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Spatial and temporal variability in soil heat flux (G) under sparse/clumped vegetation conditions is sig-
nificant and has been studied. However, little attention has been devoted to evaluating the variability
of G with respect to row crops, particularly with respect to row direction. The variation in G for row crops
is related to the effect of differential shading of the soil surface, which is dependent on plant architecture,
row spacing, and row direction. This paper reports the effect of row direction and sensor position on G
magnitude and variability in an irrigated row crop of cotton. In addition, the effect of errors in water con-
tent estimation on the heat storage in the uppermost soil layer is assessed. The research was conducted in
the Southern High Plains of the USA, as part of the Bushland Evapotranspiration and Agricultural Remote
Sensing Experiment of 2008 (BEAREX08). Measurements were concentrated in two irrigated cotton fields,
one with north–south (N–S) and the other with east–west (E–W) row directions, with ten sets of sensors
in each field. Row direction had an effect on both the temporal dynamics and the total daily G. Important
short-term (15-min average) variability in G at the various positions in the interrow was observed under
partial canopy cover conditions for the N–S row direction, while the daily sum of G (RG) in both row
directions was similar. In the beginning and the end of the growing season, RG was larger in the N–S
direction field. In the E-W direction field, strategically located 3-replicate sensor sets (as are often
deployed at flux tower installations) were found to adequately describe the 10-sensor average G, with
errors as small as 6% and with a transitory maximum error of 12%. In the N-S row direction field, however,
no 3-position combination was adequate to represent the 10-sensor average G.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

In temperate humid climates, where 100% vegetation cover is
common, soil heat flux (G) is a relatively small component of
earth’s surface energy balance [1–3]. Since micro-meteorological
techniques for estimating surface fluxes were initially developed
in temperate regions, G was not considered to be a critical compo-
nent of the surface energy balance. However, under sparse vegeta-
tion conditions G may reach 50% of net radiation [4] and even for
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taller canopies, including forests, can account for 30–50% of net
radiation [5,6]. Therefore, inaccurate estimates of G may lead to
non-negligible errors in the surface energy balance [7]. Moreover,
in all climates, tillage practices associated with cropping often
leave soil surfaces bare as do some harvest practices, and in both
cases G may again reach 50% of net radiation.

In situ estimates of G at the surface can be obtained with soil
heat flux plate measurements summed with measurements of
the change in heat storage in the soil layer above the plate, often
termed the combination method. Heat flux plates are generally in-
stalled at 0.05–0.15 m below the surface [8]. In some cases, heat
flux plates have been placed at more shallow depths of 0.01–
0.02 m e.g., [9, 10] in order to reduce the uncertainty and errors
associated with correcting for soil temperature and water content
change above the plate. However, shallower placement may intro-
duce much larger errors, compared to deeper deployment. The lar-
ger errors are associated with (i) differences in thermal
conductivity between the plate and soil, which can cause the heat
flux to diverge around the plate or to converge through the plate;
and (ii) interference by the plate with soil water flux, which can
cause soil water contents above and below the plate to diverge
greatly from values attained in the surrounding field, in turn caus-
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ing both incorrect heat storage measurements in the soil above the
plate and heat divergence or convergence. Indeed, significant er-
rors in G were reported when heat flux plates were deployed shal-
lower than 0.03 m (e.g., [11]).

A heat flux plate provides an estimate of G (Gz) at the depth at
which it is deployed. The difference between G at the soil surface
and Gz is due to the change in heat storage within the soil layer
above the plate (DGs), which can be accounted for by:

DGs ¼ CV ðtÞ
@T
@t

dz ð1Þ

where dz is the thickness of the soil layer above the heat flux plate,
CV(t) is the time dependent average volumetric heat capacity of the
layer, and oT/ot is the average time rate of change in soil tempera-
ture in this layer. By summation of Gz and DGs the G at the soil sur-
face is obtained [12,13]:

G ¼ Gz þ DGs ð2Þ

Prior to computing DGs, the value of CV(t) must be assessed.
Knowledge of the time-dependent volume fractions of mineral soil
(hm), organic matter (ho), water (h), and air (ha) allows the determi-
nation of Cv as [14]:

CvðtÞ ¼ qmhmðtÞcm þ qohoðtÞco þ qwhðtÞcw þ qahaðtÞca ð3Þ

where ci denotes the specific heats and qi denotes the densities.
In Eq. (3) the water content h is the component undergoing the

most noticeable temporal variations. Therefore, in order to accu-
rately compute DGs, continuous measurements of soil water con-
tent must accompany soil temperature measurements in the soil
above a heat flux plate. In the early 1980s, several methods were
developed to allow continuous long-term monitoring of h. One
method relies on measurements of soil electrical properties,
including time domain reflectometry (TDR) (e.g., [15,16]). When
carefully calibrated, TDR was found to accurately determine h
[17]. Another method is based on capacitance measurements. By
analysis of the behavior of an oscillating resonant electromagnetic
field in soil the capacitance is determined, from which the dielec-
tric permittivity, and in turn h may be estimated [18,19]. While
capacitance methods are currently ubiquitous, several studies have
questioned their accuracy and have detailed important interfer-
ences from soil bulk electrical conductivity and bound water as
well as the temperature effects on both of these [20–23].

In addition to the effect of measurement accuracy on local esti-
mation of G, the heterogeneous nature of plant cover must be ac-
counted for if an area-average G is required, as is the case in
energy balance studies. On uniform surfaces with near full vegeta-
tion cover, G can be estimated fairly reliably with three to five rep-
licate sensor sets [3]. However, under sparse and/or clumped
vegetation cover conditions, spatial variation in G can be signifi-
cant [2,24–26]; and inadequate spatial sampling of G may contrib-
ute to the failure to close the surface energy budget [11,27–30].
There is uncertainty as to the number of soil heat flux sensors re-
quired to obtain a representative soil heat flux for most heteroge-
neous surfaces. For example, in forest and riparian environments it
was reported that the number of soil heat flux replicates needed to
provide sufficient sampling of G may exceed 20 [31]. Kustas et al.
[3] tested the variability in G in a sparsely populated mesquite
shrub site, and found that a five-sensor array arranged in an ‘‘X’’
pattern could determine G in good agreement with a 20-sensor ar-
ray. The five-sensor array was arranged in the cardinal directions
(southerly, northerly, easterly and westerly) to account for mi-
cro-topographic/shading effects with changing solar altitude and
azimuth angles. However, when using other five-sensor array con-
figurations, differences from the 20-sensor array were significantly
larger and similar to those of a three-sensor array, indicating that
site selection of a relatively small number of sensors is critical.
They concluded that it would seem nearly impossible to provide
a recommendation on the minimum number of sensors required
for a reliable estimate of G for such a surface.

Obviously, there are practical limitations to the number of sen-
sors one can use to obtain a representative value within several
meters of a flux tower, especially when trying to obtain represen-
tative G values commensurate with the source-area footprint of
flux sensors [3]. Care in sensor deployment is therefore necessary
for accurate measurement in grasslands and other semi-arid to
arid ecosystems where G is a significant fraction of the net radia-
tion [26].

While some research has assessed the variability in G under
sparse/clumped vegetation conditions [3,26], little has been done
with respect to row crops with different row directions [2]. By its
nature, cultivation of row crops leaves a large portion of the soil
surface exposed throughout much of the growing season, during
which differential shading of the surface, coupled with other
microclimatic factors, influences the spatial variation of G beneath
the canopy [25]. The effect of differential shading of the surface is
dependent on plant architecture, row spacing, row direction, and
sun azimuth and zenith angles. The main objective of this research
was to study the effect of row direction on G magnitude and vari-
ability in an irrigated semi-arid agricultural area. In addition, the
effect of incorrect water contents on calculation of DGs was
assessed.
2. Materials and methods

2.1. Site description

The research was conducted at the USDA-ARS Conservation &
Production Research Laboratory, Bushland, Texas (35� 110 N, 102�
060 W, 1170 m above mean sea level), in the US Southern High
Plains, as part of the Bushland Evapotranspiration and Agricultural
Remote Sensing Experiment of 2008 (BEAREX08, [32]). Measure-
ments were concentrated in two of four square 4.4-ha fields, each
containing a large weighing lysimeter in its center, where irrigated
cotton was planted on May 21, day of year (DOY) 142, 2008 in row
spacing of 0.76 m. Row directions were north–south (N–S) and
east–west (E–W) in the northeast (NE) and southeast (SE) fields,
respectively. The soil is a Pullman series silty clay loam, a fine,
mixed, superactive, thermic Torrertic Paleustoll, which had a bulk
density of 1.1 Mg m�3, porosity of 0.61 m3 m�3 and mineral frac-
tion of 0.39 m3 m�3 at 5-cm depth. Organic matter content was
1% by mass. This is a common value for continuously tilled Pullman
soil in the semi-arid climate at Bushland, despite its classification
as a Mollisol.. The volume fraction of organic matter was consid-
ered negligible.
2.2. Measurements

To account for the spatial variability of G, two replicates of five
positions across the interrow were used (Fig. 1), with sensor sets
centered at distances of 0.075, 0.225, 0.375, 0.525, and 0.675 m
from the row center. In each location, a soil heat flux plate (model
HFT-3.1 heat flow transducer, Radiation and Energy Balance Sys-
tems, Inc. Bellevue, WA*) was installed at a depth of 80 mm. The
HFT-3.1 transducer is circular with a nominal 40 mm diameter and
4 mm thickness and with a thermal conductivity of 1.22 W m�1 K�1.
A study of the performance of soil heat flux plates by Sauer et al. [33]
indicated that the HFT design is robust. Thermocouples were in-
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Fig. 1. Position within the interrow of sets of soil heat flux plates and thermocou-
ples in both the NE (north–south row direction) and the SE (east-west direction)
fields. TDR probes were deployed in the same position relative to the row, in the NE
field only.
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stalled above each plate at 60-, 20- and 0-mm depths. The sensors
were sampled every 10 s and 15-min averages were stored on Camp-
bell Scientific CR1000 data loggers.

In the NE field, h was determined using soil-specifically cali-
brated [17] conventional TDR probes (hTDR) [34] inserted horizon-
tally into the side of a soil pit, at 20 and 60 mm depths above
each heat flux plate (total of 20 TDR probes). After insertion, the
(a)

(b)

(c)

Fig. 2. Plant height (a), plant width (b), and fractional vegetation cover (c) during the cot
row directions, respectively). The gray bars indicate the days from which data were used
sub-periods.
pit was backfilled. TDR measurements were not made in the SE
field. In addition, six (in the NE field) and five (in the SE field)
dielectric permittivity sensors (Hydra Probe, Stevens Water Moni-
toring Systems, Inc., Portland, OR, USA) [35] were horizontally in-
stalled, centered at 5-cm depth and sensing h across a depth of
3–7 cm approximately. Four (in the NE field) and three (in the SE
field) of the Hydra Probe (HP) sensors, that were located reason-
ably close to the G measurement sites, were averaged to determine
the HP volumetric water content (hHP) (for more details on the spa-
tial distribution of the HP sensors see [36]). Plant height and width
were measured periodically in three replicates in each field, and a
fractional vegetation cover (fc) was estimated.

Net radiation (Rn) was measured in proximity to the G arrays
using four-component net radiometers (CNR-1, Kipp and Zonen,
Delft, The Netherlands). An intercomparison study of several
four-component net radiometers, excluding the two used here,
was conducted prior to the beginning of the experiment. This study
indicated that these measurements have an uncertainty of approx-
imately 12 W m�2 [37].
2.3. Soil water sensor calibrations

The TDR system was specifically calibrated for the Pullman soil,
using mass balance methods, resulting in an accuracy of
ton’s growing season, 2008, in both the NE and SE fields (north-south and east-west
to calculate an ‘‘average’’ day for the beginning (BEG), middle (MID) and end (END)
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60.01 m3 m�3 [17]. The HP sensors have four factory calibration
polynomial curves [15,39] depending on the texture of the soil
(sand, silt, clay, and loam) [38]. For the Pullman soil, the ‘‘Loam/
general’’ calibration curve resulted in the best estimates of water
content compared with calibrated TDR data [17], but still overesti-
mated permittivity, thus requiring a soil-specific calibration [21].

Soil specific calibration of the HP sensors was performed by
comparison to TDR readings and was applied in two steps. First,
six TDR probes and six HP sensors were deployed in close proxim-
ity so that they all experienced the same changes in water content,
temperature and bulk electrical conductivity. A linear regression
between HP real permittivity values and apparent permittivity val-
ues determined with the TDR system was performed (r2 = 0.97,
RMSE = 1.1 m3 m�3) and the HP real permittivity values were
corrected by x = (y + 1.54)/1.437 where x is the corrected value
and y is the real permittivity value output by the HP [21]. Second,
corrected HP water contents (hHP_C) were computed using the soil-
specific calibration for the TDR system h = �0.146 + 0.1095(permit-
tivity)0.5 [17]. This correction procedure for the HP data was used
by Cosh et al. [36] in generating water content estimates from
the network of sensors deployed in the field.

2.4. Soil heat flux computation

Soil heat flux was computed separately for each of the 10 loca-
tions in each field, based on Eq. (2). The value of Cv(t) was com-
puted following Eq. (3), with the specific form [14]:

CvðtÞ ¼ ½1:94hm þ 2:5ho þ 4:19hðtÞ� � 106 ð4Þ

where hm and ho were considered time invariant. For the NE site,
computation of DGs with Eq. (1) was repeated three times – using
hTDR, hHP, and hHP_C. When computing DGs with hTDR, since both tem-
perature and h measurements were available at both 20 and 60 mm
depths, the soil layer above the GP was divided into two layers: 0–
40 and 40–80 mm, and the heat storage change term was computed
for each layer separately. The total value of DGs was then taken as
the sum of storage change of the two layers. For the two other cases
(using corrected and uncorrected HP data), and since there was only
one HP h value for the 0-80 mm layer, DGs was computed using
average temperature of the layer (averaging data from thermocou-
ples at 20 and 60 mm). For the SE field, DGs was computed using
hHP_C only. Each positional G (for positions 1–5, G1-5) was deter-
mined as the average of the two repetitions (i.e., sensors 1 and 6
for position 1, 2 and 7 for position 2 etc., see Fig. 1). The flux sign
(a)

Fig. 3. Comparison of corrected and uncorrected Hydra Probe soil water content (hHP) vs.
(b) only 6 cm (hTDR-6).
convention used in the current study is fluxes away from the soil
surface are positive.

2.5. 3 sub-periods

Data were collected throughout the growing season, and three
sub-periods representing the beginning (BEG), middle (MID), and
end (END) of the growing season were defined, based on plant
height and width, and fractional vegetation cover (Fig. 2). In each
sub-period, 10 days meeting the following criteria were chosen:
no rain/irrigation occurred and daily solar irradiance (Rs) was over
80% of clear sky Rs. The DOY representing the sub-periods were
BEG: 181-184, 186–189, 193–194; MID: 205–206, 208–209, 211,
213, 215, 217, 219, 222; END: 239–241, 244–245, 248–251, 254.
For comparisons between sub-periods, an ‘‘average’’ day was com-
puted for each sub-period by averaging data from the 10 days at
each time step (15-min) during the 24-h period from midnight to
midnight.
3. Results and discussion

3.1. Effect of soil water content measurement of G

In order to assess the effect of row direction on G and given the
experimental setup constraints (no TDR measurements in the SE
field), it was first mandatory to test the use of the HP sensors for
the G computations. Values of hTDR vs. uncorrected and corrected
hHP were examined in two ways. In the first, all TDR readings (10
locations, 2 depths, total of 20 sensors average, hTDR-6&2) were aver-
aged, and in the second only the 10 TDRs deployed at 6 cm (hTDR-6)
were averaged. Since the HPs were inserted centered at a depth of
5 cm, the comparison with hTDR-6 is considered reasonable. How-
ever, G is most accurately computed if the soil water content at
both depths is accounted for, so a comparison of hHP with
hTDR-6&2 was also conducted.

There was a distinct non-linear relationship between hHP and
both hTDR-6&2 and hTDR-6 (Fig. 3). This is likely due to: (i) the contri-
butions of bulk electrical conductivity (BEC) and bound water to
the apparent permittivity, both of which are temperature depen-
dent; and (ii) the inability of the HP sensor to accurately measure
BEC and temperature [17]. The ‘‘real’’ permittivity value output by
the HP is simply the apparent permittivity corrected for the loss
tangent, which itself is a function of the sensor’s frequency of oper-
ation and the soil BEC. Since the HP does not accurately measure
(b)

average TDR soil water content (hTDR) at depths of (a) both 6 and 2 cm (hTDR-6&2); and



Fig. 4. Soil heat flux (G) computed with corrected and uncorrected Hydra Probe
soil water content (hHP) compared to SHF computed with TDR soil water content
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the BEC [17], and there is no correction of the apparent permittiv-
ity for dielectric relaxation effects due to bound water (important
in this soil), the estimated ‘‘real’’ permittivity value is unreliable.
Correlation of hTDR with corrected hHP showed a significant
improvement both in the slope and the linearity, with root mean
square errors (RMSE) 3–4 times smaller. A complete correction
would have to solve the dual problems of sensitivity of hHP to
BEC and to bound water, both of which are temperature dependent
but in different ways, as well as the problems with HP measure-
ment of BEC and temperature. Those issues are beyond the scope
of this paper. As expected, better agreement was found between
hTDR-6 and hHP compared with hTDR-6&2 vs. hHP, with a slope closer
to unity, an intercept closer to 0, and a smaller RMSE of 0.03 vs.
the value of 0.05 m3 m�3 obtained for hTDR-6&2 vs. hHP.

Soil heat flux computed with corrected and uncorrected hHP

(GHP) was compared with G computed with hTDR-6&2 (GTDR, Fig. 4).
While uncorrected GHP overestimated G by 27% (RMSE =
18 W m�2) compared to GTDR, corrected GHP overestimated G by
only 9% (RMSE = 12 W m�2). This 9% overestimation may be a re-
sult of the HP data being from locations several meters from the
heat flux plates and the existence of spatial variability in near sur-
face soil moisture [36]. It is more likely, however, that the 9% over
estimation resulted from the incomplete correction of HP water
content data, which would have resulted in overestimated Cv and
(hTDR-6&2).

Fig. 5. Average soil heat flux in the NE and SE fields for the beginning (BEG), middle (MID) and end (END) sub-periods.
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thus DGs values. These results show the benefit of correcting the
water content values from the HP sensors. Because we wish to con-
trast soil heat flux at the NE and SE sites and only hHP values were
available at both sites, all subsequent analyses in this paper use G
computed with corrected hHP.

3.2. Effect of row direction on the diurnal course of G

Differences in G can originate from various sources of variability
in local thermal properties (e.g., soil moisture) as well as from the
local incident radiation, the spatial variation of which is governed
by shading of the canopy. It is hypothesized that local incident
radiation influenced by shading is of prime importance. Diel pat-
terns of (1/4)-hourly average values of G indicated recognizable
differences between the N–S and E–W fields in all sub-periods
(Fig. 5). Soil heat flux magnitudes tended to decrease with increas-
ing fc, with peaks of �140, �100, and �50 W m�2 in the BEG, MID,
and END sub-periods, respectively. In the BEG and MID sub-periods
of the growing season, values of G immediately after sunrise and
before 0900 CST were slightly larger in the SE field than values in
the NE field, and values in both fields increased gradually, converg-
ing to relatively equal values at about 0900 CST. From 0900 CST to
sunset, values of G in the NE field in the BEG sub-period tended to
remain slightly larger than in the SE field. In the MID sub-period
between sunrise and 1000 CST, values of G in the NE field were
(a)

(c)

(e)

Fig. 6. Soil heat flux at 5 positions across the interrow. Data for each position is an avera
one side. Data shown for the SE (panels a, c, and e) and NE (panels b, d, and f) fields for the
e and f) sub-periods.
below those in the SE and vice versa from 1000 CST to sunset. For
all sub-periods, there was a phase shift in the timing of maximum
G with peak G occurring later in the NE compared to the SE field. In
the END sub-period values of G were equal in both NE and SE ex-
cept during the period from about 1100 to 1430 when G was
�30% greater in the NE field.

It was determined that the sun’s diurnal course relative to the
row direction was the main cause for these differences. This is
illustrated by a plot of G at the five positions across the interrow
(G1-5) in both NE and SE fields (Fig. 6). At the beginning of the
growing season (average fc �0.25, BEG sub-period) similar patterns
of G were observed in both fields (Fig. 6a and b) for all positions ex-
cept perhaps position 1 in the NE field. The different behavior of G
at position 1 was likely due to intermittent shading and sunlit con-
ditions immediately above the sensors, due to the presence of the
emerging vegetation with incomplete cover along the rows.

Under partial vegetation cover (average fc �0.6, MID sub-peri-
od) a significant difference in the G patterns between the two
row directions was observed (Fig. 6c and d). For the E–W row
direction (SE field), variation in G across the five positions was ob-
served, with largest differences between positions from 0900 to
1400 (Fig. 6c). These differences were governed by the fraction
and position of sunlit/shaded soil. Overall, the magnitude in G1

was relatively small, reflecting the fact that position 1 remained
shaded throughout most of the day. The magnitude in G2 was also
(b)

(d)

(f)

ge of that from the two sensors deployed in the same position relative to the row on
beginning (BEG, panels a and b), middle (MID, panels c and d) and end (END, panels
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quite small except for a short period in early morning, when a local
peak in G2 was observed, during which position 2 was exposed to
direct solar radiation. Data for G3 and G4 yielded a typical sinusoi-
dal curve, being exposed to direct radiation during the mid-day
when the sun was highest in elevation. Although positioned at
the same distance from the mid-row as position 1, G5 data showed
a different morning temporal response and pattern compared to
G1. This was due to the fact that positions 1 and 5 were on the
south and to the north sides of the interrow, respectively, resulting
in an opposite sunlit/shading effects as the sun transited from
northeast to southeast.

Very different temporal patterns and G magnitudes for the five
positions in the NE field were apparent in the MID sub-period
(a)

(b)

(c)

Fig. 7. Sums of daytime (sunrise to sunset) soil heat flux (SHF) at each position (Loc 1–
middle (MID, panel b) and end (END, panel c) sub-periods.
(Fig. 6d). A slow increase in G after sunrise was common to all posi-
tions as long as all positions were shaded by the eastern row
(u = 90 ± 10�, u > 50�). Following the sun’s azimuth and zenith an-
gle positions over time, the first position exposed to direct solar
radiation would be position 1 (furthest to the west) and �2 h later,
as the sun crossed to the south, position 1 was again shaded, this
time by the western row next to which it was installed. This same
temporal pattern with a significant spike in G was repeated for all
positions, with a progressive �2 h delay. After �17:00, when
u = 270 ± 10� and u > 50� again, and until sunset (�2000), the en-
tire interrow was again shaded, and G in all positions were small
and similar in magnitude. The maximum values of G for all posi-
tions in the NE field significantly exceeded values observed for
5) and on average (AVG), for the NE and SE fields, in the beginning (BEG, panel a),
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all positions for the SE field; this must have to do with a different
amount of direct radiation received by these two directions under
mid cover fraction conditions.

In the END sub-period the rows were almost completely closed
with fc nearly 1. In the E–W direction field these conditions re-
sulted in very little direct solar radiation reaching the soil through-
out the interrow, and G had a smooth diurnal pattern, practically
equal in all positions (Fig. 6e). In contrast, in the N–S direction,
the remaining small gaps in canopy cover between the rows al-
lowed for direct solar radiation to reach the center part of the
interrow when the sun azimuth was mainly in the south. This
caused the peaks observed for positions 2–4, similar to the patterns
for the MID sub-period, but smaller in magnitude and shorter in
duration.

If differences in G across the row were governed by local differ-
ences in thermal properties of the soil, they should have been de-
tected over the night as well as throughout the day, but such
nighttime differences were not observed. While large differences
in G across the row were observed during the day, nocturnal G
was similar across positions (Fig. 6). It is therefore concluded that
the prime cause for the variability in G in a row crop setting is the
sun’s diurnal course relative to the direction of the rows.

3.3. Effect of row direction on daily sum of G

The effect of measurement position on daytime sum of G (RG)
was examined for the three sub-periods (Fig. 7). In the BEG sub-
period little difference in RG across positions 1–4 was observed
in the SE field, with position 5 having a smaller value. In the NE
field, RG was similar for positions 1 and 5, and was larger for the
three more central positions with position 4 exhibiting the largest
value. The magnitude of RG and the magnitude of change in RG
were larger in the NE field compared to the SE field, with a differ-
ence between minimum and maximum RG of 836 vs. 472 W m�2,
respectively, for the NE and SE fields.

In the MID sub-period, RG1 and RG5 in both fields were smaller
compared to positions 2–4, as positions 1 and 5 were already
underneath the canopy and received less direct solar radiation.
Variations in RG among positions were 388 and 910 W m�2 for
the NE and SE fields, respectively. The larger variation in the SE
field is opposite to the observed differences in the BEG sub-period.
Fig. 8. Fraction of average daytime (sunrise to sunset) sum of soil heat flux from net ra
(END) sub-periods. In the insert: daytime sum of Rn in the NE and SE fields for the begi
The smaller variation of RG in the NE field may be attributed to the
spike-pattern that was common to all positions (Fig. 6). While lar-
ger short-term differences in G were observed between the posi-
tions in the NE relative to the SE fields, RG was more uniform
across positions in the NE field.

In the END sub-period, minimal differences between positions
were observed for RG in the SE field, with a magnitude of �1/5 of
that observed in the BEG sub-period, reflecting the fact that very
little direct radiation was reaching to the soil at this stage. RG in
all positions was larger in the NE field. While in the SE field RG
was small (<500 W m�2) and relatively constant across the row,
in the NE field a pattern similar to the pattern observed for the
previous two sub-periods was observed, with smaller magnitude
for positions 1 and 5, and an increase towards the middle of the
interrow. This reflects the fact that, in contrast to the E–W row
direction, in the N-S row direction direct solar radiation did
still reach the soil. Both the overall magnitudes of RG and the
magnitude of positional changes in RG, however, were signifi-
cantly smaller in this period compared to the BEG and MID
sub-periods.

The mean RGAVG in the NE was 19%, 3%, and 55% greater than in
the SE field for the BEG, MID, and END sub-periods, respectively.
The least difference in RGAVG between the fields was observed in
the MID sub-period, although differences in 15-min average G
were greatest. Division of RGAVG by daytime sum of Rn (Fig. 8)
showed that the fraction G/Rn was reduced from �0.12 to �0.05
as the canopy developed, as expected. While in both the BEG and
END sub-periods RGAVG/Rn was greater in the NE compared to
the SE fields, in the MID sub-period RGAVG/Rn was greater in the
SE field, albeit only by 0.3%. This reverse behavior (opposite to that
observed in Fig. 7) was due to the difference in Rn between the two
fields (see insert in Fig. 8), where Rn was greater in the NE field
throughout the season. Note that an opposite result was observed
by Steiner [39,40] who showed that for a 0.76-m row width plant-
ing of sorghum at Bushland, Rn was smaller in a N-S direction com-
pared with E-W rows. The differences in Rn between the NE and SE
fields always exceeded the measurement uncertainty and may re-
flect the effect of row direction on radiation interception, although
cover fraction differences between the lysimeters and surrounding
field complicates any definitive conclusions to be drawn from
these measurements [37].
diation (Rn) in the NE and SE fields for the beginning (BEG), middle (MID) and end
nning (BEG), middle (MID) and end (END) sub-periods.
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Fig. 9. Average G of all combinations of three replicates out of the five positions in the NE and SE fields (panels a and b, respectively), and differences between the 3-replicate
averages and the 10-replicate average between 0900 and 1500 when errors were largest (panels c and d for the NE and SE fields), in the middle (MID) sub-period of the
growing season.
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The diurnal spatio-temporal variation in G observed in the NE
field parallels that observed for evaporation from the soil surface
as measured using microlyimseters by Agam et al. [41]. As with
G, soil E peaked earlier in the day on the west side of the interrow
and peaked later in the day on the east side of the interrow for N–S
row direction. The positional effect on both G and soil evaporation
was undoubtedly due to the west to east movement of the sunlit
portion of the interrow during the day.
3.4. Implication for the number of replicates required

Based on previous studies it would seem difficult to determine
the minimum number of sensors required for a reliable estimate of
G for sparse canopies. Given the practical limitations to the number
of sensors one can use to obtain a representative value within sev-
eral meters of a flux tower [3], it is common practice in the flux
tower community to use three replicates for estimating G. To test
the number of replicates needed for the cotton row crop examined
here, averages of G, computed using data from all possible combi-
nations of three replicates out of the five sensor sets on one side of
the site (locations 1–5 in Fig. 1), were compared with the 10-rep-
licates average. This procedure was repeated for the five sensor
sets (6–10 in Fig. 1) on the other side of the site. This resulted in
10 permutations for each set of 5-locations, for a total of 20 com-
binations of three replicates. In Fig. 9 only one set of 10 permuta-
tions is plotted since results from both sets were similar.
Deviations/errors in G estimation were assessed for the MID sub-
period, when positional effect on G was largest. Note the different
patterns of G in Fig. 9a and b compared to Fig. 6c and d. While in
Fig. 6 G was plotted for each position in the interrow (each the
mean of data from two sensor sets) separately, in Fig. 9, 3-position
averages were plotted, resulting in significantly different patterns,
especially for the NE field.

In the SE field, with an E-W row direction, the diel course of all 3-
replicate combinations was quite similar to the 10-location aver-
age. An average daytime error of 13 W m�2 was observed, with
maximum error of 29 W m�2 on a short-term (15-min average)
scale. The combination of locations 1, 3 and 5 resulted in a pattern
most similar to the 10-location average, with average daytime er-
rors as small as 7 W m�2 and maximum short-term error of
20 W m�2. This implies that in an E-W row direction three repli-
cates, strategically positioned, may marginally suffice to adequately
represent G at micro-meteorological scales. This does not apply to
the N-S row direction field, where average daytime error was
29 W m�2 and maximum short-term error of 62 W m�2. The best
3-replicate combination in the NE field was also that of locations
1, 3, and 5, which yielded an average error of 17 W m�2 and a max-
imum short-term error of 38 W m�2. Much more disconcerting
than the error magnitude was the diurnal pattern. None of the com-
binations followed the 10-locations average diurnal course, due to
the moving peaks at the 5 locations. It is concluded, therefore, that
in a N–S row direction no 3-replicate combination is adequate to
represent the patch-scale average G under partial canopy cover.
4. Conclusions

The main objective of this research was to study the effect of
row direction on G magnitude and variability in an irrigated



40 N. Agam et al. / Advances in Water Resources 50 (2012) 31–40
semi-arid agricultural area. In addition, the effect of inaccurate
water contents on computation of the storage term above the soil
heat flux plate was assessed. Results indicate that errors in G may
be large when using the capacitance method for measuring soil
water content, even when a soil-specific calibration is performed.
This is due to the sensitivity of capacitance sensors to bulk electri-
cal conductivity and to bound water, both of which are tempera-
ture dependent. A full correction of capacitance sensors for these
effects may not be possible for reasons explained by Evett et al.
[42].

Given large differences in G across the row observed during the
day, and the similar nocturnal G across locations, it is concluded
that the prime cause for the variability in G in a row crop setting
is the sun’s diurnal course relative to the direction of the rows. This
was reflected in the noticeable effect of row direction on G both in
the diurnal course and when summing over daytime. Maximum
differences were observed in the middle of the growing season un-
der partial vegetation cover conditions (fc � 0.6).

In the E–W direction field, means of data from any three repli-
cates were found to adequately follow the pattern of G observed
from the 10-location average. This implies that in an E–W row
direction three replicates may marginally suffice to adequately
represent G at micro-meteorological scales as long as they are
properly placed to obtain adequate representation of the sunlit
and shaded areas.

In the N-S row direction field all the 3-replicate combinations
resulted in large errors and a different diurnal pattern compared
to the 10-location average. It is concluded, therefore, that with
N-S row direction, 3 replicates are not sufficient to adequately rep-
resent the patch scale average G no matter how those measure-
ments are positioned across the interrow. This conclusion has
important implications for situations where rows may curve as
in circular rows under a center pivot irrigation system. Interest-
ingly, for both row directions, the 3-replicate mean that was clos-
est to the 10-location average was that computed for locations 1, 3,
and 5.
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