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Abstract: A surface energy balance model was conceived to estimate crop transpiration and soil
evaporation in orchards and vineyards where the floor is partially wetted by micro-irrigation systems.
The proposed surface energy balance model for partial wetting (SEB-PW) builds upon previous
multiple-layer modelling approaches to estimate the latent, sensible, and soil heat fluxes, while
partitioning the total evapotranspiration (ET) into dry and wet soil evaporation (λEsoil) and crop
transpiration (T). The model estimates the energy balance and flux resistances for the evaporation
from dry and wet soil areas below the canopy, evaporation from dry and wet soil areas between
plant rows, crop transpiration, and total crop ET. This article describes the model development,
sensitivity analysis and a preliminary model evaluation. The evaluation shows that simulated hourly
ET values have a good correlation with field measurements conducted with the surface renewal
method and micro-lysimeter measurements in a micro-irrigated winegrape vineyard of Northern
California for a range of fractional crop canopy cover conditions. Evaluation showed that hourly
LE estimates had root mean square error (RMSE) of 58.6 W m−2, mean absolute error (MAE) of
35.6 W m−2, Nash-Sutcliffe coefficient (CNS) of 0.85, and index of agreement (da) of 0.94. Daily soil
evaporation (Es) estimations had RMSE of 0.30 mm d−1, MAE of 0.24 mm d−1, CNS of 0.87, and
da of 0.94. Es estimation had a coefficient of determination (r2) of 0.95, when compared with the
micro-lysimeter measurements, which showed that Es can reach values from 28% to 46% of the total
ET after an irrigation event. The proposed SEB-PW model can be used to estimate the effect and
significance of soil evaporation from wet and dry soil areas on the total ET, and to inform water
balance studies for optimizing irrigation management. Further evaluation is needed to test the model
in other partially wetted orchards and to test the model performance during all growing seasons and
for different environmental conditions.

Keywords: evapotranspiration; shading percentage; micro-lysimeter; energy balance; micro-irrigation

1. Introduction

Evapotranspiration (ET) is generally the second largest component of water balance, following
precipitation. Researches and water resource managers require accurate and reliable ET estimates
to understand water availability and distribution for both short and long-term water resource
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management [1]. ET is the amount of water lost to the atmosphere, including net water evaporation
and the water transferred through the vascular system of the plant into the atmosphere from leaves.
ET estimation is not straightforward due to the natural heterogeneity and complexity of the hydrological
processes in catchments. Water managers and growers therefore seek robust methods to quantify ET
and assess the impact of water management and conservation measures, such as to reduced tillage,
on ET during crop growing seasons [2]. Evapotranspiration is an integrated term, composed of the
precipitation intercepted by plant canopies, vapor fluxes of plant transpiration, and soil evaporation [3].
Transpiration (T) is the process of water movement through the plant xylem, and it is the main
component of ET that impacts the ET-yield relationship. Depending on the type of irrigation system
(e.g., surface irrigation, sprinkler irrigation or micro-irrigation), the soil evaporation (λEsoil) component
during the crop growing season can be a significant component of the total ET [4]. Crop shadowing and
the partial wetting of soil by micro-irrigation systems not only affects the processes of λEsoil, but also
several relevant ET-related parameters, such as net radiation, soil heat flux, aerodynamic, and surface
resistances to heat and water vapor fluxes [5].

The soil evaporation from bare soil is commonly described as occurring in two or three stages [6].
Stage I is governed by atmospheric conditions, with λEsoil limited only by the available energy in the
upper soil layer and by the vapor gradient between the soil and the atmosphere. During stages II
and III, λEsoil becomes primarily a function of the soil water content, soil hydraulic properties, and
temperature gradients [7]. To assess the dynamics of the multi-stages of evaporation from bare soil,
λEsoil is commonly measured with micro-lysimeters (MLs) [8–11]. λEsoil can be determined under
circumstances where traditional methods are impractical or impossible and can be measured under
conditions of partial cover and partial shading, or in other situations for which the spatial resolution
of traditional lysimeters is too large [8]. Yunusa et al. [11] measured soil evaporation with MLs at
four locations, and found that, during rainy periods when the entire soil surface was wet, the soil
evaporation process accounted for up to 80% of ET (stage I of λEsoil), and with no substantial addition
of water, λEsoil declined to less than 9% of its original value. The progressive λEsoil decline occurs
because, as the near-surface layers of the soil dried out, the unsaturated hydraulic conductivity of the
soil also declined. The same authors also found that the dominant component of ET was λEsoil when
the prevailing stage-two process of λEsoil was less and similar at all positions, except when the soil
surface was dry.

In ET modeling, process models of latent heat have progressed through phases over time [2].
Penman [12] developed a model for a layer extending from a reference height to a uniform surface, a
concept that has been applied to crops by approximating the canopy as a single surface or big leaf
in the Penman–Monteith (P–M) method [13]. Several authors have studied the P–M in agricultural
crops [14–16], but only some of them accept that a big leaf is not applicable to all crops. Thus, it is
assumed that a big leaf condition can cause large errors in the total ET estimation in a short-time interval.

Various modeling efforts recognized that sparse vegetation and crops with partial canopy cover
may not satisfy the big leaf assumption, and models were developed to predict the transpiration and
evaporation separately [2]. Several studies evaluated one of these models, known as the Shuttleworth
and Wallace [17] (S-W) model [18–21]. Farahani and Ahuja [18] extended the S-W model to include the
effects of crop residues on soil evaporation by adding a partially covered soil area and partitioning
evaporation between bare and residue-covered areas. Iritz et al. [22] modified the S-W model to
estimate the ET for a boreal forest. The model was modified in terms of the bulk canopy resistance,
the calculation of the aerodynamic resistance, and the addition of a two-layer soil module, which
enabled the estimation of a soil surface resistance, depending on the wetness of the soil top. Odhiambo
and Irmak [23] evaluated the applicability of the extended S-W model for estimating and partitioning
ET in a subsurface drip-irrigated soybean field with a partial residue cover, and compared the S-W
model with a Bowen Ratio Energy Balance (BREB) system. They integrated an approach to calculate
the bulk stomatal resistance as a function of the soil water content (θ) to allow for the simulation of T
over a range of θ values. In general, the model performed well in tracking the trends and magnitude
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of ET measured with the BREB system. Ortega–Farías and López–Olivari [24] validated a two-layer
model to estimate latent heat flux and ET in a drip-irrigated olive orchard. This study indicated that
the two-layer model overestimated the latent heat flux and ET by about 2% and 6%, respectively, and
that the model was very sensitive to errors in the measurements of stomatal conductance. However,
the main errors did not significantly affect the overall performance of the two-layer model.

In the 1980s, a more complete surface energy balance model, including the estimation of soil heat
flux, was presented by Choudhury and Monteith [25] (Ch-Mon). They developed a four-layer model
for the heat budget of homogeneous land surfaces using explicit solutions for the conservation of heat
and water vapor in a uniform vegetation and soil system [2]. This model partitioned the available
energy into latent heat, sensible heat, and soil heat flux for the canopy/soil system and offered the
possibility of including the effect of partially wetted surfaces on the total ET.

Previously, Lagos et al. [2,26] modified and extended the Ch-Mon model for partially vegetated
surfaces to include the partition of ET into soil/residue evaporation and plant transpiration. However,
in this approach, λEsoil has not yet been separated into areas that are irrigated and areas that are not
wetted by commonly used micro-irrigation systems. A previous attempt to include partially wetted
soil areas in estimating total ET was made [27] using the dual crop coefficient and reference ET method,
but to our knowledge, there are no other approaches with which a SEB model can separate λEsoil from
wetted and non-wetted ground floor areas.

This research proposes to build upon a multiple-layer surface energy balance model for estimating
ET in partially wetted crop surfaces (SEB-PW), while accounting for the effects of soil evaporation on
the total ET. This article describes the conceptual model development and the sensitivity analysis
conducted on the model parameters and variables. The model performance was evaluated by
comparing simulated values of ET, λEsoil, and T with field measurements conducted with surface
renewal systems and micro-lysimeters in two micro-irrigated wine grape vineyards in Northern
California. In addition, the model performance is compared to predictions of ET and λEsoil from the
S-W approach.

2. Materials and Methods

2.1. The Modified SEB-PW Model

Similar to previous multiple-layer model approaches [25,26], the modified SEB-PW model has
four layers (Figure 1): The first layer extends from the reference height above the vegetation to the
sink for momentum within the canopy; a second layer spans between the canopy and the soil surface,
followed by a third layer comprising the top soil layer, where the surface resistance can be calculated
as a function of the soil water content. Finally, the fourth layer includes a lower soil layer, where the
soil atmosphere is nearly saturated with water vapor [2]. The SEB-PW model distributes net radiation
(Rn) into latent and sensible heat (λE and H), as well as soil heat (G) fluxes through the soil–canopy
system, according to the energy balance:

Rn− λE−H −G = 0 (1)

H = Hc + Hbs + Hs (2)

λE = λEc + λEbs + λEs (3)

where Hc, Hbs, and Hs are the sensible heat from the canopy, bare soil, and soil shaded below the
canopy (W m−2), respectively, and λEc, λEbs, and λEs are the latent heat from the canopy, the bare soil
between rows, and the soil below the canopy soil (W m−2), respectively. Physical and chemical energy
storage terms in the canopy–soil system are not considered [28]. Horizontal gradients of the potentials
are assumed to be small enough for lateral fluxes to be ignored.
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Ohm’s law analogy using appropriate resistance and flux terms (Figure 1). The differences in 
saturation vapor pressure between points in the system have been calculated as linear functions of 

Figure 1. Schematic of fluxes and resistance network of the surface energy balance model for partially
wetted soil (SEB-PW). Red dots and blue lines represent drippers and wetted soil zones, respectively.

Following Lagos et al. [2], the total net radiation, sensible, and latent heat flux are calculated,
rather than adding a wet soil fraction (Pw) in the SEB-PW model. Thus, the latent heat flux from the
bare soil between the rows and soil under the canopy becomes:

λEs = λEss·(1− Pw) + λEsh·(Pw) (4)

λEbs = λEbss·(1− Pw) + λEbsh·(Pw) (5)

where Pw is the wet soil fraction (0 < Pw < 1), λEss and λEsh are the soil evaporation under the canopy
for non-wetted and wetted areas (W m−2 and W m−2), respectively, and λEbss and λEbsh are the soil
evaporation for the bare soil between the rows under non-wetted and wetted conditions (W m−2 and
W m−2), respectively (see Figure 2).
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The differences in vapor pressure and temperature between levels can be expressed with an Ohm’s
law analogy using appropriate resistance and flux terms (Figure 1). The differences in saturation vapor
pressure between points in the system have been calculated as linear functions of the corresponding
temperature differences. A single value of the slope of the saturation vapor pressure (∆), when
evaluated in relation to the air temperature (Ta), gave acceptable results for the components of the heat
balance [2,25]. As such, vapor pressure can be obtained by:

e∗1 − e∗b = ∆·(T1 − Tb)

e∗L − e∗b = ∆·(TL − Tb)

e∗b − e∗a = ∆·(Tb − Ta)

e∗Lb − e∗b = ∆·(TLb − Tb)

(6)

where ∆ is the slope of the saturation vapor pressure with respect to the temperature curve between
two points (kPa ◦C−1); e∗1 is the saturation vapor pressure at the canopy (kPa); e∗b is the saturation vapor
pressure of the atmosphere at the canopy level (kPa); e∗L is the saturation vapor pressure at the top of
the under canopy irrigated layer (kPa); e∗a is the saturation vapor pressure at the reference height (kPa);
e∗Lb is the saturation vapor pressure under the canopy at the top of the non-irrigated layer (kPa); T1 is
the average temperature (◦C); Tb is the temperature within the canopy (◦C); TL is the temperature at the
interface between the upper and lower layer for the under canopy soil (◦C); Ta is the air temperature at
the height of reference (◦C); and TLb is the temperature at the interface between the upper and lower
layer for the bare soil (◦C).

The Equation (6) were combined and solved to estimate the energy fluxes. The solution gives the
latent and sensible heat fluxes from the canopy as

λEc =
Rnc·∆·r1 + ρ·CP·

(
e∗b − eb

)
γ·(r1 + rc) + ∆·r1

(7)

Hc =
Rnc·γ·(r1 + rc) − ρ·CP·

(
e∗b − eb

)
γ·(r1 + rc) + ∆·r1

(8)

where Rnc is the net radiation absorbed by the canopy (W m−2); ρ is the density of moist air (1.013 kg m−3);
CP is the specific heat of air (1013 J kg−1 ◦C−1); γ is the psychrometric constant (kPa ◦C−1); eb is the
vapor pressure of the atmosphere at the canopy level (kPa); r1 is aerodynamic resistance between the
canopy and the air (s m−1); and rc is the surface canopy resistance (s m−1).

Similarly, latent and sensible heat fluxes under the canopy are estimated by:

λEs =
RnDC·∆·rL·r2 + ρ·CP·

(
e∗b − eb

)
·(rus + ruh + rL + r2) − ρ·CP·∆·(Tb − Tm)·(rus + ruh + r2)

γ·r′A·(rus + ruh + rL + r2) + ∆·rL·(rus + ruh + r2)
(9)

Hs =
RnDC·∆·rL − λEs·

(
∆·rL + γ·r′A

)
+ ρ·CP·

(
e∗b − eb

)
− ρ·CP·∆·(Tb − Tm)

∆·rL
(10)

where RnDC is the net radiation below the canopy (W m−2); rL is the soil heat flux resistance for the
lower layer under the canopy area (s m−1); r2 is the aerodynamic resistance between the canopy and
the air at the canopy level (s m−1); rus and ruh are the soil heat flux resistances under the canopy for the
non-irrigated and irrigated upper layer (s m−1 and s m−1), respectively; Tm is the soil temperature at the
bottom of the lower layer (◦C); and rss and rsh are the resistances to the diffusion of water vapor under
the canopy at the non-wetted and wetted top soil layer (s m−1 and s m−1), respectively. The coefficient
r′A is defined in Appendix A.
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Thus, the latent and sensible heat fluxes from the bare soil between rows are estimated by:

λEbs =
Rne·∆·r2L·r2b+ρ·CP·(e∗b−eb)·(r2us+r2uh+r2L+r2b)−ρ·CP·∆·(Tb−Tm)·(r2us+r2uh+r2b)

γ·r′B·(r2us+r2uh+r2L+r2b)+∆·r2L·(r2us+r2uh+r2b)
(11)

Hbs =
Rne·∆·r2L − λEbs·

(
∆·r2L + γ·r′B

)
+ ρ·CP·

(
e∗b − eb

)
− ρ·CP·∆·(Tb − Tm)

∆·r2L
(12)

where Rne is the net radiation absorbed by the soil between rows (W m−2); r2L is the soil heat flux
resistance for the lower layer from the bare soil (s m−1); r2b is the aerodynamic resistance between the
air around the bare soil and the canopy height and bare soil level (s m−1); r2us and r2uh are the bare soil
heat flux resistance for the non-wetted and wetted upper layer (s m−1 and s m−1), respectively; and r2ss

and r2sh are the resistances to the diffusion of water vapor of bare soil at the non-wetted and wetted
top soil layer (s m−1 and s m−1), respectively. The coefficient r′B is defined in Appendix A.

To calculate the values of the latent and sensible heat flux, it is necessary to know Tb and eb; these
parameters can be expressed as:

eb =

[
X′

ρ·CP
+ Tb·(∆·Y′ −Z′) − ∆·Ta·Y′ + e∗a·Y

′ + Tm·Z′ +
ea

γ·raw

]
·

[
γ·raw

1 + Y′·raw·γ

]
(13)

Tb =

(
J′

ρ·CP
+ Ta·

(
∆·M′ +

1
rah

)
− e∗a·M

′ + eb·M′ − Tm·N′
)
·

(
rah

1− rah·N′ + rah·∆·M′

)
(14)

where ea is the vapor pressure at the reference height (kPa); raw is the aerodynamic resistance for the
water vapor transport (s m−1); and rah is the aerodynamic resistance for the heat transport (s m−1).
The coefficients, J′, M′, N′, X′, Y′, and Z′ involved in these expressions depend on environmental
conditions and other parameters (see Appendix A).

These relationships define the SEB-PW model, which is applicable to orchards and vineyards
with partial ground cover by crop vegetation, considering partially wetted soil, which are conditions
typically occurring in micro-irrigated orchard systems. Without the wet soil fraction, the model
only describes the energy balance and flux resistances for the surfaces covered by the canopy and
residues [2].

2.2. SEB-PW Model Parameters

2.2.1. Aerodynamic Resistances

The aerodynamic resistance for the heat transport (rah) and water vapor transport (raw) can be
expressed as [29,30]:

rah = ram + rbh
raw = ram + rbw

(15)

where ram is the aerodynamic resistance to momentum transfer (s m−1); rbh is the excess resistance
terms for heat (s m−1); and rbw is the excess resistance term for the water vapor transfer (s m−1).

The theoretical relationship, proposed by Shuttleworth and Gurney [31], may be used to estimate
the aerodynamic resistance ram by integrating the eddy diffusion coefficient over the sink of momentum
in the canopy (zo + d′) with a reference height above the canopy (zo):

ram =
1

k·u∗
·ln

[
zr + d′

h− d′

]
+

h
n·Kh
·

[
exp

[
n·

(
1−

zo + d′
h

)]
− 1

]
(16)

where k is the von Karman constant (k = 0.41); u∗ is the friction velocity (m s−1); zr is the height above
the canopy (m); d′ is the zero plane displacement height (m); h is the height of vegetation (m); n is the
attenuation coefficient (dimensionless); Kh is the value of the eddy diffusion coefficient at the top of
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the canopy (m2 s−1); and zo is the surface roughness (m). The n value can be considered equal to 2.5
(n = 2.5), which is a typical value recommended for agricultural crops [2,31].

The excess resistance for heat and water vapor transfer can be expressed as [32,33]:

rbh =
1

k·u∗
·k·B−1 (17)

rbw =
k·B−1

k·u∗
·

[
k1

Dv

] 2
3

(18)

where B−1 is a dimensionless bulk parameter; k1 is the thermal diffusivity (m2 s−1); and Dv is the
molecular diffusivity of the water vapor in the air (m2 s−1). Verma [32] considered that a first
approximation for k·B−1 is 2.0. Lhomme et al. [34] and Runkle et al. [35] recommended the use of values
near to 2 when the leaf area index is equal to or bigger than 3. Additionally, Humphreys et al. [36]
recommended the use of values near to 2 (1.6 and 2.3, the lower and higher values, respectively) in
energy balance systems.

The aerodynamic resistance between the soil surface and the sink of the momentum below the
canopy (r2) can be expressed as [31]:

r2 =
h·exp(n)

n·Kh
·

[
exp

(n·z′0
h

)
− exp

(
−n·(zo + d′)

h

)]
(19)

where z′0 is the roughness length of the soil surface (m). The surface roughness (zo) and the zero-plane
displacement height (d′) are related to the leaf area index (LAI) as:

zo = z′o + 0.3·h·X
1
2 , 0 ≤ X ≤ 0.2

zo = 0.3·h·
(
1− d′

h

)
, 0.2 < X ≤ 1.5

d′ = 1.1·h·ln
(
1 + X

1
4
)
, X = Cd·LAI

(20)

where Cd is the average drag coefficient for the individual leaves.
Brenner and Incoll [37] reported that, when P is equal to zero, the aerodynamic resistance in the

bare soil (r2b) will be assumed to be rb
a, and when P is equal to 1, r2b will be equal to r2. Therefore,

the relationship of r2b varies linearly between r2 and rb
a as:

r2b = P·r2 − (1− P)·rb
a

rb
a =

ln( zm
zo )

k2·u

(21)

2.2.2. Canopy Resistances

The average boundary layer resistance of the canopy (r1) for the latent and sensible heat flux is
influenced by the surface area of vegetation [17]:

r1 =
rb·σb
LAI

(22)

where rb is the resistance of the leaf boundary layer (s m−1), which is proportional to the temperature
difference between the leaf and surrounding air, divided by the associated flux [2]. Averaging the drag
coefficient for the individual leaves, σb is a damping factor equal to 0.5 [38]. The resistance of the leaf
boundary layer (rb) can be expressed as [38]:

rb =
100
n

(
w
uh

) 1
2

·

[
1− exp

(
−n
2

)]−1
(23)
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where w is the representative leaf width (m) and uh is the wind speed at the top of the canopy (m s−1).
Shuttleworth and Wallace [17] indicated that rb depends on the wind velocity inside the canopy, and
the typical value is 25 s m−1. Normally, when using rb = 25 s m−1 with LAI = 4, the corresponding
canopy boundary layer resistance is r1 = 3 s m−1.

Stannard [19] proposed a model to estimate the canopy surface resistance (rc) in the function
of LAI, vapor pressure deficit (VPD), and solar radiation (RS). However, a similar model, with an
exponential relation between rc and VPD, can be used to express the canopy resistance [39]:

rc =

[
C1·LAI
LAImax

·
C2

1− exp(−VPD)
·
RS·(RSmax + C3)

RSmax·(RS + C3)

]−1

(24)

where C1, C2, and C3 are regression coefficient constants; LAImax is the maximum value of LAI; and
RSmax is the maximum value of solar radiation (estimated at 1000 W m−2). It is worth emphasizing that
this relationship does not account for the soil water stress effects [2].

2.2.3. Soil Resistances

In a surface soil layer of thickness Lt, the resistance to vapor flux from the diffused evaporating
sites to the surface varies from very low, for saturated soil, to an upper limit for entirely dry soil [18].
Several studies in the past related the bare soil resistance (rss, r2ss, rsh, and r2sh) with the volumetric soil
water content [40–42]. Previous studies have been conducted to investigate rss, r2ss, rsh, and r2sh and
commonly express them as a function of the soil water content, such as linear, exponential, or power
functions. In this study, similar to Zhao et al. [21], the power function was determined as rss, r2ss, rsh,
and r2sh by:

ri = a·
(
θsat

θi

)b

(25)

where ri is the soil surface resistance; θi is the soil water content; θsat is the saturated water content of
the surface layer; a and b are the fitting parameters; and the sub-index i represent ss, 2ss, sh, and 2sh
(ss and sh are the non-irrigated and irrigated soil below the canopy, respectively; 2ss and 2sh are the
bare non-irrigated and irrigated soil, respectively).

According to Choudhury and Monteith [25], the bare soil and under-canopy soil resistances for the
heat flux in the soil layer, extending from depth Lt to Lm (r2L and rL, respectively), can be estimated as

rL =
ρ·CP·(Lm−Lt)

KL

r2L =
ρ·CP·(Lm−Lt)

K2L

(26)

where K2L and KL are the bare soil and under-canopy soil thermal conductivities in the soil layer,
extending from depth Lt to Lm (W m−1 ◦C−1), respectively.

The bare soil and under-canopy soil resistance for the heat flux in the non-irrigated and irrigated
soil layer, extending from the soil surface to Lt (r2us, rus, r2uh and ruh, respectively), can be obtained as:

r j =
ρ·CP·Lt

K′j
(27)

where r j is the soil resistance for the heat flux; K′j is the soil thermal conductivities in the soil layer,
extending from the soil surface to Lt; and the sub-index j represents us, 2us, uh, and 2uh (us and uh are
the below-canopy non-irrigated and irrigated soil layer, respectively; 2us and 2sh are the non-irrigated
and irrigated bare soil, respectively).
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2.2.4. Net Radiation

The net radiation (Rn), measured or estimated above the field, reflects the effect of the composite
albedo of the canopy, soil under the canopy, and soil between the rows on incoming long and short
wavelength solar radiation (RsL and RsS). The SEB-PW model requires the partitioning of Rn into net
radiation intercepted by the canopy surface (Rnc), the net radiation below the canopy (RnDC) and the
net radiation absorbed by the soil between the rows (Rne). Beer’s law estimates the fraction of Rn,
penetrating the canopy to the ground surface (under the canopy) as:

RnDC = Rn·exp(−Cext·LAI) (28)

where Cext is the canopy extinction coefficient for Rn (Cext value of 0.6 was used).
The Rnc is calculated as:

Rnc = Rn −RnDC (29)

This modified model estimates the effect and importance of dry and wet soil evaporation on the
total ET and can better inform water balance studies to improve micro-irrigation management.

2.3. Model Evaluation

2.3.1. Study Sites

The SEB-PW model was applied to a pair of micro-irrigated study vineyards located in Northern
California, where a team of researchers collected field measurements of ET, E, and other bio-physical
parameters over the course of the 2018 growing season. The two study sites are adjacent North (S1)
and South-facing (S2) blocks of a commercial production vineyard (Figure 3) near Pilot Hill, El Dorado
County, California (38◦48′7.2′′ N, 121◦1′44.76′′ W; 381 m above sea level), approximately 72 km East
of Sacramento in the foothills of the Sierra Nevada Mountains.
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Figure 3. Aerial overview photo of the study vineyard blocks with North (S2) and South facing (S1)
aspect, and locations of the evapotranspiration (ET) measurement stations.

In both study blocks, the planting material was Cabernet sauvignon (clone 15) grafted onto Vitis
riparia x Vitis rupestris cv. 3309 Couderc rootstock. The vines were trained in a bilateral cordon vertical
shoot positioned system (VSP), and pruned to 14, 2-bud spurs per vine. The climate of El Dorado
County is semi-arid. Both vineyard blocks lie on very rocky loam soil of the Auburn series [43],
as mapped by the USDA-National Cooperative Soil Survey (SSURGO) [44]. Both sites are equipped
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with a micro-irrigation system, consisting of single driplines with two pressure-compensating online
button drippers (Netafim USA, Fresno, CA, USA) per vine with a nominal flowrate of 1.9 L h−1. Other
specific vineyard characteristics, for S1 and S2, are presented in Table 1.

Table 1. Micro-irrigated vineyards information and soil water properties for S1 and S2. Average soil
water content at the permanent wilting point (θPMPavg), field capacity (θFCavg), average bulk density
(ρavg), average emitter’s flowrate (Qavg), and distribution uniformity (DU).

Variable S1 S2

Plantation year 2000
Density of vines (vines ha−1) 3703

Spacing (m ×m) 1.8 × 1.5
Height of the canopy (m) 1.5 2.0

Size block (ha) 0.6 1.0
Depth of soil (m) 0.6
θPMPavg (m3

·m−3) 1 0.213 0.196
θFCavg (m3

·m−3) 1 0.350 0.346
ρavg (kg·m−3) 1 1.40 1.38

Topographic slope (%) 25.4 24.5
System application rate (mm h−1) 1.65 1.73

Qavg (L h−1) 2.3 2.4
DU 0.87 0.86

1 “Soil Water Characteristic” program USDA, WA.

The irrigation performance parameters from Table 1 were determined in April 2016 by a
professional irrigation system evaluation team (Mobile Lab from the Natural Resource Conservation
Service-Resource Conservation District) that used the micro-irrigation evaluation procedure developed
by the Irrigation Training and Research Center (ITRC) of CalPoly [45]. In both vineyards (S1 and S2),
the soil water tension (SWT) was measured continuously at two depths (0.3 and 0.6 m), with solid-state
electrical resistance sensors (Watermark, Irrometer Company Inc., Riverside, CA, USA).

The midday stem water potential (ΨSWP) was measured with weekly or bi-weekly frequency
during the course of the 2018 growing season, using a Scholander-type pressure chamber (Model 615,
PMS Instrument Co., Corvallis, OR, USA) on six vines randomly selected within the footprint area of
each ET station. For each vine, a fully expanded and shaded leaf was selected and covered with light
and moisture-impervious Mylar bags at least 20 min before performing the measurement to equilibrate
with branch xylem water potential [46]. The ΨSWP measurements were conducted during clear-sky
days between 11:00 am and 2:00 pm, by recording the pressure exerted in the chamber when the initial
xylem sap was observed emerging from the cut-end petiole.

During the same dates of the ΨSWP measurements, the fraction of the shaded soil (P), or light
interception by the vine canopy, was measured using the Paso Panel canopy shade meter [47,48].
The Paso panel consists of a solar collector panel, a voltage meter, and power switch attached to a
portable frame that can be held underneath the grapevine foliage for a few seconds to measure the
light being intercepted by the vines canopy. The device measures the amount of current produced
by the solar panel, which is proportional to the amount of sunlight striking its surface. On each date,
the first measurements were taken outside the vineyard in full sun to record a baseline reading of
incoming solar radiation. The panel was then placed under the vines canopy at multiple locations and
the readings were then divided by the baseline radiation to determine the shaded area by the vine
canopy, which is a proxy of the fractional canopy cover or fraction of shaded soil. All the measurements
in the S1 and S2 vineyard blocks were taken during clear sky days at solar noon ±1 h.

The wet soil fraction (Pw) was measured on the soil surface each day, in the morning during
the first and second field campaign, with a measuring tape. The leaf area index (LAI) was estimated
using the method proposed by Williams and Ayars [47] from the fraction of the shadowed soil and
crop coefficient.
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2.3.2. Micrometeorological and Surface Renewal Measurements

Two ET stations were installed (one station per site, Figure 3) to measure and record the surface
energy balance (SEB) components and micro-meteorological variables at 30 min intervals using a data
logger (CR1000, Campbell Scientific Inc., Logan, UT, USA). The λE was determined with the residual
of SEB method that calculates λE as the residual from Rn, G, and H measured at the study sites with
micro-meteorological sensors.

Each ET station included: A net radiometer (NRLite2, Kipp and Zonen Inc., Delft, the Netherlands)
to measure Rn, a three-dimensional sonic anemometer (81,000, R.M. Young Inc., Traverse City, MI,
USA) to measure H with the Eddy Covariance (EC) methodology (both approximately 1 m above the
vine canopy), and two 76.2 µm diameter Chromel-Constantan thermocouples (model FW3, Campbell
Scientific Inc., Logan, UT, USA), both mounted approximately 2.35 m above the soil surface, to calculate
H by the SR method, Ta was measured at 10 Hz frequency; three soil sensor packages to calculate G,
each consisting of one soil heat flux plate (HFT3, REBS, Bellevue, Washington, USA), four averaging
soil temperature thermocouple probes (TCAV, Campbell Scientific Inc., Logan, UT, USA), and one
volumetric soil moisture sensor (EC5, Decagon Devices, Pullman, WA, USA). For each package, the
ground heat flux plate and soil moisture sensor were installed horizontally at 0.05 m below the soil
surface, whereas the probes of the TCAV sensor were installed at an angle from 0.04 to 0.01 m depth and
were distributed on both sides of the HFT3 and EC5 sensors in a line perpendicular to the tree rows.

λE was calculated using H from the sonic anemometer, i.e., H by Eddy Covariance and when
no values were recorded with sonic anemometer, H was estimated from the thermocouple using the
SR technique. About 91% of H values were obtained from the EC method. Due to the limited size
of both vineyard blocks (Figure 3) and to assure that measured fluxes were mainly coming from the
surface of interest, we evaluated the footprint at both sites. The footprint was calculated using the
model proposed by Kljun et al. [49]. These analyses showed that 80% and 90% of the fluxes are mainly
coming from the interest blocks for the EC method and SR technique, respectively. It is recognized that
EC measurements are expected to be the most accurate over flat terrain where there is an extended
homogenous surface upwind from the tower, but S1 and S2 are blocks facing Southwest and Northwest
with slopes of 25.4 and 24.5%, respectively. Zitouna-Chebbi et al. [50] and Hiller et al. [51] evaluated the
consistency of EC measurements collected in sloping conditions. Their results showed that, for their
measurements, and especially for the upward flows, the energy balance closure was similar to that
reported in the literature. For this evaluation and following Zitouna-Chebbi et al. [50] and Hiller
et al. [51], we assumed that it is possible to yield realistic energy flux measurements under these
conditions. The calibration procedure between SR and sonic anemometer analysis used in this research
for computing H is described in detail by Shapland et al. [52] and Marino et al. [53]. A calibration factor
(α) of 0.96 and 1.06 was found for S1 and S2 sites, respectively. Similar α values were found by others
studies over vineyards [52,54,55]. These results agree with Haymann et al. [56] where, for a cotton
field, the SR technique was reliable in estimating sensible and latent heat fluxes and the weighting
factor (α) was essentially independent of the geometrical fetch and the flux footprint of the sensors.

At each ET station, all the above-ground individual sensors were installed on a mounting frame
consisting of steel posts, driven approximately 1 m into the ground, and steel cross arms. The height
of the steel mounting frame was approximately 3.5 m from the vineyard floor. Direct two-way
communication with the station was enabled through a cellular phone modem (RavenXT, Sierra
Wireless, Richmond, BC, Canada).

2.3.3. Soil Evaporation

λEsoil is commonly measured with micro-lysimeters (ML) that are constructed with stainless steel
or PVC pipes. Evett et al. [9] studied the effects of materials on evaporation, using cylindrical steel
and plastic ML of 10, 20 and 30 cm lengths, and found that steel conducted heat more easily, and its
surfaces were significantly cooler during the day and warmer at night than either plastic ML or the
adjacent field soil. Therefore, ML walls should be made of nonconductive material, such as plastic, and
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one should avoid changing its position when determining the spatial variability of evaporation over
time. Todd et al. [10] also searched for the difference between plastic and steel MLs and found that the
wall material affected temperature distribution but not evaporation. Similarly, Boast and Robertson [8]
evaluated different lengths (44, 70, 106, and 146 mm) of MLs and found that 70 mm long MLs are
accurate to within 0.5 mm for 1 or 2 days, depending on the initial soil wetness. Therefore, for this
study, the soil evaporation was measured using MLs made of stainless-steel rings.

The MLs were 0.1 m high, with a diameter of approximately 0.076 m (cross-sectional area of
45.4 cm2). Each ML had a layer of insulation of PVC to prevent or minimize the lateral heat flux
between the soil inside and outside the stainless-steel ring lysimeter [3,57]. The surface of each ML
was leveled with the outside soil surface to minimize unnatural air flow in the near-ground boundary
layer [58]. In S1 and S2, 12 MLs per site were installed, six between rows and six below the vines
canopy. MLs were installed approximately 24 h after micro-irrigation events, and the undisturbed soil
core was collected using stainless-steel rings. The samples were capped at the bottom, before being
placed in a PVC sleeve and weighed every day between 08:00 and 10:00 a.m. using an electronic scale
(Radwag WTC 2000, Data Support Company, Panorama city, CA, USA), with a precision of 0.01 g.
The reason for collecting the undisturbed soil core after irrigation events and not before was to: (a)
Allow the lateral redistribution of water to occur, especially under dry soil; (b) allow the soil to drain to
a near-field capacity; and (c) eliminate the potential for suturing the MLs [57]. The measurements were
performed over five days in two field campaigns, the first around mid-June (June 15–20, 2018), and
the second across late June and early July (June 29–July 4, 2018). The soil evaporation from MLs was
determined according to Feng et al. [59].

3. Results and Discussion

3.1. Sensitivity Analysis

A sensitivity analysis of the predicted ET rates with the modified SEB-PW model was performed
in relation to the parameter value changes. The effect of the changes in the parameters and model
resistances were expressed as changes in ET (LE), changes in the crop transpiration ratio (Tratio),
calculated as the ratio between λEc over ET (Tratio= λEc/LE), and changes in the evaporation ratio (Eratio),
calculated as the ratio between the total soil evaporation (λEsoil) over the total ET (Eratio = λEsoil/ET).
The analyses were conducted based on typical half-day conditions during the growing season
of a vineyard in Northern California (Table A1, see Appendix A). The sensitivity analysis of the
SEB-PW model was performed for all model parameters, and the most relevant results are shown in
Figures 4 and 5.

3.1.1. Soil Resistances to Vapor Flux

Three values of rss and rsh were used during the analysis, based on the scientific literature
documenting that rss and rsh have average values around 1000 and 200 s m−1, respectively [42,60].
To evaluate their effects on ET, λEsoil, Tratio, and Eratio, rss and rsh were changed by ±30%. The effect
of rss and rsh on the total ET and Tratio showed small differences (1%) under different LAI conditions.
However, the resistances rss (Figure 4a) and rsh (Figure 4b) had a higher effect on the total λEsoil (3–22%).
Comparing rsh with rss, the resistance rsh produced a more important change in λEsoil, with differences
between 11%–22% when rsh varied by ±30% (Figure 4b). These differences can be seen in Figure 4c,d.
While rss showed no effect in Tratio and Eratio (Figure 4c), rsh showed changes for all evaluated LAI
conditions (Figure 4d). This is remarkably more important for LAI values lower than 0.1, where the
Eratio fraction is higher than Tratio (Figure 4c,d).
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Figure 4. Soil latent heat flux (λEsoil) (a,b), crop transpiration ratio (Tratio), and soil evaporation ratio
(Eratio) (c,d), estimated as a function of LAI for soil resistances to vapor flux under dry (rss) and irrigated
(rsh) conditions below the canopy. P = 0.5 and Pw = 0.3.

3.1.2. Vapor Pressure Deficit, Canopy Resistance and Air Temperature

Three typical values of VPD in vineyards of Northern California were used to evaluate the effect
on the total ET, Tratio and Eratio. The values of VPD used were 1.23, 1.75, and 2.27 kPa under different
LAI conditions. The results showed that the total ET was higher for VPD = 2.2 kPa, with differences of
5% when LAI = 4.0 (Figure 5a). Tratio variations for VPD = 1.2, 1.75 and 2.2 kPa were between 1%–4%,
with small differences for values of LAI < 0.1 (Figure 5d).

The rc is affected by changes in LAI, VPD, and solar radiation (Equation (24)), and according with
the literature, rc frequently has values close to 45 s m−1 in well-irrigated vineyards [20,61]. Changes
of ±40% in rc were used to evaluate the effect on the total ET under different LAI conditions. It was
observed (Figure 5b) that the total ET was lower for higher rc values. As expected, the rc effect on the
total ET for low LAI conditions (<0.5) was small (1%). However, more differences (10%–16%) were
found when LAI > 2.0 (Figure 5b). The effect of rc on Tratio showed a greater impact when LAI was
between 1.0–4.0 (Figure 5e).

Similar to rc, Ta varied by ±5 ◦C in evaluating the effect on the total ET (Figure 5c). The results
showed that high total ET occurs when Ta = 35 ◦C, compared to when Ta = 25 ◦C. Further, the effect on
the total ET showed differences between 3%–11% when Ta varied by ±5 ◦C (Figure 5c). The differences
of Ta on Tratio and Eratio were higher for values of LAI > 1.0, while fewer differences (2%–4%) were
observed for LAI values <1.0 (Figure 5f).
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Figure 5. Latent heat flux (λE) (a–c), crop transpiration ratio (Tratio), and soil evaporation ratio (Eratio)
(d–f), estimated as a function of LAI for vapor pressure deficit (VPD), canopy resistance (rc), and air
temperature (Ta). P = 0.5 and Pw = 0.3.

In contrast to the previously analyzed parameters, the SEB-PW model was less sensitive to the soil
heat flux resistances (rus and ruh), the Cext coefficient, Tm, α, h, and rL under different LAI conditions.
The analysis showed that a ±30% change of rus and ruh implied a minimum effect on the total ET
(less than 1%). Similarly, three Cext values (0.4, 0.6 and 0.8) were evaluated, and the results also showed
a low sensitivity (0.5%–1.5%) to the total ET. These results agreed with the previous sensitivity analysis
with similar parameters [2,20].

Canopy resistance represents a plant parameter that is affected by plant characteristics, e.g., LAI,
plant height, and maturity. Soil factors and environmental factors also affect the canopy resistance [62].
Similarly, rss and rsh are primarily affected by the soil texture and soil water content. As such, if the
SEB-PW model is applied to a defined crop these important parameters need to be site-specifically
calibrated, as indicated by the sensitivity analysis.

3.2. Preliminary Model Evaluation

Evapotranspiration simulated with the SEB-PW model was compared with measurements of ET
using the surface renewal method (SR) [52]. The model evaluation is a two-step process that includes
model calibration and model validation. As a result of the sensitivity analysis, parameters affecting the
canopy resistance were calibrated to adjust to the modeled ET to SR measurements. For calibration
purposes, r2, RMSE, and da were evaluated. Specifically, observations from seven days before the
first (7–14 June 2018) and second field campaigns (June 21 to 28, 2018) were considered to calibrate
C1, C2, and C3 coefficients in Equation (24). For soil evaporation, the a and b fitting parameter values
in Equation (25) were selected from the scientific literature [21]. During calibration, the agreement
between the measured and modeled ET was appraised by r2, RMSE, and da, which were 0.94, 51 W m−2,
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and 0.96, respectively. Once the SEB-PW model was calibrated, the model was then evaluated using
the soil evaporation measurements collected with MLs during the two five-day field campaigns.

3.2.1. Evapotranspiration and Soil Evaporation Measurement Field Campaign

Environmental, SWT and ΨSWP Conditions at the S1 and S2 Sites

The hourly data collected during the two five-day periods, with different P and Pw conditions
(0.3 < P < 0.45; 0.1 < Pw < 0.5), were used to compare the measured ET and E with the values predicted
by the model at both sites (S1 and S2). The SEB-PW model requires hourly values for the net radiation
(Rn), wind speed (u), air temperature (Ta), relative humidity (RH), soil temperature (Ts), soil water
content (θ), and solar radiation (Rs).

During the first five-day measurement period (June 15–20, 2018), at the S1 site, the average air
temperature was 20.7 ± 9.3 ◦C, and the average wind speed was 1.9 ± 0.1 m s−1 (top S1, Table 2). At
S2, the average air temperature was 20.3 ± 8.8 ◦C, and the average wind speed was 1.2 ± 0.1 m s−1

(top S2, Table 2). During the second five-day measurement period (June 29–July 4, 2018), at both sites,
the air temperature was similar to that of the first campaign, but the wind speed was slightly lower
than the first campaign (Lower part of Table 2). Details of the hourly data are provided in Figure A1 of
Appendix A.

The soil water tension (SWT) at 0.3 m deep during the first field campaign at the S1 and S2 sites
ranged between 20 and 110 cbar and 2 and 70 cbar, respectively. Similarly, for the second campaign, at
S1 and S2, the SWT ranged from 17 to 61 cbar and 2 to 30 cbar, respectively (Table 2). In general, the S2
site had a higher soil water content than that of S1.

Table 2. Average air temperature (Ta avg), average wind speed (uavg), and soil water tension (SWT) data
at the S1 and S2 sites during the first and second field campaigns.

S1 S2

Date (m/d/y) Ta avg (◦C) uavg (m s−1) SWT (cbar) Ta avg (◦C) uavg (m s−1) SWT (cbar)

6/15/2018 21.8 2.2 58 21.1 1.1 25
6/16/2018 19.1 2.5 70 19.0 1.2 36
6/17/2018 15.7 1.8 82 15.7 1.1 45
6/18/2018 20.3 1.7 95 19.3 1.7 54
6/19/2018 23.3 1.6 107 22.8 1.0 62
6/20/2018 24.0 1.9 110 23.7 1.1 70

S1 S2

6/29/2018 23.8 1.3 17 23.2 1.8 2
6/30/2018 27.0 1.8 27 26.2 2.0 10
7/1/2018 27.5 1.7 35 26.9 1.2 15
7/2/2018 24.3 1.8 44 24.0 1.1 19
7/3/2018 21.6 2.0 52 21.6 1.1 23
7/4/2018 18.6 1.7 61 18.3 1.0 27

Midday ΨSWP was measured at both sites once per week during June and July 2018. During the
first field campaign, the ΨSWP values one day after irrigation were −0.62 and −0.48 MPa at S1 and
S2, respectively, and five days after irrigation, ΨSWP values were −0.58 and −0.47 MPa for S1 and S2,
respectively. During the second field campaign, the ΨSWP values were slightly lower values than those
measured during the first field campaign. ΨSWP value higher than −0.7 bar is normally considered as a
non-stress condition for a Cabernet sauvignon vineyard [63].

Surface Energy Balance Measurements

Figure 6 shows the hourly values of the surface energy balance parameters during both field
campaigns. Both the first and the second field campaigns were conducted after an irrigation event at
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both sites. During the first field campaign, the Ta and VPD were lower (15% and 30%, respectively)
than those during the second campaign. While during the first campaign, the daily averages of the
fraction H/Rn were 40% and 36% at S1 (Figure 6a) and S2 (Figure 6b), respectively, during the second
campaign, the average H/Rn fraction was 33% and 18% at S1 (Figure 6c) and S2 (Figure 6d), respectively.
Since the greatest portion of the net radiation is converted into latent heat flux, H is often small in
well-irrigated crop systems. At both sites, H/Rn was frequently lower during the first and second
day after irrigation, while LE was higher, compared to the fourth day after irrigation. This result is
consistent with the analysis of a well-watered crop, where, during three complete growing seasons,
the ratio of H/Rn ranged from 15%–20% [64].

The average daily Rn is the mean amount of solar and terrestrial energy impinging upon the
surface minus the energy reflected or emitted away from the surface over the course of a day. During
the summer in California, the mean daily Rn is positive over all vegetation [52]. The average daily Rn

was slightly higher at the S1 site (Figure 6a,c), compared with that at S2 (Figure 6b,d).
The average daily G during the summer in California is positive [52]. The S2 site (Figure 6b)

had the lowest average daily G of 1.3 W m−2, compared with S1 (Figure 6a), where the average daily
G was 7.2 W m−2 during the first field campaign. Similar values were measured during the second
campaign. The Rn was slightly lower at S2, so there was less energy available to contribute to G than at
S1. In general, G was the smaller energy component of the surface energy balance, and less significant
in terms of LE variability. Daily summations of G mostly hovered around zero for both field campaigns,
as expected according to scientific literature [65,66].

The average daily LE is the mean amount of energy used to vaporize water from crops and
soil surface over the course of a day. Over partially covered orchards and vineyards, which mostly
consist of bare dry ground, more water is vaporized than condensed, so LE is positive [52]. S2 shows
a slightly higher LE with respect to S1, for both field campaigns, which is in agreement with the
higher SWT measured at S1 (Table 2). Similar results were found in a vineyard by Parry et al. [66] and
Shapland et al. [52] at sites with the same row orientation.Water 2019, 11, x FOR PEER REVIEW  16 of 27 

 

 
Figure 6. Diurnal trend of energy flux during a 12-day period (first field campaign (a,b): June 15–20 
and second field campaign (c,d): June 29–July 4) at S1 and S2. Net radiation (𝑅𝑛), sensible (𝐻), latent 
(𝐿𝐸), and soil heat flux (𝐺). 

Model Performance 𝐿𝐸  and λE௦௢௜௟ , estimated with the SEB-PW model and 𝐿𝐸  measured using the SR method 
during the first field campaign are shown in Figure 7a,b. At midday, the maximum 𝐿𝐸 fluxes at S1 
(Figure 7a) and S2 (Figure 7b) recorded during 20 June were 460 and 450 W m−2, respectively. In 
contrast, lower 𝐿𝐸 rates were found at midday on 17 June, with 350 and 290 W m−2, respectively. 
Similar hourly dynamics have been found in vineyards for days with similar environmental 
conditions [20,52,60]. At both sites (S1 and S2), the diurnal dynamics of the 𝐿𝐸, estimated with the 
SEB-PW model, and 𝐿𝐸, measured with the SR system, are similar. At both sites, higher differences 
of 𝐿𝐸, estimated with the model, and 𝐿𝐸 measurements were found for days with higher 𝑇௔ (24–
28 °C) and higher 𝑉𝑃𝐷  (2.5–4.0 kPa). In general, 𝐸𝑇  estimated with the SEB-PW were slightly 
smaller than the values measured at both sites. Poblete–Echeverría and Ortega–Farías [60] also found 
that the clumped model tended to underestimate 𝐿𝐸 under clear sky conditions and with 𝑉𝑃𝐷 of 
2.1 and 3.1 kPa, respectively. As expected, λE௦௢௜௟  was higher on the first day after irrigation and 
decreased during the next days. The weighted average of soil evaporation immediately after the 
irrigation event was 28% and 46% of the total 𝐸𝑇 at S1 and S2, respectively. 

Figure 6. Diurnal trend of energy flux during a 12-day period (first field campaign (a,b): June 15–20
and second field campaign (c,d): June 29–July 4) at S1 and S2. Net radiation (Rn), sensible (H), latent
(LE), and soil heat flux (G).



Water 2019, 11, 1747 17 of 27

Model Performance

LE and λEsoil, estimated with the SEB-PW model and LE measured using the SR method during
the first field campaign are shown in Figure 7a,b. At midday, the maximum LE fluxes at S1 (Figure 7a)
and S2 (Figure 7b) recorded during 20 June were 460 and 450 W m−2, respectively. In contrast, lower LE
rates were found at midday on 17 June, with 350 and 290 W m−2, respectively. Similar hourly dynamics
have been found in vineyards for days with similar environmental conditions [20,52,60]. At both sites
(S1 and S2), the diurnal dynamics of the LE, estimated with the SEB-PW model, and LE, measured
with the SR system, are similar. At both sites, higher differences of LE, estimated with the model,
and LE measurements were found for days with higher Ta (24–28 ◦C) and higher VPD (2.5–4.0 kPa).
In general, ET estimated with the SEB-PW were slightly smaller than the values measured at both sites.
Poblete–Echeverría and Ortega–Farías [60] also found that the clumped model tended to underestimate
LE under clear sky conditions and with VPD of 2.1 and 3.1 kPa, respectively. As expected, λEsoil was
higher on the first day after irrigation and decreased during the next days. The weighted average
of soil evaporation immediately after the irrigation event was 28% and 46% of the total ET at S1
and S2, respectively.Water 2019, 11, x FOR PEER REVIEW  17 of 27 
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Figure 7. Values of evapotranspiration and soil evaporation estimated by the SEB-PW (LE SEB-PW and
LEsoil SEB-PW) and the S-W (LE S-W and LEsoil S-W) models and evapotranspiration measured by the
SR system (LE SR) during the first (a,b) and second (c,d) field campaigns.

During the second field campaign, LE and λEsoil estimated by the SEB-PW model, and LE
measured using the SR method, are shown in Figure 7c,d. Compared to the first campaign, the rates
of LE estimated with the SEB-PW model were similar to the values measured with the SR station.
The estimated LE were noticeably smaller than the measured values for S2 during the first three days,
with higher values of Ta and VPD (Figure 7d). Similarly, λEsoil was higher the first day after irrigation
and decreased during the next days. The weighted average of soil evaporation immediately after the
irrigation event was 35% and 45% of the total ET at S1 and S2, respectively.
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Similarly, during both field campaigns, the S-W model was used to estimate LE and λEsoil (Figure 7).
The S-W model was selected because it has been successfully applied to estimate ET in vineyards by
several previous studies [20,21,23]. Results showed that, in general, the S-W model also tended to
underestimate LE. When compared to the SEB-PW model, the S-W approach was higher on the first
two days after the irrigation event, and in the following days, the S-W model estimated lower values
of LE than those predicted by SEB-PW. As expected, and similar to SEB-PW, the λEsoil was higher on
the first day after irrigation and decreased during the next days.

The hourly measurements and SEB-PW predictions for both campaigns at both sites were analyzed
to evaluate the model’s performance (Figure 8). The index da, RMSE, r2, MAE, and CNS were used
for model evaluation [67,68]. The first field campaign showed a coefficient of determination of 0.88
and 0.97 for S1 (Figure 8a) and S2 (Figure 8b), with a slope of regression of 0.86 and 0.98, respectively.
The second field campaign showed an r2 of 0.89 for S1 (Figure 8c) and 0.98 for S2 (Figure 8d), with
a slope of regression of 0.91 and 0.88, respectively. For all data, da was 0.94, CNS was 0.85, MAE
was 35.6 W m−2, and RMSE was 58.6 W m−2. Similar statistics have been reported in the scientific
literature when the measured hourly dynamics of LE are compared to predictions from energy balance
models [2,20,23,60,61]. For the S-W model, using all data similar statistics found, da was 0.92, CNS was
0.80, MAE was 39.3 W m−2, and RMSE was 63.8 W m−2.

For both field campaigns, S2 (Figure 8b,d) shows a minimum variation relative to the 1:1 line,
as compared with S1 (Figure 8a,c). These differences could be attributed to the different topographic
aspects of each block. Due to the sun position, the soil water content between rows on site S1 was
always lower than S2 and apparently the model cannot capture that effect without considering the
slope/aspects. In this current version, the SEB-PW model does not account for the effect of slopes on
the surface energy balance. However, for both sites and field campaigns, the datasets have a high
correlation, and the line and results are reasonably well distributed.

Water 2019, 11, x FOR PEER REVIEW  18 of 27 

 

aspects of each block. Due to the sun position, the soil water content between rows on site S1 was 
always lower than S2 and apparently the model cannot capture that effect without considering the 
slope/aspects. In this current version, the SEB-PW model does not account for the effect of slopes on 
the surface energy balance. However, for both sites and field campaigns, the datasets have a high 
correlation, and the line and results are reasonably well distributed. 

 
Figure 8. Measured versus modeled hourly latent heat flux from SR (LE measured) and SEB-PW (LE 
SEB-PW) for the first (June 15–20, a,b) and second (June 29–July 4, c,d) field campaigns. 

Zhang et al. [61] also found that the slope of this regression was between 1.29–0.99 for a vineyard 
in an arid desert region, which indicated that the P-M model had good approximations regarding 𝐿𝐸 . Ortega–Farías et al. [20] found similar results at a Cabernet Sauvignon vineyard using the 
Shuttleworth and Wallace model under dry atmospheric conditions, with a 𝑀𝐴𝐸 of 22 W m−2. The 
same authors found that the maximum differences between the measured and estimated values were 
about 67 W m−2 and for high atmospheric demand. Poblete–Echeberría and Ortega–Farías [60] 
observed that 𝐿𝐸 estimated using a clumped model above a drip-irrigated Merlot vineyard had 𝑅𝑀𝑆𝐸 of 36 W m−2. 

The results show that the SEB-PW model for these field campaigns on the study vineyards had 
good agreement with the 𝐸𝑇 measurements, similar to other SEB models [2,20,23,69]. However, 
although the previous modeling efforts could discriminate crop transpiration from soil evaporation, 
they were not able to distinguish the evaporation from ground portions that were wetted by micro-
irrigation versus that of non-wetted areas. This latter aspect represents the main novelty of the 
proposed SEB-PW model. 

Daily Soil Evaporation 

During all trials, λE௦௢௜௟  was higher on the first day after irrigation and decreased constantly 
during the next days. This occurred principally because the soil loses evaporable water easily and 
soil moisture tension increases after the irrigation days (Table 2). The soil evaporation weighed 
average immediately after irrigation ranged from 28% to 46% of the total 𝐸𝑇. Similarlly, Yunusa et 
al. [11] found that soil evaporation measured with MLs ranged between 50%–70% of the total 𝐸𝑇 
during irrigation periods, whereas it was 8%–20% of the total 𝐸𝑇 during dry periods. Montoro et al. 

Figure 8. Measured versus modeled hourly latent heat flux from SR (LE measured) and SEB-PW
(LE SEB-PW) for the first (June 15–20, a,b) and second (June 29–July 4, c,d) field campaigns.



Water 2019, 11, 1747 19 of 27

Zhang et al. [61] also found that the slope of this regression was between 1.29–0.99 for a vineyard
in an arid desert region, which indicated that the P-M model had good approximations regarding LE.
Ortega–Farías et al. [20] found similar results at a Cabernet Sauvignon vineyard using the Shuttleworth
and Wallace model under dry atmospheric conditions, with a MAE of 22 W m−2. The same authors
found that the maximum differences between the measured and estimated values were about 67 W m−2

and for high atmospheric demand. Poblete–Echeberría and Ortega–Farías [60] observed that LE
estimated using a clumped model above a drip-irrigated Merlot vineyard had RMSE of 36 W m−2.

The results show that the SEB-PW model for these field campaigns on the study vineyards had good
agreement with the ET measurements, similar to other SEB models [2,20,23,69]. However, although the
previous modeling efforts could discriminate crop transpiration from soil evaporation, they were not
able to distinguish the evaporation from ground portions that were wetted by micro-irrigation versus
that of non-wetted areas. This latter aspect represents the main novelty of the proposed SEB-PW model.

Daily Soil Evaporation

During all trials, λEsoil was higher on the first day after irrigation and decreased constantly during
the next days. This occurred principally because the soil loses evaporable water easily and soil moisture
tension increases after the irrigation days (Table 2). The soil evaporation weighed average immediately
after irrigation ranged from 28% to 46% of the total ET. Similarlly, Yunusa et al. [11] found that soil
evaporation measured with MLs ranged between 50%–70% of the total ET during irrigation periods,
whereas it was 8%–20% of the total ET during dry periods. Montoro et al. [70] also found similar
values of λEsoil, i.e., 11%–31% of the total ET, but also found higher λEsoil values when large amounts
of water were applied.

Figure 9 shows the correlation between the measured daily soil evaporation (Es) and the modeled
evaporation from the SEB-PW model (Es SEB-PW). The Es measurements and SEB-PW predictions for
all days for both S1 and S2 sites exhibited a deviation from the 1:1 line (Figure 9a), i.e., the SEB-PW
model underestimated Es values when Es > 1.4 mm d−1. In other words, the model underestimated
the daily soil evaporation, showing r2 of 0.95 and a slope of 0.97. However, a better correlation can
be observed for Es below 1.3 mm d−1. The dynamics of the daily Es indicated higher fluxes after
irrigation (maximum of 2.7 mm d−1) and lower fluxes (about 0.2–0.6 mm d−1), during the fourth
day after irrigation. Zhao et al. [71] found a similar relation for the day after the irrigation and
the following drying periods. Kerridge et al. [72] obtained daily Es estimates, i.e., between 0.6 to
2.5 mm d−1. Ding et al. [73] reported higher Es after irrigation in the early growing seasons of maize
when the canopy was small, while Kool et al. [74] reported that the Es in a drip-irrigated vineyard was
affected by wetting events, with Es of 0.35 ± 0.06 mm d−1 on days with irrigation, 0.19 ± 0.05 mm d−1

on the day after, and 0.1 ± 0.04 mm d−1 on the following days.
The differences between the soil evaporation from areas wetted (Esh) by the drip irrigation system

(green-circles) and the soil evaporation from non-wetted areas (Ess) (black-circles) can be observed in
Figure 9a. While Esh reached a maximum value of 2.4 mm d−1, Ess was normally less than 0.5 mm d−1

(21%). As predicted by the sensitivity analysis, the effect of Ess on the total ET is very low (4%) when
compared to Esh. These relevant differences highlight the need to separate the wetted areas from those
not wetted by the micro-irrigation system. When the SEB-PW (Figure 9a) and S-W (Figure 9b) models
are compared to measurements of daily soil evaporation from micro-lysimeters, it is possible to observe
that Es from the SEB-PW model had a better agreement (r2 = 0.95) than the S-W model (r2 = 0.81).
In addition, RMSE and MAE for daily Es estimations from the S-W model (Figure 9b) compared with
field measurements were 0.55 mm d−1 and 0.46 mm d−1, respectively; better results can be observed
with the SEB-PW model (Figure 9a). In other words, better agreement can be found when wetted and
non-wetted areas are considered in the surface energy balance.
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Figure 9. Comparison of the soil evaporation from microlysimeters (Es) versus soil evaporation
modeled by the SEB-PW (Es SEB-PW) and S-W (Es S-W) models (a,b, respectively). Ess is represented by
black circles; Esh is represented by green circles.

Figure 10 summarizes the relation between the daily ETc by the SEB-PW model and ETc by the
SR method (Figure 10a), and the ratio of soil evaporation on ET (Eratio) by the SEB-PW model and
obtained by micro-lysimeter and the SR method (Figure 10b). The P, Pw, and LAI utilized can be seen
in the Table A2 (Appendix A). As seen, the weighted soil evaporation, estimated by the SEB-PW model,
reached maximum values (June 29) of 1.7 and 2.1 mm d−1 at S1 and S2, respectively, while on the same
date, the evaporation measured with MLs were 1.7 ± 0.04 and 2.7 ± 0.02 mm d−1, respectively. Similar
standard deviations (±0.06 mm d−1) for soil evaporation have been found in previous studies using
the MLs technique [74]. Zhang et al. [75] measured soil evaporation between 0.1 and 3.59 mm d−1,
with an average of 1.12 mm d−1, in a micro-irrigated vineyard with MLs. As expected, the measured
Eratio were higher the first day after irrigation for both periods, with 0.28 and 0.35 of ET at S1 and 0.46
and 0.45 of ET at S2, while lower values were found on the fifth day after irrigation, with an average of
0.05 for both periods and sites. The modeled soil evaporation ratio was also higher the first day after
irrigation for both periods, with 0.35 and 0.38 of ET at S1 and 0.41 and 0.42 of ET at S2, while lower
values were simulated for the fifth day after irrigation, with an average of 0.09 for both periods and
sites. These results are comparable with other studies previously conducted, in which Eratio varied from
less than 0.10 in a vineyard in Southern Israel to 0.70 in a Chardonnay vineyard in Texas, US [76,77].
Montoro et al. [70] found that Eratio ranged between 0.26–0.31 on days with a similar canopy cover
and irrigation in a vineyard during the 2011–2014 seasons. Fandiño et al. [78] reported that Eratio were
0.08–0.15, while Cancela et al. [79] observed Eratio of 0.27 under drip-irrigation. For sparse vegetation
stands, such as vineyards, soil evaporation may represent a significant fraction of the total ET due to
the considerable ground area that is exposed to solar radiation and the atmosphere [80]. In general,
the average soil evaporation, modeled and measured during the period of the first field campaign was
22% and 16% at S1 and 30% and 29% at S2, respectively. During the second field campaign, the average
soil evaporation modeled and measured was 22% and 15% at S1 and 27% and 23% at S2, respectively.
When compared with field measurements, daily Es estimations from the SEB-PW model resulted in
RMSE, MAE, CNS, and da of 0.30 mm d−1, 0.24 mm d−1, 0.87, and 0.94, respectively.
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4. Conclusions

A modified SEB model (SEB-PW) was conceived for micro-irrigated orchard systems with partial
ground wetting. Preliminary testing of SEB-PW was conducted on two drip-irrigated winegrape
vineyards in Northern California for a range of shaded soil fractions (P) and wet soil fractions (Pw)
during two five-day field campaigns in June–July 2018. The novel improvement of the SEB-PW model
is the incorporation of fractional wetted soil in the surface energy balance algorithms. The SEB-PW
model can be used to partition the total crop ET into crop transpiration, soil evaporation between rows
(generally dry soil), and soil evaporation beneath the canopy (generally wetted soil by micro-irrigation).
The sensitivity analysis showed that the calibration of rc and soil resistances (ri) parameters are
necessary in order to successfully apply the model for estimating evaporation and transpiration
occurring in different crop and soils textures. The evaluation of model performance showed good
agreement between modeled ET and Es values and measurements conducted with surface renewal
stations and MLs, respectively. The evaluation and modeling of Eratio showed the relevance of this
fraction (28%–46% of total ET) after micro-irrigation events. When the SEB-PW model was compared
with an existing model (S-W), better model performance was found when wetted and non-wetted areas
are considered in the surface energy balance. The proposed SEB-PW model may be used to estimate
the effect and magnitude of soil evaporation from wet and dry areas, alongside the total crop ET. As
such, the model can better inform water balance studies to optimize micro-irrigation management
practices. Further evaluation is needed to test the model in other partially wetted orchards and to test
the model performance during all growing seasons and for longer periods.
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Appendix A. Mathematical Treatment and Additional Information

For Equations (6) and (8):

r′A =
(rss+r2)·(rsh+r2)

rsh·(1−Pw)+rss·(Pw)+r2

r′B =
(r2ss+r2b)·(r2sh+r2b)

r2sh·(1−Pw)+r2ss·(Pw)+r2b

For Equation (10)

X′ = [RnC·∆·r1·A′ + RnDC·∆·r2·rL·B′]·P + [Rne·∆·r2b·r2L·C′]·(1− P)

Y′ = [A′ + (rus + ruh + rL + r2)·B′]·P + [(r2us + r2uh + r2L + r2b)·C′]·(1− P)

Z′ = [∆·(rus + ruh + r2)·B′]·P + [∆·(r2us + r2uh + r2b)·C′]·(1− P)

where:
A′ = 1

γ·(r1+rc)+r1·∆

B′ = 1
rL·∆·(rus+ruh+r2)+γ·r′A·(rus+ruh+rL+r2)

C′ = 1
r2L·∆·(r2us+r2uh+r2b)+γ·r′B·(r2us+r2uh+r2L+r2b)

For Equation (11):

J′ = RnC·γ·(r1 + rc)·A′·P + RnDC·D′·P + Rne·E′·(1− P)

M′ = A′·P + F′·P + G′·(1− P)

N′ = ∆·H′·P + ∆·I′·(1− P)

where:
D′ = 1− r2·ε·

(
rL·∆ + γ·r′A

)
E′ = 1− r2b·µ·

(
r2L·∆ + γ·r′B

)
F′ = (rus + ruh + rL + r2)·ε·

(
rL·∆+γ·r′A

rL·∆

)
−

1
rL·∆

G′ = (r2us + r2uh + r2L + r2b)·µ·
(

r2L·∆+γ·r′B
r2L·∆

)
−

1
r2L·∆

H′ = (rus + ruh + r2)·ε·
(

rL·∆+γ·r′A
rL·∆

)
−

1
rL·∆

I′ = (r2us + r2uh + r2b)·µ·
(

r2L·∆+γ·r′B
r2L·∆

)
−

1
r2L·∆

Table A1. Typical half day conditions in a vineyard in the central valley of California for the sensitivity analysis.

Variable Range Value Unit

Rn 600 W m−2

Ta 25–35 ◦C
RH 30–70 %
u 1–3 m s−1

Tm 16–25 ◦C
LAImax 4 m2 m−2

Lt 0.05 m
Lm 0.5 m
Cext 0.4–0.8 Adimensional
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Table A1. Cont.

Variable Range Value Unit

Rs max 1000 W m−2

Rs 700 W m−2

P 0.5 Adimensional
Pw 0.3–0.7 Adimensional

C1, C2 and C3 4.2, 0.0025 and 350 Adimensional
a and b 1.2 and 5.1 s m−1 and adimensional
VPD 1.25–2.75 kPa
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Figure A1. Environmental conditions during the 12-day period (first field campaign: 15 June–20 June
and second field campaign: 29 June–4 July) at S1 and S2 for the vapor pressure deficit (VPD), wind
speed (u) and air temperature (Ta).

Table A2. Fraction of the soil shadowed by plant canopy at solar noon (P), wet soil fraction (Pw) and
leaf area index (LAI).

North Station South Station

Date P (%) Pw (%) LAI (m2/m2) P (%) Pw (%) LAI (m2/m2)

15-June

39

45

2.4 30

31

1.8

16-June 41 26
17-June 35 18
18-June 21 12
19-June 10 10
20-June 5 5

29-June

41

50

2.5 31

38

1.8

30-June 46 32
1-July 37 22
2-July 21 10
3-July 10 7
4-July 5 5
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