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Variability in soil heat flux from a mesquite dune site
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Abstract

For many natural and agricultural landscapes, vegetation partially covers the ground surface, resulting in significant varia-
tions in soil heat flux between interspace areas and underneath vegetation. This is particularly apparent in arid and semiarid
regions where vegetation cover is low and clustered or ‘clumped’ with large areas of exposed soil. Surface heterogeneity
presents significant challenges to the use of standard micro-meteorological measurement techniques for estimating surface
energy balance components. The objective of this study was to use an array of 20 soil heat flux plates and soil temperature
sensors to characterize the spatial and temporal variability in soil heat flux as affected by vegetation and micro-topographic
effects of mesquite dunes in the Jornada Experimental Range in southern New Mexico. Maximum differences in soil heat
flux among sensors were nearly 300 W m−2. Maximum differences among individual sensors under similar cover condi-
tions (i.e. no cover or interdune, partial or open canopy cover and full canopy cover) were significant, reaching values of
200–250 W m−2. The ‘area-average’ soil heat flux from the array was compared with an estimate using three sensors from
a nearby micro-meteorological station. These sensors were positioned to obtain soil heat flux estimates representative of the
three main cover conditions: namely, no cover or interdune, partial or open canopy cover, and full canopy cover. Comparisons
between the array-average soil heat flux and the three-sensor system indicate that maximum differences on the order of 50
to nearly 100 W m−2 are obtained in the early morning and mid-afternoon periods, respectively. These discrepancies are
caused by shading from the vegetation and micro-topography. The array-derived soil heat flux also produced a significantly
higher temporal varying soil heat flux/net radiation ratio than what has been observed in other studies under more uniform
cover conditions. Results from this study suggest that, to determine the number and location of sensors needed for estimating
area-average soil heat flux in this type of landscape, one needs to account not only for the clustering of the vegetation cover
but also micro-topography. Published by Elsevier Science B.V.
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1. Introduction

Soil heat flux (G) is a necessary component of the
surface energy balance to account for the storage and
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transfer of heat into the soil and the exchange between
the soil and the atmosphere. Typically,G is estimated
by placing several soil heat flux plates at 5–10 cm
depths and using soil temperature probes above the
plates for estimating soil heat storage. On uniform
surfaces with high vegetation cover,G is usually
5–10% of RN during midday and can be estimated
fairly reliably with three to five sensors. However,
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when the vegetation cover is partial or sparse and
clustered or ‘clumped’, the variation inG can be sig-
nificant (Kustas and Daughtry, 1990; Stannard et al.,
1994). Furthermore, under partial canopy cover, the
area-averageG is a much more significant fraction of
RN with values ranging from 20 to 40% ofRN which
is primarily controlled by the fraction of vegetative
cover (Choudhury et al., 1987).

Techniques to inferG from remote sensing have
been given attention recently since modeling of the
surface energy balance at large scales requires meth-
ods for estimating the spatial variability ofG (e.g.
Daughtry et al., 1990; Kustas et al., 1994; Gao et al.,
1998; Jacobsen and Hansen, 1999). For energy bal-
ance closure assessment using eddy covariance meth-
ods, an accurate estimate ofG can be critical for sparse
canopy-covered surfaces (Stannard et al., 1994).

With standard micro-meteorological techniques
such as Bowen ratio or eddy covariance, soil heat flux
measurements typically consist of two to three heat
flow plates buried at 5–10 cm and soil temperature
probes at multiple depths above the plates for calculat-
ing heat storage above the heat flow plates (Kanemasu
et al., 1992; Kustas et al., 1996). In three recent ex-
periments over sparse heterogeneous cover conditions
in semi-arid regions, anywhere from two to nine heat
flow plates/soil temperature systems were used to es-
timate the area-average soil heat flux (Stannard et al.,
1994; Dugas et al., 1996; Lloyd et al., 1997). Stannard
et al. (1994) evaluated differences in soil heat flux
estimates among three micro-meteorological stations
located at a sparse vegetative canopy cover site in a
semiarid rangeland environment. They found standard
errors in area-average soil heat fluxes to be on the
order of 30–40 W m−2 and using three plate/soil tem-
perature sensor systems (clusters) gave significantly
more reliable area-averageG than using two clusters.

There is clearly an uncertainty as to the number of
soil heat flux sensors required to obtain a representa-
tive soil heat flux for most heterogeneous surfaces. Ob-
viously, there are practical limitations to the number
of sensors one can use to obtain a representative value
within several meters of a flux tower. This limitation
is more pronounced when trying to obtain representa-
tive G values commensurate with the source-area foot-
print of flux sensors, which for typical measurement
heights result in footprint sizes having length scales on
the order of 10–102 m. This source-area footprint can

vary greatly in dimension as a function of wind speed,
stability and surface roughness (Schmid, 1994).

For desert ecosystems in particular,G is a signif-
icant component of the daytime surface energy bal-
ance. Dugas et al. (1996) evaluated energy balance
components for five desert plant communities using
three soil heat flux observations at each site (one be-
ing in a mesquite dune site similar to the one used in
this study). Midday values ofG typically ranged from
20 to nearly 40% of the net radiation with the low-
est net radiation and soil heat flux estimated for the
mesquite site. Clearly, a significant bias in the mea-
sured soil heat flux for any of these different desert
plant communities could greatly alter water use esti-
mation, especially when using the Bowen ratio/energy
balance approach since it requires an estimate of avail-
able energy (i.e. net radiation less soil heat flux) for
computing evapotranspiration (Dugas et al., 1996).

This study evaluates the spatial and temporal vari-
ability in soil heat flux in sparse vegetative canopies
in the Jornada Experimental Range in southern New
Mexico. The site contains ‘islands’ of clumped shrub
(mesquite) vegetation and relatively large interspace
areas devoid of vegetative cover. These mesquite
islands or dunes are several meters in height and
10’s of meters in width, resulting in significant
micro-topography over an otherwise relatively flat
landscape. An array of 20 sensors was laid out over
a typical mesquite dune to characterize the spatial
and temporal variability in soil heat flux as affected
by vegetation and micro-topographic effects. An
area-average soil heat flux from the array is compared
with a set of three measurements from a standard
micro-meteorological station judiciously positioned
to obtain representative soil heat flux estimates from
interdune or no cover condition, partial canopy cover,
and full canopy cover conditions. Results are also
presented using a more practical five-sensor array for
estimating area-average soil heat flux.

2. Measurements

2.1. Measurement method

Soil heat flux at the surface was estimated by a
combination of soil calorimetry and measurement of
the heat flux density at a nominal depth of 5–10 cm



W.P. Kustas et al. / Agricultural and Forest Meteorology 103 (2000) 249–264 251

using heat flow transducers (Tanner, 1960; Fuchs and
Tanner, 1968). Thus, the change in heat storage of
the soil layer above the plate is added to the plate
measurements, namely

G = GP + 1TSCSD

t
(1)

whereGP is the plate heat flow measurement,1TS
the change in mean soil temperature (K) during the
measurement period,CS the volumetric heat capacity
of the soil (MJ m−3 K−1), D the depth of the plate (m),
and t the length of the measurement period (s). An
equation from De Vries (1963) was used to estimate
the volumetric heat capacity,CS:

CS = 1.94θM + 2.5θC + 4.18θW (2)

whereθM, θC andθW are the volume fractions of the
mineral soil, organic matter and water, respectively.

Fig. 1. Aerial view from aircraft video of the mesquite dune area surrounding the soil heat flux measurement site in the Jornada Experimental
Range. Latitude, longitude, time and date of the observation are ‘stamped’ on the image. Dunes (black figures) and interdune (white dots)
vegetation are highlighted in the image. The box with+ sign is the approximate location of the Bowen ratio station and the dune with
cross-hatching contained the 20-sensor array (see text).

Differences between heat flow plate thermal conduc-
tivity and that of the soil were estimated using the the-
ory developed by Philip (1961); average differences
were found to be less than 5 W m−2, and therefore,
considered negligible. This approach assumes that hor-
izontal heat conduction is small compared to the ver-
tical.

2.2. Measurement site

The study area in the Jornada Range is charac-
terized by sparsely populated mesquite shrubs. The
density and mesquite dune distribution is illustrated
in Fig. 1 from a false color aircraft image with dunes
and interdune vegetation highlighted. The dunes ap-
pear randomly distributed with significant interdune
areas containing little vegetation. Estimates of percent
vegetation or mesquite dune cover from the aircraft
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Fig. 2. Micro-topographic representation of the mesquite dune where the array of 20 soil temperature and heat flow transducers were
located in the Jornada Experimental Range.

imagery analyzed by Ramalingam (1999) indicates
approximately 25% mesquite dune and 75% inter-
dune/bare soil. Dunes that cover the area range in di-
ameter from 1 to 10 m, and in height from 0.5 to 1.5 m.
Laser altimeter data collected over this site indicate
dunes averaging 10 m in width with average distances
between dune peaks being on the order of 30 m (De
Vries et al., 1997, 2000; Pachevsky et al., 1997). The
mesquite vegetation on the dunes is relatively sparse.
Measurements of plant/leaf area index summarized in
Gibbens et al. (1996) and Havstad et al. (2000) indicate
a global value (includes interdune areas essentially
devoid of vegetation) typically between 0.3 and 0.4.
With a fractional cover∼=0.25, this yields a local value
(for vegetated areas on the dunes only) of plant/leaf
area index of 1.2 (=0.3/0.25)–1.6 (=0.4/0.25).

The dune that was used in this study was in close
proximity to a Bowen ratio/energy balance station
(see Fig. 1). Micro-topographic features of the dune
were surveyed yielding overall dimensions as shown

in Fig. 2. The dune was approximately 7 m in length
in the north–south direction, and 10 m in the east–west
direction, with a maximum height of∼1.4 m. The
mesquite vegetation on the dune had an average
height of∼0.80 m.

2.3. Measurement design

The soil texture data for the site indicated a
sandy soil with low organic matter content, yielding
θM≈0.53 andθC≈0.05. Values ofθW were estimated
from Radiation and Energy Balance Systems (REBS)
(Company and trade names are given for the benefit
of the reader and imply no endorsement by the USDA
or Utah State University) soil moisture resistance
probes similar in design to the sensors described by
Amer et al. (1994). Both the array and the REBS en-
ergy balance Bowen ratio (EBBR) station used REBS
model HFT-3 heat flow transducers (plates), which
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are thin plates∼0.04 m in diameter and∼0.004 m
thick. For the array, the plates were buried at 0.08 m
and soil thermocouple probes were buried at 0.02 and
0.06 m below the soil surface for estimating a1TS
for the upper 0.08 m of soil. For the REBS EBBR sta-
tion, the sensors were buried at 0.05 m with a 0.08 m
REBS STP platinum resistance temperature detector
inserted at a 45◦ angle above each plate measuring an
average1TS for the 0–0.05 m layer. Half-hourly aver-
age values ofGP andTS at −0.02 and−0.06 m were
stored on a Campbell Scientific Inc. (CSI 21X data
logger/AM416 multiplexer) for each sensor package
for the array, while 1/4-hourly averages ofGP andTS
were stored by the REBS EBBR system running on a
CSI CR10 data logger. The EBBRGP andTS values
were converted to half-hourly averages to compare
with array values.

The array of 20 soil heat flow/soil temperature sen-
sors (clusters) were positioned in a grid-like pattern
in and around the mesquite dune to obtain both full
and partial canopy cover as well as interdune val-
ues (Fig. 3). This array was placed within 25 m of
the REBS EBBR station where the three-sensor array
was located. The heat flux plates were spaced approx-
imately 1.5 m over the elliptically shaped dune with
its major axis essentially oriented east–west (Fig. 3).
Both a number defining its location in the dune and a
letter designating its surface/cover condition (see be-
low) were used for each heat flow/soil temperature
sensor cluster. Surface/cover condition for each sen-
sor was assessed from nadir photographs taken after
installation of the array.

Although several of the sensors that are in the
open/interdune are within 1.5 m of the vegetated area,
the time when maximum differences were observed
(see below) occurred at solar altitude anglesαS from
∼30 to 40◦. With this range inαS, the horizontal
extent of shading by vegetation 0.8 m in height at the
dune edges was∼1.5–1 m, respectively. At the high-
est point of the dune plus vegetation, the height was
∼2 m. This means that, with anαS of 30–40◦, shading
from the center of the dune reached out to 3.5–2.5 m,
respectively. Thus, shading by the vegetation did not
have a significant effect on sensors located in the
interdune areas. Moreover, due to a relatively open
canopy, a significant fraction of incoming solar radi-
ation actually reached the soil surface, even within
the vegetated area of the dune. This was estimated

by taking the local plant/leaf area index of 1.2–1.6
and using Beer’s law (exponential extinction) for
estimating radiation extinction in the canopy (Choud-
hury et al., 1987). A constant extinction coefficient
of 0.5 for a random canopy with spherical leaf angle
distribution was used forαS>30◦ (Monteith, 1973).
Approximately 45–55% of the incoming radiation
was estimated to reach the soil surface.

The three soil heat flow/soil temperature sensor
clusters from the REBS EBBR station were posi-
tioned under the following conditions: (1) under a
dense clump of mesquite vegetation on top of a dune;
(2) in a dune having partial cover and southwest
exposure; and (3) placed in an interdune area sev-
eral meters away from any mesquite dune and with
southerly exposure.

2.4. Analysis procedures

Soil heat fluxes from the array were available start-
ing on 2 September 1996, day of year (DOY) 246, and
they continued through the afternoon of DOY 290.
The EBBR system also ran on a continuous basis over
this same period. Two 7-day periods were used in this
analysis, which were under mostly clear sky condi-
tions, with one following several rainfall events (DOY
259–265) and the other under an extended dry period
(DOY 281–287). Solar altitude angle,αS, at solar noon
was approximately 57◦ for the first 7-day period and
52◦ for the second 7-day period. For illustrative and
analysis purposes, the half-hourly data for each 7-day
period were averaged providing a single daily time
trace. Since the results were very similar between the
two measurement periods, only the daily time trace
for the first 7-day period will be shown.

Soil heat flux for three different cover/surface condi-
tions are analyzed and compared and presented. Mea-
surements carried out in the open with no canopy
cover above theGP andTS observations were defined
as ‘interdune’ with surface soil heat flux values,G,
labeledGI . GP and TS observations made in loca-
tions where only a portion of the area surrounding
the sensor cluster contained vegetation (these sensor
clusters were primarily at the edge of the vegetated
area of the dune) were defined as ‘open canopy’ with
surface soil heat flux values labeledGO. The other
cover/surface condition was defined as ‘full canopy’
cover where theGP andTS measurements were located
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Fig. 3. Schematic illustrating the approximate locations (with corresponding site number and letter defining surface/cover condition) of the
soil heat flux and soil temperature sensors across the mesquite dune in the Jornada Experimental Range during the 1996 study period. The
letter I indicates that the sensor was in a no cover or interdune area. The letter O indicates the sensor was in an open canopy condition,
only partially underneath vegetation. The letter F indicates that the sensor was under full vegetation cover or vegetation was surrounding
the sensor, but that due to sparseness of the cover, most of these sensors would be shaded for only part of the daytime period (see text).
Outline of mesquite dune and vegetated area are also illustrated.

underneath/inside the mesquite shrub canopy (i.e. sen-
sor clusters were surrounded by mesquite vegetation)
with surface soil heat flux values labeledGF.

To conduct time and spatial analyses, we used
ETS procedure from SAS (SAS, 1996). The data
were detrended to remove the change in the average

conditions over the course of the experiment. Analy-
ses were conducted on individual soil heat flux and
soil temperature sensors. Cross-correlation analyses
were conducted within a measurement type to deter-
mine the interrelationships among sensors across the
dune.
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Spatial analyses were conducted on individual time
averages within a measurement type. We used the GS+
program for these analyses in order to obtain the dis-
tribution of the spatial variation of soil heat flux and
soil temperature across the dune (Robertson, 1998).

3. Results and discussion

3.1. Variations of soil heat flux across the dune

Soil heat flux,G, values for the two periods (DOY
259–265 and 281–287) and the three cover condi-
tions show a wide variation throughout the day and
are illustrated for the first 7-day period in Fig. 4. The
most obvious feature of these plots is the variation
in G values over the course of the day even among
sensor clusters under similar cover conditions. Differ-
ences in the time of maximum soil heat flux values
for the sensors would suggest that these patterns are
induced by micro-topographic and vegetative shad-
ing effects which are influenced by the variation in
solar azimuth and altitude. For example, the effects
of micro-topography are seen between two sensors
adjacent to one another in the interdune area (sites
18-I and 19-I). For 19-I, the maximumG occurs in
the mid-morning, while for 18-I, maximumG is near
midday. A similar affect from vegetation shading is
observed with the sensors under full canopy cover
conditions where adjacent sensors (sites 6-F and
10-F) near the top of the dune have maximumG in
the morning and midday, respectively.

The effects of micro-topography result in signifi-
cant differences inGI values, reaching∼200 W m−2

several hours before solar noon (∼0900 MST) with a
second maximum of∼150 W m−2 by approximately
1600 MST (Fig. 4). For the other two cover conditions,
maximum differences among individualGO and GF
values reach∼250 W m−2, again occurring at∼0900
MST with a second maximum of∼200 W m−2 by
1600 MST. For the whole array, the maximum vari-
ation reaches∼300 W m−2 at around 0900 MST and
∼250 W m−2 at∼1600 MST for the first 7-day period.
For the second 7-day period, the values are∼250 and
∼200 W m−2, respectively.

To investigate further as to which factors primarily
affect the relationship among sensors, a time series
and spatial analysis among sensors were conducted.

For all sensors, the most dominant time lag was at
30 min and the remainder of the lags were not signif-
icant. More interesting were the relationships among
soil heat flux and soil temperature observations as il-
lustrated in Fig. 5. In this analysis,G andTS observa-
tions from site 18-I (Fig. 3) were compared with three
other locations representing each of the different sur-
face/cover conditions. Site 18-I was selected because
it represented an open area on the most level portion
of the dune (Fig. 3) and its temporal behavior most
closely matched the REBS sensor cluster positioned
in the interdune region. These patterns displayed some
unique features, including large differences in the
shape of the patterns. TheG values at site 4-O and 9-F
compared to site 18-I showed large diurnal variation
and hysteresis (i.e. the differences both in magnitude
and sign vary temporally). Comparison of sites 19-I
and 18-I yielded significant scatter, but the differences
did not show as strong a diurnal pattern. Since the large
diurnal differences with site 18-I came not only from
sensors positioned in other azimuth exposures and
surface/cover condition (i.e. site 4-O) but also from
sensors in close proximity and similar surface/cover
condition (i.e. site 19-I), micro-topography appears
to be one of the primary factors along with canopy
cover that contributed to the discrepancies among the
sensors positioned across this dune. Comparisons of
the soil temperatures from site 18-I at 0.02 m depth
relative to the other locations showed similar varia-
tions throughout the day (Fig. 5). These variations are
again induced by micro-topography as well as vege-
tation cover. Patterns using the 0.06 m soil tempera-
tures were similar to those observed from the 0.02 cm
depth.

To further examine these relationships, we con-
ducted a cross-correlation analysis on the soil heat
flux and soil temperature data sets. One of the inter-
esting aspects of this analysis was the variation in the
most significant lags (i.e. time lags) between the units.
Again, site 18-I was used as the comparison unit and
the most significant lags are shown in Table 1. There
were no distinct differences among the lags as a func-
tion of position on the dune. Micro-topography and
the presence of mesquite shrubs over the sensor were
the two factors that caused the most difference among
sensors. Sun angle interactions with slope position
were evident in these data. The differences in lags
between site 18-I and other sensors revealed that the
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Fig. 4. Soil heat flux values averaged for the period DOY 259–265 for three different canopy cover values: (a) no cover or interdune (GI );
(b) open canopy cover (GO); and (c) full canopy cover (GF).
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Fig. 5. Comparison of (a) soil heat flux and (b) soil temperature values at 0.02 m depth for site 18-I within the array with other soil heat
flux sensor sites under the three surface/cover conditions (i.e. site 19-I, 4-O and 9-F) across the mesquite dune for the study period from
DOY 250 to 290 (see Fig. 3).
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Table 1
Significant lags for soil heat flux and soil temperature at 0.02 and 0.06 m depths for positions across the mesquite dune, relative to position
18-I (Fig. 3), for the period from DOY 251 through 290a

Position Surface/cover condition Soil heat flux Soil temperature at 0.02 m depth Soil temperature at 0.06 m depth

1-I Interdune 0, 1 3, 4, 5 2, 3, 4
2-O Open −5, −4 2, 3 2, 3
3-F Full −1, 0 −4, −3 −5, −4, −3
4-O Open −5, −4 −5, −4 −6, −5, −4
5-O Open −2, −1 3, 4, 5 0, 1
6-F Full 1, 2 3, 4 −1, 0, 1
7-F Full −5, −4 −4, −3 −2, −1
8-O Open −5, −4 −6, −5 −6, −5, −4
9-F Full 0, 1 0, 1 1, 2, 3
10-F Full 0, 1 −1, 0 −3, −2, −1
11-F Full −1, 0 0, 1 3, 4, 5
12-O Open −3, −2 −1, 0, 1 −1, 0, 1
13-O Open 1, 2 3, 4, 5 3, 4, 5
14-F Full −2, −1 1, 2 4, 5, 6
15-F Full −1, 0 0, 1 −1, 0, 1
16-O Open 3, 4 0, 1 1, 2
17-I Interdune −2, −1 3, 4 2, 3
19-I Interdune 1, 2 2, 3, 4 1, 2, 3
20-I Interdune 0, 1 −1, 0 1, 2

a The three surface/cover conditions are defined by the letter I (interdune), O (open), and F (full canopy). See text for details.

presence of the canopy shifted the temperature or soil
heat flux patterns to be earlier or later than the nearly
level position. The shifts among interdune sites was
mainly induced by micro-topography.

Interactions of micro-topography, sun angle, and
the presence of the mesquite bush induced large
changes in the spatial patterns of soil heat and tem-
perature across the dune (Fig. 6). These data are
shown for illustrative purposes and are typical of the
patterns found in these periods throughout the study.
These patterns changed throughout the day because
of the changing solar zenith and azimuth angles;
however, the most important factors in determining
the patterns after the solar position are canopy cover
and micro-topography. In fact, given that the ‘peaks’
and ‘valleys’ in the magnitude ofG mainly reside
along the edges of the 3-D plots (Fig. 6), it suggests
that the dune micro-topography enhanced differences
among soil heat flux measurement locations caused
by canopy cover/shading effects. Variation in these
spatial patterns indicates that it is highly unlikely that
placement of only a few sensors across this complex
surface will provide reliable area-average soil heat
fluxes.

3.2. Relationships of soil heat flux from array
compared to single measurements

Installation of an intensive network of 20 sensors
would not be practical in many cases; however, it is
critical to have confidence in the values obtained from
smaller sample numbers. AverageG for each cover
condition from the array was compared with the single
G values from the REBS network for the first 7-day
period (Fig. 7). ForGI andGO, differences were neg-
ligible at night, while theGF and REBS exhibited a
large discrepancy during the night (Fig. 7). Through-
out the day, differences between the array and the
REBS network were evident in all three locations on
the dune relative to vegetative cover. Differences were
most evident in the full canopy setting with the array
maximum values occurring in the morning, while the
REBS maximum did not occur until about 1300 MST
(Fig. 7c). For the interdune area, the maximums were
similar with a slight displacement in time (Fig. 7a and
b). This had to do with micro-topographic and solar
altitude and azimuth effects resulting inGI becoming
positive for the array, while the REBS single-sensor
observation estimate was still negative. The biggest
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Fig. 6. Spatial variation of soil heat flux across the mesquite dune
for DOY 250 at (a) 1000 MST and (b) 1300 MST.

difference occurred in the afternoon at around 1500
MST where the maximum difference reached∼100
and∼50 W m−2 for the first and second 7-day peri-
ods, respectively, and was again caused by the array
having GI<0, while the REBS sensor measurement
remained positive. ForGO values, the maximum dif-
ference occurred at around 1430 MST and was∼70
and∼50 W m−2 for the first and second 7-day peri-

ods, respectively. This pattern was due toGO from
the single REBS sensor having a southwesterly expo-
sure and not accounting for the wide range in solar
altitude and azimuth angles affecting areas that were
shaded and sunlit. Somewhat surprising were the large
differences between the array and the REBS sensor
network in theGF estimates. In this position, the max-
imum differences were∼70 and∼100 W m−2 for the
first and second 7-day periods, respectively, and were
evident the period from 0930 MST to 1230 MST. Fur-
thermore, there are significant night-time differences
on the order of 30 W m−2. This result shows how dif-
ficult it is for a single sensor, even when positioned in
a judicious manner, to provide representative values
for a particular surface/cover condition.

In energy balance models, it is important to examine
the average soil heat flux value for the landscape. We
computed the averageG for the mesquite site,GAVG,
given by the array and the REBS network for the two
7-day periods by simply weightingGI , GO, and GF
values by the fractional cover estimates:

GAVG = 0.25

(
GO + GF

2

)
+ 0.75GI (3)

Differences inGAVG were∼5 W m−2 at night and in
the early morning (∼0600 MST) but reached a maxi-
mum of∼50 W m−2 about 1.5 h later at around 0730
MST, similar to the case ofGI . The trends throughout
the day revealed that theGAVG peaked at around 1100
MST, while theGAVG from the REBS three-sensor
network did not peak for another hour and remained
with a positive soil heat flux for almost 2 h later into
the day (Fig. 7d). Micro-topographic and vegetation
shading effects dominated the single sensor more
than the array average and these results could easily
be modified by changing the position of the single
sensor on the dune. Solar altitude and azimuth effects
causedGAVG to become positive for the array, while
the REBS single-sensor observation estimate was
still negative. The largest difference was found in the
afternoon at around 1500 MST where the maximum
difference reached∼80 and∼50 W m−2 for the first
and second 7-day periods, respectively, and was again
caused by the array havingGAVG<0, while the REBS
network estimate remained positive (Fig. 7d). Due to
the large percentage of interdune area, the weighting
scheme given by Eq. (3) clearly resulted in the
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Fig. 7. Comparison of average soil heat flux values representing the three canopy cover conditions: (a) no cover or interdune (GI ); (b)
open canopy cover (GO); (c) full canopy cover (GF); and (d) weighted by fractional canopy cover estimates using Eq. (3),GAVG, for the
20-sensor array (open squares) and the REBS three-sensor installation (solid diamonds) for the first 7-day period (DOY 259–265).

magnitude and temporal behavior ofGAVG following
GI fairly closely.

Values of root mean square difference (RMSD)
(Willmott, 1982) between array and REBS network
estimates ofGI , GO, GF and GAVG are listed in
Table 2 for the daytime period (solar radiation >0),
24 h period and for the two 7-day periods. The magni-
tude of RMSD forGAVG was surprisingly the second
lowest. One of the few studies comparing different
GAVG estimates from different measurement networks
over similar fractional vegetative shrub-dominated
cover conditions, but without dunes (Stannard et al.,
1994), yielded similar RMSD values on the order of

30–40 W m−2. Using the data throughout the study
period, a least squares regression between theGAVG
from the array and the REBS yielded the follow-
ing expression: GAVG,REBS=0.73+0.88GAVG,array
(R2=0.97). There is a significant bias as shown in
this relationship withGAVG values from the REBS
generally being lower than theGAVG from the array.
This would suggest that using only several sensors
for estimating soil heat flux in sparse heterogeneous
canopy cover could result in significant bias.

This study has shown that positioning of the sen-
sors to account for both vegetation shading and
micro-topographic effects is critical for obtaining
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Table 2
RMSD values betweenGI (interdune),GO (open canopy),GF (full canopy), andGAVG (area-average) estimated by Eq. (3) for the 20-sensor
array vs. the REBS three-sensor network

Surface/cover condition 7-day period (day of year) RMSD daily (W m−2) RMSD daytime (W m−2)

GI 259–265 35 49
GO 259–265 27 38
GF 259–265 40 51
GAVG 259–265 30 43
GI 281–287 25 35
GO 281–287 20 28
GF 281–287 49 64
GAVG 281–287 22 32

reliable area-average soil heat flux estimates. How-
ever, using a 20-sensor array in field studies is gen-
erally not practical. Therefore, we evaluated two
designs which are a compromise between having an
extensive array of soil heat flow/temperature sensors
and the number commonly used in past field studies
(i.e. three-sensor clusters). One array design consisted
of using sensor clusters at the four corners covering
solar azimuth/altitude effects (i.e. sites 1-I, 4-O, 17-I
and 20-I) and one near the dune center (site 10-F),
called the ‘×’ design. Another five-sensor array de-
sign used a cross-type pattern with sites 2-O, 6-F,
18-I, 5-O and 8-O, called the ‘+’ design. Using Eq.
(3), GAVG was computed using these two five-array
sensor designs and compared with the 20-sensor
array.

Given the potential variability in individual sensors
(Fig. 4), the five-sensor× design yielded a tempo-
ral trace in GAVG in excellent agreement with the
20-sensor array (Fig. 8a). The RMSD values between
the five-sensor× design and the 20-sensor array for
the daytime observations was only∼10 and 5 W m−2

for the two 7-day periods, respectively. On the other
hand, the+ design did not reproduce the temporal
trace as well (Fig. 8b). The RMSD values between the
five-sensor+ design and the 20-sensor array for the
daytime observations were similar to the three-sensor
REBS network, namely∼40 and 30 W m−2 for the
two 7-day periods, respectively. This result indicates
that recommendation of a minimum number of sen-
sors is difficult, but for this surface, a five-sensor
array will be the minimum number necessary to
account for both the effects of micro-topography
and vegetation shading caused by solar altitude and
azimuth.

Fig. 8. Comparison ofGAVG from the 20-sensor array (open
squares) with estimates using a five-sensor array (solid diamonds)
in (a) ‘×’ design and (b) ‘+’ design (see text).
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Fig. 9. Variations in the fraction of soil heat flux to net radiation (GAVG/RN) using the 20-sensor array (open squares) and the REBS
three-sensor network (solid diamonds) for the first 7-day period (DOY 259–265). Average net radiation for this period is displayed (solid
triangles).

3.3. Soil heat flux as a fraction of net radiation

For energy balance modeling, particularly at large
scales using remote sensing, it has been convenient to
estimate soil heat flux as a fraction of net radiation,
RN (Kustas and Norman, 1996). The temporal and
spatial patterns for this dune site would suggest that
the behavior ofG/RN is a highly variable quantity.
For the two 7-day periods, the ratioGAVG/RN var-
ied throughout the day and is illustrated for the first
7-day period in Fig. 9. In the early morning period,
before 1000 MST, the ratio exceeded 0.4 when using
the array data and then declined throughout the day,
reaching a minimum between 1430 and 1500 MST
(Fig. 9). These patterns were consistent across the
two periods and the diurnal patterns were the same
across the study. The fact that theGAVG/RN estimated
by the REBS three-sensor network is not as variable
is probably due to the fact that sensors were mainly
positioned to receive the maximum radiation (i.e.
generally southwesterly exposures).

These results suggest that attempts to estimateGAVG
from measurements ofRN would have to account for
the significant temporal variation inGAVG/RN, which
also differs in the morning and afternoon periods; this
is caused by the fact thatGAVG andRN are typically
out of phase (Brutsaert, 1982). However, the temporal
variability in GAVG/RN for this site is more extreme

than what has previously been observed by a number
of other researchers for more dense and/or less hetero-
geneous canopy cover situations (e.g. Clothier et al.,
1986; Kustas and Daughtry, 1990). This may indicate
that surfaces that not only contain clumped vegetation
but have the added complication of micro-topographic
effects may have to be treated differently.

4. Conclusions

Using an array of 20GP and TS sensors (clus-
ters) for estimatingG for this heterogeneous mesquite
dune site, significant variations were found over time
with differences between individual sensors reaching
∼300 W m−2. By judiciously placing as little as three
GP and TS sensors in strategic locations, the aver-
age for the dune/interdune area,GAVG, could yield
an RMSD value on the order of 40 W m−2 relative to
the array average. There were, however, time periods
whereGAVG from the three-sensor network deviated
by ∼100 W m−2.

On account of the large variation in individualG
measurements, even under similar cover conditions
(cf. Fig. 4), it would seem nearly impossible to pro-
vide a recommendation on the minimum number of
sensors required for a reliable estimate ofGAVG for
this surface. Clearly, three or more sensor clusters are
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required for sparse clumped vegetation with at least
one out in the open or interspace area, one underneath
the vegetation and one in a partial cover condition
(Stannard et al., 1994). For the type of surface studied
here, it was found that a five-sensor array using an×
design with southerly, northerly, easterly and westerly
exposures to account for micro-topographic/shading
effects with changing solar altitude and azimuth an-
gles could reproduce aGAVG in excellent agreement
with the 20-sensor array (Fig. 8a). However, using a
different five-sensor array (i.e. the+ design), differ-
ences were similar to the REBS three-sensor array, in-
dicating that site selection of a relatively small number
of sensors is indeed critical.

Finally, estimatingGAVG by assuming that the ratio
GAVG/RN is constant for this surface type will result
in significant discrepancies. The temporal behavior
in GAVG/RN for this site appears to be more extreme
than what has been observed for other partial canopy
covered surfaces. Thus, simple remote sensing meth-
ods using a constantGAVG/RN ratio for estimating
spatially-distributedGAVG values will have significant
uncertainty in this environment unless one considers
the temporal variability in theGAVG/RN ratio.
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