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Abstract: The surface renewal method (SR) allows estimating the sensible heat flux (H) using
high-frequency thermocouples. Traditionally, SR has been compared and calibrated using standard
instruments such as the Eddy covariance system (EC). Calibration involves correcting H measured
with SR (H’SR) by means of the calibration factor (α). However, several studies show that α is
not constant and could depend on canopy architecture, measurement height, atmospheric stability,
and weather conditions. In avocado orchards, there is not enough information about energy fluxes
and the application of the SR method. Therefore, the objective of this study is to calibrate the SR
method in a mature avocado orchard considering the effect of meteorological conditions on the
determination of α. The components of the surface energy balance were measured using an EC
system in a commercial avocado orchard (cv. Hass) located in the Aconcagua Valley, Valparaíso
Region, Chile. To evaluate the effect of the meteorological conditions on the determination of α, the
dataset was classified into nine categories based on solar radiation and wind intensity. The results
show that α varies according to meteorological conditions, with significant differences for cloudy
days. The use of the variable α reduced the error in estimating H, so, this methodology can be used
to have a more precise approximation of the energy balance and therefore to the water requirements.

Keywords: meteorological classification; eddy covariance system; energy balance

1. Introduction

Avocado trees are very sensitive to variations in soil water content, therefore, delivering adequate
water supply is essential to increase production, improve sanitary conditions, and increase the useful
life of the crop [1]. The water supply in spring is essential since important phenological events occur
(i.e., sprouting, flowering, root growth and fruit set). Water deficit determines the excessive fall of
flowers and small fruits [2,3], and even more, causes stomatal closure before any other change occurs
in the plant [4]. Thus, while the excess of water reduces the availability of oxygen and increases the
development of root fungi, the lack of water negatively impacts the fruiting phase and the productive
potential [5].

Nowadays, crop water requirements are based on ETa (actual evapotranspiration), which depends
on ETo (Reference evapotranspiration—representing the effect of climate) and Kc (crop coefficient—
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representing crop characteristics) [6,7]. However, this methodology is highly susceptible to estimation
errors when standard values are used in the determination of ETa. Different methods and instruments
have several assumptions and limitations for estimating ETa, for example: (i) Lysimeters are expensive
and non-portable, limiting their use to research stations, (ii) the Bowen Ratio (BR) method requires
extensive fetch and responsiveness to the biases of the instrument used for estimating the air temperature
and water vapor pressure at two levels; (iii) the Scintillometer is a high-cost method, and its estimations
are disrupted by optical interception of rainfall, insects, frost, and vertical air temperature, and (iv) Eddy
Covariance (EC) system, is the most used micrometeorological method to obtain accurate measurements
of turbulent energy fluxes [8], however EC is very expensive and its measurements can be compromised
by low wind speeds and by mounting or sensor head distortions [9,10]. In this context, SR has become
an excellent alternative to the aforementioned methods, since SR allows to estimate the sensible heat
flux (H), which is the most complex component of the energy balance. The SR standard method is
simple in design and uses only a high-frequency thermocouple signal as a scalar temperature variable
to measure H, compared to the more advanced techniques that require a thermocouple and a sonic
anemometer to measure wind speed [11,12]. Using SR, ETa can be calculated from latent heat flux (LE)
as a residual of the surface energy balance equation (LE = Rn − G − H; where Rn is the net radiation
and G is the soil heat flux). SR has been tested extensively in different environments and crops.
For example, in avocado, vineyard, maize, walnut, mixed deciduous forests canopies [12], in arid
environments (central California, Italy) on grass, wheat, sorghum [13], and in lagoons [8]. SR has
proved to be, in most cases, the method that gave the best results in unstable conditions and with the
sensor installed at canopy height for crops and forests [5,12–14]. In all these cases, SR measurements
have been compared and calibrated against EC (sonic anemometer) by determining and using α

calibration factor to obtain H.
The parameter α can be defined as weighting factor of the volume of air per unit of exchanged area

on average for each temperature ramp [9]. In the standard SR method, α is obtained as the slope of the
regression line forced through the origin between the sensible heat flux measurements with EC (HEC)
and SR (H’SR). An α factor of 0.5 was determined under the assumption that there is a linear decrease
in heating from the top of the canopy to the ground, where no heating occurs [12]. Three α values in
avocado for one month of measurements were determined [15]. According to [16], α is independent of
the sensor height but is associated with the type of surface that is being considered. On the other hand,
for low crops such as grass, wheat, and sorghum α values around 1.0 have been reported [17]. Thus,
a wide range of α values has been reported in the literature related to the method of surface renewal,
on a variety of surfaces, instrumentation, experimental designs, and processing schemes [12,14–16,18].
In this way, different studies have described that α depends on factors such as the sensor height,
canopy height and architecture, turbulence characteristics, sensor technical characteristics, atmospheric
stability, and weather conditions [12,19,20]. The objective of this study is to calibrate the SR method
in an avocado orchard (Persea americana Mill.) and to evaluate the effect of different meteorological
conditions in the determination of α.

2. Materials and Methods

2.1. Study Site

The trial was implemented in a commercial avocado orchard between spring and summer
of the 2013–2014 season. The orchard is located in the Aconcagua Valley, Valparaíso Region,
Chile (32◦48′33.40” LS, 71◦14′16.86” LW, 182 m.a.s.l.). The orchard (35 years-old) was planted
in rows facing northwest at 10 × 10 m (100 plants ha−1). The average canopy height was around
of 4.9 m. Using the MODIS/Terra Leaf Area Index product version 6 provided by the United States
Geological Survey (USGS) (https://lpdaac.usgs.gov/), the leaf area index (LAI) was estimated during
the study period (10 satellite images), the resulting average value was 1.85 m2 m−2 with and standard
deviation of ±0.31 m2 m−2.

https://lpdaac.usgs.gov/
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The climate in the study site is warm temperate with dry and warm summers (Köppen climatic
classification: Csb) with 14.4 ◦C of daily average temperatures and 457 mm of average annual rainfall [21].
The dry period extends approximately for 8 months. Summer is usually hot and dry, registering only
4.6% of annual rainfall. 13.1% of the rainfall of the year occurs in spring, 56% is concentrated in winter,
and 26.3% in autumn. The soil of the field is classified as Quillota clay loam series (QLT), “Fine, mixed,
thermal Typic Xerumbrepts (Inceptisol)” [22]. The experimental plot of 3.2 ha is surrounded by other
avocado crops (total 20 ha) under the same conditions and agronomic management (Figure 1b). The flat
surface (slope less than 2%) is homogeneously covered by the crop. The soil remained free of weeds and
other crops during the study period. The orchard was daily irrigated during spring–summer (October to
March), and every 4 days in the autumn–winter period (April to September) by micro-sprinkler system,
according to the water requirements estimations suggested by the National Agricultural Research
Institute of Chile (INIA—Instituto de Investigaciones Agropecuarias) (https://www.inia.cl/) [23].
Total seasonal irrigation in the study area was 1400 mm year−1 (14,000 m3 ha−1 year−1).
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Figure 1. (a) EC and SR sensors tower in the avocado orchard, (b) two-dimensional footprint plot [24],
and (c) one-dimensional footprint plot [25].

2.2. Measurement of Energy Balance Components

2.2.1. Turbulent Fluxes Measurements (H and LE)

H and LE were measured with an EC system mounted on a 6 m high metal tower (1 m over
the canopy), oriented in the dominant wind direction (West) (Figure 1a). EC measures the vertical
wind transport from the surface using an averaged sonic temperature over a period of time [26,27]
and assumes that the vertical heat flux corresponds to the total heat flux. Then, it obtains H and LE
based on the determination of the covariance between scalar fluctuations in vertical wind speed (w),
air temperature (T), and water vapor [28]. Following this principle H and LE are estimated using the
Equations (1) and (2):

HEC = ρ×Cp ×w′T′ (1)

LEEC = λ×w′q′ (2)

where HEC is the sensible heat flux (W m−2), LEEC is the latent heat flux (W m−2), ρ is the water
vapor density (kg m−3), λ is the latent heat of vaporization (J kg−1), Cp is the specific heat capacity
of air at constant pressure (J kg−1 ◦C−1), w′ is the fluctuation on the vertical wind speed (m s−1),
T′ is the fluctuation in the air temperature (◦C), and q’ is the fluctuation in the water vapor density
(kg m−3) [29–33]. The EC system used in this study consisted on a 3D sonic anemometer (Windmaster
Pro, Gill Instruments, Hampshire, UK) and an open path gas analyzer of CO2/H2O (OP-2, ADC
Bioscientific Ltd., Hoddesdon, UK). The footprint analysis was implemented by a one-dimensional
model [25] and a two-dimensional model [24], using a MATLAB code (version 2019a) and the R-Package
“FREddyPro” [34], respectively. The peak footprint location (xmax) was about 18 m for a typical day

https://www.inia.cl/
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under unstable conditions (Figure 1c). The cumulative normalized flux (CNF) measurements of 90%
were around 200 m (Figure 1b).

The frequency of measurements was 10 Hz averaged over 30 min. Data were recorded on
a datalogger (CR1000, Campbell Scientific Inc., Logan, Utah, USA). The processing of data and
corrections were done with the software Eddysoft (Meteotools, Max Planck Institut für Biochemie,
Martinsried, Germany).

2.2.2. Measurements of Net Radiation (Rn) and Soil Heat Flux (G)

Net radiation (Rn) was measured with a net radiometer (NR2, Delta-T Devices, Cambridge,
UK) installed on the EC tower. Two soil heat flux plates (HFP01, Hukseflux Thermal Sensors, Delft,
The Netherlands) at 7 cm depth, one over the row at 3.5 m from the tower and the other in the next
row, were used to determine G. The absorption or liberation of heat in the soil above the plates was
measured using four copper-constantan thermocouples; two above the row and two in the next row,
at 2 and 6 cm depth, which measured the variation in soil temperature.

2.3. Evaluation of the Energy Balance Closure (EBC)

The surface energy balance relates Rn, LE, H, and G, as follows in Equation (3):

Rn = LE + H + G (3)

EC allows to accurately measure H and LE, however is important to evaluate the quality of
these measures. In this context, the closure of the energy balance equation is used to evaluate the EC
measurements [35] and should be evaluated before using HEC to calibrate H’SR. Thus, to evaluate
the quality of the data, a linear regression between the sum of the turbulent flows (LEEC + HEC) and
the available energy (Rn − G) [36,37] was constructed on a half-hourly basis. Then, it is possible to
calculate EBR (energy balance ratio, dimensionless), which corresponds to the proportion of turbulent
flows over the available energy [9], Equation (4):

EBR =
HEC + LEEC

Rn−G
(4)

The use of a tolerance range for EBR values between 0.8 and 1.2 (±20% tolerance) [38], allows to
ensure a set of reliable data measured with EC to be able to calibrate SR.

The final dataset includes spring and summer measurements between October 18, 2013 (DOY-day
of year 291) and December 31, 2013 (DOY 365). From the point of view of the water requirements,
during this spring–summer (October–March) period, the most critical events occur simultaneously in
the development of the avocado, sprouting, flowering, root growth and fruit set [23]. Additionally,
from a climatic point of view, in the region of the study site this particular period presents a higher
variability in the climatic conditions, which was desirable for the proposed analysis. According to [21],
average wind speed is between 2.0 y 2.7 m s−1 usually southwest and average temperatures vary
between 9.9 and 25.5 ◦C.

2.4. Surface Renewal Method (SR)

SR method is based on the theory of coherent structures [30], which allows describing the variation
of the temperature measured at high frequency on a canopy when a parcel of air moves toward the
surface [31,32]. The energy transfer between air and canopy heats or cools the air on the surface,
then the air parcel is displaced from the surface and replaced by another from ground to top [9,32,33].

To evaluate the potential of SR utility, high frequency (10 Hz) temperature values were recorded
with a fast E-type thermocouple (0.076 mm diameter) (FW03, Campbell Scientific Inc., Logan, UT,
USA) installed at 6 m of height in the same tower with EC equipment. The dataset was recorded
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and processed with a datalogger (CR1000, Campbell Scientific Inc., Logan, UT, USA), and stored in a
compact 2.0 Gb flash memory card, and then manually transferred to a personal computer.

The structure-function of the air temperature data was used to determine the parameters
describing the ramp: the amplitude (A) and the frequency (τ), for stable and unstable atmospheric
conditions [9,12,14]. The estimated H values with the uncalibrated SR method (H’SR) was calculated
according to Equation (5), with an algorithm implemented directly in the datalogger [14,32]:

H′SR = ρ×Cp ×

(A
τ

)
× z (5)

where ρ and Cp are the density and the specific heat of the air at constant pressure, respectively.
The value A corresponds to the amplitude or increase of temperature in the air parcel; A is positive
when the atmosphere is unstable, therefore H is positive when the flux rises. The parameters of the
ramp, A and τwere determined using the structure-function analysis method [30].

2.5. Meteorological Categories

2.5.1. Categorization by Wind Condition

The atmospheric boundary layer is a space adjacent to the earth’s surface, in which surface
friction has a considerable effect on the flow of air parcels, which generates important changes in
temperature, wind, and depth of this layer during the course of the day [39]. When the air on
evaporating surfaces is not constantly removed by drier air, the surrounding water vapor is maintained,
and the evapotranspiration rate is reduced. Under wind conditions, the air is removed, and the new
parcel of dry air must again be saturated, favoring the evapotranspiration rate [6].

The Beaufort wind scale has been widely used to empirically measure wind intensity based on
the description of its effects, initially on the sea. It has now been adapted to terrestrial use and, in
particular, to describe the effect of wind on vegetation [40]. On this scale, the wind force is categorized
descriptively from calm wind to hurricane, which is numerically represented in levels from 0 to
12 [41–43]. Level 2 or light breeze (1.7–3.0 m s−1) is the first category of this scale that refers to the effect
on vegetation, which is described as “light leaf movement.”

Wind speed data were obtained from the meteorological station of La Cruz city [44] located
1600 m at the south-east direction of the study site. Wind speed records from La Cruz station were
available in average measurements (m s−1) every hour, these values were compared with the wind
speed measurements obtained at the study site. During the study period, both stations presented very
similar trends and amounts. Since the average of the time records could mask certain wind speed data
(for example, sudden gusts of wind on a calm day), the procedure used to perform this classification
was based on counting the number of hours per day in which the wind did not exceed level 1 of the
Beaufort scale. In this way, the percentage of hours per day when the wind reaches Beaufort level 1 can
be obtained, and the percentage of hours in which the wind is equal to or above Beaufort level 2. Then,
if one day presents more than 50% of its hours with winds greater than or equal to level 2, is categorized
as Moderate Wind (MW, 37 days), otherwise, it is categorized as Light Wind (LW, 28 days).

2.5.2. Categorization by Solar Radiation (Sunny and Cloudy Days)

The whole data set (3120 half-hours equivalent to 65 days) was classified on sunny and cloudy
days. To do this, an adaptation of the methodology proposed by [45] was used, which defines
a KT index—Equation (6)—that relates the incoming solar radiation (Rs) and the extra-terrestrial
radiation (Ra):

KT =
Rs
Ra

(6)
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Rs values were obtained from a pyranometer installed in the EC and SR sensor tower, connected
to the same datalogger. The Ra values were obtained from [6] considering the latitude of the
experimental site.

2.6. Calibration Factor Alpha (α)

The SR method allows estimating H according to the variation of the temperature of the localized
and immediately exchanged air parcels inside the crop canopy. Thus, the morphological characteristics
of the species and consequent heterogeneous distribution of heat sources within the canopy cause
that these air parcels describe uneven heating [12,14,26]. In this way, there are methodological and
procedural differences between EC and SR to obtain their results, after which [13] emphasizes that
the estimates of the surface renewal method must be calibrated against EC data to explain the lack
of uniformity or bias that presents the heating of the air parcels, and thus correct the existence of
overestimation or underestimation of H by the calibration factor α.

For all meteorological categories (9 conditions; 8 categories plus the whole dataset) α was
estimated by simple linear regressions forced through the origin between H’SR and HEC, Equation (7).
This analysis was performed for the data recorded every half-hour and for the daily accumulated data.
The slopes of the regression lines correspond to the α values for each condition:

HSR = α×H′SR (7)

where HSR is the calibrated value of sensible heat flux and H’SR is the raw value of sensible heat flux
obtained by SR.

2.7. Statistical Analysis

All calibration factors α for the conditions analyzed in this study were obtained by means of
a linear regression analysis between H’SR and HEC. The regressions were forced through the origin
(intercept equal to zero) to obtain only the value of the slope, which represents the calibration factor α
(7). The linear regression analyses were implemented in R software version 3.2.5 [46] using the linear
function “lm-linear model”. The graphical representation of the regressions was done using the package
“ggplot2” [47] including 95% confidence intervals for slope values. Once α values were calculated,
the statistical analysis to compare the observed and estimated values of H consisted in determining
the root mean square error (RMSE) and the mean absolute error (MAE) [48,49]. This analysis was
applied to each of the nine categories, both for the case in which fixed α-value was used with hourly
and daily data and for when variable α-value was used for hourly and daily data. Finally, to compare
the slopes (α values) of the different meteorological conditions, a t-test was implemented with a level
of significance of 5%.

3. Results and Discussion

3.1. Meteorological Categories

During the study period, daily mean Ra values were 37.1, 42.0, and 44.1 (MJ m−2 day−1) in
October, November, and December, respectively. Regarding data recorded every half-hour, it should
be noted that the daily average values of Rs and Rn for sunny days were 352.9 W m−2 and 214.2 W m−2,
respectively. For cloudy days, these values were 207.3 W m−2 and 132.7 W m−2. Maximum values of
solar and net radiation were recorded around noon with 1292.0 W m−2 and 827.0 W m−2 for sunny
days and 1366.2 W m−2 and 867.0 W m−2 for cloudy days, respectively. These data show a slight rise in
the maximum radiation of the cloudy days over sunny days, which could be explained by the capture
of sensor data when the sun’s rays pass through weak or zero cloudiness. After the solar radiation
categorization, the classification of the 65 days of the study resulted in the division presented in Table 1.
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Table 1. Days categories according to solar radiation conditions.

KT Ranges Category n (Days)

0.6 < KT ≤ 1.0 Sunny 47
0.0 < KT ≤ 0.6 Cloudy 18

KT is an index that relates the incoming solar radiation and the extra-terrestrial—Equation (6)—, n is the number of
days under each category.

The final classification of the dataset was made according to solar radiation and wind conditions
together. Eight meteorological categories plus the whole dataset were established to perform analyses
and comparisons: (1) Whole dataset (WD), (2) sunny (S), (3) cloudy (C), (4) light wind (LW), (5) moderate
wind (MW), (6) sunny light-wind (S-LW), (7) sunny moderate-wind (S-MW), (8) cloudy light-wind
(C-LW), and (9) cloudy moderate-wind (C-MW).

3.2. The Effect of the Alpha Value in the Estimation of the Sensible Heat Flux

The traditional method to obtain α implies the use of the EC system to measure H, and thus
generate the regression line forced through the origin against the uncalibrated H values estimated with
SR. It is then possible to obtain H calibrated with α to finally estimate LE using the equation of surface
energy balance (3) [9,12,14]. Figure 2 shows an example of the effect of α in the determination of H,
(daily pattern) for three consecutive days: a cloudy day (DOY 359) and two sunny days (DOY 360 and
361) (Solar radiation was included in the figure). In general, the uncalibrated values of H (H’SR) are
higher than the measured, therefore, α factor must be applied to adjust the fluxes. From the figure,
it is very evident that the use of the α factor allows correcting the sensible heat flux showing a good
adjustment in the amounts and hourly variations.
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Figure 2. Example of sensible heat fluxes measured and estimated (uncalibrated and calibrated) for
three consecutive days (DOYs 359, 360, 361). Solar radiation (Rs) is included as reference.

According to Hu et al. [10], in most cases, researchers have classified the data set according to
atmospheric stability conditions. In this way, on the one hand, the negative H values registered mainly
during the night hours are grouped, when there is atmospheric stability, and on the other, the positive
values registered during the day are grouped, when conditions of atmospheric instability appear. Then,
a single value α—under atmospheric instability—is obtained, which is used in the final calculations of
ETa. Several studies have described that α depends on several factors. Differences in α were presented
when data were separated under stable (s) and unstable (us) in maize, walnut, and forest [12]. A similar
effect was reported in a peach orchard [35]. The dependence of α on the height of the sensor was
stated on avocado canopy [15] and in vineyards [18]. The configuration of the thermocouple can also
play a role in the determination of α, Snyder and O’Connell [50] obtained different α values for the
same crop in two growing seasons using different thermocouple configurations. Castellví et al. [51]
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determined α for 3 periods of 15 days in a year for stable and unstable conditions with the sensor
installed at two heights. From this study differences in the calibration factor suggest that α should be
obtained continuously throughout the year. The SR analysis proposed by Poblete-Echeverría et al. [52]
was done considering different phenological periods through the growing cycle of a vineyard, to obtain
the calibration factor with the sensor located at different heights, which determined a range of α values
for this variation and the phenological stages.

The α factor is proportional to the energy presented in the system. In the SR method,
the determination of HSR depends on A and τ that characterizes temperature ramps (5). When
sunny and cloudy days were compared according to these parameters no differences were registered
in τ, both conditions presented similar values with average around 15 s during daily hours (8:00 to
18:00). However, substantial differences were registered in A. In sunny days, A reached maximum
values around 3 ◦C, while on cloudy days the maximum values were around 0.5 ◦C. Lower A values on
cloudy days indicates less energy and therefore the correction factor needs to be higher to compensate
for this effect. α values for cloudy days were consistently higher for all analyzed dates. In the 30-min
approach, the α value calculated from the cloudy days was 17% higher than that estimated from sunny
days. A similar tendency was registered in the daily approach.

3.3. Estimation of HSR With a Fixed Alpha Value

In order to quantify the effect (error) of applying a fixed alpha value for each meteorological
condition, RMSE and MAE were calculated. Table 2 shows three situations: (a) Where the traditional
methodology was used to determine α from the data recorded every half-hour (α = 0.66); (b) using the
same value obtained in (a) (α = 0.66) to calculate daily accumulated HSR; and (c) using α obtained
from the daily accumulated values (α = 0.73) to calculate daily HSR. According to Table 2(a), the RMSE
value obtained in this study for the whole data set (RMSE = 52.25 W m−2) is similar to the values
indicated by other authors using a fixed α value. When this fix value is used in the deferent categories
the RMSE fluctuated between 43.49 W m−2 (C-LW condition) and 54.66 W m−2 (S condition). Literature
shows that the best estimate of H in avocado was α = 0.59, which considered half-hour periods (n = 40)
for its determination (RMSE = 36 W m−2) [15]. On the other hand, three α calibration factors were
determined according to three periods within one year under unstable atmospheric conditions: 0.66
(n = 304), 0.58 (n = 271) and 0.76 (n = 183) [51]. In this case the RMSE values reported were 61, 75, and
51 W m−2, respectively.

In a practical way, the accumulated data are those that are usually used for the estimation of
evapotranspiration in a daily basis (mm day−1). Therefore, we also proceeded to determine and
compare the accumulated daily HSR and HEC values, first using the same calibration factor α obtained
with the complete data set every half-hour, that is, before obtaining daily data (Table 2(b)), and using
the accumulated data set to obtain a new calibration factor α, that is, α after obtaining daily data
(Table 2(c)). The results indicate that, for all datasets, better estimates were obtained when determining
calibration factor α after performing the accumulation data (Table 2(c)), that is with α = 0.73, with
α from each half-hour data (Table 2(b)). This could be because the procedure of accumulating daily
data subtracts the negative values of H measured during the night and presents a real value of the
energy that accumulates in the form of sensible heat during a whole day and not that of instants each
half-hour. For example, with α = 0.66 RMSE of WD is 1.50 MJ m−2 day−1, while with α = 0.73, RMSE
of WD is 1.22 MJ m−2 day−1.
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Table 2. Estimation adjustments between the sensible heat flux measured by Eddy covariance (HEC)
and sensible heat flux estimated by the Surface renewal method (HSR = αH’SR), with fixed α for all
categories. (a) fixed α = 0.66, (b) daily values using α = 0.66 and (c) daily values using α = 0.73.

(a) 30-min
α = 0.66, r2 = 0.92

(b) Daily
α = 0.66, r2 = 0.92

(c) Daily
α = 0.73, r2 = 0.98

Dataset n
(h.h)

RMSE
(A.C)

MAE
(A.C)

n
(Days)

RMSE
(A.C)

MAE
(A.C)

n
(Days)

RMSE
(A.C)

MAE
(A.C)

WD 3120 52.25 36.33 65 1.50 1.29 65 1.22 0.95
S 2256 54.66 39.53 47 1.49 1.28 47 1.25 0.95
C 864 45.36 27.96 18 1.54 1.34 18 1.14 0.97

LW 1344 49.69 32.31 28 1.63 1.41 28 1.29 1.02
MW 1776 54.11 39.37 37 1.40 1.20 37 1.17 0.91
S-LW 624 56.00 39.12 13 1.96 1.75 13 1.59 1.26
S-MW 1632 54.14 39.69 34 1.26 1.09 34 1.09 0.83
C-LW 720 43.49 26.40 15 1.27 1.12 15 0.96 0.80
C-MW 144 53.75 35.72 3 2.47 2.46 3 1.79 1.78

A.C represents values after calibration, h.h represents half-hour data, n is the total data analyzed (30-min or days),
RMSE is the root mean square error (expressed in W m−2 and MJ m−2 day−1, for 30-min and daily data, respectively),
MAE is the mean absolute error (expressed in W m−2 and MJ m−2 day−1, for 30-min and daily data, respectively), r2

is the determination coefficient, and α is the calibration factor for the SR method. WD, S, C, LW, MW, S-LW, S-MW,
C-LW and C-MW correspond to whole dataset, sunny, cloudy, light wind, moderate wind, sunny light-wind, sunny
moderate-wind, cloudy light-wind and cloudy moderate-wind, respectively.

3.4. Estimation of HSR with Variable Alpha Values

Alternatively, to the use of a fixed α value to calculate HSR, it is possible to determine a single
calibration factor for each meteorological condition and thus establish if there are significant differences
between them. Table 3 shows the α values and their respective coefficients of determination obtained
when the categorization was previously carried out according to weather conditions. As was presented
in Table 2, Table 3 shows three situations, but in this case for each meteorological condition: (a) Alphas
calculated with the traditional method (data set by condition every half-hour); (b) the same alphas
calculated in (a) but applied to the daily accumulated data; and (c) alphas calculated from the daily
accumulated data. In Table 3(a) there are three categories that stand out for presenting calibration
factors greater than the other categories: cloudy, cloudy light-wind, and cloudy moderate-wind, with
α = 0.76, α = 0.74, and α = 0.84, respectively, situation that is repeated with the same categories in (c)
where α = 0.79 for C, α = 0.77 for C-LW and α = 0.90 for C-MW. In Table 3 there are no changes since the
same α values were used as in (a). As when comparing Table 3(b) with Table 3(c), RMSE in Table 3(c)
represent better estimates of HSR than Table 3(b), since all RMSE for each of the meteorological categories
are less or equal. Thus, categorization by meteorological conditions and usage of accumulated energy
allows estimating HSR with better precision. Likewise, it is possible to conclude that cloudiness alone
and combined with any wind category, strongly affects α, increasing its value, which implies that HSR
subtracts more energy from the system under these conditions.

Figure 3 shows the results of the method (linear regression) used to obtain the α value for each
condition. When the conditions are compared, some changes in the slopes (α value) and dispersion are
evident, especially for cloudy conditions (Figure 3g,h).

In Poblete-Echeverría et al. [52] H’SR and HEC were recorded every 15 minutes during one season
in a vineyard, so they were able to estimate HSR with RMSE 52.2 W m−2 and MAE 35.2 W m−2. When
they analyzed the daily dataset, they were able to estimate HSR with a RMSE of 0.80 MJ m−2 day−1 and
MAE of 0.67 MJ m−2 day−1. Also, in vineyard, Poblete-Echeverria and Ortega-Farias [20], estimated
HSR with a RMSE of 38.0 and MAE 26.0 W m−2. These two studies provide estimates of HSR with
similar adjustments to those found in avocado. In addition, both studies were performed under
similar phenological stages on spring–summer period in semi-arid climatic conditions, which allows
the comparison between deciduous (vine) and persistent (avocado) species results, at the moment
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when both have foliar coverage. It should be noted that, in this study, there was no separation of data
regarding the phenological stages of the avocado trees since avocado maintains a rather uniform foliar
coverage during its whole cycle. Thus, plant architecture and rugosity surface that measurements
faced, would not be determining factors during the study period.

Table 3. Estimation adjustments of HEC and HSR (HSR = αH’SR), with variable α for each category.
(a) α calculated from 30-min values (b) daily values using α calculated from 30-min values, and (c) daily
values using α calculated from daily values.

(a) 30-min (b) Daily (c) Daily

Dataset n
(h.h) α r2 RMSE

(A.C)
MAE
(A.C)

n
(Days) α

RMSE
(A.C)

MAE
(A.C)

n
(Days) α r2 RMSE

(A.C)
MAE
(A.C)

WD 3120 0.66 0.92 52.25 36.33 65 0.66 1.50 1.29 65 0.73 0.98 1.22 0.95
S 2256 0.65 0.92 54.47 39.31 47 0.65 1.62 1.42 47 0.72 0.99 1.25 0.97
C 864 0.76 0.92 41.52 26.71 18 0.76 1.03 0.84 18 0.79 0.98 0.99 0.79

LW 1344 0.69 0.92 49.32 32.12 28 0.69 1.46 1.23 28 0.75 0.98 1.26 0.94
MW 1776 0.65 0.92 53.98 39.19 37 0.65 1.51 1.32 37 0.72 0.99 1.16 0.92
S-LW 624 0.67 0.92 56.00 39.12 13 0.67 1.95 1.74 13 0.75 0.98 1.57 1.20
S-MW 1632 0.64 0.93 53.77 39.29 34 0.64 1.45 1.29 34 0.71 0.99 1.06 0.85
C-LW 720 0.74 0.92 41.18 26.03 15 0.74 0.93 0.77 15 0.77 0.98 0.91 0.70
C-MW 144 0.84 0.95 38.86 24.96 3 0.84 0.80 0.68 3 0.90 0.99 0.56 0.48

A.C represents values after calibration, h.h. represents half-hour data, n is the total data analyzed (30-min or days),
RMSE is root mean square error (expressed in W m−2 and MJ m−2 day−1, for 30-min and daily data, respectively),
MAE is the mean absolute error (expressed in W m−2 and MJ m−2 day−1, for 30-min and daily data, respectively),
r2 is the determination coefficient, and α is the calibration factor for the SR method. WD, S, C, LW, MW, S-LW, S-MW,
C-LW and C-MW correspond to whole dataset, sunny, cloudy, light wind, moderate wind, sunny light-wind, sunny
moderate-wind, cloudy light-wind and cloudy moderate-wind, respectively.
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Figure 3. Linear regressions forced through the origin between H’SR and HEC. (a) Sunny, (b) cloudy,
(c) light wind, (d) moderate wind, (e) sunny light-wind, (f) sunny moderate-wind, (g) cloudy light-wind,
and (h) cloudy moderate-wind. Axis Y correspond to the sensible heat flux measured by Eddy covariance
(HEC) and axis X correspond to the sensible heat flux estimated by the Surface renewal method (H’SR)
All units were expressed in W m−2.

Comparing RMSE in Tables 2(a) and 3(a), the latter is lower or equal, indicating that the HSR
estimates are better when the meteorological categorization was performed, compared to the fixed α

method from the whole dataset. When comparing (b) and (c) in Table 2 with (b) and (c) in Table 3,
the estimation of HSR is better when accumulated energy data H’SR and HEC is used before calculating
α. In this way, α is determined directly from the daily accumulated data (MJ m−2 day−1). It should
be noted that S, MW, and S-MW categories are the only ones that reflect slightly unfavorable values
when comparing RMSE between fixed and variable α (Tables 2(b) and 3(b)). This situation could be
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explained by the considerable increase in α value for each of these meteorological conditions with
respect to α = 0.66 fixed.

Table 3 showed the calculated alpha values for each meteorological condition and its consequent
effect on the estimation of HSR, which can be tested by different RMSE and MAE values obtained.
However, to establish the significance of these differences, pairs of α values were analyzed. Table 4
shows a comparison between all variable α values. When WD is analyzed (α = 0.66) and compared
with the other categories, α shows significant differences compared to 7 of the 8 conditions. For S-LW
it is not possible to ensure the existence of differences compared to WD (p-value > 0.05). However, it is
relevant to identify and separate data set under sunny (S) and cloudy (C) days conditions, using solar
radiation as the main factor, as well as on days with light wind (LW) and moderate (MW), with the
objective of establishing an accurate α value. From the point of view of cloudiness, the category
S (α = 0.65) shows significant differences when compared with C (α = 0.76), LW (α = 0.69), C-LW
(α = 0.74), and C-MW (α = 0.84), which implies that α is different between S and any cloudiness
condition, even with light or moderate wind. For condition C (α = 0.76), α is different from all other
categories except C-LW (α = 0.74), which would indicate that a cloudy day with light wind is not
sufficiently different from a day classified as cloudy for determining alpha. Regarding wind condition,
LW (α = 0.69) is different to all the other categories, which indicates that the presence of light wind
does affect α and it is relevant to perform this classification to obtain this factor. However, the MW
category (α = 0.65) turned out to be significantly different only for days C (α = 0.76), LW (α = 0.69),
C-LW (α = 0.74) and C-MW (α = 0.84). It should be noted that under the combined meteorological
conditions S-LW (α = 0.67), S-MW (α = 0.64), C-LW (α = 0.74), and C-MW (α = 0.84), there were clear
differences of S -LW and S-MW against any cloud condition, even with light or moderate wind. C-LW
showed no differences with C. While C-MW showed differences in all meteorological conditions.

Table 4. p-values of statistical comparison between α -values for different meteorological conditions.

Dataset WD S C LW MW S-LW S-MW C-LW C-MW

WD - False False False False True False False False
S 0.003 - False False True True True False False
C < 0.001 <0.001 - False False False False True False

LW <0.001 <0.001 <0.001 - False False False False False
MW 0.021 0.680 <0.001 <0.001 - True True False False
S-LW 0.868 0.055 <0.001 0.013 0.110 - False False False
S-MW <0.001 0.311 <0.001 <0.001 0.179 0.011 - False False
C-LW <0.001 <0.001 0.064 <0.001 <0.001 <0.001 <0.001 - False
C-MW <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 -

Numeric data correspond to p-values obtained when comparing slopes (α -values) between different meteorological
conditions. t-test. Null hypothesis was represented by H0: b1 = b2, (b1 and b2 are any pair of slopes to be tested),
α = 0.05, CI = 95%. p-value > 0.05 is indicated by True (b1 = b2), p-value ≤ 0.05 is indicated by false (b1 , b2).
Self-comparisons were omitted of the analysis (grey cells). WD, S, C, LW, MW, S-LW, S-MW, C-LW and C-MW
correspond to whole dataset, sunny, cloudy, light wind, moderate wind, sunny light-wind, sunny moderate-wind,
cloudy light-wind and cloudy moderate-wind, respectively.

4. Conclusions

The calibration of the SR method under different meteorological conditions was done by a
meteorological classification based on solar radiation and wind intensity. From the comparison
between half-hour values versus daily values the best results were obtained using an α obtained from
daily H’SR. The α-values obtained each meteorological condition (α variable) were compared and
evaluated to determine the effect of the use of a variable and fixed value of α in the estimation of H.
The results show that α varies according to meteorological conditions. Significant differences were
found between meteorological classes especially under cloudy conditions accompanied by light or
moderate wind. The effect of the wind is evident when comparing α in light wind days against any
other meteorological categorization. However, the effect of moderate wind is mainly relevant for days
with cloudiness.
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Further studies are needed for identifying differences between the calibration factors for different
categories with prevailing cloudiness, as well as between the different ranges of winds described by
the Beaufort scale, and thereby establishing under what meteorological conditions it is really pertinent
to determine and modify alpha, for the estimation of H using the SR method.
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