)
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Fig.1 The study site belonging to the Nuble Region in the south-central valley of Chile. The Eddy Covariance station is represented with the red

circle. (Source: Google Earth Image)

and a fine wire thermocouple (FW3, Campbell Scientific,
Logan, UT, USA) recorded the sensible heat flux (H). The
latent heat flux (AE) was measured through the combination
of a sonic anemometer and a gas analyzer (EC150, Campbell
Scientific, Logan, UT, USA), 1.2 m above the tree canopy,
and the canopy height is between 1.5 and 1.9 m (during the
4 years of study), each instrument works at a frequency of 50
Hz. Four heat flux plates were placed in the field, (Huxseflux
HFPO1SC, Campbell Scientific, Logan, UT, USA), two of
them were installed below the crop row and another two
between rows monitored soil heat flux at 0.08 m depth. Soil
temperature (7,;) was measured by 4 averaging soil ther-
mocouples for each soil heat flux plate (TCAV, Campbell
Scientific, Logan, UT, USA), positioned at 0.02 and 0.06 m
depths. Soil water content above the plates was measured
by two soil water content reflectometers installed 0.025 m
bellow the soil surface (CS616, Campbell Scientific, Logan,
UT, USA). Air temperature (7,) and relative humidity (RH)
were recorded by a probe (HMP45C, Campbell Scientific,
Logan, UT, USA). In addition, the soil water content was
monitored using an analog data logger (Em5b, Decagon
Devices, Pullman, WA, USA), 2 sensors (EC-5, Decagon
Devices, Pullman, WA, USA) at 0.05 and 0.11 m depth, 3
sensors (10HS, Decagon Devices, Pullman, WA, USA) at
0.20, 0.30, and 0.40 m depth and 7 sensors (Watermark,
Irrometer, Riverside, CA, USA), 4 of them at 0.10, 0.25,
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0.40 and 0.55 m depth in a row and 3 of them at 0.10, 0.25
and 0.40 m depth between rows. Canopy temperature (7,)
was monitored by an infrared radiometer (SI-400, Apogee
Instruments, Logan, UT, USA), located at 2.0 m above the
ground. The precipitation (Pp) was measured by a tipping-
bucket rain gauge (Texas electronics TE525, Campbell Sci-
entific, Logan, UT, USA). Data from the EC system and
other sensors were stored in dataloggers models CR3000 and
CR1000 (Campbell Scientific, Logan, UT, USA).

Available weather information

To compute reference evapotranspiration (E7,) and the crop
factor (CF) of blueberry, we gathered weather information
from the nearest automatic weather station (AWS) every half
an hour for the study period. The station was located at the
University of Concepcidn experimental station (36°35°42.9” S,
72°4’47.8” W, 144 m a.s.1.) at 16 km from the study site. The
atmospheric variables collected from this station encompasses
solar radiation (Ry), RH, T,,, wind speed (), and Pp (Fig. 2).
Just as in the study site, this weather station is equipped with,
a pyranometer (LI-200R, Licor, Lincoln, NE, USA), a probe
(HMP45C, Campbell Scientific, Logan, UT, USA), an ane-
mometer (3002, Campbell Scientific, Logan, UT, USA), a
barometer (PTB101B, Campbell Scientific, Logan, UT, USA),
and a rain gauge (TE525, Campbell Scientific, Logan, UT,
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Fig.2 Monthly weather observations is presented during each season.
Grey bars show accumulated monthly precipitation (Pp), blue lines
represent mean relative humidity (RH), red lines represent mean solar

USA) for R, RH, T, u, the barometric pressure (P) and PP,
respectively. Finally, all this information was stored in a data-

logger (CR1000, Campbell Scientific, Logan, UT, USA).
Data analysis

Data collection began in late October 2011 and lasted until
July 2015. So the SEB component analysis was concen-
trated on four growing seasons spanning from June to July:
(a) 2011-2012, (b) 2012-2013, (c) 2013-2014, and (d)
2014-2015 and from November to July in 2011-2012.

EC fluxes were corrected using the method proposed by
Buck (1981), for high-frequency spectral losses by Moore
(1986), the conversion of sonic temperature to air tempera-
ture by Schotanus et al. (1983), and a correction for density
fluctuations by Webb et al. (1980); Buck (1981); Kaimal and
Gaynor (1991); Leuning (2004). Almost every EC site shows
an unclosed energy balance, which means that the available
energy is found to be larger than the sum of the turbulent fluxes
(Gebler et al. 2015; Foken 2008). In this study, the energy
balance was corrected using the method proposed by Mauder
et al. (2013, 2018). Mauder et al. (2013) use the energy bal-
ance residues, evaluated on a daily basis, and partition that
energy between H and LE in a way that preserves the Bowen
ratio (H/LE), according to:

Hcorr=H/C ; LEcorr=LE/C (1)

radiation (Rs), green lines show mean air temperature (Ta) and light
red lines show mean wind speed (u) (Color figure online)

oo > (H+LE) o
Y (Rn—G)

where,“corr” indicate corrected fluxes and C a correction
factor equal for both sensible and heat fluxes (adimensional).
C represents the relative amount of energy balance closure
evaluated on a daily basis and k is the number of valid obser-
vations of H and LE in each day, when Rn > 20 W m™2. In
summary, this approach preserves the Bowen ratio of the
daytime fluxes, while the nighttime data remain unchanged.

Understanding the interaction of land surface and veg-
etation cover with the surrounding atmosphere is cru-
cial to watering the crops effectively and efficiently. In
this aspect, this study examines the diurnal energy bal-
ance of the soil-canopy surface. As such, we investigated
the dynamics of different components of surface energy
balance: H, AE, and G fluxes with respect to the Rn, as
reported in the literature Lima et al. (2011); Souza et al.
(2012, 2018); Souto et al. (2019).

We aggregated hourly (or half-hourly) information
to daily information to determine the daily AE as a sum-
mation of the 48 half-hourly values of AE (MJ m™2). The
energy needed to vaporize 1.0 mm depth of water from a
1.0 m~2 surface area is approximately 2.45 MJ m~2. We
divided the SEB-based AE by the coefficient 1=2.45 MJ
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kg™! to obtain the actual crop evapotranspiration rates in
kg d”! m™ (equivalent to mm d').

The amount of water applied and its distribution within
the soil has an important effect on E7c and yield (Holzapfel
et al. 2004). According to Yunusa et al. (2000); Campos
et al. (2010), and Galleguillos et al. (2011), an accurate esti-
mation of actual ETc is a crucial step in developing strategies
to optimize water application, yields and quality. Due to the
strong dependence of ET, rate on weather (Hunt et al. 2008),
a daily analysis was performed.

Footprint analysis

Footprint distribution reflects the relative contribution of
different components in the upwind source area that influ-
ence a measured scalar EC flux as a function of observation
height, vegetation properties, surface roughness, and other
local environmental conditions. Since such information is
related to the source strength of flux elements over a surface,
footprint modeling might help us assess and understand the
spatial extent of EC flux measurements (Schmid 1997; Yi
2008). The area of influence of the EC measurements was
estimated by performing footprint analysis following the
work of Kljun et al. (2015) for the four growing seasons.
The Kljun et al. (2015) model is a simple two-dimensional
parameterization for flux footprint prediction. Model inputs
are roughness length (zom), mean wind velocity () at the

-36.620

-36.621

-36.622

measurement height, friction velocity (u*), Obukhov length
(L), and the standard deviation of lateral velocity fluctua-
tions (ov), while the output of the model is a two-dimen-
sional footprint function f (X, y). To visualize the prevailing
wind direction at the study site, an R package was used to
generate the wind rose (R Core Team 2022).

Results and discussion
Footprint analysis

The footprint of the EC station is mainly including three
blueberry orchards plots with the presence of two fields
roads (Fig. 3). As shown in the left of Fig. 3, the footprint
area during the 2012-2013 growing season contribute 90%
of the measured fluxes coming from 53 to 84 m of distance.
For the other growing seasons evaluated, the footprint was
similar, with a minimal decrease in the southwest part of the
field (approximately 15%). The shown footprint ensures that
almost all of the fluxes comes from southwest direction in
the study area (Fig. 3).

Energy balance closure

As an illustration, Fig. 4 portrays the relationship between
the available energy (Rn — G) and the turbulent fluxes (H
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Fig. 3 Footprint analysis for 2012-2013 growing season. Left: footprint areas in the blueberry orchard; Top right: Wind rose of the EC system;
Bottom right: portion of fluxes crossed over different wind direction. The flux recovery area is represented in Fig. with 90%
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Fig.4 Turbulent fluxes (H + AE) with respect the available energy (Rn — G) for each growing season

+ AE) after corrections. As seen, the available energy and
turbulent flux exhibit almost perfect linear relation corrobo-
rating the goodness of the EC measurements. All four sea-
sons have similar regression slopes between 0.95 and 0.99
with coefficients of determination (%) between 0.93 to 0.96.
Before corrections, the regression slope values were between
0.88 and 0.9, with the same determination coefficients found
after the correction.

Season 2012-2013

8001y =0.72 x
¥ =0.99

y=0.73x
?=0.99

Roc (Wm™)

Season 2013-2014

The relationship between observed Rn between rows
(R,,) and Rn over rows (R,.) is included in Fig. 5. Regres-
sion slopes vary from 0.72 to 0.74 and the 2 is 0.99 for
all the growing seasons. As seen, R, is higher than R, as
implied by the fact that in this case the vegetation cover
albedo is higher than the bare soil albedo and hence the
reflected energy over a vegetation cover is larger than the
one over bare soil. The difference between R, and R, is

Season 2014-2015
y=0.74 x
r’=0.99

Roc (Wm?)

0 200 400 600 800 0 200
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Fig.5 Correlation for each growing season between the two measurements of Rn, between rows (R,

Res (Wm™)
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) and over the canopy (R,,.)

ns
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mainly controlled by the difference of soil and vegetation
albedo but also for the presence of crop shadow and portions
of wet soil. The silt loam soil texture in the field is dark,
between rows the soil is partially wet and due to the orchard
row orientation the bare soil is also partially shaded.

Diurnal dynamics of the surface energy balance
components

Diurnal variation of these components for selected dates
during four growing seasons during clear sky days and with
clouds (e.g. Figure 6, on 12/16/2012). The analysis reflects
hourly ensemble SEB fluxes during all growing seasons for
the shown dates when there were no clouds. Cumulative
daily G is slightly small and has insignificant contribution
to AE.

The large magnitude of daytime H accounts for more than
50% of the daytime Rn and it turns negative at night (Fig. 6)
indicating that release of heat in the night is inadequate to
support this positive flux (Roberts et al. 2003). As seen,
there is a significantly greater variation in H flux, among all
SEB components while the range of G is very small. H flux
measured by Eddy Covariance is more dominant throughout
the growing season and peak in the afternoon (Chow et al.

2011-2012

C=26% C=25% C=11%

10/15/2011

750 11/15/2011 1211472011
500

250

0
-100

2014). The diurnal trends seen in Fig. 6 for H, G and AE
show similar behaviour in spring and summer. While Rn as
mostly smooth Gaussian behavior, other components show
a more rough dynamics, while G is stable throughout the
period. It is also important to note that energy fluxes have
higher values in the summer than in autumn. Besides, Rn is
also consistently decreasing from late spring to early autumn
in all four experimental seasons (Fig. 6). Such observation
reveals lower energy available for H, AE and G (Retamal-
Salgado et al. 2017). Table 1 lists the SEB model compo-
nents with its key statistics, namely minimum, average, and
maximum values in the observational period.

Seasonal dynamics of the surface energy balance
components

As mentioned above, the relationship among SEB compo-
nents expresses a distribution of the Rn in the other com-
ponents (G, H and AE). The SEB components showed in
Fig. 7 follow a similar pattern between them. They reach low
values from May to August (lowest water demand months)
and high values from November to February (highest water
demand months). The Rn for all seasons (Fig. 7) reaches
peak values between 16.5 and 17.5 MJ m™ d! in summer
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Fig.6 Diurnal dynamics of surface energy fluxes in four growing seasons for shown dates entailing sensible heat flux (H, red), latent heat (AE,
blue), net radiation (Rn, black), and ground heat flux (G, green) (Color figure online)
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Table 1 Statistics of SEB components based on EC measurements over four growing seasons
SEB components 2011-2012 2012-2013 2013-2014 2014-2015

Min. Avg.  Max. Min. Avg.  Max. Min. Avg.  Max. Min. Avg. Max.
Sensible heat flux (W m) -177.6 67.5 519.7 — 1114 514 456.6 —139.1 84.1  468.3 — 1402 869 4545
Net radiation (W m) —107.9 855 611.0 —-733 737 679.1 —-734 77.8 604.3 - 682 100.5 663.1
Ground heat flux (W m?) —-335 27 37.6 -522 =21 712 —-664 3.5 85.6 -613 —-06 924
Latent heat flux (W m?) —176.8 80.1  795.5 - 156.8 67.0 677.3 —161.8 70.6 7454 —-1632 831 766.5

Maximum (Max), Minimum (Min), and Average (Avg)
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Fig.7 SEB components for each growing season, for net radiation and soil heat flux data between rows (upper row) and over a row (lower row)

and below 5.5 MJ m~2 d™! in winter. The H flux (Fig. 7)
reaches a peak value near to 12.5 MJ m™2 d™! in summer
and below 4.0 MJ m2 d™! in winter. Likewise, the AE flux
reaches a peak value near to 14.0 MJ m™> d™! in summer
and around 3.0 MJ m~ d™! in winter. The Rn between rows
(R,) (Fig. 5) reaches a value near to 800 Wm=2 in sum-
mer and a value near to 200 Wm™2 in winter. Following the
same- configuration of the sensors, the G flux between rows
reaches a peak value near to 10 W2 in summer and —10
Wm~2 in winter. However, Rn over row (R,,.) for all seasons
(Fig. 5) reaches a peak value of over 600 W m~ in summer
and 200 W m™? in winter. G reaches a peak mean value of
20 W m~2 in summer and —10 W m~2 in winter. A study
conducted by Pardo et al. (2015) in Spain showed that the
SEB components (Rn, G, H and AE) in non-irrigated annual

crops reach maximum average values about 422, 131, 173
and 103 W m™2, respectively, highlighting the differences
on SEB components with irrigated orchards. A recent study
by Marino et al. (2021) highlights differences in SEB for
pistachio orchards with variable soil salinity, finding values
of Rn between 7 and 18 MJ m™ d™! in the growing season,
which is similar to Rn at the blueberry orchards field. How-
ever, maximum H flux is smaller for the pistachio orchards
(between 0 and 5 MJ m2 d‘l), while maximum AE is larger
for pistachio orchards (about 200 W m™), than the blueberry
ones. These differences in SEB could be explained by several
factors, such as the atmospheric conditions (air temperature
and humidity), plant physiological and physical characteris-
tics and the variations on methods to measure and estimate
SEB components.
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Actual and reference evapotranspiration

The trends of ET, and ET, for four consecutive seasons con-
sidered are similar for all four growing seasons having maxi-
mum ET, during the month of December and January with
value between 5.5 to 6.5 mm d~! (Fig. 8). Similar values of
ET_ were found by Bryla (2011). However, the distribution
of ET, in the 2013-2014 growing season is wider than in
the 2012-2013 and 2014-2015 growing seasons. In other
words, the AE increases quickly in the beginning of the year
in all growing seasons followed by a quicker drop during
the 2012-2013 and 2014-2015 growing seasons than in the
2013-2014 one. In General, the orchard did not suffer any
water stress during the four seasons.

Yearly dynamics of ET,, for four different years are shown
in Fig. 8 and are quite similar to that of AE flux as portrayed
in Fig. 7. As observed and as expected, the ET, behaves in a
similar manner, in the sense that peak value of over 7.5 mm
d~! occurs in the month of January for all periods. Further,
note that the peak values of ET, which occur in early January
for the 4 years are within the range of 7.0 — 7.8 mm d~'. But
these ET,, values increased in the 2011-2012 and 2013-2014
growing seasons and then decreased again in the 2012-2013
and 2014-2015 growing seasons.

Season 2011-2012

[o ]

o

———r e

i T
S

Crop and reference evapotranspiration ratio

Relying on the values of ET, and ET,, their ratio i.e. CF
value as revealed in Fig. 9 also reaches a peak value of
around 0.8 in November and December for all growing sea-
sons. Similar values were showed by Hunt et al. (2008) when
calculating monthly Kc values at 2 sites for 3-year study
period, finding a mean Kc value of 0.69 in Maine, USA.
While Keen and Slavich (2012) found Kc values between
0.4 to 0.8 for 5 year old highbush blueberries. However, the
evolution of CF values exhibit more variability from year to
year. As seen, the range of CF values was high in 2014 and
2015 as compared to the latter three seasons. It is also noted
that the CF values try to remain stable from mid-December
until March for all growing seasons (Fig. 9). Williamson
et al. (2015) evaluated the water use of Highbush Blueberry
in north central Florida, but irrigated using micro-sprinklers,
and found similar values of CF.

The evolution of CF is normally affected by precipita-
tion, so to calculate the weekly CF, we only considered dry
days as presented in Fig. 9. There were no similar patterns
of rainfall as well in terms of magnitude and timing among
seasons. Note that there is more water for the 2012-2013
years than other two years despite the spikes during Octo-
ber—November, and February—March of 2013-2014.
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Fig.8 Crop and reference evapotranspiration (ET, and ET,) evolution for each growing season
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Fig.9 Crop factor (CF) and effective precipitation (Pp) behavior for each growing season

Summary and conclusions

The study was carried out in a drip-irrigated, Legacy variety
blueberry orchard, between the seasons of 2011 and 2015
in the central valley of Chile. To quantify daily ETc and
the main SEB components (Rn, AE, H and G fluxes) an EC
system was installed in a typical commercial orchard. The
analysis showed that maximum values of available energy
(Rn - G) reach 18 MJ m™2 d™!, while that the turbulent fluxes
(AE + H) extent to 17 MJ m™ d”!. Maximum values of AE
normally occur on November—December ranging from 10
to 11 MJ m™ d™!. The correlation between R, and R, was
approximately 0.73 during all growing seasons. G fluxes
beneath the canopy reach maximum values of 1 MJ m™ d~!
during all seasons representing around 5% of R,.. During
this study, ET, reached up to 5.0 mm d~' when ET, was
around 7 mm d~'. Maximum ET, values occur normally dur-
ing December. Weekly specific CF varied from 0.5 to 0.8
from October to March, with higher values found in late
November and December during all growing seasons.

The CF values showed no significant variation year to
year suggesting that they could be used by blueberry growers
to better predict water demand and consequently improve the
water use efficiency of drip-irrigated blueberries orchards.
To our knowledge, there are no previous studies at a com-
mercial field scale documenting all components of the daily
surface energy balance and its diurnal dynamics over blue-
berry orchards. The CF can eventually be compared with
caution against Kc from other studies. Further efforts to
improve the estimation of CF could focus on a more accu-
rate estimation of the EB closure.

Measuring the SEB in an actual field provides informa-
tion of the diurnal dynamics of the whole orchard including
the interaction between crops and the bared soil rows, plus
the year-to-year weather variability. Therefore, the results of
this work could be used for further applications in irrigation
scheduling and planning.
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