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round Temperature 

Investigations in Cana 

C. B. Crawford, JR.E.1.C. and R. F. Legget, M.E.I.C. 

National Research Corlncil, Cnnada, Division of Bililcling Rese~~rch  

T HE VARIATION OF teinpera- 
ture in the ground, with time, 

and with increasing depth from the 
surface, is a natural phen0menc.n 
with which civil engineers come into 
contact in many special branches of 
work. Determination of the depth at 
which service pipes should be in- 
stalled, the design of road and air- 
port pavements, calculation of heat 
losses from structures in contact with 
the ground, the design and operation 
of heat pumps - these and similar 
projects can be carried out efficiently 
only if the appropriate grouncl tem- 
perature regime is known with reas- 
onable accuracy. 

At some depth below the surface, 
the temperature of the grouncl ceases 
to be affected by daily and monthly 
changes in the surface temperature. 
In many parts of Canada this depth 
is of the order of 20 feet. Below 
this depth ground temperatures 
usually increase slowly with increas- 
ing depth. This phase of the pheno- 
menon is related to the problem of 
high temperatures in deep mines. 
Much has been written about the 
practical aspects of this problem ancl 
with corresponding scientific deduc- 
tions from deep ground-temperature 
observ a t' lons. 

Between the critical depth noted 
ancl the ground surface, the effect 
of changing surface temperature will 
be evident to a steadily increasing 
clegree as the ground surface is 
approached. The increase is not 
linear; major variations in tempera- 
ture are greatly reduced within the 
first two or three feet from the sur- 
face. Following the basic laws of 
heat transfer, there should be a 
steadily increasing time lag for maxi- 

mum a11d minimum temperature con- 
ditions. Observations show that in 
Canacla the Iae is six ~nonths. as the " 
critical depth of approximately steady 
temperature is approached. These 
basic features of the over-all pheno- 
menon are shown in graphs acconl- 
panying this paper which will be 
discussed Inter. 

This outline of the pattern of 
ground temperature variation indi- 

This paper describes the pro- 
gram of work unclertnlte~~ by the 

Division of Builcli~lg Research. of 

N.R.C., to determine grounrl tem- 

perature variations ill Canacla. 
Some of the practical results and 

theoretical problems are discussed. 

cates that the problem of theore- 
tically computing the grouncl ten]- 
perature, at any particular depth, in 
any particular location, at any speci- 
fied time, is a complex one - so 
complex that it can be said to be 
insoluble except on the basis of a 
number of simplifying assumptions. 
Variations in soil type, variations in 
ground\vater level, variations in sur- 
face vegetation and even in the 
colour of this vegetation, variation in 
snow cover, variation in rainfall - 
these are but some of the factors 
which will affect the ground tem- 
perature regime for anv selected 
locality. Although generalized solu- 
tions can be obtained theoretically 
for ideal conditions, the study of 
ground temperature variation is one 
which must be based, at the start, 
upon field observations. This is re- 
flected in the literature of thc sub- 
ject \vhicl~ is extensive despite the 

rcst~ictecl and special nature of the 
problem. It has been critically an- 
alysecl by Cr,iwford (1952.)" A11 
early paper of unusual interest re- 
cords observations made in Edin- 
burgh i:s early as 1837, by Professor 
Forbes5, who used glass bulb ther- 
mometers with stems 2 5  feet long. 

Early Measurements in Canada 

The first known ground tempera- 
turc measurements in Canada were 
made a t  McGill University by Prof. 
1%. L. Callendar, beginning in Octo- 
ber 1894. Electrical resistance bulbs 
were installed in the side of a trench 
from the surface to a depth of 9 
feet and readings were made for 
sevel a1 years (Callendnr 1897)z. 

During the years 1921 to 1923 
ground temperatures were observed 
at clepths of 1 to 8 feet at 1-foot 
intervals on the campus of the Uni- 
versity of Saskatchewan in Saska- 
toon. Electrical resistance thermo- 
meters were used and temperatmes 
were recorded continuously (Har- 
rington 1928)7. From 1929 to 1934 
grc,~~ncl temperatures were measured 
at the University of Manitoba in 
Winnipeg at various depths from the 
surface to a depth of 15 feet. Frost 
penetration was computed from these 
ineasurements (Thomson 1934)'s. 

During the period 1924 to 1939 
ground temperatures were measured 
in Toronto with electrical resistance 
thermometers at the surface and at 
intervals to a depth of 15 feet in 
sandy soil at the Canadian Meteor- 
ological Office. From 1945 until 19.52 
further readings were obtained at 
the same site at depths of 4, 6, ancl 
8 feet using a recording mercury 
bulb instrument supplied by the Uni- 
versity of Toronto. 



Recc-rds of shallow ground tem- 
peratures have been obtained for 
many years and in many locatio~ls 
by the Experimental Farms Service 
of the Department of Agriculture. 
Most of these observations have been 
made in connection with problems 
of crop culture and the results are 
not directly applicable to engineer- 
ing problems. At present a general 
study of ground temperatures is be- 
ing carried out at the experinlental 
farms at Ottawa and Fort Vermilion. 

Some earth temperature measure- 
ments have been made at great 
depths to study vertical temperature 
gradients and heat flow (Misener, 
Thompson and Uffen 1951)"'; similar 
work has been done in some of the 
deeper Canadian mines. 

Studies by the 

Division of Building Research 

Shortly after the formation of the 
Division of Building Research a proj- 
ect was started to determine ground 
temperature variations in Canada. 
This project was prompted by a re- 
auest to the Division to install an 
experimental heat pump and by an 
urgent problem relating to frost pen- 
etration in the City of Ottawa. Early 
Divisional work in the north of Can- 
ada showed that an accurate knowl- 
edge of ground temperature varia- 
tions was essential in nermafrost re- 
search. These and other demands 
for practical information were linked 
with an increasing appreciation of the 
necessity for study of the over-all 
theoretical problem, arising froin 
earlier work of the senior author and 
from the clear necessity for a long- 
term study of frost action in soils. 

Accordingly, the Division of Build- 
ing Research has developed a stead- 
ily increasing number of field observ- 
ing stations for ground temperature 
variations jointly with other organi- 
zations. The records so far obtained - 

are already proving to be of much 
practical value. At the same time 
they indicate that little is to be 
gained by a much wider extension 
of such field observations. The time 
seems ripe, therefore, for the pres-- 
entation of a review of the work 
that has been done in this field, not 
only to tell the engineering profes- 
sion in Canada of the information that 
is available for public use, should it 
be needed, but also to place on rec- 
ord in convenient form a summary 
of this extensive field program against 
which more detailed and theoretical 
studies can be assessed. This paper 
is a statement of the field research 
work into this problem which the 

Division has carried out, in associ- been made weekly at  these sites. 
ation with other iesearch agencies During the winter of 1954-55 tern- 
noted in the descriptions of the in- peratures at 2-inch intervals through 
dividual installations. The locations of natural sllow cover were 
ground temperature installations are 10 evaluate the thermal properties of 
shown in Fig. 1. snow and its effect on ground tem- 

Current Temperature Measurements 
peratures. This study $11 soon in- 
clude the measurement of heat flow 

Ottuzua, Ontario in the snow. 
Following the severe winter of 

1947-48 during which the City of 
Ottawa had many difficulties with Aisllilzik, Y.T. 
frozen water lines, the Division be- As part of an international study 
gall co-operatively with the City, a of temperatures in permanently 

LOCATION OF SOIL TEMPERATURE INSTALLATIONS 

study of ground temperatures under 
city streets. In the fall of 1948, re- 
cording thermometer bulbs were 
placed under two streets; one in a 
sandy area and one in a clay area. 
Readings were taken for two and 
three years respectively. 

In 1949 thermocouples were 
placed in a vertical profile at 1-f0c.t 
intervals to a depth of 15 feet in 
undisturbed clay and to a depth of 
8 feet in test pits (Fig. 2) in both 
sand and clay. These installations 
were designed to evaluate the effect 
of air temperatures, soil type, soil 
density and snow cover on grouild 
temperatures. This work was extend- 
ed in 1952 with the installaticn of 
thermocouples under a snow-cleared 
roadway and under adjacent grass 
cover near the Building Research 
Centre at Ottawa. Readings have 

frozen ground (permafrost), arrange- 
ments were made with the U.S. 
Corps of Engineers and the Dominion 
Meteorological Service to provide 
and maintain a ground temperature 
installation at the air field at Aishi- 
hik in the Yukon Territory. In Octo- 
ber 1952, theirnocouples were placed 
at three locations: from the surface 
to a depth of 10 feet at 1-foot in- 
tervals in a wooded area and in a 
brush area; from the surface to 10  
feet at 1-foot intervals; and from 1 0  
to 20 feet at %foot intervals in a 
grassed area. Weekly temperature 
readings have been made. 

Aklnoik, N.W.T. 

During the summer of 1953 the 
Permafrost Section of the Division 
installed a number of thermocouples 
for measuring ground temperatures 



at Aklavik. One string of thermc 
couples was placed in natural grouncl 
uncler grass cover at intervals of 1- 
foot from the surface to a depth of 
10 feet and at 12.5, 15 and 20 feet. 
Temperature readings and snow 
cover measurements have been inade 
every week since August 1954. At 
the same tiinc twelve aclditional ther- 
mocouple strings were installed on 
thc sites of two proposed builclings: 
a ten-room school and a teacherage 
(Pihlainen ancl Johnston 1954)l:'. 
These illstallations were establisliecl 
to study the effects of builclings on 
permafrost but clue to the subse- 
quent decision to relocate the to\vn 
o f  Aklavik, the builclings have not 
been constructed and no tempera- 
ture readings have been macle. It is 
expected, however, that somc of 
these thermocouples will be reacl be- 
ginning in 1956. 

During 1953 thermocouples were 
also located on the perimeters of four 
wooden piles immecliately after they 
had been steam-jetted into perma- 
frost. Observations on these therino- 
couples have given information on 
the refreezing of such steam-jettecl 
piles in permafrost. 

Yellowknife, N.ll7.T 

In 1951 seven temperature meas- 
uring installations were made at 
Yellowknife by the Department of 
National Health and Welfare in co- 
operation with the Division of Build- 
ing Research. One three-point mer- 
cury - bulb recording thermometer 

tion of ground temperature infurlna- 
tion in this area. these installatioils 
were planned to give data necessary 
for the engineering design of mun- 
icipal services in northern regions 
where heat input to the system is 
required. Analysis of the data re- 
vealecl that for a satisfactory solution 
of the clesign problem more precise 
ground temperature measurements 
are necessary as well as measure- 
ments of water temperatures, flow 
rates, I l e ~ t  input and a complete un- 
derstanding of thermal properties of 
the soil. The complexity ~f this 
problcm may delay its solution for 
malty years. Meanwhile some guid- 
ance for dcsign can be obtained by 
rcfere~~ce  to the clata which have 
been obtainecl. This infornlation is 
now being processed for publication. 

The Yellcwknife installations in- 
clucle two reference stations: one 
beneath a roadway ancl one under 
itatural cover. Other installations have 
been made around water and sewer 
pipes with temperature measure- 
ments recorded above, below, and 
in and around the pipes (Fig. 3). 
Temperature measurements have 
been macle since 1951 although, 
owiitg to various difficulties, these 
\\.ere .not continuous cluring the first 
two years of operation. The data 
confirm that the installation of serv- 
ice pipes has a significant effect on 
grouncl temperatures. The topogra- 
phy of Yellowknife is shown with 
the instrument hilts in Fig. 4. 

Fig. 2. Thermocouples located in test pit 
in clay; Ottawa, Ont. 

contiiluous operation at Fort Smith 
since May 1952 to provide infonna- 
tioil for the control of heating of the 
inunicipal water supply. This instru- 
inent was installed and is maintained 
by the Department of Northern Af- 
fairs and National Resources in co- 
operation with the Division of Build- 
ing Research. 

Rcsolicte Boy, N.W.T. 

111 1948 thermistors felectrical re- 
was used; thermocouples were used Fort  S,nith, N.W.7'. sistance type thermometers) were 

in the remaii3ing installations. Oite threepoint mercury-bulb re- establishecl at shallow clepths ill the 
In adclition to the general collec- cording thermometer has been in ground at the weather station at 

Resolute Bay which is situated just 
Fig. 3. Thermocouples around water main, Yellowknife, N.W.T. soutll of the 75th parallel and is 

(Photo S. C. C o p p )  ot3eratecl iointlv bv the Meteoroloei- . , L, 

cal Divisiat of the Department of 
Transport and the U.S. Weather 
Bureau. Later the Dondnion Obser- 
vatory and the National Research 
Council of Canacla joiited with the 
h!leteorological Division and the U.S. 
Geological Survey to establish cleep 
grouncl temperature observations as 
a means of estimating the clepth of 
penuanently frozen ground and to 
recol.cl long-term changes in perina- 
frost temperatu~.es. Owing to the 
nlany practical difficulties of boring 
thrcugh frozen rock this program re- 
quirecl four seasons to complete the 
111:lin deep hole to 650 feet deep. 

Temperature measurements have 
now bee11 made in shallow holes at 
vario~is depths clown to 5 feet since 
1048. Since September 1950 rencl- 
ings llavc been obtainecl at 5-foot 
intervals to a clepth of 98  feet and 



this was extencl 
points at  300 feet and 450 fee 
August 1953 ie,tclings began at 

foot inrcrvals to a depth of 630 
Data from these installations show 

that the grouncl temperature at  a 

clcyth of 20 feet varies annually from 
bout +So F. to +13" F. At 50 feet 
he variation is about 1"  F. ancl aver- 
.ges about 4-8" F. cluring the !.car. 

This temperat-urc remains fairly con- 
nt to a clcpth of al)out 150 feet 
>ere it begins to increase at a rate 

about 2" F. per 100-foot clcpth. 
reliminary cstin~ates place the 
e p t l ~  of permafrost at between 

1.,000 and 1,500 feet. 

Urcrniuit~ City, Saslicltche~cjan. 

At the rccluest of the Provincial 
Governn~cnt of Saskatchewan, the 
Division of Builcling Research lo,mecl 
two three-point mercury-bulb recorcl- 
ing thern~on~cters to the Provincial 
D e ~ a r t n ~ e i l t  of Natural Resources for 
installation :tt Uranium City. These 
iust~uments were located to obtain 
clesign infoimation in advance c.f the 

installation of municipal 
services ancl to stucly an unusual per- 
n~afrost condition which caused 
problen~s in road construction at this 
new to\vnsite. In 1951 both instru- 
rnents lvere installeel at the U~anium 
City townsite. During the sunumer 
of 1052 one instrument was relocatccl 
in the townsitc and the other was 
moved to a location kno\\m as "Ice 
Hill" on the main road ncar the town 
to obtain information on an unusual 
occurrence of permafrost. A typical 
installation is shown in Fig. 5. 

Fig. 5. Typical mercury-bulb recorrling 
thermometers, Uraniunl City, Sask. 

(Photo S. C .  Copp) 

Fig. 4. Typical topography and instrument huts, Yellowknife, N.W.T. 

During September 1954 the instru- the Division of Building Research, 
ment at  the townsite was replaced has installed thermocouples in a grid 
with a therinocouple installation u~icler tlie floors of two scl~ool build- 
measuring temperatures ullcler ings to study the effect of floor 
snow-cleared driveway and under panel heating on grouncl tempera- 
natural snow cover. Because of in- tures. Aclclitional thermocouples were 
struinent difficulties satisfactory read- placeel in the grou~ld outside the 
ings of the thermocouples were not intluencc of the buildings. In  sitc~ 

t:.l>tained until the summer of 1955. field tcsts for thermal properties of 
the soil were made. 

Snskatooil, Saskntchetcnn 

Tlle Prairie Regional Laboratory L a b r ~ ~ ( l ~ r  

of the Division of Building Research In co-operation with the Iron Ore 
made several therlnocouple installa- Company of Canada and the Quebec 
tions on the University Campus at  North Shore and Labrador Railway, 
Saskatoon in 1949 to stucly the effect several installations for the measure- 
of a heatecl building on grc.unc1 tern- mcnt of grou~ld temperatures were 
~era tures .  Unfortunately thc lcncls made in 1953 to obtain information 
flom the neutral refe~ence station, for cc~nstruction and operations. At 
e\tcncli~~g to a depth of 35 feet, mile 266 on the railway non-record- 
\\?ere clcst~oyed slloi tly after installa- ing remote - reading mercury - bulb 
tion. Thcrc remain a numher of ther- thermometers were placed to a 

mocouplc strings uncler and sound depth of 1 3  feet in a typical granular 
thc builcling. One string with points fill, to a depth of 6 feet in a typical 
at tlie surface, 1, 2, 4, 6 ,  8, and silty cut and at depths of 1.5 and 
10 fcet in depth and located 20 feet 3.75 feet in muskeg. \Veekly tem- 
horn the b ~ ~ i l c l i ~ ~ f i  will a p ~ r c ~ i n i n t e  perature readings were madc during 
natural ground temperatures. Read- the first winter but due to inacces- 

ings have becn lnade weekly sincc sibility further readings are 11ot anti- 
March 1950. cipatecl. It is hoped that these instru- 

Winnipeg,  Jlonitobn rnents can be moved to a position 

In the fall of 1952 mm~y  thermo- in the roadbed near a per~llal~ent 
camp. 

couples wcre installccl in the ground 
in connection with an experimental At Kilob Lake, site of the Iron 

basementless house which was con- Ore Company town, recording mer- 

structecl on the University of h4ani- cury-bulb tl>erlnometers were lo- 
toba Campus by the Division as a cated undcr a snow-clemecl road to 

joint research project. Temperatures a depth of 9 feet mlcl to a depth 
are measured at depths of 5 feet under natural cover. This 

uncler ancl al.ound the slab alld at illstallation was relocatecl in the fall 

a consiclerable distance from the slab owing to unexl'ectec' ex- 
to a clel,th of feet. The data from treme penetration of frost ill the dry 

these installations allow stucly of the gran"lar soi1, n7ere l>lklced 
effect of the slab on thelnlal colldi- to a of feet ullder a road- 

tions in the ground. . way and to 12 feet under natural 
cover. Thermocouples were installed 

Lonrloti, Ontcll io with the mercury-bulbs to allo~7 
Dl.. A. D. i\/lisenel., ~vorking a t  periodic checking of the instruments. 

Lonclon, Ontario, in co-operation with Continuous ground temperature read- 



ings have been obtained at Knob greater temperature amplitudes (more 
Lake since 1953. t h m  10" F. at 15 feet). 

Figure 9, which ;ummarizes Figs. 
Results of Field Observations 6, 7, and 8, shows that the mean 

This paper does not record de- annual temperatuie ~mder  natural 
tailed results or evcn average re- cc.nditions (based 011 weekly obser- 
sults of all the temperature i~Tstalla- 
tions described; these will be pub- 
lished in individual papers. Some 
general results, hcwever, are sl~own 
in Figs. 6 to 9. Figure 6 shows 
monthly average ground temperature 
profiles with depth under natural 
grass and snow cover in undisturbed 
clay at Ottawa during one year. 
These curves illustrate the decreas- 
ing inean a n n ~ a l  temperature ainpli- 
tude with clepth (43" F .  at the sur- 
face, 4" F.  at a depth of 15 feet). 

Temperature lag with depth is 
also illustrated (coolest in July, 
warmest in December at 15 feet). 
Figure 7 shows similal monthly aver- 
ages in disturbed clay soil wit11 the 
snow cover removed. Removal of the 
snow cover causes an increase in 
temperature amplitude and a de- 
crease in the mean ground temper- 
ature. Figure 8 illustrates tempera- 
ture ~rofi les at Knob Lake in Labm- 
dor in a coarse granular soil under 
a snow-cleared roadway. More sev- 
ere climatic conditions cause much 

vations) to ' a  depth of 15. feet at 
Ottawa is approximately constant at 
48" F., and increases to 48.4" F.  in 
the upper 3 feet (curve A). The 
effect of snow cover is illustrated by 
the clecrease in inean annual tem- ~ ~~ 

perature under snow-cleared ground 
in the upper 6 or 8 feet (curve B). 
The depth to which this effect ex- 
tends will depend on the boundaries 
of snow clearance, in this case a 
radius c.f about 6 feet. The mean 
annual ground tenlperature under a 
snow-cleared road at Knob Lake cle- 
creases from 33.5" F .  at a depth of 
15 feet to about 30.3" F .  a t  the snr- 
face (curve C). Boundary conditions 
for this curve are similar to those 
for curve B. Mean annual ground 
temperatures at Knob Lake suggest 
that this is a region not far removed 
from permafrost; in the iron ore min- 
ing operations some permafrost has 
been observed. 

Fig. 6. Monthly average ground temperature in clay soil at Ottawa, Ont., 

from May 1954 to April 1955 (under natural surface cover). 

The most significant feature of 
these curves of mean annual ground 
temperat~~res is the wide variation, 

TEMPERATURE O F  

temperatures. This variat i~n will be 
discussed in some detail later. I t  
may be  appropriate to consider first 
the main results of the field studies. 

Discussio~l of Results 

:\Iuch valuable information related 
to grouncl temperatures has been 
published wi t l~i l~  the last 100 years: 
information on the thermal proper- 
ties of soil, the effect c.f suiface 
cover, precipitation, soil type, water 
content, organic content and various 
weather cleinents notably ail ten,- 
perature. For the   no st part this ill- 
formation is qualitative or applies to 
spccific cascs and is therefore diffi- 
cult t o  apply to engineering opera- 
tions. Probably the greatest single 
development, for engineering, is the 
simple empirical relat iol~shi~ be- 
tween air temperature and frost pen- 
etration, first suggested by Casa- 
qrancle (1931)' and later develop4 
hy the U.S. COIFS of Engineers 
(1947)'" It is recognized that this 
relationship is an oversimplification 
with limiting conditions of a colllplex 
phenomcna but it can be used to 
estimate frost penetration. A "freez- 
ing index" mnl) of Canacla (Wilkens 
and Dujay 19S4)l%cnl1 be used with 
the empirical curve to make a first 
approximation of frost penetration 

(Crawforcl 1955) &. The ficlcl meas- 
~~rements  o~itlinecl in this paper have 
generally confirmecl the accumcy d 
the enlpirical relationship but it is 
also important to note that in one 

case (Knob Lake) the frost penc- 
tration was twice as great as the 
estimate. Many field observations 
~vill be req~lired to improve the 
accuracy of this methocl. 

Thc field stuclies have adclcd to 
our kno\vleclge of the cffect of soil 
type on ground temperatures and 
have illustrated the great effect of 
snow cover in preventing the nene- 
tration of frost (Legget ancl Craw- 
ford 1952)" More is being learned 
about the general effect of base- 
mentless houses on grouncl temper- 
atures and heat loss from the slab. 
I t  is apparent that the various serv- 
ice pipcs greatly affect subsurface 
temperatures. Pcrhaps the most im- 
portant result of field o 
is an appreciation of the c 
of the thermal regime in th 
This leads to consideration 
1)ined empirical ancl theor 
prc;lch to the problem. 

Evaluation 

When one considers the influe 
which the thermal properties of 



soil must have upon ground tem- 
perature variations, it becomes evi- 
dent that the final understanding of 
this phenomenon must be guided by 
the theories of heat transfer. Theor- 
etical solutions are complicated be- 
cause the problem involves transient 
heat flow in a material with con- 
stantly changing thermal properties. 
On the other hand, field measure- 
ments alone will not suffice because 
it would be necessary to cbtain re- 
sults to cover every possible combin- 
ation of climate and soil in sufficient 
numbers for statistical analysis. 

In the first approach to the prob- 
lem by the Division of Building Re- 
search, it was planned that study 
should include theory, laboratory ex- 
periments, and field observations. 
Field observations were begun irn- 
mediately since a year of measure- 
ment is required for one complete 
weather cycle and because these 
measurements could provide interim 
answers to practical problems. Dur- 
ing 1955 equipment has been de- 
veloped and constructed at the 
Building Research Centre, Ottawa, 
in which small samples of soil can 
be subjected to various controlled 
temperature, density, and moisture 
conditions. Experiments to study the 
effects of freezing on various soils 
are continuing (Penner 1956)12. Work 
ancl laboratory heat transfer studies 
is also being planned. 

In empirical approaches to ground 
temperature studies, it has been cus- 
tomary to simplify the problem by 
neglecting most of the variables 
which are known to affect temper- 
atures to arrive at workable relation- 
ships such as the simple relationship 
of frost penetration to degree-days 
of freezing air temperature. This ne- 
glects important variables such as 
thermal properties of the soil (which 
clepen4 greatlv on water content), 
water movelnellt (with its treinen- 
dous potential as a heat transfer 
mechanism), nature of the grouncl 
surface and all of the weather ele- 
ments except air temperature. To 
obtain engineering design data the 
problem must be simplified in this 
way but it appears to be equally 
necessary to consider all the vari- 
ables to achieve a satisfactory under- 
standing of the problem. 

Fig. 7. Monthly average ground tempera- 
ture in clay soil at Ottawa, Ont., from 
May 1954 to April 1955 (under snow 

cleared surface). 

Fig. 8. Monthly average ground tempera- 
ture at Knob Lake from October 1954 to 
September 1955 (under snow cleared 
road ) . 
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From Fig. 9 it can be seen that 
the mean annual temperature of the 
upper 15  feet of the earth at Ottawa 
is more than 6" F.  warmer than the 
mean annual air temperature. Even 
under conditions of no snow covcr 
the difference is more than 3" F.  at  
Ottawa and more than 6" F.  at Knob 
Lake. These curves clearly indicate 
the influence of snow cover, the 
effect of climate between Ottawa 
and Knob Lake, and the fact that 
there cloes not exist a simple direct 
relationship between air and ground 
temperatures as has generally been 
supposed to exist. 

Further consideration of air tem- 
perature as a variable is therefore 
warranted. Air temperature is chosen 
as representing the effect of climate 
on ground temperatures because it 
is a simple variable, easily under- 
stood, and a weather element of 
lcng-term record. Further study, how- 
ever, shows that ground tempera- 
ture is not wholly a function of air 
temperature. If mass air move~nents 
are neglected the air temperature 

may equally well be regarded as 
the result of heat exchange with 
the earth rather than the reverse. 
This is ca11sec1 by the fact that prac- 
tically all of the heat reaching the 
surfacc of the earth results from 
short wave (high temperature) ra- 
diation by the sun, of which only a 
small amount is absorbed by the at- 
mosphere (Geiger 1950)" About 40 
per cent of the radiant energy from 
the sun is lost to space by reflection 
from clouds and by diffuse scatter- 
ing. The remainder, except for the 
small amount absorbed by the atmos- 
phere arrives at the earth's surface by 
direct solar radiation and by sky radi- 
ation, having had almost no effect on 
atmospheric tenq~erature. The inten- 
sity of this racliation depends on alti- 
tucle, slope and orientation of the 
receiving ground surface, inclination 
of the sun and on various atmospheric 
conditions. At Winnipeg during 1952, 
for esample, the average clouclless 
clay insolation ranged fvom about 500 
B.t.u. per square foot per day in 
winter to nearly 3,000 B.t.u. per 

Fig. 9. Relationship between mean annual air temperature and mean 
annual ground temperature. 

square foot per day in mid-summer 
(Mateer, 1955)lO. 

Examination of the heat exchange 
at the earth's surface shows that only 
part of the radiation that reaches 
the ground results in a net heat gain 
to the ground. Part of it is reflected 
directly; the amount of reflection 
may be largely dependent on the 
cclour of the ground surface. Some 
is re-radiated as long wave (low 
temperaturc) radiation which is ab- 
sorbed much more readily by the at- 
mosphcre than is the incoming ra- '  
diation and therefore greatly affects 
the ai l  temperature. Some radiation 
is used in the evaporation of mois- 
ture, this can have a marked effect 
on both air and ground tcrmpera- 
tures. In the net heat exchange, 
condcnsation may balance the effect 
of evaporation. blinor losses to the 
net heat gain by radiation include 
convection losses to the atmosphere. 
During the day there is a net heat 
gain to the earth and at night there 
is a net heat loss, the balance be- 
tween the t ~ v o  depending greatly 
on the season and on atmospheric 
conditions. Radiation from t h e 
ground surface is particularly impor- 
tant during the long, clear, win- 
ter nights. For practical purposes, 
slnuclge-pots are often placed in 
orchards to provide an artificial haze 
to trap this heat loss. 

It is evident fro111 the above, and 
supported by the curves of Fig. 9, 
that simple heat conduction theory 
does mot applv at the air-to-surface 
interface although it ]nay be correct 
within the gl.ound, except for the 
complications of heat transfer by 
moisture movements. Field work by 
the Corps of Engineers and at  the 
University of h4innesota (Kersten and 
Johnson 1955)s i~lclicated a discre- 
panc!l in using air temperature to 
compute frost penetration and this 
has resulted in an air-surface correc- 
ticn factor to obtain a "pavement 
freezing index". This may prove to 
be the most practical engineering 
approach for estimating frost pene- 
tration. For rcsearch studies de- 
signed to understand the ground 
te~nperature regime, however, it will 
be essential to consider all the basic 
climate factors. 

Research on ground temperatures 
has not !.et answered the question 
of when to make field measurements 
and \\,hen to attempt theoretical an- 
alysis. Field measurements give a 
quick ans\ver without requiring a 
basic understanding of the problem, 
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