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Abstract

In vineyards, hourly soil heat flux (SHF) may account for as much as 30% of net radiation. Therefore, inaccurate estimates
of SHF may lead to non-negligible errors when quantifying the surface energy balance. The typical canopy height to width
ratio of two along with widely spaced rows (row spacing exceeding canopy height), and leaf biomass concentrated in the
upper half of the vine canopy result in variable shading conditions producing sharp, sometimes abrupt, differences in SHF
between adjacent points within the interrow space. Drip irrigation, which is also a typical practice in many vineyards in
semi-arid regions, adds an additional source of variability in the interrow soil moisture which strongly affects SHF. Lastly,
the common practice in Californian wine-grape vineyards to plant cover crop in the interrow, forming two distinct areas
below the canopy—bare soil and crop cover, further increases SHF variability in the interrow. This small-scale variability
challenges the measurement of SHF in such agrosystems. The objective of the research was to assess the micro-scale (within
the interrow between two vine rows) spatial variability in SHF, and to determine which of the three variables—non-uniform
(in both space and time) shading patterns, non-uniform surface cover (bare soil vs. cover crop) and non-uniform soil water
content (due to the drip irrigation)—is the most significant driver for the local heterogeneity. The variability of incoming
solar radiation reaching the ground was found to be the primary source for the spatial and temporal variation of SHF once the
vine canopy was fully developed. The water content distribution and the grass cover in the interrow both had minor impacts
on the spatial and temporal variation in SHF. It was further found that a transect of five equally distributed sensors across the
interrow accurately represented the area-average SHF given by the 11-sensor array, particularly during the growing season.

Introduction

In vineyards, hourly soil heat flux (SHF) may account for as
much as 30% of net radiation (Heilman et al. 1994). There-
fore, inaccurate estimates of SHF may lead to non-negligible
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errors when quantifying the surface energy balance (Hsieh
et al. 2009). Due to both the natural variability of soils and
the micro-environmental variability in sparse canopies, it is
a challenge to measure a field-representative SHF, necessi-
tating multiple measurements per site. Although the spatial
variability of SHF has been studied before in sparse natural
vegetation (Kustas et al. 2000) and in a cotton field (Agam
et al. 2012) amongst others, it has not been thoroughly
explored in vineyards before.

Wine-grape vineyards typically have a unique architecture
with tall canopy (~2 m) that is concentrated at the upper half
of the vine height, and widely spaced rows (~ 3 m). Depend-
ing on the row orientation of the vineyard, this architecture
results in a mosaic of sunlit and shaded areas at the soil
surface that can rapidly change over time. This sunlit-shaded
pattern is one of the prime governors of the spatial variation
in SHF (Colaizzi et al. 2016).

An additional contributor to the local-scale spatial vari-
ability in SHF is the presence of interrow cover crops.
Cover crops provide important agro-ecosystem services
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such as decrease erosion, improve infiltration and reduce
runoff, improve soil tilth, improve soil nutrient retention,
help control biomass (vine and berry) production, and
build soil organic matter (Battany and Grismer 2000; Hatch
et al. 2011; Jackson 2000; Tesic et al. 2007). Ultimately,
the presence of cover crop contributes to improving vine
microclimate, thus improving wine quality (Morlat and Jac-
quet 2003). In California, vineyard cover crops are typically
planted in the fall at the onset of precipitation (ca. October
to November), receive no irrigation, and grow throughout
the rainy season into late spring (ca. March to April) while
the grapevines are dormant. They are mowed or tilled around
budbreak (Steenwerth and Belina 2008). The cover crops are
thus typically green and active during the rainy season (fall
through early spring) and largely dormant during most of
the growing season (late spring and summer). Grass cover,
whether green or dry (e.g., stubble), was reported to reduce
the magnitude of SHF (Aase and Siddoway 1980; Enz et al.
1988; Payero et al. 2005). Cover crops in wine-grape vine-
yards typically only occupy ~2/3 of the soil surface, with
the other ~ 1/3 split evenly under the two vine rows, and left
bare (Fig. 1).
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Fig. 1 A schematic design of the soil heat flux array
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The commonly applied drip irrigation practice adds an
additional complexity to the spatio-temporal variability of
SHF in the vineyard, as it forms a non-uniform regime of
soil water content across the interrow. Soil water content, in
return, is known to affect the SHF, with higher water con-
tents resulting in greater soil thermal conductivity and, thus,
greater SHF for a given temperature gradient (Evett et al.
1994; Idso et al. 1975).

While some research has assessed the variability in
SHF under sparse/clumped vegetation conditions (Kus-
tas et al. 2000; Shao et al. 2008), little has been done
with respect to row crops (Agam et al. 2012; Kustas and
Daughtry 1990). The unique architecture of wine-grape
vineyards and the added complexity of crop cover and
drip irrigation are all contributing to a micro-scale com-
plexity. The objective of the research was to assess the
micro-scale (within the interrow between two vine rows)
spatial variability in SHF, and to determine which of
these three variables—non-uniform (in both space and
time) shading patterns, non-uniform surface cover (bare
soil vs. cover crop) and non-uniform soil water content
(due to the drip irrigation)—is the most significant driver
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for this local heterogeneity. Ultimately, the goal was to
test if a subset of SHF sensors from a network can provide
a reliable average SHF value for the vine and interrow
system to be used in energy balance estimation using eddy
covariance flux tower measurements.

Materials and methods
Site description

The experiment was conducted in a commercial vine-
yard of Pinot Noir (Vitis vinifera) planted in 2009 near
Lodi, CA (38.29 N 121.12 W), on a mostly flat ter-
rain as part of the Grape Remote Sensing Atmospheric
Profile and Evapotranspiration eXperiment (GRAPEX).
The ultimate goal of this ongoing project is to provide
wine-grape producers with the tools needed to generate
high-resolution evapotranspiration data that can be used
to guide water management decisions. More details on
the project and the measurements conducted are sum-
marized in Kustas et al. (2018b) as well as in all the
papers in this issue.

The local soil is a loam/clay loam. The vine trellises
are 3.35 m apart and run in an east—west direction. An
individual vine is planted every 1.5 m, with the canopy
trained in a bilateral cordon (split canopy) architecture
with the two main cordons attached to the first wire at a
height of 1.45 m above ground level (agl). Typically, the
vines reach a maximum height of 2.0-2.5 m agl during
the early part of the growing season with the vine bio-
mass concentrated in the upper half of the total canopy
height. The typical vine canopy width is nominally 1 m
mid-season. Pruning of the vines is mainly performed to
remove shoots growing significantly into the interrow and
depending on the weather conditions, often the vines are
used to shade the south facing grapes to prevent overex-
posure of radiation.

The vineyard is drip-irrigated with a dripline posi-
tioned directly beneath the center of the vines at a height
of ~0.5 m agl. In 2016, irrigation was initiated in mid-
April, at the end of the rainy season, during which there
was 245 mm of rainfall, of which about 100 mm fell in
March—April 2016. The center ~2 m of the 3.35-m inter-
row between the vine lines is covered with a mixed grass
(30% prairie brome; 24% annual ryegrass; 20% tower
fescue; 19% blando brome; 7% other) that is allowed to
grow in the early stages of the growing season, and then
mowed several times in spring and left to cure over the
summer. By and large, the grass is dormant through-
out most of the growing season, thus barely transpiring

water, and its presence served mostly as an insulation
layer.

Soil heat flux measurements

Soil heat flux was measured using the combination method
(Fuchs and Tanner 1968; Hanks and Tanner 1972) according
to which a heat flux plate (HFT-3, Radiation Energy Balance
Systems, Bellevue, Washington) was deployed at 8 cm depth
measuring the soil heat flux at 8 cm (Ggyp) to which the heat
storage above the plate (AG,) was as added (Egs. 1a, 1b):

G= GSHF+AGS’ (la)

2
AT
AG, = Z CVTI‘AZ’ (1b)
1

layer=

where the 8-cm layer was split into two layers, 0—4 and
4-8 cm; AT/A¢f [°C s7'] is the layer-averaged time rate of
change in soil temperature; Az is the thickness of each layer
(=0.04 m); and Cy, [J m™ K] is the layer-averaged volu-
metric heat capacity computed as (Brutsaert 1982)

Cy=(194x0,+25%X0,+4.19%6,,) X 10°, )

with 6, 8, and 0,, being the volume fractions of mineral
soil, organic matter, water content, respectively. Soil tem-
peratures were measured at the middle depth of each layer,
i.e., at 2 and 6 cm using self-made type-E Chromel-con-
stantan thermocouples; and volumetric soil water content
was measured with HydraProbes (Stevens Water Monitor-
ing System, Portland, Oregon) installed at a depth of 5 cm,
representing the average water content of both layers. Volu-
metric mineral content fraction was determined based on
bulk density measurements conducted in five locations,
evenly distributed along a transect between two rows (two
repetitions each) using a bulk density sampling tool. Some
differences between locations were apparent (Table 1), with
location four having the highest mineral content (6,,=0.57),

Table 1 Volumetric mineral content across the interrow

Loca- Location 2

tion 2

Loca-
tion 2

Loca-
tion 2

Loca-
tion 1

Distance 0 84 168 251 335
from
vine
row
(cm)
Volu- 0.53 0.51 0.48 0.57 0.47
metric
mineral
content

()
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likely due to compaction from tractor wheels, and location
five having the lowest (6,,=0.47). While these differences
are substantial, their effect on total soil heat flux is rather
small. A sensitivity analysis conducted to quantify this effect
reveals that the range of 6, 0.47-0.57 results in a 5% dif-
ference in soil heat flux, which corresponds, at maximum,
to 10 W m~2. The sensitivity of soil heat flux to changes
in organic matter content is even smaller, with 0, ranging
from 0.01 to 0.05 resulting in less than 4% difference in soil
heat flux, which corresponds, at maximum, to 8 W m~2. 0,
was set to 0.03 based on what is typical organic content
observed in US Western soils (personal communication Dr.
Scott Jones, Utah State University).

Eleven sets of soil heat flux measurements were
deployed in an array between two vine rows as illus-
trated in Fig. 1. The SHF array was tilted 13° off-north to
increase the representation of positions across the interrow
(e.g., instead of positions 7 and 8 both representing the
position underneath the vine, position 7 is 40 cm south of
position 8; and instead for positions 1, 6, and 9 all being
in the middle of the interrow, only position 1 is in the mid-
dle, while positions 6 and 9 are 40 cm south and north of
1, respectively). Positions 1, 3, 5, 8 and 11 create a linear
transect evenly spread across the interrow, corresponding
to the SHF measurement protocol used for the GRAPEX
flux towers.

All sensors were connected to a datalogger (CR1000
Campbell Scientific Inc., Logan Utah), extended with
a multiplexer (AM25T Campbell Scientific Inc. Logan,
Utah). The thermocouples and soil heat flux plates were
sampled every 30 s and the hydraprobes every 15 min. All
were averaged every 30 min. Unfortunately, bulk density
measurements were not conducted at each of the 11 points
of the array, due to technical limitations. The mean bulk
density of all measurements (five locations, two measure-
ments it each; 6, =0.514) was used to calculate the fluxes
for all locations.

Below-canopy radiation

Radiation measurements in the interrow below the vine
canopy were collected during three intensive observation
periods: May 1-2, June 10-11, and July 28-29, 2016. Dur-
ing these periods, radiation divergence was measured by
five pyranometers: Kipp and Zonen (CMP11 and CMP21,
Kipp & Zonen B.V., Delft, The Netherlands) in the first two
campaigns, and Apogee (CS300, Apogee Instruments Inc.,
Logan, Utah, USA) in the third. The pyranometers were set
on a leveling board that was laid across the interrow, so that
five positions across the interrow were represented: 30 cm
north of the southern row, in the middle of the interrow,
30 cm south of the northern row, and two pyranometers
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halfway between the two at the edges and the one in the
interrow (30, 90, 150, 210, and 270 cm from the southern
row). Additional details and a visual description of the setup
can be found in Kustas et al. (2018a; this issue).

Leaf area index

To define the synoptic changes in vine biomass over the
growing season, daily estimates of the leaf area index
(LAT) were generated from Landsat and MODIS sat-
ellite imagery using the data fusion technique of Gao
et al. (2006, 2012, 2014). The resulting 30-m resolution
LAI map was then smoothed and gap-filled to generate
daily LAI using the Savitzky—Golay filter approach. The
details of this procedure and the satisfactory agreement
with ground-based LAI observations for this vineyard
can be found in Sun et al. (2017). The 30-m LAI pixel
over the SHF array was used in this analysis. In a sepa-
rate study, good agreement was found between the 30-m
resolution satellite-derived LAI and ground measure-
ments in the vicinity of the soil heat flux array (White
et al. 2019; this issue).

Monthly average clear-sky days

To account for seasonal changes throughout the grow-
ing season, four consecutive days during which clear-
sky conditions prevailed were chosen to represent each
month from March to October (Table 2). The 4 days
were averaged to form a representative mean day for
each month.

Table 2 Clear-sky days used for creating the monthly mean days

Clear-sky days (2016) LAI(-) Irrigation (mm)
March

15-18 1.0 0
April

15-18 1.6 4.2
May

15-18 2.1 2
June

21-24 2.2 19
July

18-21 2.0 16
August

16-19 1.7 11.6
September

14-17 1.7 9.3
October

18-21 1.5 0
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In addition, the mean soil heat flux from all 11 posi-
tions and the mean for the 5 transect positions (#1, 3, 5,
8, 11) were computed for each time point (SHF g,y and
SHF g sns» respectively) for each monthly 4-day average.

Statistical analyses

For illustrative purposes, interpolation of soil water con-
tent and daily sum of soil heat flux were performed on the
11 measurement positions for the average days in March
and July. The interpolation was done using the inverse
distance-weighted (IDW) technique which does not make
explicit assumptions about the statistical properties of
the input data (Watson and Philip 1985). A leave-one-out
cross-validation (LOOCV) was performed to assess the
quality of the interpolation. The IDW interpolation and
its cross-validation were conducted with “gstat” package
in R. The LOOCYV root mean square values for water con-
tent and soil heat flux for the months March and July are
presented in Table 3.

To assess the heterogeneity of soil heat flux in the
array throughout the season, the monthly four clear-sky
average days were used. For each month, the diurnal
soil heat flux measurements at the 11 locations were
correlated to one another (55 combinations), and the
average correlation was computed. Higher mean cor-
relation indicated a more homogeneous distribution of
soil heat flux.

Table 3 Root mean square

March July

results from the leave-one-out
cross-validation performed Volumetric 0.033 0.116
for the interpolation of water water con-
content and soil heat flux for tent (%)
March and July average days, Total daily ~ 0.697  2.139
2016 .

soil heat

flux

MJI m™?)

Fig.2 Precipitation and irriga- 42.7 mm S
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Results and discussion

Seasonal field conditions: precipitation
and irrigation

During the winter preceding the 2016 growing season, pre-
cipitation amounted to 247 mm, distributed from October
2015 through April 2016, most of which occurred from
November 2015 to January 2016, with 87 mm in March and
23 mm in April. The next rainfall event occurred mid-Octo-
ber 2016. During the dry period between April and October,
irrigation supplemented the water balance applying a total
of 470 mm. The soil water content (an average across the
interrow) corresponding to these water inputs varied during
the rainy season, and remained relatively stable (at~0.18%
volumetric water content) throughout the dry (irrigated)
period (Fig. 2). The two water input regimes—precipita-
tion and irrigation—resulted in two distinct spatial distribu-
tions of soil water in the vineyard (Fig. 3). When soil water
content was dictated by precipitation (Fig. 3a; March), the
soil water content was almost uniform across the sampled
domain, while under the drip irrigation regime (exemplified
for July; Fig. 3b), a clear water content pattern was observed,
with higher water content along the driplines underneath the
vines (volumetric water content (VWC) of ~0.25) and a dry
interrow (VWC of ~0.1). The amount of irrigation during
the monthly 4-day periods is listed in Table 2.

LAI dynamics

The total LAI, a combined LAI of the grass and the vine
canopy, is presented in Fig. 4. A qualitative illustration
of the partitioning between the grass and the vine canopy
LAI throughout the season is provided in Fig. 5. The sharp
increase in total LAI and the transition from a dominancy of
the grass to a dominancy of the vine canopy from March to
May was pronounced. A gradual decrease in LAI from end
of May until the end of the season was observed, likely due

Oct Nov Dec Jan

Feb Mar Apr Mayl Jun Jul Aug I Sep " Oct

2015 2015 2015 2016 2016 2016 2016 2016 2016 2016 2016 2016 2016
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March

July

0.28 0.30 0.32 0.34 0.36

0.10 0.15 0.20 0.25 0.30 0.35

Soil water content (-)

Fig. 3 Interpolation of the soil water content across the measurement array in March (left) and July (right) 2016. Note the different scale range

for the 2 months

Fig.4 Seasonal dynamics of 2.5 -
leaf area index. The red rectan- :
gles locate the monthly 4-day
averages (see Table 2) (colour ~ 20 -
figure online) ~ :
x
S
c 1.5
©
g
< 1.0 -
Y
O
g
0.5
0.0

to change in structure over the growing season that change
the NDVI signal and fractional cover both contributing to
a reduction in apparent LAI. A sharp decrease is observed
between October and December. From the end of May
through September, the grass was by and large dormant, and
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Jan Feb Mar Apr I MayI Jun' Jul’ AugI SepI Oct Nov Dec

Month (2016)

the LAI mostly reflected the vine canopy LAI. Specifically,
the LAI in March reflects the grass LAI only, and the LAI
in June—September reflects the vine LAI almost exclusively.
Exceptions were observed in places where the drip irrigation
over-flooded the interrow resulting in local reemergence of
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Fig.5 Side photographs of
the vineyard at one of the four
analyzed days each month

17 March

19 July

16 September

the grass. This occurrence was more pronounced in October,
when more green grass could be observed. Mean total LAI
during the days representing each month is listed in Table 2
and is marked by red squares in Fig. 4.

Distribution of below-canopy radiation
across the interrow

The unique architecture of wine-grape vineyards creates
a complex below-canopy radiation that rapidly changes at
both diurnal and seasonal timescales. A full description
of the radiation divergence and its effect on the energy

17 April

21 June

17 August

20 October

fluxes below the canopy can be found in a separate paper
in this issue (Kustas et al. 2018a). The below-canopy radi-
ation measurements along the transect during the three
intensive observation periods are presented in Fig. 6a—c.
The large difference in the diurnal pattern of radiation in
each of the locations is apparent, and more so, the abrupt
change between fully shaded and fully sunlit and the cor-
responding changes in radiation intensity at each given
location are observed. To illustrate the response of soil
heat flux to these abrupt changes, the diurnal course of
soil heat flux for the five locations in the array that corre-
spond to the pyranometer locations (locations 10, 4, 1, 2,
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Fig.6 Below canopy radiation measurements along the transect dur-
ing the three intensive observation periods (a—c), and the correspond-
ing diurnal course of soil heat flux (for the five locations where the

and 7; Fig. 1) were plotted as well (Fig. 6d, e). If it seems
difficult to follow specific patterns it is indeed because
such corresponding patterns do not clearly exist. The (lack
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pyranometers were set—locations 10, 4, 1, 2, and 7) (d—f). The scat-
terplots between soil heat flux and below-canopy radiation in each
location during the 3 days are in g—u

of) correlations between the below-canopy radiation and
soil heat flux for each location are shown by the scatter-
plots in Fig. 6g—u.
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Spatial distribution of soil heat flux

In an attempt to separate the effect of the three variables, i.e.,
shading (or radiative forcing), soil water distribution, and the
cover/no cover of grass, the months March and July were
chosen. In March, the water content is dictated by rainfall,
and is thus more uniform, and being shortly after bud brake,
the vine canopy has a minimal effect. Thus, variability in
soil heat flux is hypothesized to be mostly affected by the
intercrop pattern. Due to the rainfall/irrigation conditions in
vineyards in this climate, the growth of the canopy coincides
with the period when irrigation is the only water source, thus
separation between them is not possible. In July, the vine
canopy is fully developed, and irrigation is the only water
source in the vineyard, while the grass is dormant, represent-
ing the conditions persisting during much of the growing
season. The spatial variability of SHF in these two distinct
conditions is exemplified in Figs. 7, 8 and 9. Figures 7 and
8 present the diurnal pattern of SHF in each of the 11 posi-
tions where measurements were conducted (see Fig. 1) using

0

00 0 12: 00 oo 00
-100 )

200 A

200 4 100 4

100 A

the 4-day average for March and July, respectively. Figure 9
presents the mean SHF (+ standard deviation; STD) com-
posed of all 11 positions for March and July (panels a and
b, respectively), and the interpolated spatial distribution of
daily sum of SHF in March and July (panels c and d, respec-
tively). While in March there seems to be a small decrease
in SHF around noon in the southern ~ 1/3 of the interrow,
likely due to short-term shading from the vines infrastruc-
tures (see upper left panel in Fig. 5), the magnitude of the
fluxes and the overall patterns are more similar compared to
the variability in July. In July, the diurnal patterns are not
as clear. Positions 8 and 11, the two positions immediately
underneath the vines, do follow a “typical” diurnal pattern,
but with a very small magnitude (~+50 W m~?; Fig. 8),
and even more interestingly, with a negative daily sum
(<—1.3 MJ day™!; see the blueish hues in Fig. 9d), imply-
ing that overall, these positions lose more energy than they
gain, which is counterintuitive in the Californian summer.
The SHFs in positions 2, 3, and 9, located in the northern
portion of the interrow but not underneath the northern vine
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Fig.7 Example of the spatial distribution of soil heat flux across the interrow in March 2016. The figures are spread according to the position
they represent. The x-axis is time of day, and the y-axis is soil heat flux (W m™2)
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Fig.8 Example of the spatial distribution of soil heat flux across the interrow in July 2016. The figures are spread according to the position they

represent. The x-axis is time of day, and the y-axis is soil heat flux (W

row, show a greater maximum (~200 W m~2) and a similar
minimum (~—50 W m~2) compared to positions 8 and 11
(Fig. 8), resulting in a positive daily sum> 2.4 MJ day~! (the
reddish hues in Fig. 9d).

While in March all locations had a positive daily sum
of SHF, and except for location 4 showed little variability,
as the canopy developed the daily sum of more locations
switched from positive to negative (Fig. 10), and that there
is a directionality to this behavior. A change in sign started
first in the southern locations, i.e., the ones facing north
which are the more shaded locations. The daily sum SHF in
locations 7 and 8, which are the northernmost also became
negative, because they are directly under the vine and are
shaded for extended time throughout the day as well. Note
that in October, the daily sum of SHF was negative through-
out the domain, as the fall season approached with reduced
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radiation and cooler temperatures, leading to greater shading
of the interrow.

From these analyses of the SHF observations, it is con-
cluded that the daytime SHF is greater in March than in
July and that the daytime spatial variability (reflected by the
greater STD) is greater in July albeit with a smaller overall
flux. In addition, the daily sum of SHF is greater, and posi-
tive, in March, throughout the entire domain, while in July
it is more variable, and not consistent in sign. This indicates
that the proximity between SHF measurements does not
guarantee similarity in the magnitude or temporal behav-
ior in SHF rather the position along the interrow is mainly
dictating the magnitude and temporal behavior of the flux.

Several factors may be responsible for these results: the
differences in the water content regime; the presence of
active vs. dormant grass in the interrow; and the incoming
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shortwave radiation penetrating through the vine canopy
(when present).

The soil water content was indeed higher and more uni-
form in March than in July, which could provide partial
explanation for the observed differences in SHF. However,
if water content played the only role, one could expect more
similarity between the diurnal SHF of positions 1, 6, and 9
(Fig. 8), all located far from the driplines with VWC <0.15
(m® m~3) (see Fig. 3). In fact, they show very large differ-
ences, with position 6 being similar to positions 4 and 5 and
position 9 more similar to positions 2 and 3, regardless of
soil water content.

The presence of the grass was hypothesized to reduce
the SHF as it acts as a buffer layer, shading the soil from
direct solar radiation, as well as absorbing some of the
heat, and when active, also reducing SHF due to increased
latent heat flux. Thus, it was hypothesized that especially
in March, when all other conditions are more homogene-
ous, the SHF under the grassed portion of the interrow will
have a smaller diurnal magnitude. To test this hypothesis,
the average (= STD) SHF of the grassed positions (1-6, 9)
and the bare soil positions (7, 8, 10, 11) for March and July
were computed (Fig. 11), and a paired Student’s ¢ test was
performed. The ¢ statistics for March and July were —1.24
and 6.61, respectively, indicating no significant difference
between the grass and the bare soil mean SHF in March
(two-tailed p=0.22), but a significant difference in July
(two-tailed p < 0.01). In March, the grass insignificantly
decreased the SHF. In July, however, while the difference
between the grass and the bare soil was statistically signifi-
cant, the direction of the difference indicates a larger flux
under the grass compared to the flux from the bare soil,
which cannot be explained by the presence of the grass.

The distribution of shortwave radiation below the vines
canopy is discussed in Kustas et al. (2018a; this issue), see
particularly the measurements illustrated in their Fig. 4.

Significant variability in below-canopy radiation was
observed, reflecting the heterogeneous nature of the spatial
and temporal variation in the sunlit and shaded areas below
the vine canopy. This was explained by the fact that the vines
were not significantly trained and/or pruned for these vine-
yards and hence the vines growing into the interrow created
large variability in shading/canopy cover. Being the source
of energy, dissipating into the energy balance components,
the variability of incoming solar radiation is concluded to be
the primary source for the heterogeneity in SHF distribution
in July. In March, the vines only started to leaf out, and cre-
ated very minimal shading, thus a more uniform distribution
of SHF was observed. The seasonal change in SHF hetero-
geneity, as reflected by the mean of all correlations between
pairs of two positions (Fig. 12), proves the strong correlation
between SHF heterogeneity and LAI (> =0.89). The water
content distribution and the grass cover in the interrow seem
to play only a secondary and insignificant role in the SHF
distribution.

Implications on soil heat flux measurements
in vineyards

Based on the conclusion that SHF variability is primarily
dictated by below-canopy incoming solar radiation, with
secondary effects of the grass presence and the water con-
tent, it was hypothesized that a mean SHF of the vine row
and interrow system could be obtained with a single transect
across the interrow. This hypothesis is based on the under-
standing that the below canopy space can be divided into
longitudinal strips: the bare vs. grassed, the wet vs. dry, and
the shaded vs, sunlit are all having forms of fuzzy strips. We
hypothesized that five sensors along a transect will be able to
represent this type of variability. To test this hypothesis, the
average SHF from the 11-sensor array was compared to the
average SHF derived from positions 1, 3, 5, 8, and 11 that
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Fig. 11 The diurnal course of soil heat flux over the grass and the bare soil in March and July 2016
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forms a linear, equally distant, transect across the interrow
(Fig. 13). There was a generally good agreement between the
array and the transect averages (SHF ygray and SHF g anss
respectively), especially between May and August. During
these months, which are the months with highest LAI, the
slope of the least squares regression between SHF 1 ong and
SHF ,gray ranged from 0.96 to 1.08, and the mean absolute
error (MAE) was between 7 and 9 W m~2. These errors
are clearly within the measurement uncertainty in SHF, and
are thus negligible. In the beginning (March—April) and end
(September—October) of the growing season, the transect
averages seem to somewhat overestimate SHF compared to
the array, but even then, the largest MAE was found to be
approximately 15 W m~2, which is still within an acceptable
error level for practical purposes. It was thus concluded that
an average based on five positions equally distributed along
a transect across the interrow accurately represents the field
SHF.

Given that in many studies the number of SHF meas-
urement repetitions is three, we further examined the error
magnitude one is prone to when instead of the recommended
five strategically placed measurements, only three are used.
All ten combinations of three out of five were averaged
and compared to the five-sensor transect average (Fig. 14).
The maximum percent difference between the various
three-sensor options and the five-sensor transect average
was calculated by dividing, at each time point, the range
of SHF calculated from the ten combinations by the five-
sensor transect average. Nighttime (21:00-03:00 PST) and
daytime (10:00-14:00 PST) were calculated (Table 4). The
transition times (from positive to negative SHF and vice
versa) were excluded to avoid division by small numbers.
None of the ten combinations of the three-sensor placement

Months

accurately follow the five-sensor transect diurnal course,
with some producing errors of nearly 100%. Even during
nighttime, the errors are in the order of 20% indicating a
persistence of daytime surface heating from radiation affect-
ing SHF over night. A clear seasonal effect is apparent in the
daytime errors, increasing from March to June, remaining
maximal between June and August, and slightly decreasing
from August to October, resembling the leaf area seasonal
dynamics. These results further support our hypothesis that
the three-sensor transect design is better able to capture the
effects of radiation water content and cover crop on the aver-
age interrow SHF.

Summary and conclusions

Analysis of the spatial and temporal patterns of SHF meas-
ured using an array of 11-sensor sets revealed that the day-
time SHF was greater in March than in July, and the daytime
spatial variability (reflected by the greater STD) was greater
in July albeit having an average smaller flux. The daily sum
of SHF was greater and positive in March, throughout the
entire domain. It was more variable, and not consistent in
sign in July.

The variability of incoming solar radiation was found to
be the primary source for the heterogeneous SHF distribu-
tion in July, while in March a more uniform distribution
of SHF was observed. This resulted in a strong correlation
between SHF heterogeneity and LAI (+*=0.89). The water
content distribution and the grass cover in the interrow seem
to have played only a secondary and insignificant role in the
spatial and temporal variation in SHF.
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each month from March to October 2016, along with a scatterplot of the transect SHF vs. the array SHF (W m™2)
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Fig. 14 Diurnal course of soil
heat flux computed as an aver-
age of three replicates out of the
five replicates of the transect
(green shaded lines) compared
to the all-five location average
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Table 4 The maximum percent difference calculated by dividing the range of SHF calculated from the ten combinations of three-sensor repeti-

tions versus by the five-sensor transect average

Mar Apr May Jun Jul Aug Sep Oct
Nighttime % difference 22 24 24 23 18 32 46 22
Daytime % difference 29 46 78 88 99 94 65 65

The daytime period is 10:00-14:00 PST, and the nighttime is 21:00-03:00 PST. The transition times (from positive to negative SHF and vice

versa) were excluded to avoid division by small numbers

Based on the conclusion that SHF variability is primarily
dictated by below-canopy incoming solar radiation, it was
further hypothesized that for representing the mean SHF of
the vine and interrow system, a transect of equally distrib-
uted SHF sensors traversing across the vine and interrow
should provide an accurate area-average SHF. Indeed, it
was found that a transect of five equally distributed sensors
across the interrow accurately represented the area-average
SHF given by the 11-sensor array, particularly during the
growing season.

The reader should note that given the strong effect of
radiation reaching the ground on SHF, which is largely

determined by the row orientation and canopy structure,
we can only confidently stand behind this conclusion for
east—west-oriented rows of vines trained in a bilateral cor-
don (split canopy) architecture. Previous indications for
cotton show a greater variability in SHF across the inter-
row in north—south-oriented rows compared to an east—west
orientation (Agam et al. 2012). It is possible that the five-
sensor transect would not be appropriate for vineyards with
a north—south row orientation. This topic requires a future
investigation.
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