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Summary

Soil heat flux transducer calibration, according to theory, is
influenced by the thermal conductivity difference between the
transducer and the calibration medium and the geometry of
the transducer. This study was conducted to compare the
influence of these parameters on the calibration factors of
two types of commercial soil heat flux transducers with dif-
ferent material thermal conductivities and different geome-
tries. A theoretical calibration equation was developed and
evaluated. Calibrations of 14 transducers representing two
commercial types were conducted in the laboratory using
steady-state conductive methods over a range of heat fluxes
from 40 W/m? to 200 W/m?. The calibration medium was dry
and saturated sand with a thermal conductivity varying from
0.3 to 3Wm™!°C~!. The mean calibration factor for one
type of transducer was 12% lower than the mean manufac-
turer’s calibration factor instead of the 26 to 36% lower value
predicted by theory. The other type of transducer had a mean
calibration factor 7% greater than the mean manufacturer’s
calibration factor in contrast to the 1 to 11% larger value
predicted from theory. The computed geometric factors were
1.07 and, 0.89 for the circular and square transducers, re-
spectively. These factors were less than the theoretical value
of 1.70 for each shape of transducer but similar to experi-
mental values of 1.02 to 1.31 from previous studies reported
in the literature. The thermal conductivity of the calibration
medium and the geometry of the transducer affects the cal-
ibration factors of soil heat flux transducers, basically ac-
cording to theory.

Introduction

Vertical flux of heat into the soil is one of the
components of the total surface energy balance.

* Contribution from USDA-Agricultural Research Serv-
ice, Southern Plains Area.

Heat flux in the soil may be small and even neg-
ligible when integrated over 24-h cycles (days or
weeks), but over shorter time periods (minutes or
hours) it is an important part of the partitioning
of the total net radiation into the various energy
balance components. During night-time, soil heat
flux is one of the dominate sources of energy driv-
ing the evaporative process. Traditional surface
energy balance studies have used methods similar
to those described by Tanner (1960) in which soil
heat flux is computed by the sum of the heat flux
measured at some depth (Z) with soil heat flux
transducers and the calorimetrically estimated
heat storage in the layer above the transducer (0
to Z).

Soil heat flux is most often measured using heat
flux transducers which are thin plates in which the
temperature difference across the plate is mea-
sured with thermopiles (Fritschen and Gay, 1979).
Deacon (1950) and Hatfield and Wilkins (1950)
described the construction of early soil heat flux
transducers and cited previous work back to the
1930’s. Fuchs and Tanner (1968) described the
construction and calibration of soil heat flux trans-
ducers. Fritschen and Gay (1979) described nine
methods (7 conductive and 2 radiative) for cali-
brating soil heat flux transducers.

Portman (1958) and Philip (1961) investigated
the effects of transducer geometry (thickness, di-
ameter, etc.) and transducer thermal conductivity
on the performance of soil heat flux transducers
as influenced by the soil thermal conductivity.
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Philip (1961) emphasized that 1) thin transducers
were desirable, 2) thermal conductivity of the cal-
ibration medium should equal the arithmetic mean
of the extremes of the soil thermal conductivity
to which the transducer is intended to be used, 3)
thermal conductivity of the transducer material
should be as large as possible, and 4) real accuracy
of soil heat flux transducers was likely limited by
the thermal contact between the transducer and
the soil. Philip (1961) proposed the equation

F=G /G = ¢l + (- 1)H] (1)

where F is the ratio of the soil heat flux in W/m?
going through the transducer (G,) to that going
through the soil (G,), ¢ is the ratio of the transducer
thermal conductivity (4,) in W m~1°C~! to that
of the soil (4,) and H is a dimensionless constant
that depends on the transducer geometry and is
given as

H=1-(ur) (2)

where o is a dimensionless geometric constant and
ris T,/[(4,) "], where T,is the transducer thickness
in m and A, is the transducer area in m?. Philip
(1961) proposed that the value of o should be 1.70
based on theory but computed a value of 1.31
from electrical analog data presented by Portman
(1958). Mogensen (1970) reported that o based on
his analysis of Portman’s data should be 1.83, and
computed an a value of 1.02 for the transducer
he calibrated. Solutions of equations [1] and [2]
for a circular heat flux transducer with various
thickness/diameter ratios (7,/D, where D, is trans-
ducer diameter in m) and an a value of 1.70 are
illustrated in Fig. 1 similar to Fig. 4.1 in Fritschen
and Gay (1979). This diagram illustrates the sig-
nificant errors associated with soil heat flux mea-
surements with 1) thick transducers (large 7,/D,
ratios) and 2) transducers with low thermal con-
ductivities (small 4,/4; ratios).

The soil heat flux transducer sensitivity (or cal-
ibration factor) following Fritschen and Gay
(1979) is given as

K=./NET) 3)

where K is the transducer calibration factor in
W m~?mV !, Nis the number of thermoelectric
junctions in the thermopiles, and £ is the ther-
moelectric potential in mV/°C of the thermocouple
junctions. Fuchs and Hadas (1973) described K as
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Fig. 1. Tllustration of the effect of soil heat flux transducer
geometry and soil heat transducer thermal conductivity on
heat flux divergence around or through a soil heat flux trans-
ducer in relation to the thermal conductivity of the soil sur-
rounding the soil heat flux transducer. This illustration is
similar to Fig. 4.1 in Fritschen and Gay (1979) and is based
on the theory of Philip (1961) using an o value of 1.70
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the “ideal sensitivity”’. The soil heat flux at the
measurement depth Z is then given as

Gz = V. K)/F (4)

where G is soil heat flux in W/m? and V, is the
transducer analog output signal in mV.

We combined these four equations (Eq. 1-4)
into the following soil heat flux transducer cali-
bration equation given as

GV, = K[1—(an)] + [(Kar)/i]i. )

where G, is the heat flux in W/m? in the calibration
medium, G,/V, is termed the “apparent” calibra-
tion factorin W m—2mV ~!, and /. is the thermal
conductivity in W m~!°C~! of the calibration
medium. Equation (5) contains three parameters
[K, o, and A,] that describe the calibration sen-
sitivity of a soil heat flux transducer. If 4,, T}, and
A, are assumed to be known values for each trans-
ducer, then unique values of K and a for each
transducer define its calibration and can be de-
termined by linear regression with G,/V, as the
dependent variable and A, as the independent var-
iable.

The purposes of this paper are to 1) demon-
strate the utility of equation (5) for soil heat flux
transducer calibrations, 2) to present calibration
results for two types of commercial soil heat flux
transducers with different thermal conductivities,
and 3) to evaluate the experimental values of o
for the two types of transducer geometry.



Calibration of Soil Heat Flux Transducers

Table 1. Characteristics of the Soil Heat Flux Transducers Used in the Calibration Experiments

265

Number Shape Transducer characteristics serial

D, L>* T,® N? 2, A K

mm mm

Wm~'°C™! Wm?mV~!

406° circular 60 2.8 22 0.15 1.092 100.5
412 circular 60 2.8 22 0.15 1.092 105.0
431 circular 60 2.8 22 0.15 1.092 110.4
432 circular 60 2.8 22 0.15 1.092 119.0
434 circular 60 2.8 22 0.15 1.092 103.7
435 circular 60 2.8 22 0.15 1.092 113.9
88078 ¢ square 32 3.5 31 1.05 0.94 35.0
88079 square 32 3.5 31 1.05 0.94 33.1
88080 square 32 3.5 31 1.05 0.94 38.1
88081 square 32 3.5 31 1.05 0.94 36.8
88082 square 32 3.5 31 1.05 0.94 322
88083 square 32 3.5 31 1.05 0.94 329
88084 square 32 35 31 1.05 0.94 37.8
88085 square 32 3.5 31 1.05 0.94 38.0

a Manufacturer’s nominal values.

® Reported thermal conductivity of the calibration medium.

¢ Micromet Instruments, Inc., Bothell, WA.

4 Radiation Energy Balance Systems (REBS), Seattle, WA.

Materials and Methods

Characteristics of the heat flux transducers used
in this study are listed in Table 1. The circular
transducers (Micromet Instruments*, P.O. Box
486, Bothell, WA 98011) have a manufacturer re-
ported thermal conductivity of 0.17W m~'°C~1,
and the square transducers (Radiation Energy
Balance Systems, P.O. Box 15512, Seattle, WA
98115, Model HFT-1) have a manufacturer re-
ported thermal conductivity of 0.69 Wm™°C~ .
Fritschen (1989, personal communciation) re-
ported thermal conductivity of 1.05Wm~'°C~!
for the REBS transducers and indicated that the
reported thermal conductivity for the Micromet
transducers may be about 9% high. Figure 1 il-
lustrates the F values for these transducers based
on the reported manufacturer’s calibration me-
dium thermal conductivity (Table 1). Fritschen
(1989, personal communication) indicated that the
thermal conductivity of the calibration medium
for Micromet and REBS was about
0.905Wm~!°C~!. Soil heat flux transducer char-

* Mention of trade names does not imply endorsement
by the United States Department of Agriculture.

acteristics used in these experiments are compared
to several types of transducers used in previous
studies in Table 2. The thermal conductivity of
the Micromet transducers is quite low in com-
parison to those from the previous studies, al-
though the one used by Mogensen (1970) is only
about twice as conductive. The Micromet trans-
ducers were several years old while the REBS
transducers were new.

Calibrations were conducted in a temperature
controlled laboratory (20°C+1°C). A one-di-
mensional conductive heat source similar to that
used by Fuchs and Tanner (1968) was employed,
and the calibration box is shown in Fig. 2. The
heating mat (Cole Parmer, model J-3125-62) used
NiChrome wire spiraled around glass string that
was laminated between two cloth pieces and
coated with silicone rubber and all air was re-
moved during vulcanization. The heating mat was
152 by 508 mm in size and had a resistance of 24
ohms. The heating mat was located vertically in
the calibration box and 48 mm equidistant from
the sides as shown in Fig. 2. The bottom and ends
of the box were insulated with 25-mm thick sty-
rofoam and 19-mm thick plywood. The top was
insulated with 25-mm thick styrofoam. Aluminum
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Table 2. List of the Soil Heat Flux Transducer Characteristics from Past Studies

Reference Shape Transducer characteristics

D, or L, T, or As

mm mm Wm™'°C~!
Fuchs and Tanner (1968) rectangular 83x33 1.7 0.032 2.55
Mogensen (1970) circular 13 2.5 0.217 0.37
Fuchs and rectangular 80 % 30 1.2 0.025 1.03
Hadas (1973) circular 25.4 29 - 0.129 0.335
Micromet circular 60 2.8 0.053 0.15
REBS square 32 3.5 0.109 1.05

plates, 3-mm thick, were placed on either side of
the sand medium and 25 mm from the outside of
the plywood box to dissipate the heat. A com-
mercial grade sand was used as the calibration
medium. Sand particle size characteristics were
87.5% coarse to medium sand (0.6 to 0.25mm),
11.8% fine sand (0.1 to 0.25mm), and 0.7% very
fine sand (0.06 to 0.1 mm). The sand was carefully
packed into the box in shallow layers, and the
instruments were installed. The sand was packed
by tapping on the outside of the box with a rub-
ber mallet, and the final packed density was
1.66 Mg/m 3.

Four thermocouple assemblies were con-
structed with 6-mm wooden dowel rods with the
Cu-Co thermocouples extended about 6 mm be-
neath the end of each dowel. Thermocouples were
located 10 and 20 mm from the heat flux trans-
ducers shown in Fig. 2. This permitted thermal
gradients to be measured across both 20- and 40-
mm increments centered on the heat flux trans-
ducer. A thermal conductivity probe (Decagon
Devices, Inc., P.O. Box 835, Pullman, WA 99163,
Model TC-1) was inserted vertically and centered
with respect to each thermocouple assembly as
shown in Fig 2. Six circular soil heat flux trans-
ducers (Micromet) or eight square soil heat flux
transducers (Radiation Energy Balance Systems)
were installed in the box with one-half in each side
of the box. Signals from the thermocouples and
the soil heat flux transducers were recorded by a
Campbell Scientific CR-7 data logger. The ther-
mocouple signals were converted to temperature
using the internal compensation program of the
CR-7. Thermocouple signals were manually mon-
itored until steady-state conditions were reached
(usually 48 hours or longer). Thermal gradients

and soil heat flux transducer signals were then
averaged using a 0.2 Hz sampling frequency for a
15-minute time period.

At the end of a measurement sequence, the
thermal conductivity probes were excited (5V-
d.c.) and data were recorded by a separate Camp-
bell Scientific CR-21 X data logger. Probe tem-
perature (7)) and heater resistance measurement
samples (32 samples power measurement) were
logarithmically spaced over the time interval of
0.2 s to 201 s. Thermal conductivity was deter-
mined by 1) visually inspecting a plot of T, vs In (t)
to determine the number of data points to disre-
gard (de Vries and Peck, 1958), 2) then determin-
ing the slope of the linear regression between T,
and In (t), and 3) then computing the thermal con-
ductivity with the theoretical relationship for heat
flow from a line source in an infinite uniform
medium (de Vries and Peck, 1958), [4A= Q/
(4 S Lp) where Q is the applied power in W, L,
is the probe length in m, and S is slope of the
linear regression between 7, and In(t) with t in
s].

A range of heat flux through the sand was ob-
tained by varying the applied voltage to the heater.
The applied voltages, controlled with a Hewlett-
Packard (Model 6289 A) power supply, were 12,
20, and 27V (d.c.) which resulted in nominal heat
flux of 40, 100, and 200 W/m?, respectively. Power
applied to the heater was computed by the ratio
of the square of the applied voltage to the resist-
ance of the heater. Voltage and resistance of the
heater were measured with a Hewlett-Packard
(Model 3466a) digital voltmeter. Heat flux
through each side of the sand was assumed to be
one-half of the heater energy flux. Thermal con-
ductivity of the dry sand was estimated to be
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0.32Wm~!°C~' (at 20°C) according to the val-
ues from de Vries (1963). Calibration experiments
were conducted both with dry sand and saturated
sand. Thermal conductivity of the saturated sand
(porosity  38%) was estimated to be
28Wm~!°C~! (at 20°C).

The values K and a were computed for each
transducer from the linear regression line for G,/
V, versus A,. The heat flux through the calibration
medium, G,, was determined by two methods of
1) the heater method used the computed heat flux
from the power applied to the heater and 2) the
thermal conductivity (TC) method used the prod-
uct of the mean measured thermal gradient and
mean thermal conductivity. The calibration me-
dium thermal conductivity (4,.) was determined by
the ratio of the heater heat flux and the mean
thermal gradient and by the measured thermal
conductivity, respectively. The value of the cali-
bration factor was computed by

K=a+ (4,b) 6)
and the geometric factor, a, was computed by
a = (4b)/(rK) (7

where a and b are the linear regression intercept
in WmV~?mV~!and slope in °Cm~'mV !, re-
spectively. Values for A, and r were taken from
the manufacturer’s data (Tables 1 and 2).

Results and Discussion

Calibration measurements for the Micromet
transducers and for the Radiation Energy Balance
Systems (REBS) transducers are summarized in
Table 3. Variations in the measured heat flux from
the heater through the sand medium were small
(mean standard errors were less than 0.5 W/m?).
The mean measured thermal conductivity for the
dry sand (0.40 Wm™!°C~!) was larger than that
estimated from theory (0.32Wm~'°C~") but
similar to the “apparent” thermal conductivity
(ratio of heater heat flux to the thermal gradient
of 0.42Wm~'°C~!). This discrepancy may be
due to the small amount of water in the sand or
variation in the bulk density. Although, the sand
was air-dry, subsequent measurements found that
the gravimetric water content was about 0.3%.
The mean thermal conductivity at saturation
(2.84Wm~!°C~1) was approximately the same
as the theoretical value (2.8 Wm~!°C~!) and the
“apparent” thermal conductivity (2.93Wm™'

°C~1). The heat flux in the sand determined by
the heater heat flux was linearly related to the heat
flux computed by the product of the measured
thermal conductivity and thermal gradient
(G,= —3.89+1.10 G,,) indicating that both meth-
ods produced similar results (G,/G,.=1.06) in-
creasing the reliability of the calibrations (Fig. 3).
Apparently at the larger heater heat fluxes, 5 to
10% of the applied heat was lost to heat transfer
through the walls of the box.

Table 4 gives the mean and standard errors of
the transducer output signals for each transducer
during the calibration experiments. In almost
every case, the standard error of the mean trans-
ducer signal was less than 10% of the mean trans-
ducer signal.

The resulting calibration parameters for the
transducers are given in Table 5. Essentially, only
two values of 4. actually existed (one for dry sand
and one for saturated sand although minor effects
on thermal conductivity were measured due to
temperature differences), so the linear regression
calibration equations had high coefficients of de-
termination. The mean coefficient of determina-
tion was 0.93 for the Micromet transducers and
0.78 for the REBS transducers (Table 5). The low
value of the coefficient of determination for the
REBS transducer was mainly due to the flat slope
rather than deviations in the data. The mean
standard error of the estimate, S, for the re-
gressions  was 13.6Wm™ 2 mVv~—! and
2.5Wm™2mV~! for the Micromet and REBS
transducers, respectively. Figure 4 shows the mean
calibration line for the 6 Micromet and 8 REBS
transducers. The calibration factor, K, was con-
sistent for the individual transducers within each
manufacturer’s group, and the coefficient of var-
iation of K was less than 0.07 for both types of
transducers. The variation in the a value was much
greater for the REBS transducers than for the
Micromet transducers. The CV for a was 0.06 and
0.26 for the Micromet and REBS transducers, re-
spectively. The mean calibration factor for the 6
Micromet transducers was only about 12% lower
than the mean manufacturer’s calibration factor
when it should have been 36% lower according
to theory (using an o value of 1.70, r of 0.053, and
¢ of 0.137 where F will be 0.638). The mean cal-
ibration factor for the 8 REBS transducers was
about 7% larger than the mean manufacturer’s
calibration factor while the theoretical value
would be 1% larger (using an a value of 1.70, r
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Table 3. Mean Heat Flux Transducer Measurements for the Calibrations

Parameter Dry Saturated

Heater voltage, V d.c.

12 20 27 12 20 27
(Part a, Micromet transducer calibrations)
Heater 39.35 109.10 198.45 39.36 109.21 198.55
Heat Flux, (0.16) (0.40) (0.66) 0.15) {0.39) (0.45)
Gy WIIRZ oo et e et ettt e ee e e o1t e et a2 e e e e e e s o2 et e s e e e
Thermal 0.49 0.34 0.36 2.84 2,71 2.99
Conductivity, (0.09) (0.02) (0.02) 0.19) (0.31) (0.47)
Qe WL SO T e ettt ettt et er e et en e, S
Thermal 101.58 271.26 485.11 14.06 37.82 67.28
Gradient, (2.42) (9.60) (14.33) (0.59) (2.62) (4.40)
ATJAZ, "CfIIL 1ottt ettt ettt e s et et e R £ 2 b SRS R e ekt es St e at et ses b s ens st e e ne e et easensannseee s
Conductivity 49.69 91.02 172.00 39.81 101.67 199.09
Heat Flux, (8.82) (7.29) (2.19) (1.01) (4.61) (18.48)
AATIAZ, WM oot e e e et eee e ee et s et e e s e et e e et et et ees et et s s s s s e s
Apparent
Thermal 0.39 0.40 0.41 2.81 2.90 2.96
Conductivity, 0.01) (0.01) (0.01) (0.11) 0.19) (0.19)
Gof{ATIAZY, WL PO ettt ettt ettt a ettt em et en s s e s et s b enns st aesn st et ae et enenanassesaaeen
(Part b, REBS transducer calibrations)
Heater 39.12 108.05 197.05 39.15 108.11 195.97
Heat Flux, ( 0.03) (0.55) (0.35) 0.03) (0.25) 0.61)
Gy W/III® oottt ettt b et et e et st es e e st s 1ot s e ta oA s At 12 b et et en s et ettt s e ne s enaeaeae s et s en et eenns et et et ee et s enanenenn
Thermal 0.39 0.42 (0.39) 2,70 2.95 2.82
Conductivity, (0.04) 0.04) 0.04) (0.14) 0.57) (0.48)
T WM TT PC ettt ettt tes et bbb et s s ek et h bt e s e e ettt ae b een
Thermal 91.90 246.97 459.57 13.02 36.80 66.83
Gradient, (5.00) (15.07) (12.94) (0.57) (0.14) 0.15)
ATAZ, “CIM oot oot e oo ee e e e st er e en e
Conductivity 35.64 104.17 177.39 35.03 108.48 188.04
Heat Flux, (1.72) (2.50) (21.07) (0.23) (20.56) (31.33)
DATIAZ, WIIZ oot ee et s e s e e e e et s st eee s et e s et s et e e e s e eee s ee e et e s et es e s s s e eererers
Apparent
Thermal 0.43 0.44 0.43 3.01 2.94 293
Conductivity, 0.02) (0.03) 0.01) (0.13) 0.02) (0.02)
GJ{ATIAZ), W I PO ettt b b et s e h st s bt en e ee st et s bbb ens s sa et se bt asenssananaeen

Numbers in parenthesis are standard errors.

of 0.109, and ¢ of 1.117 where F will be 1.012). If
the a values are changed to the a values of 1.07
and 0.89 in Table 5, the theoretical F values will
increase to 0.737 for the Micromet transducers
and to 1.010 for the REBS transducers. The exact
precision of the assumed values of A, is uncertain
and directly affects both K and a. Values of K for
the Micromet transducers would be tenfold as sen-
sitive to variations in A, according the calibration
slopes compared to the REBS transducers. How-
ever, a for both types of transducers would be

directly proportional to variations in 4, as shown
by equation [7], but again the Micromet trans-
ducers would be much more sensitive to A, than
the REBS transducers.

The value of o appears to be lower than the
value of 1.70 predicted by Philip (1961). The mean
a value was 1.07 for the circular Micromet trans-
ducers and 0.89 for the square REBS transducers.

The exact reason for the differences in o for the
two transducers is uncertain. Philip (1961) com-
puted a mean a value of 1.31 for the electric analog
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Table 4. Mean Soil Heat Flux Transducer Quiput Signals, V,

Transducer Dry Saturated
Serial Heater voltage, V (d.c.)
Number 12 20 27 12 20 27
(Part a, Micromet transducers)
406 0.359 1.075 1.952 0.187 0.566 1.079
(0.009) (0.039) (0.099) (0.021) (0.046) (0.063)
412 0.378 1.077 1.940 0.196 0.561 1.038
(0.009) (0.028) (0.043) (0.019) (0.044) (0.053)
431 0.338 0.981 1.793 0.175 0.505 0.932
(0.016) (0.053) (0.087) (0.033) 0.077) (0.107)
432 0.359 0.991 1.783 0.198 0.530 0.967
0.010) (0.032) (0.062) (0.012) (0.010) (0.011)
434 0.427 1.168 2.119 0.232 0.608 1.121
(0.004) (0.024) (0.038) 0.014) 0.022) (0.006)
435 0.370 1.028 1.866 0.218 0.564 1.027
(0.013) (0.034) (0.066) (0.007) (0.038) 0.037)
Mean 0.372 1.053 1.909 0.201 0.556 1.027
Ccv 0.092 0.088 0.090 0.138 0.106 0.088
(Part b, REBS transducers)
88078 1.039 2.878 5.344 0.811 2.334 4.544
(0.049) (0.075) (0.113) (0.053) (0.173) (0.275)
88079 1.149 3.184 5.957 0.874 2.299 4.601
{0.017) (0.056) (0.144) (0.041) (0.372) (0.456)
88080 1.016 2.812 5.230 0.883 2.547 4.840
(0.025) (0.061) (0.144) (0.055) (0.157) (0.221)
88081 0.970 2.721 5.062 0.813 2.250 4.365
(0.054) (0.110) (0.229) (0.040) (0.210) (0.328)
88082 1.045 3.038 5.770 0.867 2.326 4.286
(0.051) (0.192) (0.312) (0.079) (0.094) 0.212)
88083 1.115 3.223 6.089 0.964 2.415 4.788
(0.057) (0.172) 0.251) (0.041) (0.188) (0.021)
88084 0.942 2.720) 5.112 0.780 2.359 3.946
(0.044) (0.140) (0.201) (0.061) (0.243) 0.175)
88085 1.001 2.796% 5.216 0.751 2.221%* 3.896
(0.034) (0.087) (0.332)
Mean 1.035 2.924 5.743 0.843 2.344 4.408
Cv 0.067 0.070 0.074 0.080 0.044 0.080

Numbers in parenthesis are standard errors.
* Missing data from one test.

data of Portman (1958). Mogensen (1970) com-
puted an « value of 1.82 for the data of Portman
(1958) and reported an o value of 1.02 for the
transducer that he calibrated. Mogensen’s cali-
bration value for o is about in the middle of the
range of our values. It is possible for discrepancies
in the assumed transducers thermal conductivity,
transducer dimensions, or thermal contact effects
between the transducer and the calibration me-

dium to affect the a value as shown by equation
(7).

The calibration of soil heat flux transducers
must be conducted over a range of calibration
medium thermal conductivities to adequately
characterize o and K according to equation (5).
This greatly complicates the normal calibration
procedures and increases the time required for
calibrations as well. The Fuchs and Tanner (1968)
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Table 5. Calibration Summary of the Linear Regression Between G [V, and 1. (Eq. [5]) with K and a Computed with Eq. [6]

and [7], Respectively

Serial Calibration regression
Number - — - -
Intercept Slope Coefficient of Standard error  Philip Calibration
a b determination of estimate a factor, K
Wm™?mV™! “Cm 'mV'! 12 Sy Wm Zmv~!
Wm 2 mV~!
(Part a, Micromet transducers)
406 90.5 36.1 0.88 17.8 1.06 95.9
412 88.2 36.8 0.93 13.4 1.11 93.7
431 96.7 41.7 0.93 15.8 1.15 102.9
432 95.6 37.0 0.95 12.2 1.04 101.2
434 80.1 327 0.95 10.3 1.09 85.0
435 93.1 329 0.93 12.2 0.95 98.0
Mean 90.7 36.2 0.93 13.6 1.07 96.1
Ccv " 0.07 0.09 0.20 0.065 0.07
(Part b, REBS transducers)
88078 34.8 34 0.77 2.5 0.85 38.4
88079 314 43 0.80 2.9 1.10 35.9
88080 36.1 1.8 0.59 2.1 0.44 38.0
88081 36.9 3.1 0.76 24 0.74 40.2
88082 32.7 4.1 0.84 2.4 1.07 37.0
88083 31.0 3.5 0.75 2.8 0.97 34.7
88084 37.1 3.5 0.80 2.4 0.83 40.8
88085 35.1 4.8 0.90 22 1.15 40.1
Mean 34.4 3.6 0.78 2.5 0.89 38.1
(Y 0.07 0.25 0.11 0.261 0.06

heater method produced values of heat flux and
“apparent” thermal conductivities that were more
stable than direct measurements of thermal con-
ductivity using heated probes. If soil heat flux
transducer thermal conductivity is large
(>1Wm~'°C™") and if the transducer value of

C\é 250 ////
~ e
= 200 b
X Ch=-389+1.106;
= 150 - ——-1:1 Line
L": eMean +
3 100} Std. Dev.
T
¢ 50
kS, e
q_) -~
T okt : : : :
0 50 = 100 150 200 250

Thermal Conductivity Heat Flux, W/m?2

Fig. 3. Comparison of mean heat fluxes computed from
heater power measurement (heater heat flux) and that com-
puted from the product of the measured thermal conductivity
and the thermal gradient (thermal conductivity heat flux).
Error bars represent + one standard deviation

ris small (<0.1), then the simpler calibration pro-
cedure of Fuchs and Tanner (1968) should be sat-
isfactory; however, the value of a should be care-
fully estimated as it will probably be less than the
theoretical value of 1.70.

£ 250
Q-
IE |
c E2OO Micromet
o
B9 150¢
o &
% =100 QdMicromet Factory Calibration
o,
5
E < 50 [ REBS -
C O - TREBS Factory Calibration
28,
<% 0.0 05 1.0 15 20 25 3.0 35

Thermal Conductivity of Calibration Medium,
Ae, Wm™1 ec—1

Fig. 4. Mean calibration lines for the 6 Micromet and 8 REBS
transducers. Error bars represent + one standard deviation
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