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ABSTRACT
Bare soil surface temperatures (BST) and crop canopy tempera-

tures (CCT) were collected from a 1-ha field in central Arizona using
an infrared thermometer to determine whether they were spatially
correlated. The measurements were taken from a two-dimensional
random sampling pattern for selected dates and times to investigate
the spatial and temporal distribution. Three measures of the cor-
relation distance including two integral scales were calculated. Krig-
ing, which produces the best linear unbiased estimator, was used to
show the spatial pattern of the BST and CCT in the field on selected
dates. The results indicate that the BST and CCT are spatially
dependent random functions with integral scales that varied from 2
to 15 m for wet and dry conditions, respectively. The autocorrelation
as the lagged distance approaches zero was greater than 0.4 except
under wet soil conditions, where the autocorrelation for the CCT
was found to be lower. The results are important because, to date,
no geostatistical study has shown that the CCT is a spatially de-
pendent random function.
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RECENTLY, METHODS have been developed that use
surface temperatures as an indicator of the state

of a particular property. Examples include methods
for determining the moisture status of plants (Wie-
gand and Namken, 1966; Tanner, 1963; Jackson, 1982,
1983; Howell et al., 1984), the crop yield (Diaz et al.,
1983; Gardner et al., 1981), and the rate of evapo-
transpiration (Jackson et al., 1983; Hatfield et al.,
1983).

For purposes of water stress detection or yield pre-
diction over the entire field, the spatial distribution of
the crop canopy temperature (CCT) is an important
consideration. For example, if the sites chosen for
sampling are not characteristic of the entire field, er-
rors may be introduced and propagate throughout the
season. Thus, even small errors can accumulate and
adversely affect the results. Knowledge of the spatial
distribution can be useful in determining the appro-
priate statistics to be used in the analysis as well as
aiding the determination of efficient sampling schemes.

Few studies have been concerned with the spatial
variability of CCT. Exceptions include Hatfield et al.
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(1982), who measured the CCT in a large agricultural
field using an airborne scanner; Hatfield (1983) and
Hatfield et al. (1984), who measured the CCT for cot-
ton (Gossypium hirsutum L.) and grain sorghum
[Sorghum bicolor (L.) Moench] along transects up to
100 m in length. In each of these geostatistical studies,
the CCT was found to be randomly distributed in
space.

Evidence that the CCT may be spatially distributed
was found qualitatively by Sper (1980), who estimated
the regional evapotranspiration and soil moisture con-
tent from remotely sensed CCT. Thermal radiation
data over an area of approximately 25 km2 were ob-
tained and the CCT over discrete ranges were printed
out by pixel. Millard et al. (1978) investigated crop
water stress in wheat (Triticum aestivum L.) fields near
Phoenix, AZ, and showed (see their Plates 1-4) that
the CCT is a spatially dependent random variable.

The bare soil temperature (BST), another remotely
sensed surface temperature, has been used to estimate
the evaporation and moisture status of the soil (Ben-
Asher et al., 1983; Vauclin et al., 1982). Vauclin et al.
(1982) determined the autocorrelation for BST for two
transects and found that the BST was spatially depen-
dent with a semivariogram range that was approxi-
mately 10 to 15 m.

The purpose of this study was to investigate the
spatial variability of BST and CCT and determine if
the CCT (for cotton) obtained from a furrow-irrigated
field is a spatially correlated random function.

MATERIALS AND METHODS
The field site was an approximately 1-ha field located at

the Univ. of Arizona's Maricopa Agric. Ctr., east of Mari-
copa, AZ. The field was approximately 260 m long and 40
m wide, and the soil is classified as a fine-loamy, mixed,
hyperthermic, Typic Natriargid. There were 35 rows (ori-
ented north-south) separated by approximately 1 m that
extended down the field to the west. The field was furrow
irrigated with irrigation commencing from the east.

Bare soil temperatures were collected in situ on 25 May
1984 and 11 June 1984 prior to the emergence of the cotton
plants. Crop canopy temperatures were collected 5 d be-
tween 5 June 1984 and 20 Aug. 1984. A hand-held Everest
Interscience Model 112 infrared thermometer (IRT) was used
that has a 15° field of view, spectral bandpass of 8 to 14 pm,
±0.1 °C resolution, and ±0.5 °C accuracy.

The sampling scheme, shown in Fig. 1, consisted of a total
of 93 randomly sampled locations (points) and an additional
nine systematically located sites (crosses) evenly spaced down
the center of the field, providing a total of 102 sampling
locations. At each location a sample was taken by holding
the IRT in a westerly direction at approximately 45° from
Table 1. Descriptive statistics for Maricopa Agric. Ctr. data sets.
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Fig. 1. Field sampling scheme for the Maricopa Agric. Ctr. Ninety-

three random (•) and nine systematic (x) sampling locations. The
x and >' axes are in meters.

the horizontal. The importance of the view angle on the
temperature has been shown by O'Toole and Real (1984).
The region sampled was an ellipse with an approximate area,
length, and width of 0.2 m2, 0.6 m, and 0.4 m, respectively.
Each datum value consisted of an average of five readings
taken over approximately 5 s.

Sampling was undertaken at various times daily to deter-
mine if the spatial correlation existed throughout the day.
For the two data sets used for kriging (i.e., 27 May and 16
July), the duration of the sampling period was approxi-
mately 1 h, and the midpoint of the sampling interval was
about 1230- and 1245-h MST (mountain standard time),
respectively.

For the two data sets (i.e., 5 July and 9 July) that were
taken early or late in the day, a correction was applied to
account for changes in the heating of the soil or plant canopy
due to changes in the sun angle and air temperature. The
formula used to calculate the corrected temperature, rcorr,
was

= Tu + AT [(? - t)/(tf - /,-)] [1]
where Tuacorr is the uncorrected temperature, AT is the av-
erage change in temperature over the sampling interval and
t, t, //and t,are the sample, average, final, and initial times,
respectively. Samples were taken at five to 10 locations, both
at the beginning and end of the sampling period, to deter-
mine the average change in temperature for the sampling
interval. It is implicitly assumed in Eq. [1] that the change
in temperature over the sampling interval is approximately
linear. When this is not true (i.e., for a long sampling du-
ration), use of Eq. [1] would introduce a bias into the data.

Descriptive statistics for the data sets are given in Table
1. As shown, the mean value varied from approximately

Surface temperature (°C)

Date (1984) Type Time Mean Var CV Max Min

May 27
June 11
July 05
July 09
July 12
July 16
July 23
Aug. 08
Aug. 20

BST
BST
CCT
CCT
CCT
CCT
CCT
CCT
CCT

1230
1115
1600
0830
1100
1245
1045
1300
0945

63.9
46.1
35.5
27.7
30.2
29.4
30.2
32.9
30.2

3.08
1.08
2.77
0.53
1.05
1.02
0.42
2.94
0.78

2.76
2.27
4.74
2.64
3.40
3.45
2.18
5.24
2.96

68.2
48.6
41.7
30.3
32.4
32.5
31.7
36.8
32.7

61.0
43.4
32.8
26.0
27.3
27.9
28.9
25.3
28.6

0.121
0.118
0.134
0.059
0.056
0.092
0.110
0.166
0.084

0.116
0.122
0.124
0.064
0.054
0.086
0.106
0.180
0.080

92
90
59
86
81
96
38
92
39

t Kolomogorov test statistic (data not transformed). t Kolomogorov test statistic (natural logarithmic transformed data).
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46.1 to 63.9 °C for the BST and 27.7 to 35.5 °C for the CCT.
The coefficients of variation were less than about 3.1% for
all the data sets, which is consistent with values reported in
the literature (i.e., Hatfield et al., 1982; Hatfield et al., 1984).
The Kolomogorov-Smirnov test statistics (Sokal and Rohlf,
1981) were calculated and reported in Table 1. In general,
the data sets were found to be neither normally nor lognor-
mally distributed.

The Semivariogram and Covariance Functions
For an intrinsic random function, Z(x), sampled at n lo-

cations: xb x2, . . . , x,,, the estimate for the semivariogram
y*(h), with respect to the separation distance, h, between all
the pairs of locations is given by (Journel and Huijbregts,
1978)

N(h)

= I [Z(x, + A) - [2]

where Z(x,) is the sample value and N(h) is the number of
couples used in the estimation process for a lagged distance
h. Under second-order stationarity, the covariance, C(h), and
the correlation, p(h), functions can be written in terms of
the semivariogram as

C(h) = C(0) - T(/0 [3]
and

p(h) = C(/0/C(0) = 1 - 7(/0/C(0) [4]
where C(0) is the covariance at zero lag, that is, the variance.
Models for the covariance or correlation functions can be
found by incorporating the spherical semivariogram model
y(h)

0;
C0 + C, [1.5 h/a - 0.5(/z/fl)3];
CD + C\\

[5]

h = 0
0 < h < a
h> a

into Eq. [3] or [4], where C0, C, and a are the nugget, sill
minus nugget, and range of the semivariogram, respectively.

To investigate the distances for which the BST and CCT
are spatially correlated, three spatial correlation measures
were calculated. The first two are the integral scales, X and
X*, which were used by Bakr et al. (1978)

\ = P(h) dh

and Russo and Bresler (1981), respectively,
11/2

X* = 12 I hp(h) dh .
(-00

= 2 hp(h)
I Jo

[6]

[7]

The third measure is the zone of influence described by Ga-
jem et al. (1981) and provides a conservative test of the
hypothesis that the autocorrelation is zero using the Zk sta-
tistic (Davis, 1973). Within the zone of influence, where the
values are correlated, the test statistic is greater than the two-
tailed deviation, Za. For a given probability level, a, the zone
of influence can be found by finding the h that satisfies

Za = Zk = P(h) (n - h/dh)1/2 [8]
where n is the number of lags, and dh is the distance between
lags.

Punctual Kriging
For a random function, Z(x), defined on a point support

and sampled in two-dimensional space at the points xt, x2,

..., x,,, the ordinary kriging estimator Z*(x0) for a location
x0 is given as a linear combination of the sample values
(Journel and Huijbregts, 1978)

[9]

To ensure an unbiased estimate (i.e., E[Z*(x0) — Z(x0)]
= 0) requires the constraint that the sum of the weights, w,,
must be equal to unity.

The ordinary kriging equations result from minimization
of the variance of errors where a Lagrange multiplier, n, is
introduced into the minimization process due to the con-
straint on the weights (Journel and Huijbregts, 1978; Vau-
clin et al., 1983).

This results in the following kriging equation:

[10]

j = 1,2,3, . . . ,n
and kriging variance (or estimation variance)

[11]

RESULTS AND DISCUSSION
Shown in Fig. 2A and 2B are the sample covariance

functions calculated from the BST data sets for 27
May and 1 1 June, respectively. A spherical semiva-
riogram model (lines) was applied to the sample co-
variance function using Eq. [3], and the constants were
validated using the jackknifing procedure (Vauclin et
al., 1983; Russo, 1984a, b). The results are given in
Table 2 and include the reduced mean, R^, and re-
duced variance, R,2, which should be approximately
0 and 1, respectively (see Vauclin et al., 1983 and
Russo, 1984a, b), for a "valid" semivariogram. Di-
rectional semivariograms were calculated, but the
shape of the field (260 by 40 m) caused erratic results
in the short direction due to insufficient numbers of
pairs for each lagged distance. Therefore, the semi-
variograms were assumed to be isotropic.

The sample covariance function for each of the BST
data sets indicates that the BST is a spatially corre-
lated random function with a range of about 25 to 35
m. Also, calculating the sample semivariogram (not
shown) shows a well-defined "sill" (which is an indi-
cation that the random variable is stationary; see Jour-
nal and Huijbregts, 1978) as well as the existence of
a small nugget. This observation was also "verified"
using the jackknifing procedure.

The sample and model covariance functions for the
CCT are shown in Fig. 3 and demonstrate that the
CCT exhibits spatial dependence (although for the 9
July data set the spatial correlation is not very strong).
In an attempt to characterize how strongly the CCT
is spatially correlated, the autocorrelation as the lagged
distance approaches zero (i.e., as h — » 0+), p(0+), was
calculated. Since the autocorrelation is unity for per-
fect correlation between the samples, or zero if they
are randomly distributed, the autocorrelation as the
lagged distance approaches zero gives a qualitative
measure of the maximum expected correlation for a
given separation distance and the observed nugget ef-
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Fig. 2. Covariance functions for the bare soil temperature. (A) and
(B) correspond to the 27 May and 16 July data sets, respectively.

feet. The method used for this calculation was to di-
vide the value of the model covariance function as h
—» 0+ by either the sill of the semivariogram (column
5, Table 3) or the sample variance (column 6, Table
3). Therefore, p(0+) is less than p(0) whenever a nugget
is present.

Because the points for the sample covariance are
discrete and there is some subjectivity in determining
the constants using the jackknifmg procedure, the re-
sults of Table 3 are only approximate. What is im-
portant to note is that, in general, as the lagged dis-
tance approaches zero, the CCT is autocorrelated at a
level typically >0.4.

Also shown in Table 3 are the integral scales (\ and
X*) and the zone of influence (ZI) calculated using Eq.
[6] to [8]. These values show that the distance for which
the BST is correlated is between 6 and 16 m, depend-
ing on which method and date are used.

2.

K 1.

a
0.

.01

.04

0.00

30. 60.
DISTANCE UO

90. 0.

1.0

Table 2. Summary of covariance models for Maricopa Agric. Ctr.
data sets.

Date
(1984)

May 27
June 11
July 05
July 09
July 12
July 16
Aug. 08

Type

BST
BST
CCT
CCT
CCT
CCT
CCT

Modelt
sph.
sph.
sph.
sph.
sph.
sph.
sph.

Nugget

0.70
0.35
0.85
0.47
0.65
0.17
1.50

Sill
3.10
1.05
3.05
0.55
1.10
1.09
2.50

Range

23.0
35.0
40.0
40.0
18.0
28.0
25.0

v
0.029
0.052
0.003

-0.005
0.025
0.021

-0.081

RA
1.083
1.013
1.048
0.998
1.019
1.068
1.030

t Sph. indicates a spherical model (see Journel and Huijbregts, 1978).
J R^ and /JJ are the reduced mean and variance, respectively, from the jack-

knifing technique (Vauclin et al., 1983; Russo, 1984a, b).

Table 3. Autocorrelation as the lagged distance approaches zero,
0*, for Maricoopa Agric. Ctr. data sets.

Surface temperature (°C)
Date

May 27
June 11
July 05
July 09
July 12
July 16
Aug. 08

Type
BST
BST
CCT
CCT
CCT
CCT
CCT

Sill

3.10
1.05
3.05
0.55
1.10
1.09
2.50

Var

3.08
1.08
2.77
0.53
1.05
1.02
2.94

C«W
0.774
0.667
0.721
0.145
0.409
0.844
0.400

e(o-tt
0.779
0.648
0.777
0.130
0.430
0.902
0.340

X

6.7
8.8

10.8
2.2
2.8
8.9
3.8

\*

9.1
12.8
15.2
6.8
5.1

11.5
7.1

ZI
(a = 0.05)

11.7
16.3
15.1
0.0
2.5

12.1
3.2

t Values calculated by dividing model covariance function by the sill of the
semivariogram.

t Values calculated by dividing model covariance function by the sample

The results for the CCT are more varied. For three
data sets, the correlation distances are less than about
5.0 m. For the other two CCT data sets, the correlation
distances range from 9 to 15m, which is similar to
the behavior of the BST. At the a = 0.05 level, the
zone of influence from Eq. [8] was found to be zero
for the 9 July data set. Unlike the integral scales, the
zone of influence does not involve an integration,
therefore an autocorrelation function with a large nug-
get value may produce a zero value for the correlation
distance. This is an example of the conservative na-
ture of the test (Davis, 1973).
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Fig. 3. Covariance functions for crop canopy temperature. (A), (B), (C), (D), and E correspond to the 5 July, 9 July, 12 July, 16 July, and 8
August data sets, respectively.
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The reason the 9 July data set does not show a strong
autocorrelation is probably due to a reduced varia-
bility because of a recent irrigation (irrigation was on
6 July and the soil surface was reported to be wet on
9 July). This effect of reduced variability for wet con-
ditions was reported by Aston and van Bavel (1972)
and Hatfield et al. (1984). Another possibility may be
the time the data were collected (i.e., 0738-0942 h),
since the effect of the correction for the heating due
to changes in sun angle could have introduced errors
into the covariance function.
Estimates of the Bare Soil Surface Temperature and

Crop Canopy Temperature
To show the spatial pattern of the BST and CCT in

the field, 231 estimates were generated on a 6- by 8-
m grid system using the ordinary punctual kriging
method outlined above. The five nearest data values
to an estimation point were used in kriging an esti-
mate. The maximum allowed radius for a point to be
included in the estimation process was 23 and 28 m
for the BST and CCT, respectively. The covariance
functions used in the estimation process are given in
Table 2.

Shown in Fig. 4A is the spatial distribution of the
BST in the field. Generally, the north side of the field
(x = 36 m) is cooler in temperature than the south
side with a difference of about 3 to 4 °C. The north
and south sides have temperatures of about 62 and 65
to 66 °C, respectively. Along the east side of the field
(y = 0 m) the temperature is approximately constant
at 63.5 °C. The northwest and southwest ends of the
field are approximately 65.5 and 63 to 64 °C, respec-
tively. In the center of the field the temperatures tend
to follow the furrows and seem to show an anisotropic
behavior, although this could not be quantified from
the covariance functions.

The spatial pattern of the CCT in the field, which
tends to be more uniform than the BST is shown in
Fig. 5 A. Most of the field temperature was between 28
and 29.5 °C except for the west end of the field, which
was about 32 °C.

The temperature distribution for the BST and CCT
in the field may be explained by two factors. First is
the irrigation methodology. Irrigation commenced
from the east end of the field, which would produce
a soil-water depth profile that would be wetter at a
greater depth at the east end of the field compared to
the west end. Therefore, it would be expected that at
some point during the drying cycle after irrigation, the
west end of the field would become warmer than the
east end. In addition, the prevailing winds in this area
move from the southwest toward the northeast, and
as the warm, dry air moves across the field, evapo-
rative losses from the soil near the southwest edge of
the field are greater than the northeast. As the soil
dries, the surface temperature increases due to dimin-
ishing evaporative cooling compared to other parts of
the field.

The contour maps of the estimation variance for
the BST and CCT are shown in Fig. 4B and 5B. The
change in the estimation variance with position is a
reflection of the sample density in a particular region.
The deep depressions at locations (18, 48) and (18,
120) are due to the exact interpolative properties in-
herent with kriging.

Determining Sample Numbers
Hatfield et al. (1984) indicated that for a random

and normally distributed variable, the number of sam-
ples necessary to estimate the mean value with a given
level of certainty is given by

N = tV/d2 [12]

256 256

Fig. 4. Estimated soil temperature (A) and the associated kriging
variance (B) for the 27 May data set.

18 36 0 18 36

X(m)
Fig. 5. Estimated crop canopy temperature (A) and the associated

kriging variance (B) for the 16 July data set.
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where t is the students t test variate, s2 is the sample
variance, and d is the confidence interval.

Equation [12] may also be used for a spatially de-
pendent and normally distributed random variable if
the samples are taken from locations that are sepa-
rated from each other by sufficient distance so that the
samples are independent. This can be accomplished
by using either the correlation scales or the range of
the semivariogram. In general, it was found that the
correlation scales suggest that independence between
samples occurs at distances that are less than the range
of the semivariogram. Therefore, knowledge of the se-
mivariogram or the correlation scales is important to
assure that the samples used to determine N are spa-
tially independent. If the semivariogram is unknown,
it may be incorrectly assumed that the random vari-
able is spatially uncorrelated.

CONCLUSIONS
Spherical semivariogram models were calculated for

five of the CCT data sets with nuggets that varied from
0.17 to 1.5 °C2, sills from 0.55 to 3.1 °C2, and ranges
from 18 to 40 m. In general, the CCT had an auto-
correlation as the lagged distance approached zero of
>0.4, with only one data set having a lower value of
0.15. This low value for the autocorrelation was at-
tributed to wet-soil conditions and the time of sam-
pling. The correlation zones for the BST and CCT
ranged from 6 to 16 and 2 to 15m, respectively.

It was concluded from this study that the CCT may
exhibit spatial correlation. This result differs from
those of Hatfield et al. (1982), Hatfield (1983), and
Hatfield et al. (1984). Therefore, the spatial correlation
should be considered in the design of experiments and
the analysis of CCT data.

Although more information is available from a
geostatistical analysis, if only an estimate of the pop-
ulation mean is required it is suggested that the dis-
tance separating the samples be as large as possible.
This will increase the likelihood that the samples will
be spatially independent. If the semivariogram is not
determined, it will remain unknown whether the sam-
ples used in the calculation were truly independent.

The results of this study indicate that estimation
methods such as kriging can be used if estimated val-
ues of the CCT are required at unsampled locations.
Also, in terms of sampling efficiency, if the CCT is
spatially correlated, then other more advanced esti-
mation techniques such as cokriging (Vauclin et al.,
1983; Yates and Warrick, 1987), disjunctive kriging
(Yates et al., 1985a, b), or disjunctive cokriging (Yates,
1986) may be useful in reducing the number of sam-
ples required for a given estimation quality or for in-
creasing the amount of information available.
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