
SOIL HEAT F'LOW INVESTIGATIONS 
IN THE CIllLTON VALLEY 

A thesis presented to 
the University of Canterbury 
in partial fulfilment of the 

requirements for the degree 
of Master or Arts in 

Geography 

1971 

R .. J. Moran 
-:::: 



5 
·I\./h:'~ 

1"1 I 

TABLEl OF CONTENTS 

Table of Contents 
List of Figures 
List of Tables 
List of Plates 
Li st of Symbols 
Acknowledgements 
Abstract 

CHAPTER ONE : INTRODUCTION 
1 .. 1. Heat Balance Climatology and the Significance 

of the Soil Heat Flow Parameter 
Aims of the Present Study 
The Setting 

CHAPTER TWO : THE MEASUREMEl'I'T OF SOIL HEAT FLOW 
2.1. Introduction 
2.2.. Theory of Soil Heat Flow 
2.3. The Thermal Properties of Soil 
2 .. 4. Methods for Measuring Soil Heat Flow 

1 .. The Temperature Gradient Method 
2. The Temperature Integral Or 

Calorimetric Method 
3 .. The Method of Fourrier Analysis of 

Temperature Cycles 
4. The Block or Contact Method 
5. The Heat Flow Meter or Flux Plate Method 

2.5. The Assessment of Methods in the light of the 
Requirements of the Present Study 

CHAPTER THREE : SOIL HEAT FLUX METERS 
3.1. Introduction 
3.2.. The Theo~ of Soil Heat Flow Meters 

A. Distortion of Natural Soil Heat Flow 
B.. Interference with Natural Soil Moisture 

Movement 
C. Poor Thermal Contact between Heat Flux 

Meters and Medium 
Conclusion 
Calibration of the Heat Flux Meters 
Laboratory Calibration 
Field Calibration 
Assessment of Techniques 
Soil Plot Trial Calibration 
Sand Calibration 
Laborato~ Calibration and Investigation of 

Relevant Performance Characteristics of Heat 
Flux Meters 

i .. 
iii. 
iv .. 
v. 

vi. 
viii .. 

ix. 

1 
3 
6 

8 
8 
8 

12 
14 
15 

17 

19 
20 
21 

24 

29 
29 
29 
30 

40 

41+ 
46 
48 
48 
50 
52 
53 
59 

65 



ii. 

3.5. Summa~ of Results 

CHAP11!.~ FOUR : THE SPATIAL VARIABILITY OF SOIL HEAT FIIJ{{ 
IN THE CHILTON VALLEY 

4.1. Introduction 
4.2. Site Description 
4.3. Experimental Design 
1 .... 4.. Installation of the Heat Flow Meters 
4.5. Data Collection 
4.6. Analyses of Data 

A. Influence of Surface Cover Type on the 
Spatial Variability of Soil Heat Flow 

B. The Spatial Variation of Soil Heat Flow in 
the Context of Network Design 

4.7. Summary of Results and their Implications 

CHAPTER FIVE : SUMMARY AND CONCLUSIONS 
5.1. Summary of Results 
5 .. 2. Suggestions for Further Research 

REFERENCES 

81 

84 
84 
84 
85 
87 
89 
89 

90 

94 
100 

102 
102 
104 

105 

APPENDIX A CONSTRUCTION OF THE SOIL HEAT ]J'W{f lVIETERS 112 



iii. 

LIST OF FIGURES 

Figure 

1.1. The location of the Chilton Valley 

Following 
Page No. 

(from Soons and Rayner, 1968) 6 
2.1. Schematic representation of heat storage 

in a slab of soil per unit of time and 
cross-section (from van Wijk and de 
Vries,1963) 11 

2.2. Variation of A,C, and K with moisture 
content (from Rider,1957) 11 

3.1" Dependence of HIH on All>" for various 
£/w (from Kaganov and Rozenshtok, 1963) 32 

3.2. Schenatic representation of the expected 

3 3@ 

3.3.b. 

3.4. 
3.5. 

3 .. 6. 

3.7. 

4.1. 

4.2. 

4.3. 

A.1 .. 
A.2. 
A.3. 
A.4. 
A.5. 
A.6. 
A.7. 
A.B .. 

relationship between R and A for four 
meters with similar theTInal and 
geometrical properties (after Mogensen,1970) 

Relationship between the voltage outputs 
of two meters (standard and Q) on three 
consecutive days 

Relationship hetween the voltage outputs 
of two meters (standard and Q) on 
February 22nd 

Sand (Rooftop) calibration apparatus 
Voltage outputs of two meters on two 

days 
Relationship between the voltage outputs 
plotted in Figure 3.5. 

Cross-section through the positioned 
polystyrene frame 

A tyPical plot of meter inter-correlation 
with distance 

Meter inter-correlation in terms of 
surface cOVer type - day 

Meter inter-correlation in terms of 
surface cover type - night 

Jig for positioning stainless steel wires 
Cleaning jig 
Cleaning Apparatus 
Plating jig 
Plating apparatus 
Completed thermopile (schematic) 
Lead oonnection detail 
Finishing details 

32 

57 

57 
60 

63 

63 

66 

94-

95 

95 
112 
112 
119 
123 
123 
126 
126 
127 



Table No. 

3. 1 .. 

iv. 

LIST OF TABLES 

Values of thermal conductivity at one 
location in the Chilton Valley (from 
Greenland, 1969) 

Ma,'Cimum meter errors for two types of 
meter for various ranges of soil 
thermal conductivities and different 
calibration mediums 

Influence of thermal contact on meter 
errors : air gaps one-twentieth of 
meter thickness (from Philip, 1961) 

Regression equations for a selected pair 
of meters in the field calibration plot 
(Standard meter C and meter Q) 

Grain size distribution of sand used in 
calibration : Grain size parameters 

Percentage relationship between meter 
outputs in dry sand and in wet sand 

Percentage relationship between meter 
outputs in still air 

Percentage relationships between meters 
in sand. and in air 

Relative calibration factors for the 
heat flow meters 

Percentage relationships between ~NO 
meters located in differentially 
compacted sand 

Percentage relationships between two 
m~ters located at different depths 

Percentage relationships between two 
meters under ncn-staticnary conditions 

Sample statistics for surface cover 
types and Kruskal-Wallis !! values for 
different periods of analysis 

Number of sample points required fo~ 
eaoh caver type an~ for the co~?ined 
data to be within +0.01 ly min of 
the mean soil heat flow 95}& of the time, 
assuming a meter sensitivity of 7.849 
1ilV/ cal cm-2 min-1 

Following; 
Page No. 

36 

37 

44 

57 

60 

69 

70 

71 

72 

77 

78 

92 

98 



v. 

LIST OF PLATES 

Plate No e. Following 

1 • 

5. 

Polystyrene frame for air comparisons of 
meter outputs and laboratory sand 
cali bra tion case 
Laborato~ experimental apparatus 
Selected area of study 
Installation of the meters: the 
inserted meter with its lead connection 

Page No. 

66 
67 
85 

level with t 1:e wall of soil 88 
Installation of the meters : the meter 
site with the block of soil and vege-
tation replaced 

Cleaning Apparatus 
Plating Apparatus 
Completed heat flow meter 

88 
118 
123 
127 



vi. 

LIST OF SYMBOLS 

A Intercept term in regression equation 

C Volumetric heat capacity of the soil 

G Meter constant 

H Soil heat flow 

H' Heat flow through meter 

H Kruskal-Wallis statistic 

K Thermal diffusivity 

K Coefficient of proportionality, constant far a given.meter 

LE Evaporative heat flow 

M Miscellaneous heat flows 

P Sensible heat flow 

R Meter calibration factor 

Rn Net radiative heat flow 

T Temperature 

X Ratio of heat flow through meter to heat flow in the soil 

a Meter constant 

b Slope of line given in regression equation 

c Specific heat capacity of the soil 

dt/dz Temperature gradient with depth 

e Required absolute error 

! Length of side of cube in soil 

1. Meter thickness 

r Ratio of meter thickness to meter width 

t Time 

w Meter width 



z 

z 

0< 

yx. 

6 

vii. 

Lower limit o~ range o~ soil thermal conductivity 

Depth 

Confidence coe~icient 

Upper limit o~ range o~ soil thermal conductivity 

Temperature di~~erence between upper and lower su~aces 
o~ meter 

Meter constant 

Meter thermal conductivity 

Ratio o~ thermal conductivity o~ meter to soil 
thermal conductivity 

Soil thermal conductivity 

Meter thermal conductivity 

Soil thermal conductivity above heat ~lux meter 

Soil thermal conductivity below heat flux meter 

Voltage output of meter 

Soil density 

Standard deviation 



viii. 

ACKIifOWIEDGEMENT S 

I wish to express my thanks to the many people who assisted 

me in this investigation, particularly to my supervisor, Dr J.E. Hay, 

who provided valuable guidance throughout the year and constructive 

criticism of the text. 

I would also particularly like to thank the New Zealand 

Agricultural Engineering Institute, Lincoln College, for the use of 

equipment and faoilities and my thanks go especially to Mr G. Garden 

for his invaluable assistance in the laborato~ and to Mr A. Warren 

for his advice on the construction of equipment@ 

Thanks are also due to the following persons: Mr D.E. Greenland, 

Professor J Soons, Mr D. Harrowfield, and Mr Mitchell of the 

Geography Department, University of Canterbury; Dr Fraser and 

Mr J.P.W. Pollard of the Physics Department, University of Canterbury; 

Dr C.J. Burrows of the Botany Department, University of Canterbury; 

Mr J. Jongens of the Electrical Engineering Department, University of 

Canterbury; Mr P. Jamieson of Beaumont Electrical Industries; 

Mr D. Milne of Armstrong & Farro 

l!'inally, I would like to thank my typist, Mrs Leonard .. 



ix. 

ABSTRACT 

The heat flow meter method of measurement of soil heat flow is 

shown to be the most suitable of available techniques for the 

investigation of the spatial variation of soil heat flow within the 

Chilton Valley. A procedure for t he calibration of heat flow meters 

is developed that permits the minimization of meter measurement errors 

due to the distortion of the natural soil heat flow. The mo:st 

significant measurement errors are shown to be those resulting from 

inaccurate installation of the meters. It is shown that a major 

factor in determining the spatial variability of soil heat flow wi thin 

a defined area in the Chilton Valley is the differential shading of 

the surface by the taller vegetation, and that the spatial sampling 

densi ty requ:ir ed for the evaluation of the soil heat flow paramenter 

is detailed micrometeorological sutdies is considerably greater than 

that required for the evaluation of this parameter in general studies 

dealing with longer-term climatological averages. 



1 .. 

CHAPTER. ONE 

INTRODUCTION 

1 ,,1 .. HEAT BALANCE CLTIllATOLOGY AND THE SIGNIFICANCE OF THE SOIL HEAT 
FWW PARAMETER 

In physioal climatology, attention has beoome increasingly 

direoted towards a study or the heat, moisture, and momentum exchanges at 

the surface or the earth .. As climates Howe their individual 

characteristics to the nature of the exchange or momentum, heat, and 

mois,ture between the earth's surface and the atmosphere" (Thornthwaite ,l 

1961), an understanding of trese exchanges will lead to a greater under-

standing or the environment, where climate is a Ucentral integrating 

fact" (Hare, 1966) At the earth's surface, it is the conservation or 

heat which dominates the energy exchange processes, the chemical and 

kinetic components being or minor account when compared with the heat 

component. The exchanges of heat are intimately ~~LU~vU with moisture 

exeharge at the earth' s surface due to the heat used in the evaporation 

of water" and are or great value in the explanation of many reatures 

observed in the atmosphere and in the upper layers or the soil. 

The heat b~lanoe at the surface or the earth may be stated as 

Rn P H - M :::: 0 .".(1,,1.) 

where Rn is the net radiative heat rlow, LE is the evaporative (latent) 

heat rlow, P is the sensible heat rlow, H is the soil heat flow, and 

M represents other misoellaneous heat rlows 8ruoh as those involved in 

plant photosynthesis and respiration. This equation can be applied 

at any instant or over any speciried time period .. The largest portion 



of the net radiation is generally shared between the sensible (p) and 

the latent (LE) heat exchanges with the atmosphere, the proportionate 

distribution of these terms depending largely on the availability of 

water for evaporation. In contrast, the terms H and M generally 

form a small proportion of the net radiation, particularly when the 

balance is evaluated over periods greater than twenty-four hours, and 

the miscellaneous term, M, is most often disregarded in general heat 

balance investigations. The annual soil heat flow, H, is negligible 

when compared vdth the major heat balance terms, there being a 

general seasonal trend in the amount of energy stored in tns soil, this 

trend paralleling that of the net radiation (Monteith, 1958; Tanner, 

1963). However, the heat stored under short grass or sparse vegetation 

at anyone instant during the day may be a fairly large proportion of 

the net radiation (Tanner and Lemon, 1962), and the ratio lIjRn, over 

a twenty-four hour period, can show significant variations (Monteith, 

1958; Tanner and Pelton, 1960; Tanner and Lemon, 1962). ]'or example, 

Tanner and Pelton (1960) found that although the daily heat storage 

term averaged about of the net radiation under an alfalfa cover, 

and about 1q% for a mainly bare soil Burface, when the net radiation 

was relative~ low the maximum storage terms were 15% and -3Q% of 

the net radiation for the covered and exposed soil respectively. 

Such variations in both the relative and absolute magnitudes of 

the soil heat flux assume significance when it is considered that the 

upper layers of the soil are fundamental for vegetation growth, and also 

that it is in these upper layers that most geomorphic processes are 

intense~ active. The significance of soil heat flow in these contexts is 



highlighted by Greenland (1971) who presents a detailed investigation 

of tre heat balance of the Chilton Valley, Cass; a New Zealand alpine 

valley. For this environment, evidence has been accumulated (Soons, 

1967; Owens, 1967) indicating that freeze-thaw action, in conjunction 

with the growth of needle ice, is a dominant agent in the erosion of 

unvegetated surfaces. It has been further suggested (Greenland, 

1969) that soil creep in winter may be accelerated by the release of water 

in the soil consequent upon the thawing of t he upper soil layers which may 

result both from the heating influence of penetrating rainwater, and from 

the dowmvard transfer of sensible heat from an advected, warm air mass .. 

Thus, in this environment the significance of soil heat fl~v is belied 

by its small relative magnitude in the annual heat balance. 

1 .. 2. 

With a more detailed knowledge of the process of soil heat flow, 

it may be possible to modify the various thermally dependent processes, 

such as needle ice development, in such a way as to contribute to the 

stabalization of eroding surfaces.. However, the problem involving heat 

flow measurement in the soil, although dealt with extensively by workers 

in various countries, still remains one of the most difficult problems 

faced in climatological investigations (Bespalov, 1963). 

Detailed studies of the soil micro-climate in natural plant 

communi ties such as t hose made by Specht (1958), Hinds and Rickard 

(1968), and Hinds (1968), emphasise the complexi~ of micro-climates 

created, both above and below the soil surface, bya.discontinuous 

vegetation covero Discontinuities in the vegetation cover are shown to 

affect the thermal regime of the soil principally by producing 



irregular patterns of incoming solar radiation, thus creating strong 

contrasts in thermal environment between shaded and un shaded parts of 

the soil. Similarly, at night, differential obstruction of the s~ 

hemisphere by vegetation, results in the differential cooling of the 

soil. The variable nature of the vegetation cover is also shown to 

have an effect on the amount of precipitation reaching the ground, 

which, in turn, produces unusual patterns of .soil moisture penetration 

(Specht, 1958) and thus considerable differences in soil thermal 

properties over small distances. 

Thus, due to the heterogeneity both in vegetation and in soil 

conditions typically experienced in the field situation, the accuracy 

attained in measuring the soil heat flux will be dependent at least as 

much on the sarnpling technique used., as on the accuracy of the measure

ments themselves. The number of point samples of soil heat flux 

requ:ired for a given sampling accuracy in a given location, will be 

dependent on the heterogeneity of the vegetative cover, and, to a 

lesser extent, on the heterogeneity of soil conditions (Tanner, 1963). 

However, in most climatological and micrometeorlogic~l 

studies, emphasis has usually been placed on a uniform vegetation 

cover, surfaces under study being defined as uniform to avoid ad.vective 

influences, and to permit simplifying assumptions in mathematical 

formulations of the exchange processes between surf'ace, plants and 

atmosphere. Measurements of soil heat flow in such investigations 

are general~ made at sites that are considered to be representative 

locations .. While many investigators note the problem of establishing 



adequate spatial sampling techniques for the measurement of soil heat 

(e.g. Rhoades, 1957; Portman, 1957; Fransil1a and Huovila, 1957), soil 

heat flow investigations are nevertheless frequently performed, as 

Greenland (1971) points out, using three or less heat flow meters 

(e.g. Davies et. al., 1969; Terjung eta ,1969; Thompson et. al, 

1971). Thus mo st workers, although perhap s acknowledging the sampling 

problem and perhaps endeavouring to take the spatial variation of soil 

heat flow into account by making measurements at more than one site, 

fail to evaluate in a spatial context the representativeness of the 

obtained soil heat flow measurements. For example, it was stated by 

Rhoades (1957) that "itcould only be hoped that one or two locations 

would be representative of t1:e entire test fieldtl
• 

In the Chilton Valley, measu rements of soil heat flow have been 

made at a central site (Greenland, 1969, 1971). In view of the 

heterogeneity of surface cover that exists in this valley, the concern 

of the present study is with the representativeness of poin't observations 

of soil heat flow and the aim is to determine the spatial sampling 

density necessa~ to obtain a reliable estimate of the mean soil heat 

flow in a given area. 

The accomplishment of this objective will involve firstly, the 

establishment of a method of determining the true spatial variability in 

the soil heat flux. The establishment of an appropriate method of 

instrumentation is dealt with in Chapters 2 and 3. Secondly, an 

analysis of observed soil heat fluxes in .the Chilton Valley will be 

required to determine the spatial sampling density necessary for a 

reliable estimation of the mean soil heat flux, and to allow a consider-
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ation of some of the faotors influencing the number of observation 

points neoessary for a specified level of aocuracy. 

presented. in Chapter 4. 

3 THE SETTING 1.. .. 

This analysis is 

The Chilton Valley is a small valley situated in the Cass 

Basin on the flanks of Sugarloaf Hill (Figure 181.). Conditions in 

this valley are oonsidered to be typioal of those over a wide area of 

the intermontane basins of the Southern Alps east of the main divide 

(Soons and Rayner, 1968). The valley aligned northeast-southwest 

and rises from about 700 ill at its mouth to 1360 m at the summit of 

Sugarloaf" 

The valley has a oonsiderable range of slopes and aspects, the 

valley floor sloping at an angle of approximately 140
, while the sides 

range in slope from 250 400 The valley sides are mantled by peri-

glacial sorees of unknown depth, the greywacke bedrock being only 

rarely exposed. The soils of the valley are upland and high count~ 

earths of the Kaikoura series. 

The vegetation cover in the valley is noticeably affected by 

aspect. The vegetation is described in detail by Soons and Rayner 

(1968) and more briefly by Greenland (1971). Greenland (1971) states 

that "high on the north-west facing slopes there are extensive bare 

areas, while lower down, there is a large area of manuka (LeEtosEermum 

scoparium) with a few scattered beeoh trees (Nothofagus solandri vare 

cliffordroides) and smaller scree patches. The valley floor is mainly 

covered with hard and silver tussock (Festuca novae-zelandia and 

Poa caespitosa), together with relative~ low scrub of cassinia, 
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matagouri , snow totara, and hebe (Cassinia fulvida, Discaria toumato~, 

podocarpus nivalis, and Hebe buxifolia). On the south and south-west 

facing slopes, the tussocks are accompanied by mountain daisies 

(Celmisia spectabilis) and inaka (Dracop!l.yllum uniflorum)." 

The climate of the valley is also described in detail by Green-

land (1971). Temperature records indicate a maximum monthly mean 

temperature of 16.0
o
C (Febrta ry) and a minimum monthly mean temperature 

Absolute maximum and ~inimum air temperatures that 

o 0 
have been recorded are 40 C and -8.5 C. Frosts are a frequent 

occurrence in winter and snow may l!:ie on the ground for periois of a few 

days. The annual average rainfall is 131 em, this rainfall on the 

average being evenly distributed throughout the year but with a vari-

ation between individual months that is relatively high .. 

Further details of the physical setting are given by Owens 

(1967), Soons and Rayner (1968), and Greenland (1971). 
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CFLAPrER TWO 

TEE MEASUREMillNT OF SOIL HEAT FLOW 

2 1 IN'rRODUCTION .. . 
A number of different methods for measuring soil heat flow 

have been detailed by various workers. Itis proposed to briefly 

describe each of these methods ahd to evaluate them with the aim of 

determining the most suitable method for the investigation of the 

spatial variation of the soil heat flow in the Chilton Valley.. Since 

an appreciation of the theory of soil heat flow and a knowledge of the 

relevant thermal properties of s oils is basic to the understanding of 

these methods, a brief consideration will :first be given to these 

factors .. 

2.2. ~HEORY OF SOIL HEAT FLOW 

Extensive treatments of the theory of soil heat flow are given 

by van Wijk (1963, 1965), and Tverskoi (1962), and only the basic con-

cepts underlying the theory are presented in the following discussion. 

The transfer of heat in the soil is a process both of latent 

(vapour) transfer, and conduction, the latter process playing the most 

important role (de Vries, 1958). Thermal oonduction in solids has 

almost a perfect theoretical basis and mathematical solutions are avail-

able for a wide range of problems as is shown by Carslaw and Jaeger 

(1959) and Boelter et. a1. (1~6). Suoh theory, however, presumes 

sUbstantially uniform thermal properties in the solid, and evaluations 

for non-homogeneous porous soils necessitates the making of certain 



approximations to this theory. Nevertheless, tl!e essential traits 

of t he variation of 80il temperature, and consequently the variation of 

80il heat flow,with depth and with time can be understood by applying 

the same overall concept of heat conduction in solids, thus comparing 

the Boil with a homogeneous medium in which the temperature varies 

only in the vertical direction. This means that the thermal 

properties of the soil in bulk are assumed to be independent of the 

space co-ordinates. By basing the theory of soil heat flow on the 

process of thermal conduotion, the aSBumptionis also made that there 

is no heat generated within the medium or converted into other forms of 

energy, such as latent heat of vaporizationo 

The mathematical theory of unidimensional heat oonduction in a 

homogeneous medium is based on the dependence of t heat flux density 

on the temperature gradient. Considering a oube in a medium with one 

side parallel to the z or vertical axis, and with the temperature of 

the two faces perpendioular to that side kept at constant temperatures 

T1 and T2 ; heat flows at a constant rate from the higher temperature 

T2 to the lower temperature T1" The following empirical relationship 

holds between the heat flux density H, and the temperature difference: 

OGO (2 .. 1 .. ) 

in which H is the quantity of heat flowing per unit of time across a 

unit of surface perpendicular to the z axis and conventionally has the 

dimenUon cal em -2 sec -1 ; g ::: dz is' the length of a side of the cube 

measured in em; A is a factor of proportionality, termed the thermal 

conductiVity, which is dependent on the material of the cube, and is 

expressed in cal cm-1 -1 sec The thermal conductivlty is 
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thus numerically equal to the amount of heat passing through one square 

centimetre of surface per second, for a vertical temperature gradient 

of 10C per centimetre; 

T is the temperature measured in °C; 

dT is the finite temperature difference measured in °C. 

For the limiting case of tbecoming infinitesimal equation (2.1.) 

is written in differential form giving 

...... (2 .. 2) 

The negative sign indicates that the direction of heat flow is 

opposite to the direction in which the temperature increases. The 

differential quotient ~r/az is the temperature gradient, temperature 

being a function of distance in the z direction; z:;: 0 at the soil 

surface and the positive direction of increase in z is downwards 

Because T is dependent on both the depth (z) and the time (t), a partial 

derivative notation is used. 

Since the soil is a composite medium, equation (2.2 .. ) cannot 

strictly be applied. However, an average value for heat flux in the 

soil, in which local irregularities have been smoothed out and where T 

is the average temperature in the horizontal plane at depth z, can be 

estimated using an appropriate average value of \. Ac cording to 

Bespalov (1963), in the practicai application of this formula, a quasi-

steady-state heat regime in the soil layers is usually assumed and the 

term 6T/~z is replaced by the finite 'temperature difference over the 

depth, dT/dz, as in equation (2.1.). 

In equation (2.2.) both H and T are unknown functions of z and t. 
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A differential equation for T can be derived through the application of 

the principle of heat conservation, by considering a horizontal slab 

of material of thickness dz at depth z. H(z,t) is used to denote the 

heat flux density at too depth z and the instant t, and H(z + dz, t) is 

used to CEnat e the heat flux density at the slightly different depth, 

z + dz, at the same instant. (Figure 2.1.) The difference H (z,t) -

H (z + dz, t) = -(dH/'Oz) dt is the heat stored in the slab per unit 

of tjme and cross-section, and thus in a volume 1 x 1 x dz cm3• 

This amount of heat will cause a temperature change per unit of 

time that can be written as C( 'dT /?J'Z )dt. C is termed the volumetric 

heat capacity and is expressed typically in cal cm 
o -1 C • It is the 

amount of heat required to raise the temperature of a unit volume of 

soil by 1°C;. C fJc where I(g cm -3) is the density of the medium 

and c (cal g-1 °c -1) is the specific heat capacity per unit mass of the 

medium. 

Equating the heat storage found from the difference in heat flux 

density with the heat storage given by the temperature change gives the 

relation 

- o-H ==- C "dT 
dZ 'dt 

and by using equation (2 .. 2 .. ) this becomes 

cl(AQT)=- C f>T 
a; oz d1:. 

For a homogeneous medium A and C do not depend on z, so that 

division by C gives 
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where K= A/e = >"I;cc is termed the thermal diffusivity of the medium and 

-2 -1. 
is expressed in cm sec 

The above elementary theory of heat flow in the soil is correct 

only with regard to tbe principal features of this process, which is 

far more complex under natural conditions due to the heterogeneous nature 

of the soil. It has been shown that the magnitude of soil heat flow is 

dependent on the value of certain coefficients characterizing the thermal 

properties of the soil, the theI'lIlB,l conductivity 00 and the volumetric 

heat capacity (e) being the two independent propertie s that enter into 

the quantitative description of heat transfer by conduction. 

This topic is discussed in detail by de Vries (1963). The 

thermal properties of a soil are highly variable both in time and in 

space and depend not only on the soil's chemical-mineralogical composition 

and mechanical structure, but also on the percentage of pOl~e space 

occupied by water (in the frozen or liquid state) and by air. (Tverskoi, 

1962) " Both the thermal conductivity (A) and the volumetric heat 

capacity (e) of tbe various mineral components of a soil do not vary 

greatlyo In contrast, however, the volumetric heat capacity of air is 

about three to four thousand times smaller than that of water (C for water 

:!!:1 .. 0) .. The thermal conductivity of air is approxinately ~o6 x 10-3 cal 

-1 -1 0 -1 3 -1 cm sec, G while the t of water is approximately 1 ·37 x 10- cal em 
-1 0-1 

sec e" The thermal conductivity of ice is approximately four times 

that of water (van Wijk, 1965). Thua, the thermal properties of a soil 

will depend mainly on its porosity which is characterized by the ratio of 

pore Volume to the volume of the soil sample as a whole, and on the 



fraction of pore space occupied by water (liquid or frozen) and air. 

It is evident therefore, that both the volumetric heat capacity 

(C) and the thermal conductivity (A) of soils increase with increasing 

moistness of soil. Some typical variations of thermal conductivity, 

volumetric heat capacity and thermal diffusivity (K :::; A/C) with the 

moisture content of a soil are shown in Figure 2.2. 

Soil composition, compaction, and moisture content typical~ 

vary in space, thus so too will the thermal properties of the soil. 

Furthermore, soil moisture content typically varies with time and 

there will be a consequent variation of the soil's thermal properties 

with time. The thermal conductivity may also vary with soil temper-

ature (where latent heat terms are hivolved), but under normal 

conditions this variation can be ignored in application to soils 

(de Vries,1963) .. 

In the Chilton Valley situation, Greenland (1969) noted that 

there is a relatively large reduction in the percentage of organic 

matter with depth in the soil profile. He also stated that, for 

particular dry days examined, a steep moisture gradient probably 

eXisted, the soil being more moist at lower levels. Even for rain days 

it was suggested that only the top few centimetres of the soil profile 

would have maximum moisture content, the overall moisture profile of the 

soil below these top few centimetres being one of increasing moisture 

content with depth. Thus, considerable depth variation in the thermal 

conductivity is to be expected. Furthermore, considerable time vari

ations in the thermal conductivity were indicated, calculated values of 

this property showing a rapid increase after the onset of rain, and a 



relatively rapid decrease in the thermal conductivity on another 

occasion as ice in the soil melted. Calculations for the volumetric 

heat capacity (C) indicated that although there were some changes in 

the value of C witi1 changes in soil moisture content, the total range 

of values was not very large. 

These findings indicate that, for the Chilton Valley situation, 

an extremely critical examination needs to .be made of the validity of 

some of the simplifying assumptions involved in certain mathematical 

treatments of the heat conduction equation; for example, the 

assumption that A and G vary only with depth and not with time as 

made by Lettau (19~), would lead to errors in the calculation of heat 

flow if it were applied for days during which the soil moisture content 

varied considerably" 

Based on the theory of heat conduction in the soil, several 

methms for measuring soil heat flow have been devised. The basic 

features of each of these methods will be described and their 

advantages and shortcomings discussed both in the light of their 

reliance on the generalized heat flow theory presented above and in the 

light of their potential application to the determination of the 

spatial variation of the soil heat flow parameter in the Chilton Valley. 

2.4. 'METHODS FOR :MEASURING SOIL HEAT FIIJW 

There are five main methods for determining the flux of heat in 

the soil, each method being used either individually or in combination 

wi th one or more of the other methods. The methods are as follows: 

1. The Temperature Gradient Method 

2.. The Temperature Integral or Calorimetric Method 

3. The Method of ~ourrier Analysis of Temperature Cycles 
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4. The Block or Contact Method 

5. The-Flux Plate or Heat Flow Meter Method 

Some of these methods are discussed in detail by Monteith (1958), 

Lettau and Davidson (1957), and Tanner (1963). 

1 • THE TEMPERATURE GRADIENT METHOD 

Details of this method of measurement of soil heat flow are 

presented by Monteith (1958), Tanner (1963), and Bes:palov (1963). In 

this method of measurement either temperature sensing elements or 

thermocouples are placed in the soil profile at various depths and the 

soil heat flux density is determined using equation (2.2.) given aboveo 

Given the existence of quasi-steady-state thermal conditions, 

equation (2.1 .. ) will form the basis for the calculation of soil heat 

flux density .. 

To use this method, it evident that the thermal conductivity 

(A) of the soil must be known for the. particular depth at which it is 

desired to evaluate the heat flux density. The difficulty of obtaining 

an accurate value for A is the main problem in the application of this 

method. Several different methods for determining the thermal 

conductivity of the soil have been proposed, involving either the in 

si tu measurement of A, or the determination of A. from the laboratory 

analysis of the various constituents of extracted samples. The 

majori ty of the techniques proposed for the in situ measurement of "

(de Vries and Peck, 1957, 1958); Buettner, 1955, 1957,; van Wijk, 19~; 

van Wijk and Dersken, 1966; van Wijk and Belghith, 1967; Stiger, 1968; 

Mongelli et. al., 1971) are based on the artifical application of heat 

to the soil and the observation of subsequent temperature changes either 

in the soil or in the heating element itself. :r'he thermal 



conduotivity (A) is then determined using the theory of heat conduction 

in a homogeneous, infinite soil. This type of method has the disadvant-

ages that, in the application of heat to the soil there is the possibility 

of changing the A of the soil and that, if changes with depth in the 

soil thermal properties occur, the validity of application of the 

theory of m at conduction in a homogeneous soil is doubtful. Further-

more, the simultaneous evaluation of the thermal conductivity at a 

number of sample sites would not be practicable using this type of in 

situ measurement technique. 

A second type of in situ measurement technique (Stearns, 1969) 

involves the calculation of" and C through the application of Lettau's 

(1962) theoretical model of thermal diffusion to the results of 

harmonic s of soil temperature and heat flux profiles in the soil. 

However, thi s method is also not stric applicable for soils with 

moisture present in varying amounts, as is the case in the Chilton 

Valley, or in situations where there are abrupt changes in the thermal 

properties of the soile 

A method for calculating h from the conductivit~s and volume 

fractions of tie soil constituents has been outlined by de Vries (1 963) • 

This method, estimated as having an accuracy of better than 1q% in most 

cases, has the disadvantage that the soil samples upon which the 

determinations of mineral composition, moisture content, and porosity 

are made, cannot be taken from the same location as the temperature 

sensors without destroying the site. Furthermore, this method would 

reach unmanageable proportions if frequent determinations of ~ were 

for a large number of sample sites. 



Because of t he difficulty in measuring "', an alternative 

approach is often used, based on tm heat conduction equation 

(equation 2.3.) given above. This method is termed the temperature 

integral method. 

2.. THE TEMPERATURE INTEGRAL OR CALORIMETRIC METHOD 

Detailed discussion of this method of measurement is given by 

various authors in Lettau and Davidson (1957), and by Monteith (1958), 

Bespalov (1963), and Tanner (1963). In this method, the soil heat 

flux density is computed from the change in heat storage in the soil 

profile over a given time interval. Integration of equation (2.3.) 

over the depth interval Z I to z,,- yields the following 
'2, Jr ~Td2 .. ,,(2 .. 6.) 

", 

This equation can be solved for H given the vertical soil 

temperature profiles and estimates of ~ and c or the volumetric heat 

capacity (C) over a given time period. The assumption is made that the 

soil may be treated layer by layer, each layer being homogeneous and 

finite depth increments are adopted. ~or example, using 1 em increments 

and with depth being indicated by the subscripts 

.... (2.7 .. b.) 

This can be continued until a layer of known heat flux density 

is reached. For example, if z is taken to a depth where Ih: = 0, and 

the position of such a layer can easily be determined from temperature 

observations, then 
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t C(ClT) + .••• L. .. C-(i>T) 
,()t f.S' at 2. 

••• (2.8.) 

The volumetric heat capacity (C) does not change rapidly with 

time and can be calculated using an equation given by de Vries (1963) 

which has an estimated accuracy of + 510. However~ once again~ the 

determination of C requFes the extraction of soil samples from 

locations in the vicinity of the temperature profile site. This 

raises the question of the degree to which the soil samples from which 

the heat capacities are determined, are representative of the sampling 

level. Representativeness is likely to be relatively easy to obtain 

when the soil is completely saturated or completely dry so that there 

is little variation of heat capacity with depth and, horizontal 

variations are minimized, but when this is not the case, samples must 

be taken as close as possible to the temperature profile. Repeated 

destructive sampling of the test site in this manner is undesirable 

however. 

A further limitation of th~ method of measurement is that when 

significant horizontal variations in A occur there will be horizontal 

variations in heat flow between various parts of the soil surface. The 

assumption made in the temperature integral method, that the heat storage 

is a direct result of vertical heat flow, would then be erroneous. 

Buettner (1957) found considerable horizontal variations in A under a 

relatively homogeneously vegetated grassy surface, so it is likely that 

in the Chilton Valley, where there is a marked heterogeneity of surface 

characteristics, that this horizontal heat flow could introduce large 

errors into heat flux determinations made by the temperature integral 
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method. 

3. THE METHOD OF ]!OlfRRIER Al'fALYSIS OF TEMPERATURE CYCLES 

Heat flow into and out of the soil can be calculated as a result 

of a measured temperature wave. This is not a simple procedure for the 

surface temperature is rarely known and there is often a marm d variation 

in the t.re rmal propertie s of t.re soil near the surf'ace .. When the 

thermal properties of a soil do va~ with depth and with time, as is the 

normal case, a perfect determination of heat f'lux cycles from temperat

ure cycles is impossible, but approximations can be made. 

de Vries (1963) presents a detailed evaluation of various 

solutions of the heat conduction equation, allowing f'or such factors as 

variation in the thermal diff'usivity of a soil with time, based on a 

periodic change in soil moisture content. He also considers non-

periodic solutions of the equation of' heat conduction which would be 

applicable when abrupt changes occur in the amount of' radiation 

received at the soil surf'ace, as would occur with the passage of 

isolated clouds in front of'the sun. Further sophistication of this 

theory allows the determination of the heat flux to be made for a layered 

soil, the thermal properties of each soil layer being considered constant. 

However, even the most sophisticated variation of this theory can 

only approximate the heterogeneous conditions that exist in a natural 

soil. Also, as in the previous method, the determination of' various 

thermal properties of the soil necessitates the extraction of soil 

samples with tre consequent disadvantages of site. destruction and uncer,t

ainty regarding the representativeness of' the obtained values. 
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40 THE BLOCK OR CONTACT .METHOD 

This method for measuring soil heat flow was first developed 

for the measurement of the thermal properties near the soil surface. 

It is discussed by van Wijk and Belghith (1967), Schneider (1969), and 

Stiger (1970). In this method, perspex blocks at a uniform tempe~ 

ature are placed on the soil surface and the change of temperature of 

the contact plane, with time, is recorded. If the initial temper

ature of the block and its thermal constants are known, the soil heat 

flow can be calculated using the Laplace transformation of temperature 

as a basis for the calculations. 

However, the assumptions underlying this method are not 

realistic when the method is used for the determination of soil heat 

flow in the field, as is emphasized by Stiger (1970). Firstly, it is 

assumed that the temperature distribution in the soil is a linear 

function of depth as an initial condition. Stiger (1970) states 

that it has been proved experimentally that under normal field 

conditions no linear relationship exists between tempe 'ature and depth. 

Secondly, necessary conditions regarding the distribution of moisture 

in the soil are either complete dryness or a fully homogeneous moisture 

content in the first few centimetres. This latter condition is 

unlikely to occur as the normal condition for soils is for relatively 

high moisture content gradients to exist in the shallow surface layer 

involved. Hence A and C, which are strongly dependent on moisture 

content in the low moisture region, a re not independent of depth and 

time, yet this was taken as a condition in the solution of the relevant 

heat equation .. 
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Stiger (1970) states tID t these factors combine to make the 

measurement of soil heat flux density in the field by this method almost 

impossible, or at least highly inaccurate. It should also be noted 

that the application of this method is restricted to unvegetated soils. 

5. THE HEAT FIDW METER OR FLUX PLATE METHOD . 
This method of measuring soil heat flow, based on classical 

theory, was first suggested by Schmidt as reported by Kleinschmidt 

( 1935). A device based on this scheme was constructed by Falkenberg 

(1930), but Deacon (1950) points out that the literature indicates that 

climatologists in English-speru(ing countries did not t~e advantage of 

Falkenberg's work but based their soil heat flow studies on the more 

laborious temperature integral method, taking soil temperature profiles 

together with the volumetric heat capacities of soil samples from 

various depthse 

An instrument based on the heat flow meter scheme was con-

structed by Dunkle in 1940 (described in Lettau and Davidson, 1957) and 

Deacon in 1950 designed and constructed a similar type of instrument. 

Such heat flow meters or flux plates, initially used mainly for the 

measurement of heat flow in the walls of buildings, have now become 

widely used in soil heat flow investigations, for they are essentially 

the simplest means for measuring heat flow in the soil. The 

construction procedure for such heat flow meters is detailed by 

Hatfield and Wilkins (1950), Deacon (1950), and Tanner (1963). 

The instruments are relatively thin plates usually made of a 

material with a greater thermal conductivity than that of the soil. 
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The temperature difference through tre plate is measured by means of a 

thermopile which produces an electromotive force (e.m.f.) proportional 

to this temperature difference. The heat flow per unit area of the 

heat flow meter, directed normally to its surf'ace, can thus be found 

using the same relationship as for heat flow in the_soil, given by 

equations (2.1.) and (2.2.). In these equations H, the heat f'low 

through the soil, can be replaced by HI, the heat flow through the 

meter, with a corresponding replacement of the thermal conductivity 

of tre soil, '" by the thermal conductivity of the meter, A I • 

This latter quantity 

(Bespalov, 1963). 

constant for a given heat flow meter~ 

During measurements, the heat flux meters are placed 

horizontally in the soil and the vertical heat :flux through the soil 

is determined by multiplying the thermopile voltage by an experi

mental constant. 

This method of measurement is an attractively simple method, 

for it is possible to produce large numbers of such instruments 

relatively cheaply; they have the advantage of ruggedness and mobility; 

and only one sensor per semple location is needed to give a direct 

measurement of' the soil heat f'low at that location. Another useful 

feature of t.m heat flow meters is tta t, under some circumstances 

(When their calibration coefficients do not differ by more than;3ft 

(Tanner" 1960»), they can be used in series to give a much better 

estimate of the mean heat flux in the soil than is possible from 

measurements made at only one pointe 
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The use o~ heat ~low meters for measuring soil heat flow 

nevertheless involves three principal di~iculties, as is emphasized 

by Monteith (1958), Frannssila and Huovila (1957), Tanner (1963) and 

Fuchs and Tanner (1968). These three main problems are listed below: 

a. It is not possible ~or Ue heat ~low meter always to have an 

identical thermal conductivity with that of the soil in which it is 

positioned, because the tre rmal conductivity o~ the soil changes .. 

'Nhen an inequality exists between·" and X , the heat flow in the soil 

in the immediate vicinity o~ the heat ~low meter is disturbed and hence 

the heat flow in the meter (H') will di~er from that in the soil (H). 

The representativeness of the heat ~lux as measured by the meter 

depends upon the ratio o~ meter conductivity (1\) to tl~ soil 

conductivity ( A) and upon the geometry of the meter (Philip, 1961). 

b. Since the meters are impervious to moisture, they inte~ere 

with normal moisture movement in the soil (both capilliary and vapour 

transport), and they thus a~ect the thermal properties o~ the soil. 

There may there~ore be difficulty in interpreting observations during, 

or immediately after heavy rain. Also, in a soil which is neither 

completely saturated nor completely d~, heat may be transferred in 

the vapour phase, and anomolous readings could be obtained if the ratio 

of latent heat transfer to total heat transfer were appreciable, 

particularly if moisture were condensing on one side of the ~lux plate 

and/or evaporating from the other side. Such a one-sided release of 

latent heat would exaggerate the meter response. The degree o~ inter

ference with moisture ~low by a heat flux meter will decrease as its 

dimensions decrease. 



c. The amount of heat flowing through a meter may be diminished 

by poor thermal contact between the meter and the soil. Changes in 

the contact between the plate and the soil could easily be produced 

by such processes as the shrinkage of clay. As the meter area 

increases, there is increasing difficulty in ensuring good thermal 

contact between the meter and the soilo 

As the moisture and heat transfer. in the soil is greatest at 

the soil surface, the resulting interference with these processes by 

a heat flux meter placed ver,y close to the soil surface will be 

greater than if the meter were placed deeper in the soil. Further

more, the maintenance of good thermal contact between the soil and 

the meter is more difficult at the soil surface, due largely to the 

presence of greater amounts of organic material and root mass. In 

view of these problems, Tanner (1963) recommends the placement of 

heat flow meters for t he measurement of soil heat flow density at 

depths of 5 to 10 cm below the soil surface. If a measure of the 

surface heat flux density is required, it is suggested that the heat 

flux in the layer of soil above the heat flux meter be measured by the 

calorimetric method. 

2 .. 5.. ASSESSMENr OF METHODS IN THE LIGffi' OF THE REQUIREMENl'S OF THJll_ 

PRESENT STUDY 

As the purpose of the present investigation is the evaluation 

of a suitable network design for the sBD: pling of the soil heat flow 

parameter, it is evident that initially, a relatively dense sampling 

network would be desirable; that is, it would be desirable to 



maximize the number of point measurements of soil heat flow. .An 

additional requirement is t~ need to measure the soil heat flow 

simultaneously at the various sample points. Ideally, a continuous 

record of soil heat flux at each of the sample points would be 

preferred, but obviously limits both on the sampling frequency and on 

the sample number will be imposed by the capacity of the recording 

apparatus. Nineteen channels on a 20-channel Solartron Data Logger 

were available for this investigation, so the selection of an appropriate 

method for the measurement of soil heat flow had to be made so that, 

within th~ limits of this data recording system, the maximum amount of 

information regarding the nature of the spatial variation of soil heat 

flow could be obtained Q 

Of the five methods outlined for tre measurement of soil heat 

flow, both the calorimetric method and the method involving the 

Fourrier analysis of temperature cycles require the determination of 

the soil temperature profile at each sample site. Such a requ:lr ement 

imposes considerable restrictions on the number of sites it is 

practicable to monitor; for example, if measurements of soil temper

aturewere made at four depths at each site, the nineteen channel 

limitation on the recording equipment would permit the determination ~ 

soil heat flux at only four locations~ a sample size that is totally 

inadequate for the purposes of the present investigation. A reduction 

in the number of depths at which temperature measurements were made to 

three or less would be likely to result in gross. inaccuracies in the' 

computation of the soil heat flux. Furthermore, these methods requXe 
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the determination of the volumetric heat capacity of the soil, 

necessitating the extraction of soil samples in the vicinity of the 

sites at which measurements of the temperature profile are nmde. The 

site destruction consequent upon sample extraction, uncertainty 

regarding the representativeness of the obtained values of C, and the 

constraint on the number of sample locations imposed by the require

ment of the temperature profile determination result in the rejection 

of the use of both of these methods in the present study. 

The temperature gradient method does not impose such 

restrictions on the sample size for measurements of the temperature 

gradient between specified levels wi thin the soil may be made using a 

single thennocouple@ However, this method of measurement requires 

the accurate determination of A, and, as outlined above, the practical 

and theoretical limitations of techniques for the measurement of A 
are such that the possibility of the use of the temper'ature gradient 

method in the present investigation must also be discounted. 

The first three methods outlined can therefore be rejected on 

practical grounds without the need for a consideration of their relative 

merits in terms of the simplifying assumptions involved in the solution 

of the relevant equations. Of the five methods considered, the method 

with the most limiting assumptions was shown to be the block or contact 

method of measurement of soil heat flow. However, this method too, 

can be rejected on practical grounds in the light of its restriction in 

application to unvegetatedsurfaces. 

The method of measurement of soil heat flow yet to be considered, 



the heat flow meter method, appears from a practical viewpoint, well 

suited to the requirements of the present study. Only one sensor per 

sample location is req~ired to give a direct measurement of the soil 

heat flow at that location and the voltage output from that sensor can 

be sampled as frequently as the recording system permits. While 

there are certain limitations associated with this technique, it is 

not expected tla t the error involved will be any gr(;}ater than that 

associated with the first three techniques outlined. Fuchs 

and Tanner (1967) estimate that the relative error associated with 

the use of heat flux plates is between 5 and 1cfo, this magnitude of 

error being comparable with the estimated error involved in the 

determination of both A and Co 

The placement of the heat flux meters within the recon~ended 

depth interval of 5-10 cm will not detract from the central purpose of 

this study, for concern lies not so much with the spatial variation in 

the absolute values of heat flux at the soil surface as would be the case 

in a detailed energy balance study, as with the degree of spatial 

variation in the soil heat flow parameter as influenced by the surface 

cover type. Consequently, it is necessary only to determine the 

relative magnitudes of soil heat flow at the various sample sites and 

this can be adequately accomplished by measuring the soil heat flux at 

the 5 CDI level; for at this level it is expected that variations in the 

soil heat flux density as a result of differences in sur£ace cover will 

still be evident. 

A detailed discussion of the theory of heat flow meters, their 
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oalibration, and a mOl~ comprehensive evaluation of this method for 

measuring soil heat flow is presented in the following ohapter. 



CHAPl'ER THREE 

SOIL flEAT FLOW· METERS 

3.1. INTRODUCTION 

In this section it is proposed to examine the merits and the 

shortcomings of the heat flux meter method of measuring soil heat flow 

so that a detailed assessment might be made of the limitations and 

advantages of this method of measurement for the purposes of the present 

investigation. A discussion of the theory of soil heat flow meters 

will first be presented, for this theory is basic to an appreciation of 

the problems associated with this method of measurement. In the light 

of this theory and with respect to the objectives of the present study, 

appropriate ca]bration procedures for soil heat flow meters will be 

considered, together with several of the relevant performance 

characteristics of these instruments. 

3.2. TflE THEORY 01<' SOIL HEAT FLOW 1I''IETERS 

Despite relatively widespread use of heat flow meters in hydro

logy, micrometeorology, and related fields (Philip, 1961), comparatively 

little attention has been given to the theory of these meters, high

lighting a tendency for soil heat flux measurements using this method 

to be made with little or no consideration being given to the validity 

of the results obtained (e"g .. McCaughey, 1968; Terjung et .. al." 1969) .. 

The development of a theory f()r soil heat flow meters has been 

along similar lines to the development of the heat flow meter method 

for the measurement of soil heat flow, in that a separate development 
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of the theory has taken place in two different countries. In the case 

of the theor,y of heat flow meters, the literature indicates a lack of 

awareness by English-speaking workers of the relevant Russian liter-

ature. Discussions of the theory of heat flux meters are given by 

Portman (1 958), Philip (1 961 ), Be spalov (1963), and Kaganov and 

Rozenshtok (1963). 

The theor,y of heat flow meters will be considered in relation to 

the three major problems associated with their use, as outlined in 

Chapter 2: 

A. The problem of the distortion of the natural soil heat flow, and 

thus the natural temperature field in the soil, due to the presence in 

the soil of a heat flux meter which has different thermal properties to 

those of the soil. 

B. The problem of the interference by the heat flux meter with 

natural soil moisture movement. 

c. The problem of poor thermal contact between the soil and the heat 

flux meter .. 

A. DISTORTION OF THE NATURAL SOIL BEAT FLOW 

As previously mentioned, the heat flow per unit area of the heat 

flow meter, and normal to its surface, can be determined using the same 

relationship as for the heat flow in the 80il, given by equations (2 .. 1 .. ) 

and (2.2.). Thus, for a quasi-stationary heat flow regime, the heat 

flow through the heat flux meter (H') oan be expressed as follows: 

in which ,,' is the thermal conductivity of the heat flux meter· 



1. is the thickness of the meter, i.e. its minor axis (cm) 

I1T'is the temperature d.ifference between the upper and lower surfaces of 

t fl (oC) the hea ux meter 

K is a coefficient of proportionately Ui)o) which remains constant for a 

given heat flux meter (Bespalov, 1963). 

The thermal properties of a soil.are not constant. Thus the 

thermal conductivity of the heat flux meter (;:) cannot always be 

identical with the thermal conductivity of the soil ()..) in which it is 

placed ... When the heat flux meter has different thermal properties from 

those of the soil, the heat flow in the soil; and thus the soil temper-

ature field, in the immediate vicinity of the heat flux meter are 

disturbed" As a consequence, the heat flow through the meter (H I) 

differs from that through the soil (H) .. In order to assess the meter 

measurement error due to the distortion of the natural soil heat flow by' 

the heat flux meter, it is therefore of primary importance to establish 

how the heat flow through a meter exposed in the soil (or other medium) 

is influenced by the thermal properties both of the medium and of the 

meter and by the geometry of the meter@ 

Different approaches to the analysis of this type of measurement 

. error have been made by different investigators. Portman (1958) analysed 

the measurement error for a square heat flux meter placed in as infinite 

medium in steady-state conditions in terms of two dimensionless para-

meters: 

(i) the ratio of heat flux meter conductivity to medium conductivity 

(AI/A), and (ii) the ratio of meter thickness tnmeter width (£/w) .. 
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He derived the following equation expressing the ratio HI/E in terms 

of these two parameters: 

Philip (1961) started from the solution of Laplace's equation 

describing stea~-state heat oonduotion and developed a theo~ for 

heat flux meters in which the relationship between HI and H is given 

by an equation of the form: 

1-1'= X ... 
1-1 I - (.E: - I )G 

where G. '" >-'j'A and G is a funotion of meter geometry only. Thus, in 

this equation, oonduotivity effects and geometrioal effeots are clearly 

separated. For a square heat flux meter where r= t/w equation (3.3,,) 

is rewritten as: 

!::f 
H 

X= 

where ex is a meter constant.. A similar dependenoe of the ratio~ wlH 

on the ratios 'A,/'A, and £/w was also derived by Kaganov and Rozenshtok 

(1963) .. 

While slight differences exist in the formulae derived by the 

above-mentioned writers, the essential nature of the relationship 

between the ratios H~rIH, A'/A II and £/w is similar in all three 

instances .. An examination of this relationship, shown in Figure 3 .. 1 .. 

leads to the definition of two oriteria for the design of heat flux 

meters that will operate in the direction of reducing meter error .. 

It is evident that the meter measurement error is least when the thermal 

conductivity of the heat flux meter is equal to the thermal oonduotivity 



FIGURE 3.1. Dependence of H~H on A/A for Various IIw 
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of the soil. Thus H'/H::: 1"0 when '1--'/1\ ::: 1-0. However, as noted 

above, the thermal conductivity of the soil is not constant and there

fore the heat flux meter must operate over a range of A/". values .. 

The measurement error for a given heat flux meter will thus be 

minimized if the meter is construc~ed so that the value of the ratio 

H'/H is as close to 1·0 as possible, for the duration of exposure in the 

soil (that is, taking all the variations in medium thermal conduct-

ivity, into account). 

In this context it should be noted that values of )( greater 

than ,,( 1\/" > 1·0) have a much smaller effect on the measuring accuracy 

than do values of )\ smaller than :!\, ( A'/'l\ < 1.0). .As the ratio 

falls below 1·0, the measurement error increases at a faster rate than 

it does for comparable increases of the ratio beyond 1-0. For 

specified values of the parameter 'i/w , as "'/" increases, H'/H tends 

asymptotically towards a constant value (Kaganov and Rozenshtok,1963) .. 

Thus, as the conductivity ratio, A I" , increases beyond 3"0 it is 

evident from Figure 3 .. 1., that, at least for values of tfw < 0 .. 3 

the measurement error will undergo only small increases in magnitude. 

These considerations suggest the first criterion for the design 

of heat flux meters; namely, that to minimize meter measurement error 

due to the distortion of the natural soil heat flow, it is necessa~ 

to have the thermal conductivity of the heat flux meter approximately 

equal in value to the value of the soil thermal conductivity at the 

Upper limit of the range of conductivities to which the flux meter is 

to be exposed. An increase in meter conductivity beyond this value 



will result in a much smaller increase in the magnitude of the measure-

ment error than will a comparable decrease in the value of the meter 

conductivity .. 

The second criterion for the design of heat flux meters is 

derived from an inspection of the family of curves representing different 

!/w ratios of a heat flux meter. It is evident that a reduction in the 

thickness of a heat flux meter, and thus a decrease in the value of the 

ratio ljw , both decreases the magnitude of the measurement error and 

decreases the variation in the magnitude of that error over a given range 

of conductivity ratio values. 

For a given heat flux meter, the dependence of the magnitude of 

measurement error on the range of soil thermal conductivities encount-

ered in its use, also implies that the meter should be specifical~ 

calibrated for this ran&e of thermal conductivities. The relationship 

between the heat flow in the soil and the voltage output of the heat 

flux meter y..), for a given >: and~, can be written in the following 

manner (Mogensen,1970): 

H ::: R/,,-

where R is the calibration or conversion factor of the heat flux meter 

(R >0) .. If }..'.., ~ , HI = HFR' denotes the corresponding calibration 

factor, then 

HI = Rtf'" 

Equation (3. ) can be rewritten as 

H == C1 + (I-G)1-
H' A' 

in which HlH' is a linear function of AI>-: .. By combining equations 



(3.5.), (3.6.), and (3.7.), the £ollowing result is obtained: 

R = R'G .. (I-C; )R' 1 
A' 

••• (3.8.) 

expressing R as a linear £Unction o£ A . Bespalov (1963) also 

established the linear dependence o£ the calibration factor £or a given 

heat £lux meter on the medium's thermal conductivity using a di££erent 

theoretical approach, and both Bespalov (1963) and Mogensen (1970) have 

experimental~ con£irmed this theoretical linear relationship_ The 

slope of the line relating the calibration factor, R, to the thermal 

conductivity of the medium,A, is determined by the geometry of the heat 

flux meter and by the thermal conductivity of the meter. (Mogensen, 

1970). 

Philip (1961) showed that the maximum meter error is least i£ 

the calibration is made in a medium with a thermal conductivity equal to 

the arithmetic mean of the extremes of conductivity in which the meter 

is to be expo sed. The maximum meter error is given by the following 

equation: 

Maximum Meter Error = I - 1 - 1-:3 I,. ( I - ~ ) 
1 - 1-31 (' (I - ~) 

where the range of oonductivity in which the meter is to be exposed is x 

to fix, the meter conductivity is 'Ix- , and the thermal conductivity of the 

calibration medium is $xo 

Thus, for the heat flux meters used by Fuchs and Tanner (1963), 

exposed in a soil in which the thermal oonductivity ranges from 0·717 to 

7·17 meal cm-1 sec-1 °C-1 , the maximum meter error can be calculated, 

using equation (3.9.) as 8.5,10. These meters have dimensions of 

\ I -1 -1 0 -1 
approximately 8· 3 x 3· 3 x 0·5 em, a A of 0.089 m cal em sec C, 
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and have been calibrated in a medium with a thermal conductivity of 

-1 -1 0 -1 
006 m cal em sec C, a value typical for air-dried quartz Band 

The meters used in the present investigation were constructed 

following a procedure outlined by Tanner (1963) which is detailed in 

Appendix A .. These meters are of similar dimensions and construction 

to those used ~ Fuchs and Tanner (1968) so the value of 6.089 m cal 

-1 -1 0 -1 cm sec C can be taken as representative of the order of 

magnitude of tlB thermal conductivity of these constructed meters. 

An examination of the range of soil thermal conductivities likely to be 

encountered in the Chilton Valley location will therefore enable an 

estimate of the maximum meter measurement error due to the distortion 

of the natural soil heat flow to be made .. Greenland (1969) gives 

thermal conductivity values at one location in the Chilton Valley, for 

three pairs of days at different times of the year, each pair of days 

consisting of a day with a relatively large amount of sunshine at the 

end of a dry spell (i .. e .. preceded by 7-10 dry days) followed by a (lay 

with rain. The thermal conductivity values for tlB se three paim of 

da~s are given in Table 3 .. 1. 

-1 -1 0 -1 The exceptionally high value of 13.30 m cal cm sec C 

for the first day of the third. group is attributed to the presence of 

ice in the Boil. an analysis of the heat flux meter measurement 

error is made for· a range of soil thermal conductivities representative 

of days without the complicating presence of ice in the soil, an 

appropriate range of thermal conductivities would be x: 3.25 to 

/3)(. == 5.68 ( m cal sec -1 0 -1) cm C • Assuming that an optimal 



TABLE 301. 

VALUES OF THERMAL CONDUCTIVITY AT ONE LOCATION IN THE CHILTON 

VALLEY (GREENLAND, 1962) 

(~values in ill cal cm-1 sec-1 °C-1) 

Dry Rain 

13.30 
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calibration in a medium with a thermal conductivity of 4.46 m cal sec-1 

-1 0 -1 cm C has been made, the ffic~imum met~r error calculated using 

If a range of soil conductivities of x= 

( -1 -1 0 -1) 3.25 to fix = 13·30 m cal em sec C is considered, thus 

allowing for the presenoe of ice in the soil, and assuming the same 

calibration medium as in the first example (that is,~= 4.46 m cal 

For the latter 

range of thermal conductivities, if the meters have been optimally 

calibrated in a medium with a thermal conductivity of 8.48 m cal cm-1 

sec-1 °C-1 , the maximum meter error involved. is.5 8 88,1o • However, 

if the calibration of the meters has been made in an air-d~ quartz sand 

-1 -1 which has a thermal conductivity of approximately 0.6 m cal cm sec 

°C-1 (de Vries, 1963), as was done by Fuchs and Tanner (1968), the 

maximum meter errors involved for the two ranges of' soil thermal 

conductivities given above are 6·72,% and 15.2a,% respectively. It is 

of note tlliit for one type of commercially manufactured heat flux meter 

(Middleton & Co. Pty. Ltd) with dimensions of 4.8 x 2.8 x O.ll- cm and a 

-1 -1 0 -1 ( thermal conductivity of 1·2 m cal cm sec C Deacon, 1971" pers. 

comm.) and which is calibrated by the C.S.I.R.O. in a carpet medium with 

-1 -1 0 -1 a thermal conductivity of 0.25 m cal sec cm C; the measurement 

errors involved are 35·0~ and 56·4~ for the 3 8 25 -

-1 0 -1 -1 sec C ran~ and for the 3·25 - 13 8 30 m cal cm 

5·68 m cal cm-1 

-1 0C-1 sec range 

respectively. These results are detailed in Table 3.2. 

It is evident from the preceeding discussion that the meter 

measurement errors in the measurement of absolute values of soil heat 



MAXIMUM METER ERRORS FOR TWO TYPES OF METER, FOR VARIOUS RANGES 

OF SOIL THEBlviAL CONDUC'l'TVI'l'IES AND DIFFERENT CALIBRATION MEDIUMS 

("and}\ in me'll crn-''SeC'''c.-
I
) 

Meter Descri]tion Ran~e of Soil ~ A of Calipr;9-tion Maximum Meter 

x-f3;;c, Mediu.m, Error 
~x. % 

Fuchs & Tanner 
OJ@) 3 .. 25 - 5.68 4,,46 (optimal) 1.63 

3625 - 13.30 4 .. 46 10,,65 

Dimensions 8.2 x 
3.2 x 0.5 em 3 25 - 13.30 8,,48 (optimal) 5.88 

r = 0.06098 3.25 5.68 0.60 6 72 

AI::: Yx 6.089 3.25 13.30 0.60 15.28 

0.717 - 7 .. 17 0.60 8050 

0 .. 717 - 7 .. 17 3.94 (optimal) 4.15 

Middleton Fty Mete~~ 

Dimensions 4.8 x 
2.8 x 0.4 em 3 .. 25 - 5 .. 68 0.25 35.05 

r 0.0833 3.25 - 13.30 0.25 56.49 

A ::: '-Ix. = 1.2 



flow due to the distortion of the natural soil heat flow by the presence 

of a boqy with different thermal properties to those of the soil, can 

considerable magnitudes, and can, in some cases, be sufficient to 

the obtained measurements unreliable. The necessity for a 

careful evaluation of the range of soil thermal conductivity likely to 

be encountered, the necessity for the selection of an appropriate cali-

bration medium, and the necessity for the selection of heatflux meters 

with appropriate thermal and geometrical properties are highlighted. 

The results above indicate that heat flux meters are best used for 

the measurement of absolute values of soil heat flow in si tU8.tions where 

the range of thermal conductivity they are likely to be exposed to is 

relatively small. Nevertheless, even when this range is small; for 

example, the 3·25 6 -1 -1 0 -1 
5~ 8 m cal em sec C range; the choice of an 

appropriate medium for calibration plays a major role in the determin-

ation of the magnitude of the maximum meter error" 

For the purposes present investigation, which involves the 

assessment of the nature of the spatial variation of soil heat flow, concern 

lies not so much with the absolute values of soil heat flow as with the 

relative magnitudes of this soil heat flow at the various sample locations. 

By performing a relative calibration of the heat flux meters; that is, 

by establishing the relationships between the relative outputs of the 

meters exposed under the same conditions; it is possible to avoid the 

increase in maximum meter measurement error that results from the absolute 

calibration of the meters in a non-optimal situation. 

It has been demonstrated that the calibration factor (R), for a given 



heat flux meter, is linearly dependent on thermal conductivity of 

the medium (A) in which it is placed, the slope of the line relating R 

to \ being determined by the thermal conductivity of the meter and by 

the meter geometry. The uniformity both of the materials used and 

the procedure followed in the construction of each of the heat flux 

meters to be used in the present study, leads to the assumption of the 

similarity of the gross thermal and geometrical properties of these 

meters. Consequently, it is assumed that the slopes of the lines 

relating Rto A for each meter will similar. (The experimental 

confirmation of this assumption is presented in Section 3e4.) However, 

the voltage outputs from individual thermopiles for the same heat flow 

through the meter are likely to vary as a rsult of such factors as the 

quality of the copper plating on the thermopile Thus, for different 

heat flux meters, the values taken by R for given values of A are 

likely to differ. A schematic representation of the expected relation

ship between lines relating R to A for different meters is given in 

Figure 3.2. The equation given by Philip (1961) for the determination 

of maximum meter error (equation (3.9.)involves the parameters r, -Y,{J,of)d &; 

It has been assumed that for the meters to be used in the present study 

the values of rand 'i, representative of a meter's geometrical and thermal 

properties respectively; are constant. Thus, if all the meters are 

calibrated in the same medium over the same range of soil thermal 

conductivities; the maximum meter measurement errors will be equal for 

all the meters. If a relative calibration of the meters is made, a 

determination of the maximum meter error can be made without the need for 
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the specification of the thermal conductivity of the calibration 

medium (&x), for, as is shown in Figure 3.2 .. the relationships 

between the .R values of tle meters are equal for all given values of 

the soil thermal conductivity (~). It is therefore possible to 

assess thff maximum meter measurement error, for a relative calibration 

of the heat flux meters, in terms of that error expected for an 

optimal calibration of the heat flow meters over a given range of 

soil thermal conductivities.. Thus, in the Chilton Valley situation, 

allowing for the presence of ice in the soil, and using a relative 

calibration technique, the maximum meter measurement error due to 

the distortion of the natural soil heat flow is of the order of &/0. 

Be INTERFERENCE WITH NATURAL SOIL MOISTURE MOVENlENT 

The problem of the interference by heat flow meters with the 

natural soil moisture transfer can be viewed in one respect in terms 

of a complex of changing "I" relationships above and be].ow the heat 

flux meter. This has been demonstrated by Franssila and Huovila 

(1957) who investigated changes in the calibration factor (R) of heat 

flux meters with changes in the moisture content of the medium in which 

the meters were placed. This investigation was conducted in the 

laboratory using an insulated calibration case filled with moist sand, 

in which the flux meters, placed at a depth of 1.5 em, were subjected 

to a steady heat flux.. The calibration factors of the heat flux 

meters were determined daily until the sand had dried. The results 

of this experiment were as follows: 

Days from Start of Experiment 

o 2 3 4 5 6 7 

( -1 -2 -1 ) 11 MV / ca]. cm min 2.02 1.93 1.28 1.52 1.88 1.98 2.12 2.09 
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It is evident that these results cannot be interpreted simply 

in terms of the linear relationship of R with '" as previously 

established, for there is no consistent temporal trend in the values 

of R .. Franssila and Huovila (1957) explain these results in terms 

of the spatial and temporal changes in the thermal conductivity of the 

sand. Since the sand layer over the heat flux meter cannot draw up 

moisture from the lower layers, it will dry out, due to evaporation, 

sooner than the surrounding sand. .An area of lower thermal conduct-

ivity will thus be formed over the heat flux meter and hence the heat 

flux will tend to be distorted around the edges of the heat flux meter, 

effectively avoiding the area of lower thermal conductivity_ Conse-

quently the value of R will decrease. 'I'he lowest value of R was 

reached after two days. As the sand continues to dry out, the 

moisture difference between the sand above the heat flux meter and the 

surrounding sand will diminish and the value of R will increase. After 

a week, the characteristic value of R for dry sand was reached. 

This experiment thus indicates one type of effect that can be 

expected to result from the interference with natural moisture flow in 

the soil. However, the magnitude of meter errors resulting from this 

type of interference cannot be assessed using the mathematical approach 

outlined in the previous section because of the complex spatial and 

temporal variability of the A.tJ'A relationship.. As was shown in the 

above experiment, for a thermal conductivity above the heat flux meter 

( Aa) less than that below the meter ()'6), for a given heat flux the 

vOltage output of the meter will be greater than for the case where 



42. 

Similarly, if Aa>)"b 

age output of the meter will be 

for a given heat flux the volt

than for the case where Aq..: Ab. 

Difficulty in interpretation of results from the heat flux meters 

must therefore be expected, particularly for periods during which 

relatively rapid changes in the soil moisture content occur, such as 

immediately after the onset or during heavy rain. It is during such 

periods that the maximum differences in soil moisture content, and 

thuB in soil thermal conductivity, above and below the heat flux meter 

will occur. As will be subsequently demonstrated, under ideal con-

ditions such as exist when the heat flux meters are placed in moist 

sand and subjected to a steady heat flux over a period of time, each 

of the meters can be 

spatial and temporal 

to exert a similar influence on the 

s in the thermal conductivity of the 

in their immediate vicinity. Consequently, the relationship between 

the outputs of any two heat flux meters under a steady heat flux is 

expected to remain constant as the sand dries. However, in the more 

complex field situation, such systematic effects will more probably be 

absent. 

Anomalous from heat flux meters may also be obtained 

if latent heat transfer in the soil is appreciable and moisture con

denses on or evaporates from the surfaces of the meters. A one-sided 

release or of latent heat would tend to exaggerate the meter 

response'. In the Chilton Valley location there is also the 

possibility that ice may freeze on the surfaces of the heat flux 

meters once producing anomalous readings. That this is a very 



possibility is suggested by the very·high value of soil thermal 

conductivity of 13-30 meal cm-1 sec-1 °C-1 that Greenland (1969) 

obtained for a.day on which soil temperature indicated the presence 

of ice in the soil. These values of thermal conductivity were 

obtained using the quasi-steady-state form of equation (2.2.); 

H - A dt 
dz 

where H, the soil heat flow was approximated by the records taken from 

heat flux meters, and dt/dz $' the temperature gradient was determined 

using thermistors placed at different depths in the soil. As the 

thermal conductivity of ice 

from 5-35 - 5-81 m cal cm-1 

o 0 at temperatures of OC to 20 C varies only 

sec-1 °C-1 (de Vries, 1963), the value of 

1 -1 0C-1 13-30 meal cm- sec obtained is unrealistic. Such a high 

value could be attributed to the freezing of ice on the meter surface, 

exaggerating the meter response, and thus exaggerating the values of H 

used in the computation of A. If this is the case, then the range of 

thermal conductivities to which the heat flux meters are to be exposed 

is reduced considerably and the measurement error due to the distortion 

of the natural soil heat flow will be considerably less than the ~~ 

previously calculated. 

With respect to the measurement error introduced by the inter-

ference of the heat flux meters with natural soil moisture movement, 

the deeper the sensor is placed and the smaller the dimensions of the 

sensor, the smaller the meter error due to interference with natural 

moisture flow is likely to be. Nevertheless, this type of meter error 



presents a very real "unknown" in attempting to asses the validity of 

heat flux meter measurements of soil heat flow. 

C. POOR THERMAL CONTACT BETWEEN HEAT FLUX METER AND bilmIUM 

The theory of heat flux meters outlined in Section A is also 

basic to an investigation of the problem of poor thermal contact 

between the heat flux meter and the medium in which it is placed. By 

treating the system gap-pIus-meter as a composite meter, Philip (1961) 

obtains estimates of the order of magnitude of meter errors due to poor 

thermal contact. When gaps above or below the meter are air-filled, 

-1 .... 1 a -1 because the thermal conductivity of air (0.062 m cal cm sec C; 

deVries, 1963) is appreciably less than that of any meter materials, the 

effect of these gaps is to decrease the effective thermal conductivity 

of the meter and to increase its effective thickness. Table 

shows Philip t s (1961) results pertaining to the effect of thermal con-

tact on the magnitude of meter errors for two different heat flux 

meters, allowing for the occurrence of air gaps one twentieth of the 

meter thickness above and below the heat flux meters. 

It is evident from this table that very serious errors can result 

from poor thermal contact between meter and medium. Extreme care in the 

installation of heat flux meters in the soil will assist in the minimiz-

ing of such errors. However, the major difficulty in the evaluation of 

the magnitude of' meter errors due to poor thermal contact is that the 

presence or absence of such gaps and their magnitude and moisture content, 

(if present) cannot usually be known. Philip (1961) concluded that 

uncertainties about thermal contact must set a very real limit to the 



T.ABLE • :2 .. :2" 

INFLUENCE OF THERMAL CONTACT ON METER ERRORS AIR GAPS 

ONE TWENTIETH OF METER THICKNESS. (PHILIP , 1 961 ) 

-1 (m cal em 

0 .. 8 

2.0 

Meter Conductivit~ 

-1 -1 ° -1 -1 -1 0 -1 10m cal em sec C 20 m cal em sec C 

Effective Meter Conductivity with Air Gaps 
0.4 m cal cm- I sec-1oC 1 . 0.5 meal cm-1 sec-~ °C-1 

Percentage error in Meter 

-1 0C-1 sec Without With Air Without With Air 

24- 14 1 .. 3 

15 -5 0.8 -22 

7 -19 0,,4 

4.4. (optimal 
calibration) 0 -29 0 -39 

6 

6.8 

8 .. 0 

-6 

-11 

-16 

-37 

-43 

-48 

-0 .. 4· 

-0 .. 8 -50 

-102 -54 
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accuracy of heat flux meters in media such as soils. 

The three measurement problems outlined above are those 

aCYJlowledged in both the English and the Russian literature pertaining 

to the theory of heat flux meters. A fourth type of measurement error, 

discussed in detail by Kaganov and Rozenshtok (1963), is that due to 

the assumption of quasi-steady state conditions incorporated in the 

solution. of the heat conductivity equations; that is, the error due to 

the replacement of the temperature gradient with the ratio of the temper-

ature difference to the thiclmess of the plate (8ijt),. Philip (1961) 

simply notes that the simplification of the problem to the solution of 

measurement errors for steady-state conditions appears warranted if the 

heat flux meters are installed in the soil, for, except when the meter 

is installed virtually at the surface, the hea.t flux density varies in 

time only relatively slowly. 

However, using a mathematical approach based on the solution of 

the heat conductivity equations that describe the periodic variations of 

temperature in a soil with time, for a three-layered medium~Kaganov and 

Rozenshtok (1963) derive a complex equation incorporating the specific 

heat capacities of the soil and of the meter, giving the "non-stationary" 

measurement error likely at any depth. They demonstrate that this value 

can reach considerable proportions; for example, for a meter of 

dimensions 10 x 10 x 0·3 cm with 'A':: 0.35 cal:m-1 hr-1 0C-1 . ,exposed 

in a soil ranging in conductivity from 0'3 to 0.6 cal m-1 hr-1 °C-1 , 



they give the maximum meter error resulting from the distortion of the 

natural soil heat flow as 8,10, and that due to the non-stationary temper-

ICil \ I cc: -1 ature field as ~o; for a meter 20 x 25 x 3 em with A = 0.4 cal m 

hr-1 °C-1 used in ice ( 'A = 1.; 9 cal m -1 hr -1 OC-1), the measurement 

errors due to the distortion of the natural soil heat flow and the 

error due to the periodical variations in temperature (the non-stationary 

error) a re given as 6afo and 4Qlfo respectively .. 

Once again, these measurement errors are those involved in the 

measurement of absolute values of soil heat flow. If tl~ assumption of 

the similarity of the geometric and thermal properties of the meters to 

be used in this study is a valid one, then the response times of the 

heat flux meters to changes in the magnitude of the heat flux should be 

similar. Such systematic changes in the output of the heat flux meters 

with non-stationary heat flux conditions should therefore involve a 

negligible error in terms of the relative calibration of the meters. 

Experiments conducted by the writer in controlled laboratory conditions, 

the details of which will be presented in section 3.4., confirm that 

even when the heat flux meters are subjected to large and sudden 

changes in the magnitude of the heat flux the measurement error in 

terms of the relative calibration of these meters rarely exceeds 3.1ao 

3.3. CONCLUSION 

From the above discussion based on the theory of heat flux meters 

it is evident that there exist some very real limitations to the use of 

such meters for the measurement of soil heat flow, with potential 

sources of considerable, yet unestimable, measurement errors resulting 



from uncertainties regarding both the quality of the thermal contact 

between the meter and the soil, and the precise effect of the inter

ference by the heat flux meter with natural soil moisture flow. 

Nevertheless, it should be remembered that alternative methods for 

the measurement of soil heat flow, outlined in Chapter 2, are not free 

from erl'or for they too involve the making of certain assumptions in 

the solution of the approprjate heat conductivity equations which 

result in a simplification of the complex conditions existing in 

reality. Furthermore, the depenience on coefficients character-

izing the soil's thermal properties seriously limits the practical 

application of theoretical formulaes, for the determination of such 

coefficients must be made either by the extraction and subsequent 

laboratory analysis of soil samples from the measurement locations, with 

the consequent disadvantages of site destruction and uncertainty regard

ing the representativeness of the results, together with obvious 

constraints on the frequency of observations possible; or by using in 

situ measuremenb techniques, which themselves are subject to substantial 

measurement errors, and which cannot be realistically performed 

simultaneously at several locationso 

The heat i'lux: meter method of measurement of soil heat flow 

offers the considerable advantage of enabling a direct, continuous 

record of the heat flux at several locations to be made. Also, this 

measurement technique does not necessitate the repeated determination 

of the thermal properties of the soil, although for a determination of 
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the measu rement error due to the di stortion of tre na tural heat flow, 

an estimate of the range of thermal conductivities to which the meter 

is to be exposed is required. Furthermore, as only one sensor is 

required for each sample location, this measurement technique enables 

the collection of a maximum amount of information regarding the nature 

of the spatial variation of Boil heat flow within the finite limits of 

the data recording system. It has also been demonstrated that it is 

possible to minimize the measurement error involved in the use of soil 

heat flux meters by dealing with the relative, rather than with the 

absolute" magnitudes of soil heat flux at particular locations, this 

approach being entirely acceptable for the purposes of this 

investigation .. 

3e4. 

Absolute values of the' calibration factors of heat flux meters 

are typically determined either in the laboratory situation, using a 

procedure which involves placing the meters in a relative~ homo

geneous medium and subjecting them to a known, steady heat flux, or in 

the field using one of a variety of techniques. It is proposed to 

briefly consider these two basic types of calibration procedure in order 

to point out the limitations of such procedures and in order that 

an assessment might be made of the feasibility of modifying existing 

calibration techniques for the purposes of establishing arelative 

calibration of the heat flux meters to be used in this investigation. 

LABORATORY CALIBRATION 

Absolute calibrations performed in the laboratory involve the 

use of an insulated calibration case containing some relatively 



homogeneous medium such as sand (Monteith, 1958; Franssila and Huovila, 

1957; Fuchs and Tanner, 1968) or layers of furniture plush (Hatfield 

and Wilkins, 1950), in which the meters are placed and subjected to a 

steady heat flux of known magnitude generated by a heating device 

having a controllable power output. The voltage output of a heat 

flux meter is thus calibrated against the steady state heat input 

using equation (3.5.).. Calibration factors for heat inflow into both 

surfaces of a heat flux meter are usual~ determined, for the exact 

position of the thermopile relative to the upper and lower surfaces of 

the meter is critical in determining the sensitivity of the meter to a 

given heat flow in a specified direction through the meter. 

The accuracy of such absolute measures will be largely dependent 

upon the accuracy with which the heat input can be determined and the 

difficulty experienced in establishing the exact magnitude of this heat 

input is indicated in the statement by Fuchs and Tanner (1968) that 

differences in the calibration co-efficients for individual flux meters 

determined using alternate faces of an electric heater were less than 

1sr~. 

As noted previously, the selection of a calibration medium for 

an absolute calibration should be made bearing in mind the range of 

thermal conductivities to which the meters are to be exposed in the 

field, in order to minimize the measurement error due to the distortion 

of the natural soil heat flow.. The maximum meter error due to heat 

flow distortion for one type of commercially manufactured meter 

(Middleton & Co .. pty. Ltd) calibrated by the C.S.I.R.O. in layers of 

carpet following the procedure of Hatfield and Wilkins (1950), has been 
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shown to be 35.03,% if the meters are to be operated over a range of 

tbermal conductivity of 3·25 6 -1 -1 0 -1 5· 8 m cal cm sec G • However, 

calibration certificates provided by the C.S.I.R.O. for such meters 

typically quote the accuracy of calibration as :;- 3,%. 'llbis "+ 3% error 

in calibration encompasses the error involved in repeated calibrations 

of the same meter (~1~b) and ". systematic errors". in calibration which 

!lprobably are several per cent". (Deacon, pel's. comm.) , and does not 

incorporate any measurement error resulting from tbe differences in 

the thermal conductivity between the calibration and the field 

situations. It is thus evident that "absolute ll values of calibration 

factors such as are cited on these calibration certificates are of 

little value in the absence of a specification of the thermal con-

ductivity of the calibration medium. An accurate determination of 

this thermal conductivity must therefore be an integral part of such 

laboratory calibration techniques. 

FIELD CALIBRATION 

Several techniques are available for the field calibration of 

heat flux meters and a distinction should first be made between two 

basic types of techniques: firstly, there are those procedures involv-

ing the calibration of the flux meters in a relatively small soil plot 

that is judged to be representative of the soil conditions in which 

the meters are to be used; secondly, there are actual in situ cali-

bration techniques in which the meters are calibrated in position at 

the various sample sites from which measurements of soil beat flux are 

to be taken .. 



51. 

One commonly used field technique of the first type mentioned 

above, is described by Deacon (1950). It involves the side-by-side 

comparison of uncalibrated heat flux meters with a laborato~ cali

brated meter in a soil plot that is representative of soil 

conditions in the field location. However, unless the thermal 

conductivity of the soil plot is similar to that of the medium in 

which the calibration of the standard plate was performed, the 

absolute values of the calibration factors for individual heat flux 

meters will not be accurate even for the particular value of the thermal 

conductivity of the soil at the time of calibration. The meters are 

generally relocated after calibration, and such relocation vall 

probably involve yet another change in the thermal conductivity of 

the medium in which the meters are placed. Further errors are likely 

in the determination of absolute calibration factors due to poor 

thermal contact between medium and meters, and due to the heterogeneity 

of soil conditions even over a small area. The potential sources of 

error are thus encountered twice, both in the calibration procedure 

itself and in the subsequent use of the meters when this calibration 

factor will be applied. 

An absolute in situ calibration of the heat flux meters can be 

obtained by the application of Lettaus(1962) theory of thermal 

diffusion to the results of harmonic analysis of soil temperature and 

soil heat flux profiles (Stearns, 1969). This method of calibration 

has the advantage that it theoretically permits both the accommodation 

of differences in the thermal contact between individual heat flux 

meters and the surrounding soil, and the determination of the relative 
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depths of placement of the heat flux meters. However, this procedur~ 

ardUous as it involves the determination of soil temperature profiles 

at each sample location over extended periods (Fuchs and Tanner, 1968). 

Furthermore, it is not likely to produce accurate results for soils in 

which the moisture content, and thus the thermal properties, vary with 

both depth am time (Stearns, 1969), as is the case for the soils of 

the Chilton Valley .. 

Other in situ calibration techniques include the placement of a 

large plane heater of known power output over the soil surface 

(Blackwell and Tyldesley, 1965), a cumbersome procedure if it is 

desired to calibrate a number of heat flux meters; and 

the comparison of the heat flux as measured by the heat flux meters with 

the heat flux calculated using a modified temperature integral method 

(Fuchs and Tanner, 1968) which neces the determination of the 

volumetric heat capacity of the soil over the period of calibration" 

In addition to the practical limitations of such in situ cali-

bration techniques, these procedures still the evaluation of the 

thermal conductivity of the soil at the time of calibration, for the 

error involved in the application of a single calibration factor over a 

range of therrnal conductivities is dependent upon the relative position 

within that range of the medium conductivity at the time of calibration. 

ASSESSMENT OF TECHNIQUES 

In view of tre many potential aOUI'Ves of' error in the "absolutell 

calibration procedures described above, it would appear that in many 

cases the "absolute" values of calibration factors derived using these 
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techniques are no more than an indication of the relative outputs of 

flux meters calibrated under the same oonditions~ For the purposes of 

a direct relative calibration, the most suitable technique of those 

described above is that involving the side-by-side comparisons of the 

heat flux meters positioned in a relatively homogeneous medium. As the 

relationships between the outputs of the heat flux meters have been 

assumed to be constant irrespective of the thern~l conductivity of the 

medium in which they are placed, the calibration medium can be selected 

with a view to minimizing errors that would result from any non

systematic interference by the heat flux meters with natural soil moist

ure flow or from poor thermal contact between the medium and the meters. 

The calibration procedure initially attempted by the writer 

involved the side-by-side comparisons of the voltage outputs of the heat 

flux meters positioned at a depth of 5 cm in what was considered to be a 

relatively homogeneous, unvegetated soil plot in the field location .. 

This soil plot was created by hand-sieving the natural in order to 

break down the aggregates and by placing this sieved soil into a 

scooped-out depression in the soil having dimensions of approximately 

60 x 45 x 10 cm.. The sieved soil was first levelled at a depth of 

5·5 em from the surface and nineteen heat flux meters constructed by the 

writer were placed on top of this surface, care being taken to ensure 

that the meters were positioned exactly horizontally and at precisely 

the same level in the soil~ the upper surfaces of these meters being at 

a distance of 5 cm from the surface. After securing the meter leads 



with metal staples so that the positioning of the meters would not be 

disturbed by lead movement, the remaining sieved soil was carefully 

placed in the soil plot, being gently compacted and levelled so that 

the surface layer of the plot was horizontal and flush with surround-

ing natural soil surface. 

As a trial calibration run ,the voltage outputs of eight of the 

heat flux meters were recorded every 7if minutes on a Honeywe,ll Chart 

Recorder for a period of six days from the 19th to the ~th February, 

1971. Only positive voltage readings were charted by the recorder 

during this period so no record was available for the periods in which 

the meters a negative heat flux; that is, for periods when 

heat flowed towards the soil surface. Records of solar radiation 

were taken concurrently at a site approximately 40' from the soil plot. 

Initial inspection of the charted outputs from the heat flux 

meters over the six-day period suggested tha t different relationships 

between the respective outputs of some meters existed for periods 

during which an increase in the magnitude of the heat flux occurred 

than for periods of a decreasing magnitude of heat flux. Also, 

although all the meters simultaneously registered the conwencement of 

heat inflow each morning approximately 30 minutes after the solar 

radiation recorded a substantial increase in value, in the evening a 

period of 20 to 30 minutes could elapse between the time at which the 

first heat flux meter recorded the change from a positive to negative 

flux ~~d the time at which all the meters recorded a negative flux. 
:""'----, \ 

Fu~~o~, while the effects of relativity large fluctuations in the 
\,,// 

solar radiation were apparent in the voltage outputs for all the heat 
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flux meters, the response time again being of the order of 30 minutes, 

the effects of smaller fluctuations in the solar radiation were 

registered by only some of the meters, even when these fluctuations 

were of such duration that it was unlikely that the non-appearance of 

their effects in the output records of some of the meters could be 

attributed to the 7i minute sampling frequency. 

These results can be most easily explaire d if slight depth 

differences in the positioning of the heat flux meters are considered. 

For any given pair of meters, the meter placed at a shallower depth in 

the soil will register both increases and decreases in the heat flux 

sooner than will the meter at the deeper level. Consequently, at any 

time within a period of increase in the magnitUde of the heat flux, 

the output of the shallower meter will be relatively greater than that 

of the deeper meter; and during periods of decrease in the magnitude 

of tlB heat flux, t re output of the shal:J..ower meter will be relatively 

smaller than that of the deeper meter. The disparity in the times at 

which the meters begin to r egi ster a negative heat flux can be 

accounted for in terms of the differential heat storage in the ro il layers 

above the heat flux meters consequent upon differences in the depths of 

meter placement. In terms of the meter responses to radiation 

fluctuations, depth differences in meter placement can~ain be offered 

as an explanation, for there will be a selective registering of the 

smaller magnitude fluctuations by the uppermost heat flux meters. 

The effects of larger magnitude fluctuations in the solar radiation 

that are recorded by all of the heat flux meters, will be registered to 



56. 

a greater or lesser degree by anyone meter depending on its depth of 

placement within the soil. However, such differentials are not readily 

apparent on visual inspection of the charted meter outputs. 

For the purpose .of a more detailed analysis of the relationships 

between meters, the data were analysed using a technique of linear 

regression. One plate with a relatively low voltage output was 

selected as a standard, and the voltage output from this standard meter 

was in turn compared with the voltage output of every other meter. 

Regression analyses were performed not only for the total period of 

observation but also for separate days within that period. Each day 

was further sub-divided and analysed in terms of periods of increase 

and decrease respectively, in the magnitude of the heat flux, and 

finally regression ana.lyses were performed for the total observation 

period for periods of increasing and decreasing heat flux. The voltage 

outputs of each of the comparison meters for the various periods of 

analysis were thus expressed as functions of the form 

Y=A+bC 

where Y the millivolt output of the comparison meter, C is the milli

volt output of the standard meter, and b is the slope of the line relat

ing y. to C. The previously made assumption of the constancy of the 

relationship between the respective voltage outputs of any pair of heat 

flux meters exposed in similar conditions implies that the intercept 

term, A, should be zero and that the relationship is in fact linear. 

The relative calibration factor for the comparison meter would then be 

given by the value of b. For every regression equation, the standard 



error of the estimate and a Pearson product-moment correlation coefficient 

were also calculated. 

Selected results for one pair of meters (the standard meter nG" 

and the meter labelled II'll!) are presented in Table 3.4. and the relation

ships between the voltage outputs of these two meters for the four 

separate days are plotted in Figure 3.3. and Figure 3.3.b. Each of the 

four days represented had a different pattern of heat flux, the general 

nature of this pattern being shown schematically in the inset in 

Figure 303... The pattern of heat flux on the fifth a·nd sixth days was 

similar to that of the fourth day" 

It is evident from the tabulated results that "vhile the 

regression equations for each of the four days are very similar in slope 

and have intercept values that do not differ greatly from zero, when 

periods of increasing and decreasing heat flux, respectively, are 

considered both for individual days and for the total observation period, 

the slopes of the lines relating C to Q consistently differ by 

approximately 1~~, the slope being greater for periods of decrea.sing 

heat flux. Furthermore, the regression equations for periods of increas-

ing and decreasing heat flux have intercept terms which show a greater 

tendency to systematically deviate from zero. With the exception of the 

fourth day, a day upon which the heat flux was of relatively low and 

fluctuating magnitude (the maximum output of the standard plate was 

0·185 MV as compared with -£:: 1.0 lVTV on the other 3 days), the sign 

and magnitude of the intercept terms undergo a systematic variation 

consistent with the nature of the plotted relationships shown in 

Figure 3.3.. On these first three days for periods of increasing 



TABLE 3 .. 4. 

REGRESSION EgUATIONS FOR A SELECTED PAIR OF METERS IN THE 

]'IELD CALIBRATION PLOT (STMlJARD METER C AND 1IlETER 9) 
Correlation Standard 

Period of Anal,y:sis Coeffieicnt Error of 
Estimate 

Total Data -0.007 + 1.2705 C := Q " 9929 .. 0365 

Day 1 00 008 + 1.2410 C Q .9878 .0433 

Day 2 0.005 + 1.2492 C =: Q .. 9866 .04011-

Day 3 0.011 + 1.2477 C := Q .9895 ,,0383 

Day 4 -0.014 + 1.2503 C Q .9503 .0150 

Day 1 (increasing flux) 0.098 + 1 .1571 C ::: Q .9995 .0050 

Day 1 (decreasing flux)-0.059 + 1.3085 c Q .9998 .0051 

Day 2(increasing flux) 0.090 + 1.1716 C = Q .9998 .0043 

Day 2(decreasing flux)-0.047 + 1.3065 C = Q .9984- .0145 

Day 3(increasing flux)0.087 + 1.1681 C Q .. 9991 .0107 

Day 3(decreasing flux)-O.044 + 102970 C = Q .. 996 .0073 

Day 4(increasing flux)-0.016 + 1.2249 C =: Q .9874 .0082 

Day 4(decreasing flux)-0.020 + 1.3564 C = Q .9516 .0142 

Total increasing 
Flux 0.092 + 1.1643 C = Q .9995 .0082 

Total decreasirg 
Ii' lux -0.049 + 1.3017 C = Q .9992 .0110 

C := millivolt output from standard meter 

Q := millivolt output from comparison meter 

Intercept term and standard error of the estimate are given in millivolts 
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heat flux the intercept term is approximately +0.09 WW while for 

periods of decreasing heat flux it is approximately ~JW. This 

implies that when C 0 for periods of increasing heat flux, Q is 

already positive and when C = 0 for periods of decreasing heat flux 

Q is already negative. More generally speaking,the output of the 

comparison meter for a given output of the standard meter is consider

ably greater for periods of increasing heat flux than for periods of 

decreasing heat flux. This pattern is consistent with the slightly 

shallower placement of the comparison meter as compared with the 

standard meter. 

For days on which a fluctuating pattern of heat flux occurs, 

such as Day 4, the distinct difference in the relationship of the meter 

outputs for periods of increasing ruld decreasing heat flux respectively, 

is somewhat obscured. N;~ertheless, it is evident, both from 

Figure 3.3.b. and from the slight fluctuations in the heat flux pattern 

on Day 2 and Day 3 plotted in Figure 3.3., that the nature of the meter 

relationship under fluctuating heat flow conditions is consistent with 

the postulated placement differences. Thus, an increase in heat flux 

following a period of decreasing heat flux results in the relatively 

greater output of tm comparison meter, while a decrease in heat flux 

following a period of increasing heat flux results in the relative~ 

smaller output of the comparison meter. Inspection of the plotted 

relationslups between the voltage output of the standard meter and the 

voltage outputs of' the other six comparison meters revealed trends 

consistent with the differential placemfmt of these meters with respect 
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to the standard meter. Two of the meters displayed relationships 

consistent with their placement at a level below that of the standard 

meter; that is, their voltage outputs were relatively smaller than that 

of t m standard meter· for periods of increase in the magnitude of the 

heat flux and their outputs were relatively grea~er than that of the 

standard meter for periods of decrease in the magnitude of the heat 

flux. 

Thus,assuming the homogeneity of the soil plot and the existence 

of good thermal contact between the soil and the ~eat flux meters, 

differences in the depth of meter placement can be cited as an explan-

ation of the results given above. It is also possible that a tilting 

of the meters would effectively alter their relative depths of 

placement. It is unlikely that differences in the thermal conduct

ivity throughout the plot would result in such marked differences in the 

relationships between meters but such thermal conductivity differences 

may be a contributing factor. If the comparison metemwere placed in 

a part of the soil plot having a greater thermal conductivity than 

that at the site of the standard meter it would be expected that this 

comparison meter would register increases and decreases in the soil heat 

flux sooner than would the standard metere Similarly, a poorer 

quality of thermal contact between the standard meter and the soil than 

between the comparison meter and the soil would again result in the 

more immediate response of the comparison meter to increases and 

decreases in the heat flowo 

SAND CALIBRATION 

In an attempt to establish more complete control over the thermal 
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characteristics of the calibration medium and over the quality of the 

thermal contact between the heat flux meters and the calibration medium, 

a second calibration procedure was , again using a technique of 

side-by-side comparisons of the heat flux meters. The procedure 

incorporates both the non-steady heat flux conditi ons typical of field 

calibration techniques and the homogeneity of the medium of calibration 

typical of la bora tory cali bra tion technique s. A schematic reprasent-

ation of the ca]bration apparatus is shown in Figure 3.4 •• 

A calibration case was constructed by hollowing out a 60 x 45 x 

10.2 cm section of polystyrene (an insulating material) until a 

rectangular shell 3·8 cm wide remained, and then bolting this shell onto 

a 92 cm square sheet of aluminium (approx. 20 sow.g.). This aluminium 

was designed to act as a heat sink and thus to prevent an excessive 

storage of heat in the a finely textured, air-dried beach sand, 

descriptive details for which are given in Table The fineness of 

the texture of this sand and its homogeneity with respect to grain size 

should assist in the minimization of errors in calibration that would 

result from differences in the thermal conductivity within the medium 

of calibration or from differences in the quality of the thermal contact 

between the meters and the calibration medium. 

Before the case was filled with sand, the flux metersrere 

positioned inside the case as shown in Figure 3.4., their leads exiting 

from the case through small holes punched in the po~styrene shell 

approximately 5 cm apart and at a depth of 5 cm below the surface of the 

case. The meter leads were then immobilized by pinning them between 



FIGURE 3.4. SANO(ROO 0 CALIBRATION APPARATUS. 
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'fABLE 3.5. 

GRAIN . SIZE . DISTRIBUTION OF SAND USED IN CALIBRATION 

Particle Size 

> 4 .. 0 

3 .. 51 - 4,,0 

3 .. 01 - 3.5 

2.51 - 3 .. 0 

2.01 - 2.5 

1.51 - 2.0 

1.01 - 1.5 

Inclusive Graphic 
Standard Deviation 

Inclusive Graphic 
Skewness 

Inclusive Graphic 
Kurtosis 

(~') Weight % 

0.12 

1.65 

2 .. 33 

1,.6 .. 36 

43 .. 58 

5.96 

0.00 

Value tiL Verbal Descril?tio~n 

0.32 Very well sorted. 

1 .. 0 Near Symmetrical 

1.025 Mesokurtic 

+ Calculated. using the formulae and. verbal scales given by Folk and. 

Ward. (1957) 



the aluminium sheet and a wooden slat (45 em x 2'5 em x 0.4 em) which 

was bolted to the aluminium sheet, and the small holes in the poly

styrene shell where the leads exited were then packed tight with small 

fragments of polystyrene. The leads of tre heat flux meters were 

then passed to one end of the case, pinned underneath another positioning 

slot and passed to a terminal block constructed using brass screws and 

nuts positioned on a wooden board. At this terminal block the leads 

were connected to a 52-pair, 60' length of telephone cable which was 

connected to the recordiQg instrument, a 25-1 ,000 chalmel Solartron 

Data Logger which was kindly made available by the N.Z. Agricultural 

Engineering Institute, Lincoln College. The assembled calibration case 

containing the positioned flux meters was then placed on a flat rooftop, 

the aluminium sheeting resting on a supporting steel sheet approximately 

0'4 cm thick, which would also act as a heat sink. This steel sheet 

was rai sed off the roof surface by placing four wooden supporting beams 

atits edges in order to reduce the li~elihood of the heat flow in the 

calibration medium being influenced by the artificial heating of the 

room below. 

When in position, the case was first filled with a 4 9 7 cm thick 

layer of dry sand which was levelled at a depth of 5.5 cm from the upper 

surface of tre case. The heat flux meters were then positioned on top 

of this layer, extreme care being taken to ensure that the meters were 

horizontal and exactly at the same level. The calibration case was 

then carefully filled with sand, the sand surface being levelled so 

that it was flush with the edges of the case. A check on the depth of 

placement of the heat flux meters was then made using a fine wire probe. 
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Finally, a sheet of clear polythene was positioned over the entire 

calibration assemblage to prevent moisture from entering the sand and 

to prevent too removal of the sand by wind. 

The Data Logger was programmed to sample the voltage outputs of 

the heat flux meters at 10 minute intervals and to punch this inform-

ation onto paper tape. Within a period of one month, recordings were 

made for two periods of nine and six consecutive days respectively, 

encompassing a wide variety of daily heat flux patterns. Detailed 

weather observatio~s were made throughout these two periods. 

Ideally, if all the meters recorded an identical heat flux, an assess

ment of the order of magnitude of the non-stationary error in cali

bration could have been made, if a large enough sample of days 

encompassing a wide variety of daily heat flux patterns were taken" 

However, a detailed inspection of the plotted outputs for four 

arbi trarily selected heat flux meters over the total period revealed 

the existence of relationships between the voltage outputs of given 

heat flux meters similar to those that occurred in the Chilton Valley 

calibration plot. With the meters placed in sand, although all the 

meters registered the morning change from a negative to a positive heat 

flux within the same 10 minute interval, the period between the time 

of change of the first meter from a positive to negative heat flux in 

the early evening and the time at which all the meters registered a 

negative heat flux, could be as long as two hours. Moreover, the peak 

output of the meters placed in sand was only of the order of 0·7 ~w as 

compared with just over 1.0 TvW in the Chilton Valley calibration 



plot. Both these findings can be attributed to the lower thermal 

conductivity of sand. 

A most dramatic change in the relationship between the voltage 

outputs of several pairs of meters occurred on three separate days 

which were typified by an early-afternoon decrease in the magnitude of 

the soil heat flux due to the presence of cloud, followed by an increase 

in the heat flux in the mid-afternoon as the cloud cleared.. The volt

age output of two meters on two of the three days is shown in Figure 305. 

and the relationship between the voltage outputs of the two meters for 

the same days is shpwn in Figure 30 In view of the homogeneity of 

the calibration medium the most likely explanation for this type of 

changing relationship is that of differences in the depth of placement 

of tbe heat flux meters. If it is true that meter 2 was placed nearer 

to the surface of the sand than was meter 1, thi s would explain the 

earlier rise of the voltage output of meter 2 in the morning and also 

its earlier registering of a negative heat flux in the early evening. 

Furthermore, with respect to the early-afternoon decrease in the magni

tude of the heat flux, an earlier decrease in the voltage output of the 

shallower meter would be expected, and in the above example the period 

of decreasing heat flux was of sufficient duration for the voltage out

put of the shallower heat flux meter to fall below the output of the 

deeper meter. When the subsequent increase in the magnitude of the 

heat flux occurred, although the output of the shallower meter 

increased sooner than that of the deeper meter~ the period of increasing 

heat flux was not of sufficient duration to enable the voltage output 

of the shallower meter to increase beyond that of the deeper meter. 



FIGURE 3.5. Voltage Outputs of two Meters on two Days. 
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Regression analyses were performed using the same standard plate 

and using a similar breakdown of the data as in the analysis of the 

Chilton Valley data, with the addition of analyses for negative values 

of heat flux. As was expected, in view of the already noted 

similarities of this sand calibration data with those from the field 

calibration plot, the regression equations for many of the meters varied 

in a systematic manner for periods of increasing and decreasing heat 

flux. Due to the inclusion of a large number of days having a 

fluctuating heat flow pattern within the observation period (only four 

of the fifteen days were completely free from cloud), there was a 

greater variation in both the intercept and slope values in the 

regression equations for individual meters on separate days than was 

the case in the field calibration ploto The minimwn variation in slope 

valu as over the fifteen days for anyone meter was of the order of 21.$, 

the maximum difference being 43.%. Despite the apparent regularity in 

the nocturnal pattern of heat flux, the variation in the re6~ession 

equations for individual meters for negative values of soil heat flow 

was even greater than the daily Variation, due mainly to the much 

smaller millivolt range of outflow values (0 - 0.15 MY) and the conse

quent absence of well-defined relationships between the meters. 

These results thus indicate, that even with extreme care being 

taken in the installation of heat flux meters in a relatively homo

geneous medium, differences in the relationships between the voltage 

outputs of given heat flux meters under differing conditions of heat 

flow are sufficient to invalidate a relative calibration of the heat 

flux meters using this side-by-side comparison technique. The most 



likely explanation for such differences has been cited as differences 

in the depths of placement of the heat flux meters. 

yJ30RATORY CALIBRATION AND INVESTIGATION OF RELEVANT PERFORMANCE 

CHARACTERISTICS OF HEAT FLUX METERS 

In order to investigate more thoroughly the reasons for the 

changing relationships between the outputs of the heat flux meters and 

in order to develop an adequate relative calibration procedure, a 

series of controlled laboratory investigations was undertaken, involving 

the comparison of the relative outputs of different pairs of heat flux 

meters in a variety of situations. The v~age output of the meters was 

monitored using a 24-channel Phillips Chart Recorder adjusted so that 

all the even-numbered channels recorded the voltage output of one of the 

meters being compared, and all the odd-numbered channels recorded the 

voltage output of the other meter. The full-scale voltage range, the 

zero position, the channel sampling frequency, and the chart speed 

could be adjusted as desired. 

Ini tial investigations involved the comparison of the outlJUts of 

two heat flux meters placed side by side under a Phillips 250 W infra-red 

lamp that was clamped onto a retort stand. As the relationship between 

the voltage outputs of any given pair of heat flux meters had been 

assumed to be independent of the medium in which they were placed, it 

was reasoned that a comparison of the relative outputs of the two meters 

could be justifiably performed in still air ( A = 0·062 m cal cm-1 -1 sec 

°c-1 (de )\ Vries, 1963 b provided that the reflection coefficients of the 

surfaces of the two meters were identical. The two flux meters were 

Positioned side by side in a polystyrene frame having dimensions of 
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approximately 37 x 26 x 8 em and shown in Plate 1" This frame was 

positioned on top of a 2.5 em thickness of polystyrene to avoid the 

heating of the surface on which the frame was placed. A black poly

thene covering was placed on the upper and lower surfaces of this 

frame in order to minimize temperature fluctuations caused by air 

movement inside the frame" A cross-section through the positioned 

frame is shown in Figure 3,,7. 

The frame containing the heat flux meters was placed directly 

underneath the infra-red lamp, the base of which was positioned 56 em 

above the upper surface of the heat flux meters. The output of the 

meters was recorded continuously during several on-off sequences of' 

the infra-red L'UIlp. While the relationsl~p between the meter out-

puts remained constant as their voltage outputs varied, when the experi

ment was repeated after a reversal of the positioning of the meters 

within the frame, the relationship between the meters was again con

stant but different to that in the first instance. It was thus 

concluded tl~t the infra-red lamp did not produce a sufficiently 

uniform heat flux for a valid comparison of the relative outputs of the 

heat flux meters to be made" 

An alternative heat source using circulating water of regulated 

temperature inside a mat-black based aluminium container 31 em in 

diameter and 28.5 em deep, was tested for the uniformity of the heat 

flux produced. This container was positioned over the heat flux 

meters, being supported on either side by two 14 em high concrete 

blocks.. The water temperature was regulated using a "Tecam Tempuni til 



PLATE 'I. Pol'ystyren2 fr ame far air compa risons of mete ou t puts 
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FIGURE 3.7. Cross-section through Positioned Polystyrene Frame. 
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which also circulated the water. Thus, by altering the temperature of 

the water it was possible to produce steady heat fluxes of various but 

unknown magnitudes. Bor this heat source it was found. that the relation-

ship between the meter outputs remained constant despite reversals of the 

positions of the meters within the frame.. This experimental apparatus 

is shown in Plate 2. 

With this experimental design it was not on~ possible to 

investigate still further the apparently anomalous responses that 

occurred during the previous calibration attempts, but also to investi

gate some of the relevant operational characteristics of the heat flux 

meters. An initial test of the effect of lead resistance on the voltage 

output of the meters was conducted using a resistance box connected in 

series with one of the heat flux meters which was placed under a steady 

heat flux e When the millivolt output of the meter stabalised, by 

switching in resistances of various magnitudes, itwas possible to assess 

the effect of these resistances on the voltage output of the heat flux 

meter. This experiment was repeated for differing heat flux magnitudes, 

the voltage output of the meter stapaJAzing at various values between 

0·10 and 0,090 lTV. It was found that it was possible to introduce 

resistances of up to 1000SL into the circuit without affecting the 

voltage output of the heat flux meter. 

A series of experiments were then performed to test the 

assumption that the relationship between the outputs of any given pair of 

heat flux meters exposed in similar conditions is constant, irrespective 

of the value of the thermal conductivity of the medium in which they are 
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located. Two heat flux meters, the standard meter and one other 

arbitrarily selected meter, were carefully placed at a depth of 3 em in 

dry sand ( A= 0.6 meal cm-1 sec-1 °C-1 (de Vries, 1963)),in a smaller 

version of the calibration case used previously. This case had 

insulated edges 3.5 em thick and had dimensions of 31 x 26.5 x 10.2 em 

(Plate 1.). The depth of 3 em was selected in order to reduce tre 

in the response of tre heat flux meter to changes in the magnitude of 

the heat flux .. 

When both meters registered a zero heat flux, the exact position 

of this zero point 'being checked by shorting-out the leads of the heat 

flux meters, the case containing the meters was placed underneath the 

aluminium container which contained water at a temperature of 60°C. 

The base of this container was approximately 1 em above the sand surface .. 

The millivolt output of the two meters was continuously recorded using 

a full-scale range of 1·0 MV, and a calculation of the percentage 

relationship between the voltage outputs of the two meters under this 

steady heat flux was made at six-minute intervals. The voltage output 

of the comparison meter was expressed as a percentage of the output of 

the standard meter. After approximately twenty minutes the voltage 

outputs of the two meters stabalized at about 0·8 MV, and recordings 

were continued for a total of 66 minutes. 

This experiment was repeated after the meters had been removed 

and relocated again at a depth of 3 em. A third trial was conducted 

Using water at a temperature of 450 C in order to check the. possibility 

ofa change in the percentage relationship with a change in the magnitude 



of the heat flux. The f'irst trial in dry sand was performed with the 

meters placed at a depth of 5 cm under a steady heat flux produced by 

60°C water. 'l'he same two meters were then positioned at a depth of 

3 cm in moist sand (for sand at field capacity A = 3·5 m cal cm-1 

sec-1 °C-1 (de Vries, 1963))and the relationship between the outputs of 

these meters, positioned under a steady heat flux produced by 600 c 

water, Was determined on three consecutive days as the sand dried. The 

results of these experiments are given in Table 3 .. 6. 'rhe ini Hal 

crossing of the traces of the voltage outputs of the two meters in all 

seven experiments can probably be attributed to a positioning of the 

thermopile in the comparison meter slightly nearer to the upper surface 

of the meter than in the case for the thermopile in the standard meter. 

Also, as the absolute differences in the millivolt output of the two meters 

for the first twelve minutes is usually less than .01 IVIV the large 

differences in the percentage relationships on the first two readings 

are somewhat misleading. The results indicate that onceithetemper-

ature gradients in the sand and in the heat flux meter reach some 

equilibrium situation for the particular steady heat flux, the relation-

ship between the outputs of the two meters is essentially constant. 

Slight differences in the average percentage value for each of the 

experiments can probably be attributed to slight positional differences 

of the meters within the sand, and it can be tentatively concluded that 

the assumption of the constancy of meter relationships in mediums of 

different thermal conductivity 18 a valid one. Furthermore, as noted 

previously, Franssila and Huovila (1957) found that the calibration 



TABLE 3 .. 6 

PERCENT AGE . RELA'l'IONSIiIP BETVJEEN METER OUTPL"TS IN DRY M"D IN WET SAND 

Time Ela]2sed D£! Sand 1 Dr;y: Sand 2 Dr;y: Sand .2 DE'.Y: Sand 4 Wet Sand 1 Wet Sand 2 Wet Sand .2 
After Plaein~ 3 emlf,C ~ 3 em 7 em 3 em 3 em ~ Under Heat ~ 60 e 450e 600C 600 e 600e coe -Flux 
(Minutes) 

6 101 104- 104.5 108 .. 9 110.1 112 105 

12 100 100 100 100 100 100 100 

18 95.7 95.2 95.3 91.7 92.8 93.1 93,,2 

24- 94.7 94~2 91 .. 3 90 .. 3 90 .. 6 93 .. 2 

30 94 .. 0 93.5 94.2 91.9 91.6 89.9 92.4 

36 93.9 93.8 9l~ 92.3 91.0 89 .. 8 91.3 

42 93.7 93.5 94 91.7 90.9 89.9 89.8 

48 93.2 93.6 93.5 92 .. 0 89.5 90 .. 1 90.2 

54 93.3 93,,4- 93.2 91.2 89 .. 4 89.7 90.3 

60 93 .. 2 93.2 93 90 .. 7 90.1 89.3 89.8 

66 . 93.3 93.3 93.1 91 .. 0 90 .. 7 89.6 89 

Average of 18th 
93 .. 9 93 .. 6 93.8 91.6 90.7 90 .. 2 90 .. 9 -66th. minute 

Average of seven trials: 92.1 

'* refers to depth of placement of meter s + refers to temperature of eireulatingwater 
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factors for heat flux meters placed in moist sand reached their lowest 

value two days after the commencement of the drying of the sand. The 

values for all three days in wet sand are sufficiently similar to con

clude that any interference by the heat flux meters with the natural 

moisture flow in the sand must be essentially systematic. 

The relationship between the voltage outputs of tl~se same two 

meters placed in still air (~= 0.062 meal cm -1 sec -1 °C-1 (de Vries, 

1963») under a steady heat flux was then investigated. The heat flux 

meters were positioned in the frame described above and when both 

meters regi stered zero the f'rame containing t he meters was placed 

directly underneath the aluminium container which had 60
0
C water 

circulating in it. The upper surface of each heat flux meter was at 

a distance of 8 cm from the base of the container. The millivolt out-

puts of the meters were continuously recorded and calculations of the 

percentage relationship between the outputs of the two meters were made 

for 6 minute intervals. The results of this experiment are given in 

Table 3,,7. 

It is evident that in air a longer period was required t:or the 

relationship between the voltage outputs of the meters to sta~~lize, 

the output of the comparison meter initially being greater than that of 

the standard meter. This again suggests the positioning of the 

thermopile in the comparison meter slight~ nearer to the upper surface 

than for the standard meter. The longer period involved in the 

stabalization of the percentage relationship can be attributed to the 

smaller thermal conductivity of air as compared with either moist or 

dry sand. The maximum voltage output of the standard meter under this 

steady flux was 0.48 MV. 



PERCENTAGE RELATIONSH;rP BETWEEN METER OUTPUTS IN STILL AIR 

Time Elapsed After 
Plaoing Under Heat Flux 

(Minutes) --

6 

12 

18 

24 

30 

36 

42 

48 

54 

60 

66 

72 

78 

84 

90 

AVERAGE FROM 42-90 mins 

Percentage 
RelationshiJ2, 

109.2 

106.9 

103.8 

100 

95.9 

94,,1 

92.7 

93.1 

92 6 

92.6 

90 .. 3 

92 .. 3 

90 .. 6 

90,,3 

91.7 

91.8 
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After approximately 40 minutes only slight fluctuations in the 

percentage relationship were recorded, as the meter outputs varied 

somewhat in response to heating sequences of the water temperature 

regulating unit and in response to small temperature changes caused 

by the movement of persons in the vicinity of the experimental 

apparatus. An average relationship of 91.81/0 calculated using the 

results from the 42nd to 90th minutes compares favourably with the 

average value of 92-1% calculated for the same meters positioned in 

sand. This similarity of meter relationship in media of different 

thermal conductivity was retested using a second comparison meter which 

was tested both for conditions of heat inflow and for heat outflow. 

The investigation for candi tions of heat outflow was performed using 

a similar procedure as for inflow conditions that the heat flux 

meters were inverted in the polystyrene frame and the polarity of their 

leads was reversed. The relationship between a third comparison meter 

and the standard meter was investigated using a water temperature of 35°C 

for both the sand and the air s. Finally, the relationship between 

the voltage outputs of two commercially manufactured meters having stain

less steel surfaces was investigated both in dry sand and in air. The 

results of these experiments are presented in summary form in Table 3.8. 

A separate check on the constancy of the relationship between 

the respective outputs of given heat flux meters was then performed by 

separately comparing the output from two heat flux meters with that from 

the standard meter, and subsequently comparing these two comparison 

meters side by side in air under a steady heat flux. The predicted 



TABIiffi 3.8. 

PERCENTAGE RELATIONSHIPS BETWEEN METERS IN SAND AND IN AIR 

Dry Sand Air 
% Relationship 7h Relationship 

Comparison Plate 2 Inflow (60°c) 139.3 141.1 

Outflow (60°C) 135.3 136.4 

Comparison Plate 3 Inflow (35°C) 102.8 101.4 

Two Commercial Inflow (60°C) 106.0 106.8 
Meters 
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relationship between the two meters calculated from the results of 

comparison with the standard meter was 111.0% and the actual 

relationship obtained from the direc t compariro n was 110. 9}:G. 

These results confirm the assumption of the constancy of meter 

relationships in media of different thermal conductivity. After 

establishing that the relationship between outputs of any two 

meters in air is constant irrespective of the temperature of the 

circulating water and that the reproducibility of average percentage 

relationships using the air calibration procedure is of the order of 

+ 1.q%, relative calibrations were performed for all the heat flux 

meters for conditions of heat inflow and outflow respectively, using 

the air calibration procedure described above. These relative 

calibration factors are listed in Table 3~9. together with the corres

ponding calibration factors as derived from the regression analyses 

of the total data from the rooftop sand calibration plot and from the 

Chilton Valley calibration plot. 

Investigation of the discrepancies, for heat inflow through the 

meters, between the relative calibration factors obtained in the sand 

calibration plot and thos obtained using the air calibration procedure 

suggests that meters B, D, and Q were positioned either considerably 

higher than the standard in the sandbox or in a part of the sand.-

box having a greater thermal conductivity than at the location of the 

standard meter. This latter explanation is improbable for the 

standard plate was positioned immedia:tely between plates Band D. 

Similarly, it is suggested that the heat flux meters E, F, 0 and P 

were positioned at approxima the same level as the standard meter, 



TABLE 3 .. 9 

RELATIVE CALIBRATION FACTORS ]'OR T}:E BEAT FLOW METERS 
INFLOW our F LOW 

Heat Flux Chilton Discrepancy Adjusted 

Meter Valley Sand Box Air Sand Air Discrepancy 
(Air-Sand) Discrepancy 

Identifi- Plot 
cation 

B 1.45 1.27 - .. 18 -0142 1 .. 17 1.67 +.50 

D 1 .. 44- 1.08 - .. 36 - .. 333 1.25 1.52 +.27 

E 1.400 1.43 1,,41 -,,02 - .. 014 1 .. 37 1 .. 35 -.02 

F 0.88 0.89 +.01 + .. 011 0.97 1 .. 05 + .. 08 

G 0.94- 1.00 +,,06 + .. 060 0 .. 99 1.24- + .. 25 

H 1 .. 516 1" 13 1.35 4-.22 + .. 163 1 .25 1 .. 54- + .. 29 

I 0 .. 85 1.04- +.19 +.183 0 .. 96 1 .17 +.21 

J 0 .. 70 0.92 +.22 + .. 234- 0.75 0 .. 95 +.20 

K 1.10 1.25 +,,15 +.113 1.09 1 .411· +.35 

L 0 .. 97 1.12 +.15 +.134- 1.01 1.24- + 23 .. 
M 1.285 1.02 1" 11 .. +,,12 +.105 1.05 1.35 +.30 

N 0.91 0.96 +.05 +.052 0.94- 1.09 +.15 



(Continued.) 

Heat Flux: 

Meter Chilton Discrepancy Adjusted 

Valley Sand Box Air ("" S d' Identif'i- 4
LI.J..r- an ) Discrepancy 

Sand Air Discrepancy 

cation Plot 

0 1.10 1.08 -.02 -,,019 1.09 1 .21 +.12 

p 1.237 1.08 1" 11 +.03 +,,026 1 .18 1 .17 -.01 

Q 1.271 1.23 1.05 .18 -.171 1.13 1.35 +.22 

R 0.93 1 .01 +,,08 +.079 1.01 1.19 +.18 

S 1.206 1.08 1.23 +.15 +.122 1.05 1.35 +.30 

T 1.392 1.24- 1.39 +,,15 4 .. 108 1 .. 18 1.40 + .. 32 
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while the remainder of the meters were positioned relatively deeper than 

the standard meter, meters H, I, and J being deepest. For the purposes 

of comparison, the absolute discrepancies between the air and sand 

relative calibration factors should be adjusted in terms of the 

sensitivity of each of till heat flux meters. This adjustment is 

accomplished by dividing the absolute discrepancy by the air relative 

calibration factor and the adjusted discrepancies are also shown in 

Table 3.9. The meters were then rank ordered in terms of the adjusted 

discrepancies commencing with the rank of 1 for meter D, to 19 for 

meter J. This rank ordering should therefore be indicative of the 

relative depths of placement of the heat flux meters in the sand. 

It can be expected tlwt the heat flux meter placed deepest in 

the sand would be last to register the change from negative to positive 

heat flux in the morning and. also last to register the change from 

positive to negative heat flux in the evening. As noted previously, 

while all the meters registered the morning change from a negative-to 

a positive heat flux within the same ten minute interval, the evening 

change to a negative heat flux was spread over periods of up to two 

hours. For each of the fifteen days the heat flux meters were ranked 

according to the order in which they registered this change to a 

negative heat flux. On five of the fifteen days the change to a 

negative heat flux involved less than a thirty minute period so the 

rankings for these days did not discriminate well between the heat flux 

meters. Using the rankings for the remaining ten days a mean ranking 

for each of the heat flux meters for the total period was calculated, 
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and the heat flux meters were then rank ordered in terms of these mean 

rankings. This second set of rankings should also be indicajdve of 

the relative depths of placement of the heat flux meters in the sand. 

A Spearman rame correlationcoefficient,rs , was then calcu

lated for the two sets of rankings; that is, for the rankings 

according to the adjusted discrepancies between the air and sand 

relative calibration factors and for the rankings according to the 

order in which the meters registered the evening change to a negative 

heat flux. A value of rs = 0.763 was obtained, a correlation that 

is significant at the @01 level of confidence. These results 

support the contention that, for individual heat flux meters, any 

discrepancy between the air and the sand relative calibration factors 

is a function of the depth of placement of the heat flux meter 

relative to the depth of placement of the standard meter. A consistent 

pattern was lacking in the discrepancies for conditions of heat outflow 

through the meters, a factor which can be attributed to the generally 

ill-defined relationships between meter outputs for heat outflow in the 

sand calibration plot as a result of the small range of negative values. 

The above results indicate that, even with very careful 

installation of the heat flux meters in a relatively homogeneous medium 

in which differentials in the quality of the thermal contact between the 

heat flux meters and the medium will be minimized, measurement errors 

can be of the order of 3~/o. An examination of the six relative cali

bration factors derived from the regression analyses of data collected 

in the field soil plot indicates measurement errors of generally 
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smaller magnitude (2a{o is the order of the maximum error), a finding 

which can be tentatively explained in terms of the thermal 

conductivity of the calibration medium. speaking, 

the smaller the thermal conductivity of the medium in which the 

meters are placed, the greater will be the effect of a given depth 

on the measurement error. The very realpossibi of introducing 

considerable measurement errors in the process of the installation of 

the meters is tl:e refore highlighted. 

Two Vlere then designed in an attempt to isolate 

the effects on the meter relationships both in differences in the 

depth of placement of the meters and of differences in the thermal 

conductivi ty of medium surrounding each meter. Two heat flux 

meters with approximately equal relative calibration factors were 

placed at a of 3 cm in dry sand, but before positioning them 

in the sand, the sand on the left side of calibration case was 

compacted to the fullest extent possible, while the sand on the 

opposite side waS left uncompacted. After positioning the meters 

on top of the sand layer so that their upper surfaces were at a 

distance of 3 cm from the upper surface of the calibration case, the 

case was filled with sand once compacting the sand on the left 

side of the case in which the meter having the slightly lower 

sensitivity was positioned. The output of the meter with greater 

sensitivity expressed as a of the output of the lower 

sensitivity meter had been previously determined as being 106.8,10 

and 10$6 in air and in sand respectively. 
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After the voltage outputs of the meters had zeroed, the case 

containing the heat flux meters was placed underneath the aluminium 

o container which had water at a temperature of 30 C circulating in it. 

The percentage relationship between the outputs of the two meters 

was determined every six minutes, although the meter outputs were 

continuously recorded. After ninety minutes the water temperature 

was raised to 35°C, and at the one hundred and ninety-eighth minute 

after the commencement of the experiment the water temperature was 

o reduced to 25 c. The results of this experiment are presented in 

Table 10. 

These results indicate that by compacting the sand around the 

less sensitive meter, thus increasing the thermal conductivity of the 

medium in which the meter is placed, it is possible to increase the 

apparent sensi tivi ty of that meter relative to that of the other 

meter positioned in the less compacted sand, However, even w hen the 

magni tude of the heat flux is varied cons iderably the relationship 

between the outputs of the heat flux meters remains essentially con-

stant. The maximum error introduced by maximizing thermal 

conductivity differences in dry sand through the differential com-

paction of the sand is thus of the order of 7,.-6. Errors due to 

differences in the thermal conductivity throughout the sand cali-

bration plot would thus constitute only a small proportion of the total 

measurement error and they do not contribute to an explanation of 

changing meter relationships with periods of increasing and decreasing 

heat flux. 



TABLE 3.10 

PERCENTAGE RELATIONSHIPS BETWEEN TWO METERS LOCATED IN DIFFERENTIALLY 

COIV[P ACTED SAND 

Time Ela:esed 1:. A:eJ2rox. MV'. Water 

(Minutes) Relationshi:e OutEut 
+ 

Tem:eerature, 

6 100 .02 ~30oC 

12 100 

18 100 

100 

30 100 

36 100 

42 100 • I\-2 

48 100e8 

54 100.5 

60 101 .46 

66 101 

72 100 .. 5 .47 

78 101 

84 101 r-35°C 

90 101 .50 

96 101.2 

102 100 .. 9 

108 101.3 .57 



(Continued) 

Time ElaEsed A~l2rox. MY:,. v'iater 

(Minutes) RelationshiE OutEut + Temperatllre 

114 101,,6 

120 101 .. 7 

126 101 .. 5 .62 

132 101 .. 6 

138 101 .. 8 

144 101.8 .63 

150 101 .. 8 

156 101 .. 7 

162 101" 9 

1 101,,9 

174 102 .. 63 

180 1 01 

186 101.6 

192 101 .. 7 

198 101.5 " 

204- 101" 1 .60 ~5°C 

210 101 .. 2 .52 

216 101 .. 9 .46 

222 101 .. 8 .42 

228 10107 .. 39 

234 101 .. 6 .37 

+ 
Approximate millivolt output of lower sensitivity meter. 



The srune two heat flux meters were then positioned at depths 

of 2.7 em and 3.0 cm respectively, in dry sand, the lower sensitivity 

plate being placed at the shallower depth. A similar procedure to 

that used in the previous experiment was followed. 

this experiment are given in Table 3 •. 11. 

The resultsfor 

These results reveal that when the heat flux increased in 

magnitude the shallower mat flux meter increased its output sooner 

than the deeper meter and consequentlyi ts output increased beyond 

that of the more sensitive meter. However, as the tempe ra ture 

gradient in the sand and in the heat flux meter c.ame into some 

equilibrium with a given steady heat flux, the output of the more 

sensitive meter increased beyond that of the shallower meter and 

the percentage relationship stabRized at approximately 103.109 For 

further increases in the magnitude of the heat fllL~ a similar pattern 

of relationslups is indicated. When the heat flow suddenly decreased 

in magnitude the output of the shallower meter decreased sooner than 

that of the deeper meter. 

Thus, under steady-state heat flux conditions the error in 

measurement introduced by a .. 3 em differential in the depths of meter 

placement is only of the order of 2-~&. However, under a non-steady 

heat flux the error can reach magnitudes of 1q%. These finmngs can 

be best interpreted in terms of the tendency towards linearity of the 

temperature gradient under conditions of steady heat ~lux.. It is 

therefore under a non-stationary heat flux that differences in the 

depth of meter placement are critical. These results also suggest 

the possibility that the "non-stationarylf error alone may be consid-



PERCENTAGE RELATIONSHIPS BETWEEN TWO METERS LOCATED ./l!r DIFFERENT 

f--
6 100 .. 02 30°C 

12 63.7 

18 65 .. 8 .. 12 

24 75 .. 6 

30 82 .. 2 

36 86.6 

89.7 

88,,2 

93.4 

60 95 .. 4· .. 4-7 

66 97.0 

72 97.4 

78 99.5 

84 99.7 .49 

90 99 .. 9 

96 100 .50 

102 100 

108 100 

114 100 .. 2 

120 100 .. 7 

126 101.2 

132 101 .. 5 



TA Btl!: }.11 ( Continued) 

Time 
1 cr12 NN. 3 Temp. 4 ;0 

138 101 .. 9 .49 

144 102 

150 102 

156 102 .. 5 

162 W2.1 

168 102 .. 1 

174 102 .. 2 

180 102 0 4 ,,48 

186 102 .. 4 

192 102.7 

198 102 .. 6 

204. 103.1 

210 103 .. 2 

216 103.1 

222 103 .. 2 

228 103.2 

234- 103 .. 1 0 
.45 f-Gradual to 35 C 

240 100 

246 99 .. 9 

252 99.9 

258 100 

264 100 

270 100 .. 4 

276 101 .. 3 



TABLE 2,,11 (c ont inued) 

Time 
1 %2 MIl} Temp"lj· 

282 1 01.8 .55 40°C <E--

288 10005 

294 98.4 

300 97.1 

306 97.7 

312 99.1 .74 

318 100 

324 100.5 

330 101 .. 8 

336 102.2 

342 10207 

348 102 .. 7 

354- 103 .. 2 

360 103 .. 3 

366 103 .. 2 

372 103 .. 2 .. 69 

378 103 .. 8 

384- 10308 

390 104 .. 3 

396 104 .. 2 

402 104.3 

408 104 .. 4 

l/--14 104 .. 2 



TABLE 3 .. 11 (Continued) 

Time 
1 %2 MV. 3 II-Temp .. · 

420 104.3 

426 104 .. 6 

432 104 .. 8 

438 104 .. 6 .. 66 
f-

27°c 

444- 106 .. 2 .64-

450 115.0 54 

456 117.0 .44-

1 Time in minutes after placing under heat flux 

2 ~)b relationship between the meters 
7 

J Approximate millivolt output of lower sensitivity Ineter 

4 Temperature of circulating water 
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able even for meters located at precisely the same in the medium. 

In order to ascertain the magnitude of "the non-stationary error 

the same two meters as u sed in the previou s two were 

positioned at a depth of 3 cm in dry sand and it was determined that 

their relationship under steady state conditions, using a water temper

o ature of 30 C, was similar to that previously obtained in air and in 

sand. The thermostat on the water temperature regulating unit was 

then turned to 350C so as to produce a heat flux of steadily increasing 

magnitude. Some sixty-six minutes later a sudden decrease in the 

magnitude of the heat flux was created by pouring cold water into the 

aluminium container. Various sudden fluctuations in the heat flux 

magnitude were subsequently created by the addition of differing 

amounts of cold or boiling water to the container. The results of 

this are shown in Table 3.12. 

With the heat flux meters located at precisely the same depth 

it is evident that the "non-stationary" error even for large and 

sudden s in the heat flux magnitude is relatively small, rarely 

exceeding values of ~. The maximum differences in the percentage 

relationship evident after the first addition of cold water to the 

container are largely a function of the very small absolute differences 

in the meter outputs for lew heat flux magnitudes. The smallness of 

this non-stationary error was confirmed using a second of heat 

flux meters which produced very similar results. 

In view of the postulated similarities in the temporal response 

characteristics of the heat flux meters, the fact that a non-

stationary error does occur suggests slight differences in the 



TABLE" 3.12 

PERCENTAGE RELATIONSHIPS BETWEEN TWO lVTETERS millER NON-STATIONARY 

CONDITIONS 

r-
6 102 .. 1 .. 02 30°C 

12 106 .. 8 

18 108.8 

24- 108.7 

30 108.9 .. 27 

36 108.1 

42 107 .. 9 

48 107.7 

54 106 .. 7 

60 106 .. 8 .42 

66 106.3 

72 106.8 

78 106.5 

84 106.3 

90 106 .. 5 .45 (-Gradual to 35°C 
96 106 .. 3 

102 106 .. 6 

108 107 .. 4 

114 107.3 

120 106 .. 5 .. 54 

126 106 .. 5 

132 106.3 



TABLE ·3.12 (Continued) 

138 106 0 4 

144 106.1 

150 106.2 .. 59 

156 106.2 
~ 

20°C 

162 105 

168 103.8 

174 1Olr.4 

180 10206 .39 

186 102 .. 3 

192 102.5 

198 102 .. 5 

204 102.5 

210 101,,3 .19 

216 101 .. 2 

222 100 

228 100 

234 100 

240 100 .12 

246 100 

252 100 

258 100 

264 100 

270 100 .. 09 

276 100 



TABLE 3.12 (Continued) 

282 100 

288 100 

294 100 40°C 
~ 

300 100 .06 

306 108 .. 9 

312 109" . 
318 109.3 
324 109 .. 4 20°C r-

330 10403 .45 

336 1 9 

342 103.2 40°C 

105 .. 1 

351+ 106 

360 106.8 

366 107.4 

372 107.1 

378 107.8 

384. 107.6 

390 108 .. 2 .79 20°C +-= 

396 106.4 

402 105.2 

408 105.7 

414 106.1 

420 106.5 .24 40°C 
+-

426 107.7 

432 110.3 35°C 
~ 



TABLE (Continued) 

438 110.2 

M4 110.1 

450 107 .. 5 .45 

456 106.6 40°C 
(-

462 105 .. 8 

468 106 .. 8 

474 106.8 

480 107 063 

486 107 .. 7 

492 107 .. 3 

498 107Q3 

504 107.3 

510 107 .. 57 

516 106.9 

522 106.8 

528 106 .. 9 

534- 107.1 

5l,,0 106.8 

546 106 .. 9 

552 1'8~.9 558 
564 106.8 

570 107.1 .. 45 

576 107 .. 4 

582 10703 



( Continued) 

588 107 

594 106 .. 9 

600 107 .. 39 

606 107.2 

612 107 

618 106.9 

624 106.9 

630 107.1 

1Time in minutes a fter placing under heat flux 

2 % relationship between the meters 

3 Approximate millivolt output of lower sensitivity meter 

4- Temperature of circulating water 



posi tioning of the thermopile wi thin individual flux plate "sandwiches ll • 

The changes in the percentage relationship between the outputs of the 

two heat flux meters are consistent with the placement of the thermopile 

in the higher sensitivity meter slightly nearer to the surface than is 

the case for tta lower sensi tivi ty meter. When the magnitude of the 

heat flux increased the percentage relationship temporarily decreased, 

and when the magnitude of the heat flux decreased, the percentage 

relationship temporarily increased. Differential positioning of the 

thermopiles thus results in an effect comparable to, but much smaller 

in magnitude than, the effect resulting from the differential place-

ment of the heat flux meters within the soil or sand. The error 

resulting from each differential thermopile placement is only of the 

order of 310 and would not constitute an explanation for the 

relationships between the outputs of meters during of 

increasing and decrea heat flux magnitude as was evident in the 

soil plot and the rooftop sand box calibration attempts. 

The conclusion to be drawn from the previous two experiments is 

that it is because of the non-stationary conditions of heat flux that 

exist in the field situation that the positioning of the heat flux 

meters at the same is critical for the accurate determination 

of the relative magnitudes of soil heat flux at various locations. 

In order to determine an approximate .~stimate of the magnitude 

of absolute values of soil heat flow that were being measured, an 

tlabsolute" calibration of the standard meter was performed for 

conditions of heat inflow and heat outflow respectively by comparing 

the output of the standard meter with that of a C.S.I.R.O. calibrated, 
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commercially manufactured meter (Middleton & Co. Pty Ltd) positioned 

at a depth of 3 em in sand. The absolute calibration for the ~ 

standard meter was 112.56 r V/mW em -2 (7.84.9 MN / cal em -2 min -1) for 

conditions of heat inflow and 1 81 rV/mW cm-2 (8.563MV/ cal cm-2 

min-i) for conditions of heat outflow. It of note that when the 

relationships between the outputs of four commercially manufactured 

meters were investigated with the meters positioned at a depth of 3 em 

in dry sand, considerable discrepancies existed between the relation-

ships expected on the basis of the "absolute" calibration factors 

quoted on the calibration certificates for meters and the actual 

relationships obtained in sand. While the relationship between the 

outputs of two of the plates (calibrated in 1969) was that expected 

on the ba of their calibration coefficients, relationship 

between the outputs of' two plates (calibrated in ) that had been 

in use in the Chilton Valley for some years was somewhat different 

~) from that predicted on the basis of the given calibration 

coefficients. The moo t remarkable discrepancy, however ~ was in the 

relationship between the outputs of meters calibrated in the two 

different years. The relative outputs of the earlier calibrated plates 

were respectively 33.5% and 37.~~ less than that on the basis 

of the given calibration factors. This drop-off in sensitivity may be 

attributable to the development of slight cracks between the stainless 

steel cover and the expoxy resin encasing the thermopile, for 

such gaps would tend to reduce the effective thermal conductivity of 

the mE;lters. findings indicate the necessity for a check to be 



81 " 

made on the sensitivity of' heat flux meters at regular intervals. 

'l'hese earlier calibrated meters are tt,ose used by Greenland (1971) 

and this deorease in sensi tivi ty would explain the discrepancies he 

noted between the daily totals of soil heat flow as taken from the 

heat flux meters and the daily totals of heat flow as oalculated from 

soil temperature data. He found that the totals of heat flow from 

the heat flux meters should have been in the order of three to four 

times higher, whioh is oonsistent with the discrepancies in 

sensitivity noted above. This discrepancy in the meter sensitivities 

does not, however, invalidate the earlier calculation of the measure

ment error due to the distortion of the natural soil heat flow. 

Although this calculation was based on thermal conductivity values 

that were determined using the records from these meters, in the error 

estimation it is the range of the conductivities (x. to fix.) that is 

important, rather than the absolute values, and the value of ft would be 

unaffected by an appropriate adjustment in the calculated thermal 

conductivity values. 

3.5. SUID'lARY OF RESULT.§. 

The potential sources of error in the determination of the 

relative magnitudes of soil heat flow at various locations within the 

Chilton Valley can be summarised as follows: 

1 • 

ing from the differences between the thermal properties of the heat 

flux meters and those of the soil:- Accepting that the value of 13.30 

m cal cm-1 sec-1 °C-1 for the thermal conductivity of soil containing 

ice is a spurious one, then the maximum meter measurement error 
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resulting from the distortion of the natural soil heat flow will be of 

the order of 2.q%. 

2. The error due to the in tel'ference by the heat flux meters with 

natural soil moisture flow:- To some extent there will be a systematic 

influence of each of the meters on the moisture transport in the soil 

in both liquid and gaseous phases. However, the heterogeneity of field 

conditions is such that the extent of such a systen~ticinfluence 

1 undef'inable and the measurement error is thus of unknown magnitude. 

The exaggeration of the meter reSDonSes due to the freezing of ice on 

the meter surfaces will also be to some extent a systematic influence, 

especially if the meters are operated within a small area. 

This is perhaps the most signifi

cant potential source of measurement error in the field situation due 

to the heterogeneity of field soil conditions both with respect to 

particle size, and with respect to the presence of varying amounts of 

organic matter and plant roots within the soil. Furthermore, there is 

also the possibility that with changes in the moisture content of the 

soil, a drawing-away of the soil from the meter surfaces may occur. 

Care in installation of the heat flux meters will assist in the 

minimisation of this type of measurement error. 

The error due to non-stationary heat flux conditions:- For the 

determination of the relative magnitudes of soil heat flux at various 

sites this error is likely to be of little significance, for the heat 

flux meters have essentially similar response characteristics. The 

estimated order of the maximum magnitude of this error is approximately 



J,%, when the meters are accurately installed. However, only slight 

differences in the relative positions of the heat flux meters leads 

to measurement errors of the order of 1q% because of the non-stationary 

nature of the heat flow o 

The most significant measurement errors are thus those resulting 

from inaccuracies in the installation of the heat flux meters. In the 

installation of the flux meters therefore, ever,y effort must be 

taken to ensure good thermal contact between the meters and the soil 

and to ensure the placement of the meters parallel with the 

surface and at preci the same depth below the surface .. 



CHAPTER . FOUR 

THE SPATIAL VARIABILITY OF SOIL HEAT FLOW 

IN THE CHILTON VALlEY 

4.1. INTRODUCTION 

After determining relative calibration coefficients for each of 

the heat flow meters and examining some of the relevant performance 

characteristics of these meters, as outlined in Chapter 3, the meters 

were installed in the fie ld. They were located at a depth of 5 em 

in a 4.6 x 3.7 m area on the northwest faoing slope of the valley, at an 

altitude of approximately 780 m. Six of the meters were located under 

a bare soil surface, six under a short grass cover, six under a 

predominantly mossy cover, and one under a tussock. The voltage 

outputs from each of t he meters were monitored from the 31 st of July, 

1971, until the 4th of September, 1971 when a serious malfunction of the 

newly-installed Solartron Data precluded further data collection. 

These data were subject to two types of analysis, the first to evaluate 

the extent of influence of the surface cover type on the spatial 

variability of soil heat flow, the second to determine the spatial 

sampling density necessary to provide an adequate indication of the mean 

soil heat flux for three defined cover types at the observation site. 

4 .. 2. SITE DESCRIPTION 

A study area, 4.6 x 3 .. 7 m, was located on the northwest facing 

slope, bearing in mind that, at the time of year when the measurements 

were to be made, only the northwest facing slopes in the Chilton Valley 



received direct sunlight for any length of time during the day. 

Moreover, it has been noted (Greenland, 1971; Owens 1967) that both 

the freeze-thaw processes and the amount of mass movement are greatest 

on the northwest facing slopes. The site is approximately 30 m from 

the central recording site in the valley (described by Greenland, 1 971 ) , 

and is some 5 m from the small stream that runs down the centre of the 

valley. Within the defined area, which slopes at approximately 140
, 

there is considerable heterogeneity of the surface cover (Plate 30) 

with areas of bare soil interspersed among areas covered by short 

grasses (Agrostis tenuis, and , prostrate low 

growing shrubs 

(~ypnum cUEressiforme, ) and 

herbs A matagouri and tall 

tussock complex is prominent in the lower centre of the area, and 

scattered clumps of tussock are evident throughout. Two small manuka 

bushes are located towards the upper boundary of the area. 

small stones are scattered over the area. 

4.3. EXPEPJMENTAL DESIGN 

A few 

While statistical procedures for till determination of appropriate 

sampling densities generally require the random determination of sample 

points within the given area,a random sampling design might well 

have led to a concentration of sampling points under one surface cover 

type, thus precluding an investigation of the specific influence of 

surface cover type on the spatial variability of soil heat flow, an 

influence which needs to be assessed in the wider context of the 



PLATE 3. elected are 0 study . 
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development of a network for t he measurement of the soil heat flow 

parameter within the Chilton Valley. Furthermore, it was considered 

that a random placement of t he heat flow meters wi thin the study area 

would be likely to lead to serious measurement errors as a result of 

poor thermal contact between the meters and the soil for those meters 

positioned in the dense root mass typical of the larger tussock plants, 

and for meters in the vicinity of the larger roots of the shrubs. 

Considerable inaccuracies in the depth of meter installation were 

envisaged for meters located under the tussock vegetation for in such 

situations,where a dense vegetation mass is present both above and 

below the soil surface, the determination of the exact position of the 

soil surface becomes exceedin difficult. 

Thus, in an effort both to maximize information on the 1nfluence 

of surface cover type on the spatial variability of soil heat flow and 

to minimize measurement errors due to poor thermal contact between the 

meters and the soil and inaccurate installation of the meters, a 

stratified sampling design was used. Three surface cover types were 

defined. Each type presented a relatively uniform contact surface 

with the atmosphere within which the mass of root matter at a depth of 

5 em was not great. These three surface cover types are: 

(i) areas of bare soil 

(ii) areas covered primarily by short grasses (Agrostis tenuis, Poa 

colensoi, and Poa laevis) and a small, prostrate shrub (Muehlenbeckia 

axillaris) 

(iii) areas covered primarily by mosses and herbs (Hypnum cUEressi

form~, Polytrichum juniperinum, Breutelia spo and Raoulia subsericea) 



wi th occasional patches of a low growing prostrate shrub (C;y:athodes. 

fraseri). 

For each of these cover types, which may be conveniently 

designated as bare soil, grass, and moss, six representative sites were 

selected within the defined study area. Although the tussock vege-

tation occupied a considerable surface area within the defined area, 

for reasons outlined above, only one observation was made under this 

cover type. By systematically selecting for surface cover type, the 

object was to minimize the variability in soil heat flow within each 

cover type while tending to maximize the differences in soil heat flow 

between surface cover types. In this instance, the hypothesis to be 

tested is that the variability in soil heat flow between surface cover 

types is greater than that within a single cover type@ 

4.4@ INST.ALLATION OF THE HEAT FLOW METERS 

As Rhoades (1957) states, the installation of a heat flow meter 

in the soil often proves to be much more difficult than it appears at 

first glance. It has been shown that the installation of the meters 

at exactly identical depths is critical for accurate measurement. 

However, as mentioned above, one of the major problems in the field is 

the determination of the position of the soil surface, such a determin

ation becoming more difficult as the density of the vegetative mass 

both above and below the soil surface, increases. An additional problem 

in this alpine environment is that, as a result of the development of 

needle ice, which loosens and raises the surface soil giving it a 

characteristic p~ffy appearance, the relative height of a bare soil 
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surface can change throughout the day. Furthermore, in the field 

situation, discontinuities in the surface slope create difficulties in 

the positioning of the meters parallel with the surface. 

The heat flow meters were installed at a depth of 5 em (for 

reasons outlined earlier)~with their long axis aligned in the 

direction of slope., Using a sharp knife, a block of soil, or soil 

plus vegetation, having approximate dimensions of 13 x 10 x 8 em was 

first removed immediately downslope from the site selected for the 

heat flux meter. A wall of undisturbed soil, normal to the surface 

was thus exposed at the upslope end of the excavation. Starting 

from this wall of soil, a slit 9 x 5 cm was then made at a depth 

of 5 cm from the surface, using a flat blade~ the blade being kept 

parallel to the surface as far as was possible. hea t f low me ter 

was then inserted in this slit until the lead connection was level 

with the wall of soil (Plate 4.) and any loose soil was carefully 

replaced about the meter in an attempt to duplicate the conditions 

of the undisturbed soil and to ensure a satisfactory thermal contact 

between the meter and the soil. After checking the positioning of 

the meters using a fine wire probe, the blook of soil initially 

removed was then replaced over the top of the meter lead (Plate 5.) 

and the lead was secured at various intervals along its length us 

fencing staples .. 

The meters were installed at a time when no needle ice was 

present in the soil.. Checks on the positioning of the meters on 

su'bsequent visits to the site indicated that the development of 

needle ice could effectively increase the depth of placement of the 



LATE 4. Insta llation of the me ters : the inserted meter wi.th 
it s l ead conn eG tion J.t:vel ""ith the wall of soil. 



PLA'l'E 5. Ins tallation of t he meters : the meter site wi t.ll the 
block of soil and vegetation replaced. 



meters under bare soil by about 0.5 cm. However, when needle ice is 

present, the soil surface is characteristically loose and puffy in 

appearance and it considered that this 0.5 em differential would 

not exert an influence on tbe meter outputs comparable with the 

influence exerted by a 0.5. em differential in a more compact soil. 

The meters under the grass and moss covers displayed no changes in 

their depths of positioning throughout the of observation. 

4.5. 

Each of the soil heat flux meters was connected to a 20-channel 

Solartron Data Logger which was initially programmed to sample the 

voltage outputs of the meters at 10-minute intervals and to record these 

measurements on paper tape. Measurements were made at 10-minute 

intervals for a period of eight days from the evening of the 31st of 

July, 1971, until the 8th of August, 1971, and subsequently at 

minute intervals until the 4th of September, 1971, at which time a 

malfunctioning of the recording equipment prevented the collection of 

further data. On the 24th of August, 1971, data were collected at 

i-minute intervals for a period of hours. Observations of solar 

radiation at the central recording site in the valley were made 

concurrently throughout the observation period, and a continuous rain-

fall record was also available. It is of note that a fall of rain on 

the evening of the day on which the meters were installed would have 

assisted in the adjustment of the disturbed soil around the heat 

f'low meters. 

4.6. ANALYSES OF DATA 

Due to a malfunctioning of the newly-installed Data Logger, a -
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considerable amount of data were not for the analyses. Only 

partially complete records were obtained for the first eight days, and 

the loss of records thereafter was so considerable that only these 

first eight days will be considered in the analyses. The loss of 

records on the fifth day was also sufficient to necessitate its 

exclusion from the analyses. Such omissions of records meant that 

no analysis of the data could be in terms of time sampling require-

ments and also that the absolute values of computed sample statistics 

are not directly comJ:flrable but are meaningful only in relative terms. 

Records from the single meter under the tussock vegetation were 

available only towards the end of the observation period. 

The data from the seven were subjected to two types of 

analysis; firstly in terms of the spatial variability in soil heat flow 

as influenced by the surface cover type, and secondly, in the more 

general context of the sampling densities for a specified level 

of measurement accuracy. 

each of the heat flow me 

For both types of analysis the records from 

were first adjusted to give comparable 

millivolt outputs, using the relative calibration coefficients for 

each meter for inflow and outflow. 

A. 

It was proposed to use an analysis of variance 

technique> in order to determine if significant differences sted in 

the soil heat flow under the three different cover types, thus comparing 

the variability in soil heat flux between surface cover types with the 

variability in heat flow within surface cover However, a 

test for homogeneity of the population variances (described by 



Winer, 1962), revealed that the requirement of equal population 

variances could not be met. 

A non-parametric alternative to analysis of variance, the 

Kruskal-Wallis test, was therefore used. This test is detailed in 

Blalock (1 960) • Calculations of the Kruskall-Wallis statistic, £, 

were performed using 

(i) the data from the total observation period 

(ii) tre combined data from all the days ("day" being arbitrarily 

defined in terms of the solar radiation as those periods when the 

solar radiation was greater than zero). 

(iii) the combined data from all the nights (ftnightll being defined as 

those periods when the solar radiation was zero). 

(iv) the combined data from all the periods when all of the meters 

under bare soil were registering a heat inflowe 

(v) the combined data from all the periods when all of the meters 

under bare soil were registering a heat outflow. 

(vi) the data from the individual days and nights as defined in 

(ii) and (iii) above. 

(Vii) the data from a combination of the individual days and their 

corresponding nights. 

In each of these analyses, the mean adjusted milU{ilt output 

from each of the meters over till period in question was calculated. 

Rankings of these eighteen means provide the basis for the Kruskal-

Wallis test. Also, for each surface cover type, a mean value was 

calculated, using the six means of the heat flux meters located 
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within each cover type. Variances and standard deviations were also 

calculated both for the combined eighteen means and for the means of 

the six meters within each cover type. The results of these analyses 

are presented in Table 4.1. 

Significant differences (at the 0.05 level of confidence or 

greater) in mean soil heat flow between the surface cover types are 

shown to exist for the total night period and for those periods when 

all the meters located under bare soil were registering inflow and 

outflow respectively. However, for the total day period and for the 

total observation period, the differences between the surface cover 

types are no longer significant. No consistent trend is evident in 

the separate day and night analyses, the significance or non-significance 

of the differences between the surface cover types appearing to result 

from an interaction of the range of the means of the three cover types 

and the variance of the six heat flux meter means within each cover 

type. Thus, for periods having a comparable range in the means of the 

different surface cover types, the differences between the cover types 

can change from significance to non-sifnificance as a result of 

increased variability within each cover type. For example, night 2 

and night 4 have a comparable range in the means of the d,ifferent 

surface cover types (.1044 and ·1031 MY respectively).. However, the 

variances for each of the cover types on night 2 were larger than the 

corresponding variances on night 4 and, as a result, a significant 

difference between the surface cover types is noted only for night 4. 



TP.BLE 4,,1 

SAMPLE STATISTICS FOR SVJ1FACE COVER TY~ES .1tND KRUSKAL-WALLIS H VALUES FOR DIFFERENT PERIODS 

OF ANALYSIS . 
(Values in ) 

Period of Soil Soil Grass Grass Moss Moss Kruskal-· Significance 
N Wallis 

Analysis Mean Variance Mean Variance Mean Variance H 

Total Data -.0371 ,,000850 - .. 0189 ~000026 - 0222 .000332 1465 O.41~ NS 

Total Day .1954 .013484 .0724 .. 000289 094L1- .002889 536 3.80 NS 

Total Night-.1712 .003416 -.0716 .000185 .003266 929 9.33 .01 

Bare Soil 
+ve .3843 .012401 .1744 .000861 2216 .017179 276 9.99 .01 

Bare Soil 
-ve -.1943 .004018 -.0850 .000211 -. ~j 013 .004089 995 8 .. 45 .02 

D .1146 .016175 .0483 .000665 c .002232 47 3.17 NS 2 ';! 

N2 -.1966 .008795 -.0922 .0014.85 - .1196 .006008 89 3.87 NS 

C2 - .. 0890 ,,002269 -.0437 .000330 -.02.f-86 .001353 136 1.29 NS 

D3 -00354 .005684- -.0666 .000561 -. .002877 48 1.12 NS 

N 
3 - .. 1433 .003757 -.0800 .. 000321 -.0766 .002341 89 3.17 NS 

C
3 

-.1055 .001961 -.0753 .000244 -.0746 .002381 137 2.13 NS 

:94_ -.0565 .006726 -.0665 .000426 99 .002043 49 0.24 NS 



TAB IE 4.1 (Continued) 

Period Soil Soil Grass Grass Moss Moss Kruskal- Significance 

~ Wallis 
Analysis Mean Variance Mean Variance Mean VariancE:: H Level 

N4 - .. 1715 .. 004203 - .. 0762 .000601 -.0684 .001887 92 6 .. 97 .05 

c 4 - .. 1315 .003733 -.0728 .000499 -,,065~- .001858 141 4.01 NS 

D5 ~.1491 .015281 -:- .. 0528 .000210 -.0577 .. 001298 44- 6.95 .05 

H,- - .. 0982 .002443 -.0468 .000519 - .. 0424- .000834 45 3.92 NS 
::; 

C5 - .. 1233 .005748 -.0498 .. 000333 -.0500 .000965 89 6.87 .05 

D7 .4527 .. 018032 .• 1790 .00A-01 .2517 .021961 34 8.86 .02 

N 
7 

-.0610 .001278 - .. 0093 .000456 -.0319 .000577 44- 7.10 .05 

C7 01629 0002573 -.0728 .000383 -.0755 .002656 78 8 .. 06 .02 

D8 .. 44-69 .014985 .2277 .003105 2038 .022157 20 8.06 ,,02 

NS .. 0747 .007887 .0782 .006011 .024-3 .000227 21 3 .. 59 NS 

Cs .. 2563 .005097 .1511 .. 0021 Lf-2 .1119 .006197 41 5.90 NS 

D9 .5703 0045341 .2503 .002567 • 2976 .040439 28 9.71 .01 

No -.2677 .. 007263 - .. 0993 .000517 -.1053 .007197 67 9.58 .01 
-I 

C9 -.0207 .001702 .0037 .000069 .01 .000198 95 1.70 NS 

NS is flnot significant" .N..:::: number of observations in the relevant period 

D refers to the analysis of the individual days C refers to till comb:ined individual days and their 

N refers to the analysis of the individual nights corresponding nights 
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It is also of note that while the difference between surface cover 

types may be significant both for an individual day and for its 

corresponding night, when these two periods are combined, the 

difference between the cover types may be non-significant (e.go 

D 9, N 9, C 9 ). 

Although no consistent trend is evident in the significance of 

the differences between the surface cover types for separate days and 

nights, a very general tendency can be discerned towards both greater 

differences between the means for each of the three cover types, and 

greater variability within anyone cover type, with increasing 

intensity of the heat flux. Thus, as the intensity of the heat flux 

increases, differences in the soil heat flow between the three 

surface cover types are magnified, as are the diffe11 ences in soil 

heat flow between meters within a single cover type. However, 

small departures in the rate of change of the range of the cover type 

means or in the rate of change of the within cover type variability 

with increasing intensity of the heat flux, can result in critical 

changes in the level of significance of the differences in soil heat 

flow betwe~l the three cover types. 

The results of this analysis are therefore inconclusive vdth 

respect to the significance of the differences in soil heat flow under 

the three selected surface cover types, and thus with respect to the 

value of stratifying the srunpling of the soil heat flow parameter in 

terms of these three cover types. 
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B. THE SPATIAL VARIATION OJ!' SOIL HEAT BLOW IN THE CONTEXT OF 

NETWORK DESIGN 

The method outlined by Alaka (1970) was used as an initial 

approach to the problem of determining the number of point obser

vations required for a d.etermination of the mean soil heat flux for 

the three surface cover types within the defined area, within 

certain limits, and with a given probability_ This method, known 

as the method of optimum interpolation, permits an examination of 

the relationship between the spatial sampling density and the 

accuracy of observations. . It involves the computation of corre

lation functions for the particular meteorological field to be 

analysed, and, if the assumption is made that the correlations are 

homogeneous and. isotropic, (i.e. that the correlations do not depend 

on the locations and the relative positions of the sample points) 

it is expected that the correlations should decrease as the 

distance betl'leen the observation points increases. An appropriate 

spatial sampling density can then be determined on the basis of the 

rate of decay of the correlations ¥ath distance. 

Correlation coefficients were calculated for all possible 

pairings of the heat flux meters for comparable periods of analysis 

to (vi) and (vii) in the previous analysis; that is, for individual 

days and individual nights, and for t he combinations of each day and 

its corresponding night. These correlations were plotted against the 

distance between the meters being correlated. 

shown in Figure 4.1 e 0 

A typical plot is 
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No relationship between correlation and separation distance 

was found, the tendency in all correlation-distance plots 

being towards two distinct blocks of correlation values; a large 

number of coefficients rmving values than 0.9, and a second 

grouping of 

0.4- to 0.7. 

coefficients occurring at values ranging from about 

This tendency towards two distinct levels of corre-

lation at all distances was especially pronounced at night. It is 

thus evident that, at this scale, factors other than distance are 

affecting the values of the correlation coefficients and consequently 

this method for determining network design is not applicable at this 

scale. This finding is hardly 

the method is essentially de 

when it is considered that 

for application over distances of 

the order of 50 - 2000km ,anci that the greatest distance between 

any two flow meters is 176 cm Furthe:cmore, the 

selection of the meter sites in order to minimize differences in soil 

heat flow wi thin each cover means that the assumption that the 

correlations are homogeneous and isotropic, an assumption which Alalm 

(1970) states as having little justification even at a seale, 

is highly unlikely to be at this smaller scale of operationo 

In an attempt to isolate the factors inf this pattern 

of correlations, an examination was made of the correlations between 

meters under the same surface cover type and between meters under 

different surface cover s, for the individual days and nights and 

for the combined days and nights. Typical results for a day and a 

night are shown in Figure 2. and Figure 4-.3. co rrela tions 



FIGURE 4.2. Meter Inter-correlations in terms of Surface Cover Type. 
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FIGURE 4_3, Meter Intef-correlations in terms of SurioCI!I Cover Type. 
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(greater than 0.90) are found in all the combinations of surface cover 

types, the intercorrelations between meters under the moss surface 

cover type especially noteable for their consistently high values 

and a small range in the values of the correlation coefficients. An 

inspection of the tabulated correlations for successive days ana nights 

revealed that, the day, three heat flow meters w'ere responsible 

for all the lower correlations; namely, the meters K and D 

located under bare soil, and meter J located under grass. In part

icular it was evident :that meters K and D were major contributors to 

the greater variability in the soil heat flow within the bare soil cover 

type. 

An eXamination of the specific siting characteristics of 

tbree meters revealed that all three were sited such that were 

shaded for the of the day. Meter K was located on tll.e 

south side of a tall the soil surface remaining shaded for con-

siderable periods; for the particular day shown in Figure 4 .. 2., meter K 

recorded a heat inflow for only minutes compared with 

3;' hours for those meters subjected to direct sunshine for the 

periods. Sbmilarly, meters D and J were located on tre south side of 

taller vegetation, meter D shaded by the manuka bush located 

in the upper centre of the study area and meter J being shaded by a tall 

matagouri bush located outside the defined area. 

Thus, during the day, the lower correlation coefficients can be 

attributed to the selective shading of some of the observation sites 

by taller vegetation. 
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For night periods, till pattern of correlations was essentially 

similar to that during the day, except that the range of correlation 

values tended to be greater than during the 

of correlations had values greater than 0.9. 

and a smaller number 

Lower correlations 

Were produced by the same three meters as during the day but also 

meters G, F, L, and S were found to contribute to these lower 

correlations. Examination of the site characteristics of these 

meters revealed that meters G (under grass), F, and R (under moss) 

were in close proximity to the prominent matagouri - tussock complex 

in the lower centre of the study area, and that meters L and S (under 

moss) were located immediately downslope from the centre manuka bush. 

Thus, at night, it is evident that there is a need to consider the 

selective t! shading" of the surface by vegetation on all sides of the 

observation sites, the taller vegetation absorbing and re-radiating 

some of the heat energy emitted from the soil" 

Thus, at this scale of investigation, a distance decay in the 

correlations between the heat flo'w meter outputs is not apparent 

because of the dominating influence of the vegetative cover operating 

through the differential shading of the surface. These findings 

suggest that the spatial variability in soil heat flow is best 

interpreted not solely in terms of the immediate surface cover type, 

but also in terms of differential shading of the surface by taller 

plants. 
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An alternative approach to network design is to examine the 

problem of spatial sampling density purely in terms of confidence 

limi ts about t he mean in order to assess the number of point obser-

vations required for a determination of the population mean within 

specified limits of accuracy with a given probability_ This 
, 

procedure is outlined by Blalock (1960). The required number of 

sample points (N) is given by 

••• (4. 1 • ) 

where ~ is the critical value or confidence coefficient, 6 is the sample 

standard deviation, and e is the required absolute accuracy of measure-

mento 

Working at the 0 0 05 level of confidence to an absolute accuracy 

of =F 0.01 ly min -1 and assuming a meter sensitivity of 7.849 MV/ly min 

(this approximate value being determined from the "absolute" cali-

bration of t he standard meter), equation (4 .. 1.) becomes 

N = (!.:~ \'-
o 'OT'a ) 

••• (4.2.) 

Values of N were calculated for the entire plot ( e. combining 

the data from the three surface cover types) for comparable periods of 

analysis to (i), (ii), (iii), (vi), and (vii) in the first analysis 

(page 91), and for each surface cover type for tbe same periods.. It 

is therefore posm ble to determine values of N that ¥rould result in the 

sample mean being within +" O.1ly of the true population mean 95% of the 

time. 

The results Qf these analyses, presented in Table 4.2., indicate 

that a single observation would probably be adequate when dealing with 



Nl)MBElR OF SAMPLE POINTS REQUIRED FOR EACH COVER TYFE AND FOR THE 

FLOW 9~ OF THE TIME, ASSU1\uNG A METER SENSITIVITY OF 7.849 
. . -2 -1 

MV/cal em min 

Period of' Combined 

Total Data 0.54 .016 .. 21 .24-

Total Day 8 .18 1 .. 8 4.8 

Total Night 2.2 .11 2 .. 1 2.0 

Bare Soil +ve 7.8 .55 10.8 8 .. 5 

Bare Soil -ve 2.5 .13 2 .. 6 2.5 

D2 10.2 .42 1.4 4 .. 1 

N2 5.6 .10 3 8 6 

C2 1.4 .21 8r-" ? 88 

D3 3.6 .36 1.8 1.66 

N3 2.4 .20 1.5 1.51 

C3 1.23 .15 1.5 .67 

D4 4.2 .27 1.3 1.64-

N4 2.6 .. 38 1.09 2.46 

C4 2.3 .31 1,.17 1.51 

D5 9.7 .13 .. 83 4.54 

N5 105 .. 32 .. 53 1.06 

C5 3.6 .. 21 061 2.04-

D7 11 .. 4 2.2 13.7 13.69 

N7 0.81 .29 .36 0.67 

C7 1.6 .24 1.6 1,,66 



(Continued) 

Period, of Combined 

DB 9.5 1.96 14.0 10 .. 8 

NB 5.0 3.8 .14 303 

C8 3.2 1 .. 35 3.92 3 .. 53 

De 28.6 1.61 25.5 22.56 

N9 4.6 .32 4.5 5.24 

C9 1.1 0.4 .12 0 .. 55 

D refers to the analysis of the individual days 

N refers to the analysis of the individual nights 

C refers to the combined individual days and their corresponding 
nights 



the soil heat flow parameter in terms of longer-term climatological 

averages, as in general energy balance studies. Even in terms of 

24-hour averages, two observations are adequate on the majority of 

occasions both f'or the combined surface cover types and for each of 

the cover types. However, the large values of N required as the 

intensity of the heat flux increases and as the length of the obser

vation period decreases, such as for D7 and D9, indicates that ~or 

detailed micrometeorological work, suoh as Bowen ratio studies, a 

large number of point observations of soil heat flow will be required. 

It. is of note that the number of observations required at 

night is consistently less than the number required during the day, 

with the exception of D4 and N4, D4 being a day on which most of the 

meters did not register a heat inflow at al~ time. This suggests 

that the thermal contrasts in the soil resulting from the spatially 

irregular patterns of incoming solar radiation are greater than 

those resulting from spatial irregularities in the amount of energy 

emitted from the soil into the atmosphere at night. Also of note are 

the consistently low values of N for the grass surface cover type" 

This suggests that there may be some justification in stratifying 

the sampling soil heat flow in terms o~ the immediate surface cover 

type with fewer observations being made under grass than under either 

bare sailor moss. However, more definite conclusions must await a 

study that has greater areal extent. 

These figures showN for a spatial variability in soil heat flow 

characterisitc of three surface cover types within a 4.6 x 3.7 m area. 
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However, since the sample locations were not randomly determined and 

since the extent of the correlation between meters does not a ppear to 

be related to distance, it is possible that these N values may be 

applicable for an area much larger than ~.6 x 3.7 m. Since high 

correlations between some meters do exist; the values of N determined 

using this method will tend to be overestimates. 

~&7 Sm~Y OF RESUUTS A]ID THEIR IMPLICATIONS 

These analyses have thus suggested that the variability in 

soil heat flow within a given area is largely a function of the 

differential shading of that area by taller vegetation, the differences 

in the magnitude of the soil heat flow at different locations tending 

to be amplified as the heat flux intensity increases. There appears 

to be only limited justification f'or stratifying the sampling of the 

soil heat flow para~eter solely in terms of the irrunediate surface cover 

type. There would also appear to be limited potential in the 

stratification of the sampling in terms of the differential shading of 

the surface for it has bee~ shown that particular sites are differently 

affected during the day than during the night, by the proximity of 

taller vegetation. While during the day it is the selective shading of 

sites by vegetation situated to the north of the sites that is 

important, at night there is a need to consider the selective shading 

of the sites by vegetation located in all directions from a particular 

site. Furthermore, a seasonal change in the sphere of influence of 

anyone taller plant may be expected. 

These considerations perhaps suggest that a random sampling 

design may be the most suitable for the determination of the mean soil 

heat flux within a given area. However, the limitations of the 
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techniques for the measurement of soil heat flow both in terms of the 

facility of areal coverage and in terms of the accuracy of measurement, 

must set very real limits to the application of such a spatial sampling 

design. 

With respect to the number of point observations required fora 

determination of the mean soil heat flow within certain limits of 

accuracy and vcith a specified probability, it has been shown that a 

small number of observations is likely to be adequate when dealing 

with the longer-term climatological averages of the soil heat flow 

parameter, but that for detailed micrometeorological studies an 

increased spatial sampling density is required. 
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SUMMARY AND CONCLUSION 

5.1 SUMMARY OF RESULTS 

The principal findings of this investigation are as follows: 

(1) Of available techniques for the measurement of soil heat flow, 

the heat flow meter method permits the maximization of information 

regarding the nature of the spatial variation of soil heat flow, within 

the finite limits of the data recording system used in the present 

study. Requiring only one sensor per sample location, this method 

offers the considerable advantage of enabling a direct, continuous 

record of the soil heat flux at several locations to be made without 

the necessity for the repeated determination of the thermal properties 

of' the soil. 

(2) A consideration of the theor'y of heat flow meters suggests two 

criteria for mete design that will result in the minimization of meter 

measurement errors due to the distortion of the natural soil heat flow; 

(i) the thermal conductivity of the meter should be approximately equal 

to or slightly greater than the upper limit of the range of thermal 

conductivi ties to which the meter is to be exposed; 

(ii) the meter should be made as thin as possible. In additio~measure

ment errors resulting both from interference with the natural soil 

moisture flow and from poor thermal contact between the meter and the 

soil will be reduced by reducing the meter width and length. 

(3) For meters having similar geometrical and thermal properties, 



the relationships between the voltage outputs of meters exposed under 

similar conditions can be assumed to.be constant, despite changes in 

the thermal conductivity of the medium in which they are exposed. Such 

an assumption permits the minimization of meter measurement errors, due 

to heat flow distortion, through a relative calibration of the meters 

performed in any medium .. 

For t heat flow meter method of measurement of soil heat flow, 

the most significant measurement errors are likely to be those resulting 

in inaccuracies in the installation of the meters. Every effort must 

therefore be taken, when installing the meters, to ensure good thermal 

contact between the meters and the soil, and to ensure the placement of 

the meters exactly parallel with the soil surface and at exactly the 

same depth below the soil surface 

(5) The spatial variability in soil heat flow within a defined area 

in the Chilton Valley appears to be best interpreted not solely in terms 

of th3 immediate surface cover type, but also in terms of differential 

shading of the surface by taller plants. In view of the spatial 

irregulari ty in soil heat flow induced by such differential shading, the 

stratification of the sampling of the soil heat flow parameter in terms 

of immediate surface cover type is of limited value. However, there 

appears to be somp. justification for making fewer observations under the 

grass surface cover type. 

(6) The spatial sampling density required for an accurate estimate of 

the mean soil heat flux becomes greater as the intensity of the heat 

flux increases and as the period of observation decreases. 



Consequently, a much greater spatial sampling density is required for 

the measurement of soil heat flow in detailed micrometeorological 

studies than is required for the measurement of soil heat flow in the 

context of longer-term climatological averages, such as in general 

heat balance studies. 

5.2. SUGGESTIONS FOR FURTHER RESEARCH 

The most immediate need in the assessment of the spatial 

variability of soil heat flow in the Chilton Valley, and thus in the 

assessment of the representativeness of point observations of soil heat 

flow, is for studies having greater areal extent. However, such 

studies must inevitably be restricted in scope by the limitations of 

available measurement techniques. There is perhaps potential for a 

maximization of information regarding the spatial variation in soil 

heat flow through the connection in series of meters having similar 

relative calibration coefficients. 
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.APPENDIX A 

CONSTRUCTION OF THE SOIL HEAT FLOW }.lIET.F..RS 

Twenty soil heat flow meters were constructed following the procedure 

outlined by Tanner (1963) but with some slight modifications. It is 

proposed to set out in detail the operations involved in the construction 

of the meters; to elaborate on the reasons for these operations, for an 

understanding of the rationale tends to lead to greater care being taken 

in the execution of each operation; and to discuss the problems 

encountered in the construction procedure and ways of overcoming them. 

CONSTRUCTION PROCEDURE 

First, the long edges of a glass microscope slide,8 .. 45 x 2.4 x 0.1 cm, 

are rounded with a carborundum stone to reduce the likelihood of cutting 

the fine constantan wire that is subsequently wound around the slide .. 

Tvm 0 .. 64 cm lengths of 20 sow.g stainless steel wire are then roughened 

with carborundum cloth and cemented at each end of the glass plate using 

a two-compoment "Araldite ll adhesive (Araldi te AW106 & Hardener HV953U) 11 

a resin which provides a waterproof layer of high electrical resistance and 

great mechanical strength. It is advisable to leave the made-up 

adhesive mixture for about one and a half hours beqre using it, for it 

then becomes tacky and easier to work wi the The wire is held in place 

with a simple jig shown in Figure A.1., bulldog clips being used both to 

vertically clamp the glass plate and to clamp the strip of polythene, 

.005 x .64 x 10 em, to form a loop. This loop is hung over the top of 

the stainless steel wire to centre it and to hold it in position while 

the adhesive sets.. After setting, the excess adhesive is cleaned 



FIGURE A.1. Jig for Positioning Stainless Steel Wires. 
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from the glass surface using acetone, and is filed from the outside of 

the stainless steel wire which is then tinned with solder using an acid 

flux. The plate must then be rinsed to 'remove all traces of tills acid 

flux" 

The first step in the attachment of lead connections differs from 

that described by Tanner (1963) only in that the stainless steel wire 

connection need not extend beyond the edge of the glass slide, for it 

was found possible to solder the lead attachments very close to the glass 

slide e This alternative procedure permits a slight reduction in the 

dimensions of the cover plates and reduces the likelihood of the dis

lodgement of the stainless steel wires during the cleaning and copper 

plating processes. 

The glass plate is then wound on a lathe with 150 turns of 4-0 s.w.g. 

bare constantan wiree This can be done with ease by anyone familiar 

with transformer winding and Tanner (1963) outlines the method. Several 

turns of the constantan wire are wound over the stainless steel wires 

and these are then soldered to eaoh other .. 

In both the tinning of the stainless steel wires and in the soldering 

of constantan wire to the stainless steel wire, excessive heat must be 

avoided because of the proximity of the glass plate. It is most 

convenient to clamp the soldering iron in a vice with a flat surface 

uppermost, and to work down on to this flat surface. 

The stainless steel lead connections and the half turns of constantan 

wire on the same half of the slide as the lead conneotions are then 

prepared for copper plating. 
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CLEANING PROCEDURES 

Plating on a dirty or greasy surface inevitably leads to blistering 

or peeling of the deposited metal, for perfect adhesion of the deposit 

can be obtained only on a chemically clean surface. It is therefore 

vital to efficiently clean the windings to be plated. Ollard (1969) 

details the three main ways of removing grease and loose soil from a 

metal surface:-

a. By dissolving off that grease in trichlorethylene or in other 

suitable organic solvents. 

b. By saponification of the grease by the action of caustic alkalis to 

form a water soluble soap. 

Ce By emulsification of the grease; that is, by forming it into an 

emulsion with water in which the particles of grease are dispersed 

and remain suspended as very fine bubbles. 

SOLVENT CLEANING 

rrhe wound plate can be degreased in trichlorethylene, a solvent of 

the chlorinated hydrocarbon type with a specific gravity of 1.47 and a 

boiling point of 8607°C. The plate is brushed during cleaning by 

stroking parallel to the windings but it is important that these vvinmngs 

must not be touched with the fingers or any other oily or dirty surface 

during or after cleaning. For this reason it is awkward to employ 

this method of cleaning as there is less than 0.6 em of unwound glass at 

the end of each plate where the plate may be gripped. Furthermore, 

this method of cleaning is most suited to articles thickly coated in 

grease .. 

After degreasing in trichloret~lene the plate is then washed in 

detergent and then rinsed in distilled water before placing it in the 
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acid copper plating solution. 

ALKALI CLEANING 

Fatty compouncls are composed of basic and acidic parts which are 

separated qy the action of a hot caustic alkali. The insoluble fats are 

converted into soluble compounds by this treatment and the article is 

easily rinsed clean in water. 

is as follows: 

The reaction, known as saponification, 

Insoluble fatty compound + potash~soluble soap + glycerine. 

During this process, small amounts of non-saponifiable mineral 

grease are also removed, indicating that grease removal is to some 

extent mechanical as well as chemical. This mechanical type of grease 

removal is accomplished by emulsification, which is extreme mechanical 

subdivision of the grease particles so that they appear to be dissolved. 

The rate of cleaning can be accelerated by increasing the 

concentration of the allmline cleaning solution, by raising the temper

a ture of t he cleaner, by increasing the time of immersi on of the article 

and by the use of electrolytic cleaning. In electrocleaning, the 

usual wetting, emulsifying and other physical and chemical actions of 

the alkaline cleaning solution are assisted by agitation resulting from 

the liberation of gases during electrolysis. "Electrolytic cleaning 

in an allmline solution is the most reliable methodfbr electroplating" 

(Graham, 1962). 

After cleaning it is possible to evaluate the absence of grease on 

the metal surface by the "water-break" test. This test is based on the 

ability of a supposedly clean metal surface to sustain an unbroken film 

of water. A comparison, under a microscope, of the wetted windings on 



slides that l~d been subjected to either the solvent cleaning process or 

to the electrocleaning process revealed that the electroc~eaning method 

more consistently produced an unbroken film of water on the windings. The 

use of this electrocleaning method is therefore recommended. 

In detail, the electrocleaning process involves the passing of an 

electrio current through a heated, alkaline cleaning solution which 

results in the decomposition of the water in the solution with the 

consequent liberation of hydrogen at the c.athode (the negative pole) 

and of oxygen at the anode (the positive pole). The metal part to be 

oleaned can be connected as either the oathode (-) or the anode (+) but 

since the volume of hydrogen liberated at the cathode is twice that of 

the oxygen liberated at the anoi e, if the part to be cleaned is made 

negative, the upward movement of the hydrogen bubbles at the cathode 

will provide greater solution agitation to help loosen dirt from the 

metal surface. A stainless steel plate suspended in the solution is 

connected as the anode. The agitation of the cleaning solution results 

in the successive removal of films of the cleaning solution that 

become attached to the soiled metal surface, thus transferring the 

contaminants from the metal surface to the cleaning solution where they 

are held in tempora~ emulsion or suspension. This method of cleaning, 

in whicp the part to be cleaned is made negative, is described by 

(Tanner 1963) as "reverse-current" oleaning. However, in the Eleotr2,

plating Engineering Handbook (1962) it is stated that "a metal part is 

said to be cleaned with direct current when it is connected as the 

cathode (-) and with reverse current when it is connected as the anode 

(+ ) If. Thus, the method described by Tanner (1 963) and recommended by 

the writer for the cleaning of the constantan windings is more 
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correctly termed "direct current" or"cathodic ll cleaning .. 

One disadvantage of this cleaning method is that the negatively 

charged metal parts attract positively charged ions of metals such as 

copper and zinc, soaps, and some colloidal material in the cleaning 

solution, causing them to plate-out as loose smut on the metal surface. 

Tanner (1963) describes a piece of apparatus, a perspex jig, which 

is used to suspend the wound plates in the electrolytic cleaning solution 

and subsequently in the copper plating solution. This piece ofapparatua, 

to be later described in detail, incorporates some conductive lead foil 

which is used to provide a good electrical contact be~veen the power 

source and each of the constantan windings. The requirement that the 

plates be placed directly into the copper plating solution after cleaning 

to avoid the drying of the vd.ndings, necessitates the placement of the 

jig in the cleaning and plaung solutions alternately. U sin g a single 

jig, it was found that even with careful rinsing of the jig after plating 

was completed, small amounts of the plating solution were being intro

duced into the cleaning solution and the copper was plating-out unevenly 

on to the surface of the windings and on to the conductive lead foil .. 

This loose smut on the conductive foil was then easily transferred on to 

the part of the windings that was required to be left unplated. To 

reduce the contamination of the cleaning solution it is therefore 

desirable to use two different jigs; one for the suspension of the wound 

plates into the cleaning solution and the other for use in the copper 

plating solution .. 

The jig constructed for the suspension of the wound plate in the 

cleaning solution is shown in Figure A.2 .. Two pieces of perspex 

10 x 1 x 0.5 cm are padded on one side with a 0 .. 2 cm thickness of 
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. RTV silicone. rubber (Dow Corning "Silastic" 732 RTV). This silicone 

rubber pad system is most easily conslructed by ~ixing the perspex 

blocks apart at a distance o~ 0.4- cm and then completely ~illing the 

space between them with the licone rubber compound.. When this 

has cured, a sharp bJa de can be used to cut. through the centre o~ 

the rubber, giving two padded perspex blocks. These two blocks are 

then drilled with 0.32 cm holes, 0.4- cmin from either end and are 

bolted together with the rubber pads facing each other .. 

If effective cleaning is to be achieved, a good electrical 

contact must be made between each winding and the power source for, 

due to the relatively high resistance of t he constantan \Vire, it is 

not adequate to 

the power source. 

connect either end of the meter windings to 

To achieve this good electrical contact, 

adhesive-backed lead foil is folded around both of the perspex blocks 

and the lead wire from the power source is soldered to the foil on 

top of one o~ the blocks. To prevent this wire from pulling on and 

ripping the lead foil it is necessary to fix it firmly in position 

with some type of adhesive tape. The foil is then covered with a 

thin layer of petrolatum to protect the foil and the wire from a~ 

upward sputtering cleaning fluid. This lead foil arrangement should 

function without replacement for at least ten plates. 

The wound plate is clamped between the two blocks leaving just 

over half the length of t he windings on the stainless steel wire 

section of the glass plate exposed. When the bolts on the jig are 

tightened, the foil is pressed against the windings and provides a 

contact with each turn. To enable the jig to be lowered and raised 



PLATE 7. PlatiIV6 Appa r atus. 



as required, a triangular support was constructed using stiff fencing 

wire, this support being attached to a moveable clamp on a retort 

stand. 

The direct current cleaning is conveniently carried out in a 

pyrex crystallising dish with a diameter of 15 cm and height of 7.5 em. 

The cleaning apparatus is shown in Figure A.3. and in Plate 6. 

The foil contacting the windings is attached to the negative side of 

the power source, and a 26 s.w.g. stainless steel plate 9 em square 

is attached to the positive side0 This stainless steel anode can be 

suspended in the dish by hooking stiff wire through two small holes 

drilled in the top of the pla te by bending this wire over the 

edge of the dish. A IIHeathkit" Battery Eliminator (Model IP-12) 

is the power source, connected in series with a O-B9.1l..,2A variable 

rheostat (manufactured by the Zenith Electrical Co. Ltd) which is used 

to adjust the current strength. The current strength is shown by the 

ammeter on the Battery Eliminator. 

The electrolyte solution is made up as follows: 

Sodium Hydroxide 

S~ium Carbonate (Anhydrous) 

Tri-Sodium Phosphate 

Distilled Water 

Na OR 

Na
2 

C0
3 

Na3 POl,. (12H20) 

H
2
0 

15 gill 

75 gill 

30 gm 

2 litres 

In a crystallising dish of the size specified above it is convenient 

to use half of this solution at anyone time. Because of the relatively 

small quantity of solution involved, it i a easiest to replace the 

solution as it becomes discoloured rather than attempt to maintain its 

composition .. 
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o 
The solution is heated to 50 G using a bunsen burner and then 

the jig clamping the wound plate is lowered until the base of the jig 

is just above the surface of the electrolyte, thus immersing the 

exposed windings in the electrolyte. The voltage is adjusted to 

produce strong gassing (using 5-6 volts the rheostat is employed to 

adjust the current to 2-3 amps). Too large a current will tend to 

soften the adhesive holding the stainless steel wire in position. 

After cleaning for 2-3 minutes the plate is removed and is 

swilled in distilled water and then washed in a dilute H
2

S04 

solution (a 1ryfo by weight solution of H2S04 in water). This acid dip 

removes oxide and scale and ensures that any alkaline film on the 

face of the metal is neutralizedJl! tins being essential if' the article 

to be plated in an acid solution. The pla te is then rinsed again 

in distilled water before being placed in the plating solution. 

It is important to consider the rinsing process an integral part 

of the cleaning operation. Complete cleaning is not acraeved until 

all of the partial~ dissolved, loosened, or emulsified soils 

adhering to the metal surfaces have been removed by the rinsing 

operation. Obviously, the transfer of the plates from the oleaning 

solution to the rinsing water will involve some transfer of the 

alkaline solution into the water. It is thus advisable to renew 

the rinse water frequently. Furthermore, the rinsing water used 

after the acid dip needs to be distinct from that used after the 

alkaline cleaning operation, far the latter will contain sufficient 

alkali from the cleaning solution to nullify the effect of the acid 

dip .. 
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PLATING PROeEDilllE , 

The article to be plated is immersed in the electrolyte, a 

copper sulphate solution, and is connected to the negative lead o~ 

the power source.. To complete the electrical circnit,copper anodes 

are immersed in the solution and are attached to the positive lead. 

On dissolution in water copper sulphate ionizes as ~ollows: 
2+ 

eu S04~ eu 

cation 

+ 

ami on 

Under the in~luence of an electric current the ions will 

migrate, the positively charged copper ions to the cathode (-) this 

being the article to be plated, and the negatively charged sulphate 

ions to the anode (+)0 At the cathode (-) the positive charges on 

the copper ions are neutralized by the negative electric charge and 

the copper is deposited on the cathodee Thus 

2+ eu + 2e --,). eu 

At the copper anodes the reaction is 

eu + 
;1.-

SO 4 
The copper o~ the anodes will dissolve with the formation o~ 

copper sulphate in the electroIJ~e. Thus, copper is deposited on the 

cathode and at the anodes copper enters. the solution. Generally, 

as fast as copper is taken from the solution at the cathode, an equal 

amount of metal beco~s converted into ions at the anode, thus main-

taining a ~airly constant solution s~rength. 

The oopper plating apparatus is similar to that for the direct 

current cleaning exoept that a dif~erent jig is used and the foil on 

this jig is oonnected to the negative lead o~ the power source; a 
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"Ferranti" milliameter is introduced into the circuit to measure the 

current flow; and the stainless steel anode is replaced by two high 

purity copper anodes 3.7 x 8.8 x 0 .. 6 cm .. (Figure A.5. and Plate 7) 

All surfaces to be left unplated have. to be well masked and the 

most suitable method of masking the wound plates was found to be that 

shown in Figure A.4 .. , described by Tanner (1963). The wound plate 

is clamped between two 10.2 x 8.9 x 1.9cmperspex blocks upon which 

are mounted two sections of RTV silicone rubber. The lower rubber 

sections can be moulded directly on to the perspex blocks and, in 

this case, it is desirable to mould these rubber pads to t he exact 

dimensions requjred, for trimming of the rubber tends to result in an 

imperfect masking action$ This can be accomplished by constructing 

a rectangular mould on the main perspex block using two rectangular 

strips of perspex 8.5 x 0.6 x 0.5 cm placed at a distance of 0.5 em 

apart and taped to the main block. The ends of this mould are 

formed using two 0.6 x 0.5 x 0.5 pieces of perspex taped both to the 

sides of the mould and to the main perspex block. The upper and inner 

surfaces of this mould must be masked vii th a smooth-surfaced tape 

to prevent the adherence of the rubber compound to the sides of the 

mould. The rubber compound is squeezed into this mould and manipu-

lated until it has a relatively horizontal surface at a level just 

above that of the sides of the mould. A third rectangular piece of 

masked perspex is then pushed down on to the rubber compound and is 

taped in position, thus forming a lid for the mould and ensuring that 

the outer rubber surface will be smooth and horizontal. The upper 

rubber sections which fit into the grove cut in the per-spex are 
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formed apart from the main block, again using masked perspex to form 

a rectangular mould~ 

As in the cleaning jig, lead foil is used to give a good 

electrical contact between the power source and each of the windings; 

details of this foil arrangement are shown in Figure A.4. Tanner 

(1963) recommends the connection of the lead from the power source 

to tm foil placed in the base of the groove, but this arrangement 

was not found to be satisfactory largely as a result of alight 

irregularities in the shape of the upper rubber sections used. A 

satisfactory electrical contact is established by soldering the lead 

from the power source on to the upper surface of the lead foil 

wrapped around the upper rubber section as shown in Figure A.4. 

This arrangement necessitates the resoldering of the connecting lead 

when the foil is replaced on the pad, but as the foil functions with

out replacement, for at least ten plates, this is not a serious 

disadvantage. To avoid the ripping of the foil the lead wire 

should be taped to t he main perspex block, and a thin layer o'f 

petrolatum is again spread over the foil surface. 

When the windings are firmly clamped as shown, electrolyte creep 

between the windings is prevented. It is desirable to use several 

bolts along the length of the jig and to tighten these gradually in 

order to obtain the best masking action. The plating jig is 

positioned over the crystallising dish by means o'f supports placed 

underneath its upper projections and its height in relation to the 

electrolyte level is adjusted so that only the unmasked portion of 

the wound plate is submerged in the electrolyte. For best 
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results the plate should be immersed "live" into the electrolyte. 

The electrolyte solution found to give the best depsotion of 

copper is that detailed in the Canning Handbook of Electroplating 

(1966). This solution is similar in composiuon to the basic 

solution described by Tanner (1963) except that it also includes a 

wetting agent, potash alum. This wetting agent increase~ the 

facility of the plating solution to adhere to the metal surface, 

giving a more perfect contact between the liquid and the metal 

surface, and thus a more uniform reaction results from that contact .. 

With perfect wetting there is less likelihood of gas bubbles 

sticking to the cathode surface which decreases the tendency towards 

porosity in the deposit .. 

The solution composition is as follows: 

Copper Sulphate 200 g 

Potash Alum 12 g 

Sulphuric Acid 

Distilled Water 

H2S0
4 

(sp.gr. 1.84) 

H
2
0 

56 g (30 cc) 

1 litre 

This plating solution is used at room temperatura, which should 

o not be less than 15 C. The copper deposit is generally more uniform 

at low rather than high current densities and Tanner (1963) suggests 

the lower end of the range of 15-40 m~cm2. A finer deposition of 

copper can be obtained by weakening the solution or by decreasing the 

current. For 150 turns of 40 s.w .. g. constantan wire best results are 

obtained by plating in a half-strength electrolyte solution at 2-4 

volts" with the current adjusted by mean s of the variable rheostat to 

give 120 ma, for three-quarters of an hour. The plate can be 
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removed from thesolution a few minutes after plating has begun in 

order to examine the wires for uniformity of platingo 

Once plating is completed, the plates are cleaned with 

trichlorethylene to remove the petrolatum, swilled in detergent, and 

final~ rinsed in distilled water.. They are then dried and should 

be kept in an air-tight container to avoid tarnishing. A 

schematic representation of the completed thermopile is shown in 

Figure A.6. 

LEAD ATTACIJlIiI:&NT 

Enammelled copper wire (26 sow.g.) is soldered to the stainless 

steel wires and bent around the glass plate as shown in Figure A.7. 

If the stainless steel wire has become detached during the cleaning 

and plating processes, it is possible to solder the copper wire 

directly on to the plated constantan wire. The heat flow meter 

leads, for which 2-core multistrand copper cable (28 strand, ",012, 

B.S. 16) is suitable, can then be tinned and soldered on to the 

enammelled copper wire. 

The thermopile, together with the lead connections, is then 

cemented with IIAraldite" between anodized aluminium cover plates. 

These cover plates are 8.2 x 3.2 x 0.8 om and have a 2.5 x 1.2 em 

projection extending from one of the shorter sides to accommodate the 

lead connection. The cover plates extend about 0.3 om beyond the 

edges of the wound glass plate. The oorners of these oover plates 

were rounded with a file before they were commercially anodized. 

A thin covering of Araldite adhesive is spread over one side of 

the two cover plates and left for one and a half to two hours until 
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it is tacky. The wound plate and the lead connections can then be 

positioned in the Araldite on one of the cover plates (Figure A.7.). 

It is advisable to place a strip of insulating material between the 

wires at t he point where the enammelled copper wire is soldered to the 

meter leads. Freshly mixed adhesive is then spread over the top of 

the wound plate and its lead connections, and then the other cover 

plate is positioned on top of this, care being taken to ensure that 

the two cover plates and the wound glass plate are parallel. When 

this second mixture of adhesive has set, the excess is trimmed from 

around the edges using a sharp knife and any gaps in the heat flux 

plate II sandwhich" are filled with a fresh mixture of' Araldite. 

Finally, when this last mixture has set, it is trhmed flush with 

the edges of the cover plates. The anodized aluminium will not 

short the windi.ngs and protects the glass plates both mechanically 

and electrically" A completed meter is shown in Plate 8. 

To prevent any moisture creeping up the lead wires and into the 

thermopile, the meters are finished using an arrangement involving 

two sizes of plastic sleeving, insul~tion tape, and adhesive. 

Firstly, insulation tape is wound tightly around the junction of the 

cover plates with the meter lead (Figure A.8.a.). A 4 cm length of 

flModernite" plastic tubing 0.6 cm in diameter and 0,,06 cm thick is 

then pushed up the lead until it covers the base of the previously 

affixed insulation tape. This length of sleeving is then secured 

at its base using tightly wound inSUlation tape (Figure A.8.b .. ) 

Finally, a 6 cm length of plastic tubing 0.8 cm in diameter and 

0 .. 06 thick is heated and pushed up over the anodized aluminium 



PLA'rn 8 . A completed heat flow meter . 
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projectiono This length of sleeving extends beyond the insulation 

tape situated furtherest away from the meter and the moisture seal is 

completed by plugging the end of the tubing with Araldite. A ring 

of adhesive is also placed around the top edge of the tubing where it 

contacts the cover plates (Figure A.8oc.). 

The completed heat flux plates have an electrical resistance of 

about 150J1... 

For use in the field, the heat flow meter leads were extended 

using 100' lengths of two-core !IMoldrainll cable which has a 

resistance of 88~ per mile. The connections between this cable and 

the original meter leads were waterproofed by placing a 4- .em length 

of the smaller plastic tubing, described above, around the join and 

filling this tubing with tacky Aralditeo 
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