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Soil temperature is irnportant in agriculture, ecology

and engineering" The measurement of soil teraperature ís

expensive, time consuming and, und.er certain conditionso it
may be almost impossib,,i-e (pernafrost) " It seemed timely and

appropriate, therefore, to seek an efficient prediction nethod

based on readily available meteorological information.

Fie1c1 soil temperature measurenents lvere ana1l-sed to

deternine the soil temperature climate for a fit'e 1.ear period

in a rr'e11 drained o1d field under forage and 3ero tillage
conditions at the I{hiteshell Nuclear Research Establishnient

(IVNRE) at Pinarva, I{anitoba. Concurrent meteorological

measurements lvere simiTarl.y analysecl to identify significant
relationships, lvith a view to developing realistic and

efficient soil temperature prediction techniques.

A literature search on soil tenperature noclelling

techniques r{as conducted. The Gibbs free energy approach to

soil heat and water transport was studied, as '.çe11 as the

non-equilibrium thermodynamics of heat transfer due to a

concentration gradient (thermo-osmosis) and nass transfer due

to a thermal gradient (thermo,- f iltration) .

Emperical simulation was used as an expedient solution
to the soil temperature prediction problem. IIcnthl¡' mean soil
surface tenpeT'atures were estinated for summer and r*inter months

ABSTRACT



from regression equations with meteorological prediÇtors.

Daily mean soil surface temperatures Ï/ere predicted from

regression equations with meteorological predictors conbined

with Fourier-series best fit seasonal curves. Daily mean

subsoil temperatures at 10 cm rvere estimated from predicted

surface temperatures by applying an appropriate damping factor.

The standard deviation of the difference betleen predicted

and observed was generally less than 1tC (p=99%) for daily

and monthly estimates.

A good estimate of the seasonal subsoil temperature

cycle at 10 to 200 cm was founcl from a periodic function

with damping and phase parameters. The explained variance

of this function rvas 95|ø or more. h¡ith appropriate assumptions

regarcling soil thermal properties and mean annual soil

temperature, accurate results rvere obtained quicl<1y and

economi ca1-l^y .
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soil temperature is inportant in plant growth, and in
related areas such as soil fertility and microbial activity.
Soil water movement, plant transpiration anC surface evaporation
are strongly related,not only to soil temperature but also
to tempeÏatuïe gradients. Soil tenperatuïe measurement is not
only time consuming and expensive, but it can also be ìrery

difficult under certain conditions (saturated. or frozen soils).
Therefore the need is clear for an economical and useful soil
temperature prediction method based on readi 1,v available in-
formation.

ouellete (r973) has pointed out that although there
are numerous air temperature measurin_e statj_ons in Canada

(1920), the number of soil temperature measuring sites is
much smaller (58) " Ther-efore a soil temperature preci.iction
model based on air temperatures and other meteorological
measurements can only broaden this inforination base. Such a
prediction scheme based on careful analysis of adequate data
can expand soil tenperature i-nformation, both in detail and.

in extent, to cover most regions in Canada.

A sequence of soil tenperatures, like air temperatures,.

is dominated by two periodicities, namely the annual cycle
and the diurnal cyc1e, at least in this mid-latitude clinate.

1. INTRODUCTiON



The annual cycle is usually confined to the top ten meters of
soil and the diurnal cycle is contained in the top one neter

of soi1. short period and somewhat irregular fluctuations
lasting anyrvhere from a few seconds to a ferv hours often occur

in daytime in the top fel rnillirneters of soil under certain
weather conditions. Periodicities of the order of a ferv days.

corresponding to synoptic scale meteorological features are

important in a daily temperature prediction scheme and are

considered here. Tenperature fluctuations of a few years and

longer associated with natural, clirnatic or geophysical changes,

and the heat flux through the Earth's crnst due to the geothermal

gradient will not be considered directly" Flowever all
perioclicities contribute to the actually measured cycle of
soil temperatures and so are implicít in emperícal studies

even though the individual contribution may be sma11 and may

not be cons iderecl expl ic i t 1v "

The mean annual soil tempeïature cycle at the lVhiteshell

Nuclear Research Establ.ishment (hrNRE) at Pinala, Manitoba

(19ó8 to Ig72) has an amplitude of about 11oC at the surface

(Figures 1-3)" This fall-s to zero in about the first ten meters

or less of soil. The rate at which the surface temperature

hrave is damped rvith depth depends on the thermal properties

of the soil "

The mean cliurnal cycle

surface has an amplitude of

Thís decreases exponenti aILy

in the first meter or less o

of soil temperature at the

4 to soc in summer (Figure 4) "

with depth, and becomes neglegible

f soi1. In winter, under snohr



cover, the diurnal temperature arnplitude at the soil surface

is insignificant for most practical purposes, amounting to

a couple of tenths of a degree celsius in January (see Figure

6) .

rn the present study Fourier analysis is used to obtain

expressions for these long term average annual and diurna-t

cycles. Departures from these values, related to meteoro-

logical factors, are expressecl by regression equations.

These expressions are then applied in combination or separately

to predict daily and monthly surface and subsoil temperatures

and annual subsoil temperatures waves.



; u c l É
. U è ú l-

v fl

F
ig

ur
e 

l,
un

de
r 

gr
as

s

to
 

\¡
'-

0b
se

rv
ed

 f
iv

e-
da

y 
av

er
ag

e 
so

il
(z

er
o 

ti 
1 
'la

ge
) 

(s
no

w
) 
at

 l¡
JN

R
E

.

tg
?t

 
t9

72

T
rM

E
 (

S
rn

nr
 0

F
 5

-D
A

Y
 P

E
R

I0
D

)

o N J f a

-.
5O

 

cm

--
--

- 
IO

O
 c

m

20
0 

cm

te
m

pe
ra

tu
re

s 
at

 l
,

10
,

50
, 

I 
00

 a
nd

 2
00

 c
m



q G C
) F ul â

10
0

1S
JA

N
U

A
R

Y

F
i g

ur
e 

2.
un

de
r 

gr
as

s

10

F
E

B
R

U
A

R
Y

F
iv

e 
ye

ar
(s

no
w

) 
in

r5
M

A
R

C
H

m
ea

n 
(j9

68
-1

97
2)

 v
er

tic
aJ

a 
w

el
 I 

dn
ai

ne
d 

ol
 d

 fi
el

d

A
P

R
IL

25 I

3o
l 

35
 T

- 
+

o
M

A
Y

 lr
u,

r.
 lr

u,
-n

T
'IM

E
 (

 N
U

M
B

E
R

 O
F

tim
e 

se
ct

io
n 

of
 o

bs
er

ve
d 

so
i l

un
de

r 
ze

ro
 t

i'l
 'l

ag
e 

co
nd

iti
àn

,

40
A

U
G

U
S

T

s 
Þ

A
Y

 P
E

R
T

O
D

)

O
C

T
O

B
E

R60
65

70
 7

3

D
E

C
E

M
B

E
R

te
m

pe
ra

 t
ur

es
at

 h
lN

R
E

.



t5

Ío

-5
¡5

€,J
o

e&,

æ,

Þ-

ffi
tu
g-
F
tet
Þ*

J
c)
w,

80

-5
t5

-8i

E5

n00 cß?

o

-Fr

85

ß0

20& csr?

CI

Fi gure 3" - 0bserved (+) average annuar soi r tempe.patup:l::^:r-Iiy:-1:ogts ar r^rNRE ílg68 _íôizj and besr*fir
" vv¡ q \"- uuse'veo [+/ average annuar soi r tempe.traturei{aves at five levels al wNnr íiq6ä-iðizl rnrr ha-r si+

v
5, lo, 15 ?.0.tffitËtr

tåE

Fouri er-seri es curves 1-) "

ilMç (ruo. oF 5 DAY prnión)

25
I

JU 5C"l+
5

40 ,4?_ 50 55 æ 65 7Al¡tgthï"iîl .!
=



2 "T Phenomenological Relations

Field soil temperatures vary continually, particularly
at the surface " This results in varying temperature

gradients. such tempqrature gradients give rise to heat

flux and also water flux. simultaneous floir' of two or more

entities such as heat and moisture leads to interference
effects and the production of essentially nerr- florv phenomena.

Many such effects have been observed and can be delineated

TITERATURE REVIEhI

by the so ca11ed phenomenolog;ica1 relations
Temperature gradients can cause heat

by conduction, convection and radiation, in
decreasing importance.

Radiation heat transfer is negligible in rvater saturated

soil and in soil where the air fi11ed voids are water vapour

saturated" In dry soils where the pore space air is unsaturateci

long wave radiative heat transfer may be significant. Near

the soil surf ace, of course, short and long rr:âv€ radiation
can participate in the overall heat budget (Rosenberg rg74),
particularTy under dry conditions and rsith strong solar
insolation. Radiative heat: flux in soil rçil1 not be dealt tvith
specifically here, but only as it is expressed implicitly in
measured soil temperatuïes and in heat flux transactions j.n

general .

transfer in soil
orcler o f



Convection is generally negligible except during

irrigation, heavy rainfall or strong rvind conditions

(Scotter and Raats 1969) " Conduction is the dominant

heat transfer process in solid and liquid fractions of soi1.

Bouyoucos (1915) obtained evidence of moisture movement

in soil in response to a thermal gradient, and he found that

net transfer rvas from warm to cold regions. Iloisture flol,¡

can be in the liquid or vapour phase or both and sometimes

in opposite directions. Bouyoucos (1915) introducecl the

air gap in soil columns to distinguish betr,veen liquid and

vapour f l olv

Liquid phase flow was quantified by using a tracer such

as chloride ion, either natural or adcled. Gurr, li{arsha11

and Hutton (1952) assumed that Cl- mor-ement is clue solely to

liquid water convection. The;* f ound a net transf er of rvater

from warm to co1cl regi-ons ancl a net transfer of C1- from cold

to warm" This \,vas rationalizeð. as 1ì:ater vapour moving from

warrn to cold regions and l iquicl water moving down a soil

water potential gradient from cold to r,¡arm. Taylor and

Cavazza (1954), Jackson et al (19ó5), It¡eeks et aI (1968)

and Jackson, Rose and Penman (1965) have reported similar

results with variousCl- salts and this phenomenon in closed

soil columns has been referred to as a circular convection

process (Gurr et aI 7952, Chang 1976) or a vapour-liquid

circulatory floiv (Jackson, Rose and Penman 1965) "

Coupled flow of heat and moisture in soils was also

studied by Philip and de Vries (1957), Cary and Taylor (1962)



Rose (1968a,b), Dirksen (19ó9), Cassel, Nielsen and Biggar

(1969), Jury ancl Mi1ler (7974), Kay and Groenevelt (1974)

and Chang and Cho (1974) " The gradient of molecular vibration
i.e., "hot" and "co1d" molecules produced by a thermal gradient

gives rise to thernal selection ãt, for example, a water-ice

interface. Three such selection sites are recognized:

(1) the liquid water-air interface, (2) the liquid water-

matrix interface and (3) the liquid rvater-ice interface.
Surface tension is implicit in the liquid pressure caused

locally by temperature gradients.

A consistent theory of non-equilibrium phenomena

incorporating both Onsager's reciprocitv theorem and an

explicit entropy term rvas formalized in the 1940's by

Meixner (1941) ancl Prigogine (7g47) (in de Groot and }lazur

1e63),

In irrel'ersible thermodynamics three assumptions or

postulates must be recognized. One is the assumption of
rloca1 equilibrium' , which states that on a sma11 or micro-

scale the relationships of equilibrium thermodynamics app1i"

The second assumption states that if entropy production can

be written as

Õ =)ìc. r'.:11
a

where G and F are the fluxes and

fluxes G, are linear homogeneous
1

so that

c" =It..r'.1 . LJJl
ln¡here the phenomenologi

t1)

forces in question then the

functions of the forces Fj,

(.2)

ca1 coefficients trj are inclependent



of the forces. Assumption three states that if
are true the matrix of phenonenological coeffici
put in symnetric form, i.€.,

L.. - L..IJ )1
This is 0nsager's reciprocal relation. The .r'alidity oï

usefulness of this relation has been questioned, perhaps

mainly because the proper choice of fluxes and forces rargely
determines whether Ons¿ger's relation is satisfied [Raats

7975, Nerpin 1975). Furthermore the above assunptions also

prescribe that the domain of non-linear relations and higher

order synmetries cannot be treated by this approach (Srivastava

and Abrol 196ó)"

For the flow of rvater and heat (energv) equations (Z)

and (3) can nor,¡ be rvritten:
jw = Lruru tÚ/T*LwqAT/Tz

jq = Lqru tú/T*Lqqrc/Tz (4)

L _L
wq qi{

one and two

ents can be

where w and q are water and heat Tespectivel¡' , ú is rçater

potentiaT, T is temperature and L are the cross-linked
coefficients, and the symbol a has the ineaning of gradient in
equation (4) only (de Groot anð_ iulazur 1965).

In completely frozen soil columns both r\,ater and solute
move from warm to cold regions (Cary ancl N{ayland I972) and water

movement I\Ias found t'o be conp.aratively rapirl (Dirksen and

Mi11er 1966, Hoekstra 196ó). Liquid water moì-ement as a

continuous unfrozen water film was hypothesized- The thickness

of such a film decreases with temperature (Anderson et al L973) 
"

10

(3)



The rapidity of flow in a frozen soil may be related to the

fact that the potential of ice is independent of the presence

of soil (l-loekstra 1966, Groenevelt and Kay I97 4) and no

equilibriun moisture content can be reached in contrast to

the steady state that is reached in unfrozen soi1.

This unlinited capacity of frozen soil to take up water

is like1y to account for the very dry region often found next

to frozen soil which is amenable to \¡apour f1orv" Liquid

flow in response to a water potential gradient is 1ike1y to

bring water to this dty region (Dirksen and !fi11er 1966) from

the warm or unfrozen side.

2.2 Water Vapotrr Transport

Kay and Groenevelt (I974), Groenevelt and Kay (7974)

and Raats (1975) have dealt theoreticall,v rvith the question

of water transport as a result of a tenperature gradì-ent

(thermo-osmosis) and heat transport as a result of a water

potential gradient (thermo-filtrationì in both frozen and

unfrozen porous systems, rvith assumptions concerni-ng gravity,

solute, streaming potential, rigid matrix and pressure.

They showed from theoretical considerations that in
unfrozen systems liquid water moves from co1c1 to warm regions

and water vapour moves from warm to cold regions " For vapour

movement in response to a tlhermal gradient (thermo-osmosis)

from the generalized Clapeyron equations and the Gibbs-Duhem

relation

il

Vñ = (HV /TV)(V.TIT) (s)



where Vo is partial specific vo'lume of r,¡ater vapour, VF is

the vapour pressure gradient caused by the temperature gradient

VT (ox crn-1), FI., is partial specific latent heat (ere/g) of

vapori zatton and T is temperature (of) . Vapour flux caused

by this vapour pressure gradient is

where

this i

j.,, = -kvvõ (6)

kv is vapour conductivity and, in terms of liquid h¡ater,

S

j

Referring to the phenomenological equation (4)

ir - -LrooVT/T-Lwvvlw

=-\fHv/vv) (vr/r)

where L-.^ and L___. are the phenomenological coefficients ofwq ww

water transport due to a temperature gradient and rvater

tTansport due to a concentration gradient respectively,
_e
V1 is extramatric partial specific volune of liquid rvater and

VF is the presure gradient in the extramatric 1ì-quid lvater.

lVhen VF = 0

i" _ -L VT/T" L IVq.

and from equation (7) the cross-coefficient is

t*o = k l{o/vo (g .t-1r-1) (9)

and since this coefficient is positive, florv is down the

temperature gradient, i"ê., from warm to co1d. In this and

folloning developments the notation of Groenevelt and Kay

(I97 4) is used, rvhich is, ^r ,-,2\ for vapour, liquid and ice

respectively.

In frozen soil for a temperature gradient without an

12

(7)

ice pressure gradient (V} = 0) by a similar aï"gunent,

tB)



where H, is partial specific la
The vapour pïessuïe graclient as

gradient will cause vapour flux
ice, we have

d

Vp = (Hs /vì (vr71;

'̂ùo = (kvl\)Hs (s .*- 1, - 1)

For vapour phase flow in the air fi1
is usually assuned continuous, k.r, is
(Kay and Groenevelt IgT4)

k.,, =ãxg/rnr

where ? is air fi11ecl porosity
KV is diffusion coefficient of rr,ateï vapour. in air

(=o .24 .*2, - 1)

À is tortuosity
R is the gas constant for lsater ì¡aporï (4.6zxr06erg g-1x-1)
T is temperature (of)

ko is apnarent vapour conduct-ivity coefficient 
"

For unsaturatecl soil liquid water is usually
visualized as rings oï islands of water betrçeen soil parti.cles
(Philip and de vries 1957) " I{¡ater vapouï m.ay condense on
such a water island on the cold side of a pore" The pressure
of surface tension anrl rsetting will then acljust the island
to accornmodate the adclitional water. To continue the pïocess
water may then evaporate frorn the dorvn gradient side of the
island into the next pore, ancL so on. This adjustment may

take place more rapidly than the diffusion flux

(10 )

tent heat of sublimation.
sociated ir.ith the thermal

anc1, expressecl in terrns of

(11)

1ed pore space, which

often estimatecl fron

13

(L2)



of the vapour, thus suggesting an acceleration or enhancement

term. This may be one possible explanation for the often ob_

served very rapid movement of rvater vapour, greatly exceeding
Fickian diffusion, in soi1.

rt is a rve11 known fact that in a mixture of gases if
a temperature gradient exists, a concentration gradient must

also exist (chapman and Dootson rgr7, in Grerv and Ibbs :1952).

(1 3)ònr/èr = -kr(1/Ð(òr/èr)
for a binary mixture where n, is the concentration of
molecular species r, T is tenperature inoK, kT is the thernal
diffusion ratio and r is the vector distance (in the notation
of Grew and rbbs 1952 ò/àx'=v). If kT, is assumed constant,
integration will give

where 11 and nl are concentrations at tempera

respectively. This difference in composition

demonstrated by Chapman and Dootson (1917)"

11 - n{ = krln (T, /T)

is ca11ed the separation.

The degree of sepai-at

depend in a conplex manner

(1) 'ratio of masses

(2) nature of forces

and
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(3) retative proportions of the species, ,1 and nr.
The value of kp the thermal diffusion ratio" can be

calculated for a mixture of molecules of a given mass and size
in knoivn proportions if they are assumecl to interact as rigid

ion and thermal diffusion ratio
on

and diameters of the species

between like and unlike molecules

(14)

ture T and Ti

r\¡aS first
The va1ue rf -ri



elastic spheres and k, is maxímum for this assumpti.on.

Therefore comparison of measured Ur(*) vs calculated Ur(.)
thermal diffusion ratios is a measure of the nature of the

actual interaction between molecules. For example, the

kr(*)/kf(., for a hydrogen-nitrogen mixture is 0"6 and

for a nitrogen-carbon dioxide mixture it is 0.3" The

separation difference observed here is partly due to the

difference in mass ratios and. partly due to the "softness"
of the nitrogen-carbon dioxide interaction.

The elementary theories of thermal diffusion state

that the heavier component (bigger) of a mixture should

díffuse down the temperature gradient if y)5 (Jost 1960)"

Thi s is seen frorn an expl-ession for transfer of momentun for
a binary mixture

rvhere *1 and m, are momenta of molecules 1 and 2, v is
relative velocity,v is the exponent of the repulsive force

and the bar indicates averaging over all velociti.es "

Thus thermal diffusion vanishes ií v =5 (Frankel 1940

in Grew and Ibbs 1952) and is reversed if v<5" This is j_n

accordance lvith the exact theory for tr'laxlr'e11iam molecules

(Jost 1960). 5inçs z)5 for a nitrogen-rçater mixture, water

molecules will diffuse to the hot region. If this is the case

for an air-water mixture, it is immediately seen that thermal

diffusion is opposite in direction to the observed flux of

water vapour in soils under a temperature gradient.

(nz - m1 1u(':5)71' -t)

15
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2"3

A theoretical treatment of liq.uid rvater movement

involving the heat of rvetting effect demands a distinction
betrveen free (extranatric) water and bound (matric) water.

There is no distinction between extramatric and matric rr¡ater

in the solid state (ice) or in the vapour state" However

liquid matric water must be regarded as having many states,

each one a function of the distance from the solid surface.

For liquid phase florv (Groenevelt and Kay 7974) in

Tesponse to a thernal gradient (thermo-osmosis), assuming

the extramatric liquid pressure gradient is zero (VÞ" = 0),

the temperature gradient is acconpanied by a 1oca1 matric

liquid pressure gradient (see equation 5),

vF = (Hw/Vl) vr/r (16)

where E-, the partial speci f ic heat of rçetting, is a functionw'
of distance f rom the solid matrix. Norr' assuming that the

liquid is in horizontal layers of thickness b (0LËLU) and florv

is assumed laminar, steady state velocity caused by VF is

governed by

Liquid lVater Transport

t6

vp=
where I is

twi ce

- d/ dt 
þ 

c l (d/.1Ð v1]

viscosity and vris 1o

Flux t

vr/T,

tl_ = VT

hrough

from 4 =

j1 =¡vr

^r" ^b
tr .f in Jr,,,o*'o, dË' d{"

a liquid film can be obtained

0toÊ=ba'ivins
^b -qf' -b/r ,¡xa 

Jt /Í t"lrt,rlr, 
qu/v, dE'dE"

ca1 liqtiid velocity" Integrating

(18)

by integration of

(17)

df (is )



This equation

plied by €/Àb

porosity (. )

and (19), as

L=-l,/q

This coeffici

cold to warm.

(19) estimates macrosco

to allorq f or the ef f ect

ancl tortuosity (X) . . The

in section (2.2)
rb ,^t' .b

,, oa 
.lot ¡v #o, ,, J* 1"/vr

ent is negative for posi

The terms t/Vt, r/n and Ç/V1 as functions of f for matric
water must be known, however, to evaluate this coefficient.
Since these functions have not been rigorously defined to date,

other nethods ivi11 be used in this str_rd1-.

If the viscosity (rl) of matric h.eter is greater than

the viscosity of free rvater, expected fLoin'ir,i11 be less than

that for extramatric rvater. This effect could be a maximum

in c:-ay soils near saturation" Phillips and Bror,¡n (1968)

found the self-diffusion coefficients for tritiated rvater

increased linearly as the number of r^,'ater'1a¡'ers on each

mineral surface increased" However, thev found the cLiffusion

coefficients for montmorillonite with about 5 layers to be the
_F, I _1

same (-6x10 ' cn's ') as kaolínite rvith about 22 layers.
Their explanation is that a longer pathlength of diffusing
water nolecules in the kaolinite and a smaller relative mobility
of the diffusing water molecules in the montmorillonite

counteract each other. This apparent paradox may relieve
the problem of identifying rn/ater florv rates in clays of
different texture. Nakayama and Jackson (1963) found the

"apparent" diffusion coefficient of tritiated water in loam

pic liquid flux if multi-
s of h'ater-fi11ed

n fron equations (4)

d¡'dE"

tir.e

dç

Hlf

L7

(.20)

, thus flor'¡ is from



soil to be nearly constant for rvater content (O) of 40 to 10%,

rising to a very sharp peak at 4eo r\'ater of about 3.5 times

the 40 to 70% value (1.5 x 10-5.^2/r). Corey and Florton (1968)

found the diffusion rates of 'rr, 
3H and 1Bo tagged water nearly

equal in rvater-saturated acidic kaolinite (Vaucluse) soil "

Recent evidence suggests that heat of wetting is the

only cause of coupled flotv in the liquid phase (Groenevelt and

Kay 7974, Jury and Mi11er 7974). If the value of (ðV/AT),

for the range of moisture contents (A) in questíon can be

measured or estimated for the soil in question, Lwe can be

estimated from (Jury and ltfiller 197-l);

L È -k'(ò ú/ òr)u = -k 1 L{,/ LTwcl r-

If A0/AT and A*iA? are knorvn, L,þiAT can

A,þ/ LT = (A 0/ar) (t{/xo)
The unsaturated hydraulic conductivity, k1, can be

estimated for most soils (Shaykeivích 1970).

The cross-coefficients (Lwe and t'ru, described above

together with the ordinary coefficientr (L*o and tOO) via the

phenoinenolog ical equations provide a way of estirnating heat

and lvater transfer through the soi1. Moisture transfer is

required at each step to recalculate the physical properties

and the same is true of temperature.

Liquid f1oi.¡ in frozen soil again involves three integra-

tions to obtain the velocity term and to account for the multi-
phase water hypothesis to give

18

be found from

where Hf is partial specific heat of

/4.'L' = L fH I + L lH-lwq wq' Ír' wq' t'

(2r)

(22)

reliablr'

(23)

fusion. The L*q(H¡) may



be expressed by Hflruro (

Because heat of fusion
in porous media

j1 = -trurVf vn = -L"*Hf (vTlT)
and as above

L TH^Iwq' t' = Hflrr(8 t*-1'-1)
Both vapour and liquid in terms of ice florv in
is from t^iarm to co1d. Liquid phase heat of fus
to dorninate . Heat of ivetting is general ly not
(<1%) in frozen soil.

g .*-1r-1).
is honogenous for

In a similar way the coefficients for heat flux due
to water concentration graclients (thermofiltration, Lqr)
can be obtained. Groenevelt and Kay (1974) found the
corresponding coefficients of thermo-osmosis and therrno_
f iltration to be equa1, lvhich is in agïeement rvith onsager,s
relation (equation s). The key to this relation, however, is
largely dependent on the proper choice of fluxes and forces
and/or the propeï transformations. Raats (1g7s) has illustrated
this point with the theorem of lrfeixncr, and it is evident that
for certain applications the orsager relations may not always
be satisfied. However, further developments, especially for
systems that are too fax from equì.librium, may facilitate
successful application of non-linear phenomenol0gical laws
(de Jong 1967, Srivastava ancl Abrol 1g66).

all liquid rvater

l9

(?s)

frozen soil
ion flolv seems

s i gni fi cant

(24)

2.4

Fron the phenomenological

that in the absence of a wateï

Heat Transfer in Soil

larvs (equation 2,4) it is seen

potential gradient (Aú=0) the



fordinary'equation for heat transfer is obtained, rvhich

is an approximation:

J^ = -k^AT/az e6)qq
where J^ is heat flux densitv" k is thermal conductivityq /, q

(ca1 .*- 1 
s 

- 1 oc- 1) 
anc1. LT /Lz is the one d.inensional thermal

graclient in the vertical or z direction. Thus this equation

is a special case of the phenonienolo.{ica1 larvs (equation 4 )

when a*=0" It is valid for saturated, frozen or totally dry

soils where there is no movement of rvater due to a temperature

gradi ent .

This is the steady-state equation (36) for heat con-

duction in solids for which homogeneous and isotropic condi-

tions are usually assumed. Field soils generalTy are not

homogeneous and there is evidence that thev nay not alrvays

be isotropic, especíaIIy ci-ay soi1s. Furthermore, steady-

state does not occur very often in fie1c1 sci1s, particularry
near the surface.

The continuity equation for one dinensional heat con-

duction (Taylor and Ashcroft 7972) is

'-/òt = -òJ^/òz (27)Ptp oI q

Comblni.,g equations (ZÐ and (Zl) in the differential form

gives
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òT/òt = 7 / cco ò/ò, (kq òr/òz)

ancl if k^ is independent of temperatureq

òr/òt - K ò2t/¿t2
where p is bulk density, .p is gravimetric

soil system and K- kr/'oc,rr" This is the non

(28)

rre harre

(2s)

specific heat for
-steady-state



differential form of the heat transfer equation often

attributed to Fourier"

0f the tliermal properties implicit in K, the term

o.p, often cal1ed the volumetric heat capacitl Cv, can be

calculated by the method of de Vries (1966),

c__=cx +cx +cx-v - s-'s -w"w "a"a ( 30 )

where C_, C-- and C^ are volumetric specific heats and X_ os' If a -r -- "s,

and X^ are volu¡ne fractions of solid, rvater and airwa
respectively. Soil thermal conductì_vity (kq) is also a

function of so1id, water and air fractions" Soil texture

\.,ùas at one time thought to affect conductivity, but when

soil water is expressed in potential terms the effect of

texture largely disappears, or at least is minimi zed. The

density and gravimetric specific heat of indil'idua1 soil
particles vary somewhat, depending on the nineral type and

crystal structure. FIowever, these properties, taken on a

macroscopic sca1e, which is large compared to particle size,
tend to lose their individual identity in the soil aggregate,

with the net result that moisture content emerges as a strong

factor in the definition of soil thernal properties. In the

development of a soil model it is important, therefore, to

include soil moisture in each heat transfer calculation, as

will be shown later"

21
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A perioclic function f (x) r.¡ith a periocl of zr(rad) can be

represented by a trigonometric series,
f (x) = â^ * P., (a-cos nx + b-sin nx) (31)o Il=l'n -n----

The right hancL side is ca11ec1 a Fouriei' series and the

Fourier coef f icients (uo, ân, br,) can be calculatecl fron the

Euler forinulas:
¡tr

^o=I/Zrff(x)dxrt-1f

fn
"r, = I/r d f (*) cos nx dxJTI''-' (32)

br, = I/zr / tC*l sin nx dx
¿4f

such a series, if it converges, can be used to represent

diurnal and annual soil and air temjreratnre fluctuations
(Kreyszig 1968) "

At the soil surface (z = 0) the temperature as a function
of time F(t) can be *)presentecl by:

IF(0,t) = "* . P, Iu,.,.o 
s(2Í/P)nt * br,, tn(1r/P)ntj (3s)

rvhere u^ is the mean tenperature, n is the number of the harmonic,

t is time, and P is neriod" The angular frequency is Z¡t/p"

This ecìuation can be put into an equivalent form that is more

convenient for subseqgrent cleve1_opment.
\*F(O,t) = "* 

n þ=i Aorrrin((zn/p)nt * ó.,) (s4)

v¡here the relations between constants are as follows:

r,fODEL DEVELOP}fE}iT

Soil Temperature3.I



a - A sinón of'r 'n
b =ff cosón on 'n
Az =a2+bzonnn
Ón = ARCTAN (arrlbrr)

For application to a semi-infinite solid equation (33) is

the boundary conclition for equation (29) at z = 0, and at

infinite depth (z = - ) the temperature is assumed constant

and equal to ar. Since the surface tenperature is assuned

to be a periodic function foi'all tine, flo separate initial

conclition is required (for t - - @) .

From section 2 "4 (Fleat Transfer i.n Soil) we have

equation (2g,

\T ,f \¿ 
')

orloL - K(ò"T/ò-")

the

flolv

have

and

heat conduction equation I'a1ic] f or one diinensional heat

in a honogeneous nedium. Van h'i-ill and c1e Vries (1966)

obtaiiled the following expressions:

F(z,t) = âm * Ao exp(-z/D)sin(211/P)t-z/D) (35)
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where k is thernal conductivity and. C is volunetric heat capacrty.

The amplitude Ao is multiplied by a factor exp ( -z/D) and there

is a phase shift of -z/D. The danping depth,D, is a function

of diffusivity (l() and period (I/a) " The solution of Eq. (35)

satisfies (29) rvhen D is gíven by (3ó) j-f the negative root

is excludecL" A moïe general solution of (29) is a super-

position of expïessions like (35) for perioclic variations that

are not sine functions "

\-
F(z,t) = En * #.Aor.,exp(-zvh/Tt)sid(ZtlP)nt 

* ór,-zvh/D) (37)

D = (Zk/ C<,:)\ = (|K/r)"' (3ó)



The boundary conditions of (29) are satisfiecl at z = 0 and

z =*by F from (37). Such an expression nay be used to nodel

soil temperature at any depth as ainplitucle change and phase

shift are accommodatecl (See Figure 1ó).

The smoothed subsoil temperature regine can be expressed

if the physical properties of thermal conductivity, specific heat,

density or damping depth are known for the diurnal or annual

period " ConverselL if the subsoil- ternnerature regime is }:nown

from experirnental measurement, the damping depth and physical

properties rnay be calculated. In this r'/ay a smootited value

of D over a given clepth and time interval can be obtained.

For a perioclic temperature variation at the surface ru'ith

a frequency þ) = 2o/P, equation (35) can give cliffusivity for
the soil layer from z- to tZ (for cletarls see van I{i jk- 1966), thus:z1-21I.

K = î/p} L \¿(qTA=1Ã ,))' (38)

v .zr-22 -2,\ _ d/p{ffi1)"
rvhere P is the period of the fnnclanental harmonic

,I, , Z are measurernent l eve 1s (cm)

A1 , Az are ampliturles (oC)

óI, +Z are phase constants (rad)
K is thermal diffusivity ¡.r2r-1¡.
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This nethod is va1ic1 f or higher harmonics if requirecl.

I f the soil is homogeneous , the ternperature grad.ient is one

climensional ancl- the surface variation is sinusoiclal, (38)

and (39) should give the same result (Figure 3,4, Table 13).

Diffusivities rvere calculated rvith five-day average values

since c1ai1y measurements contain too much ranclom variation.

(3e)



Fourier coefficients rì¡ere obtainecl l;ith the IBM subroutine
FORIT (Ralston and IVilf 19ó0).

As seen in the cliurnal ancl annual cycles (Figure 3,4) ,
the amount of scatter about the best fit Fourier-series
curve decreases with depth. Th's, the best potential for
improved tenperature estination is in the soil layers nearest
the surface" since the top layer-. are also the most inportant
for many ecological and physical applications, predictecl
departure from the long-term at the surface must be
utilized"

Equations (35) to (sg) contain freouency (r) or period
(7/r) terrns, ancl the iclentification of perioclicities other
than the obvious diurnal or annual c,vc1e requires harnonic
or spectTum analysis. Meteorol0gical spectra have been
obtained by Taylor (19s8), sutton (195s), pasquill (r962),
Panofsky ancl Brier (1968) ancl L,r,r1e1, and panofsky (1g64) 

"

Improved methods have recently been crescribecl by schickedanz
and Borven (r977) and Rikiishi (1976). In rhe present study
a cllc 660 0 computer with the rlfsl (r97 7 ) program FTFREQ rvas

used (see Appendix 1).

3"2 Soil Temperature Simulation

?5

based

ations

soil temperature simulation, to be successful, aust be
on an unc.lerstancling of 10ng term temperature fluctu_
, i. e. , the soil ternperature clinate.
Stoller and Wax (Ig7 3) , I,lcDole an<1 Fosberg (I_q7 4a. b) ,

Leger and IJillette (197s), Hay (1t'76) ancl h'ildsnith (1976) have



described annual ancl diurnal. fluctuatíons at various depths
and under a variety of conditions, for a particular location
or in a particular area" ouellet (rg7s) and ouellet and
Desjardins (197s) have analysed temperature records for
numerous l0cations in canada and have produced what might
be ca11ed a soil temperature climatology for most agricultural
areas in Canacla 

"

Bcnham and Fye (1970) used empeiical nethods to nodel
soil temperature, because they found heat transfer equations
rinappropriate'- They arguecl that these equations are valid
only if the soil is homogeneous, and if the physical properties
are contant in time and space. rn cultivatecl soils " ,n,here

they rvorked, these conditions aïe not rnet anci so the heat-
transfer equations are not strict11, r,a1id for practical
application. Hasfurther ancl Burman (rg74) used an emperical
methocl basecl on air temperature to predict the soil surface
tenperature, and a one-dimensional heat floiç equation to
calculate subsoil tempeïature (assuming honogeneous and.

constant conditions) 
"

Theoretical methods have been described by Lettau
(1962) }Vieïenga and de 'tvit (1970), Goud.rian and TVaggoner

(r972), Hadas and Fuchs (197s) and palagin (rg76) rvhich a11oiv
for variation of physical properties. palagin assumes that
all meteorological characteristics reduce to a surface boundary
condition" lVierenga and cle lvit found good results in rvet

soil but significant erroï in dry soi1, with the greatest
error in the late mornirg, that is, during the strongest

z6



temperature gradients.

techniques can become unstable under certain conditions and

may oscillate" Significant truncation error may be producecl

after a large nnmber of iterations, if they converge too

slorvly (Parlange r97r, Philip 1975) " sinplified theoretical
models have been devised to avoid these probrems (MacKinnon

I976) but generally there is some loss of accuracy and

general i ty .

For the sake of economy in computer and programming

time, a different approach can be taken. The surface boundary

condition can be defined in ter-ms of equation (33) as forcing
function, with Fourier coefficients based on long-term average

annual or diurnal tenperature cycles. Departures from these

long- term mean values are then relatecl to rneteorological

variables by statistical regression analysis. For monthly

mean values, five years of ðata does not provide a sufficiently
large sample size to give stable and truely representative

regression coefficients (trVa1po1e 196S). Clinatologically
speaking, the only remedy is to collect more data. Horvever,

from a numerical or statistical point of viel'¡, this situation
can be improved by pooling the data for adjacent months with

Multi-1ayer models using nunerical (integration)
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the nonth in question (Table 1, 2 and 3).

successful

Monthly mean soil surface temperatures can thus be

predicted from the forcing function and regression equations

(Tab1e 4 to 9) .

This was reasonably



Daily soil surface temperature estimation is dependent

on the monthly mean. The annual forcing function is used to

define the shape of the trend line for the.nonth and the mean

is adjusted to the esti-mate above. Daily departures from

this mean based on regression equations fron daily meteoro-

logical and soil measurements produce the final predicted

value for any particular day (Figures 7 to 14).

Daily meteorological observations contain what may be

ca11ed random fluctuations, ãt 1east, for the scale of this
study, and therefore, some smoothing is indicated. Weighted

smoothing functions (.25, "50, .25) are used (Panofsky and

Brier 1968) on daily air temperatures and daily hours of
bright sunshine (1ow-pass filtering).

Surface soil temperature prediction in ivinter, with snorr

on the ground, poses the problem of dealing rvith an intervening

layer betrveen the atmosphere and the soi1. Technically this
requires the introduction of a tr,io layer node1, with complete

delineation of the physical and physico-chemical properties

of this 1ayer, snow. An abbreviated method was developed

to accommodate the sno'hr \ayer by applying the damping and phase

shift factors directly to the input data of the mode1. This

requires a knowledge of the periodicity of the particular
fluctuation in question" Apart from annual and diurnal

fluctuations, a somewhat less regular but nevertheless

identifiable cycle of 2 to 4 days lv'as found by spectrum

analysis of meteorological variables, as described earlier"
This is in general agreement with the findings of Misra (1971),

10LO



Reimer et al (1974), Ti11ey

factor

exp(-z/D)

where

D = (ZK/ø) 2

nras usecl rvith T/, the period set equal to trvo days, with goocl

results " Periodicities of a f erv da1.5, rvhich are associated

with synoptic scale meteorological events, seem to be the

only significant short-term contTol of soil temperature under

snow since the diurnal cycle appears to be almost non-existent
(Figure 6).

and lr{cBean (I97 3)

subsoil tempeïatures may be estinated in a sinilar way

by using the appropriate forcing function based on equation

(37) and by applying a departure from the mean as for surface

soi1, but with proper corrections for camping and phase shiftr
for daíIy values (see Figure 15). Once a good surface annual

soil temperature wave has been establislted equation (37) can

also be used to estirnate subsoil annual tenperature waves

with appropriate damping and phase shift values from estimated

diffusivities (K) or danping deptÌrs (Ð) (Figure 16) "

The danpíng
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4"7

The expeïimental site is in a lvel1 drained oId. field
that was farmed briefly 1s or 20 yeaïs ago. It is on flat
terrain about 500 meters from the ir'innipeg River (Reimer

19ó6) (s20,T74,Rge 11E)" The soil lras classified as a

l{hitemouth series cray loam by smi-uh et a1 (196 7) . under

the system of soil classification for canada OgT4) the soil
would be classed as an orthic d.ark grey Luvisol. soil
samples from the experimental site shor,¡ a particle size
distríbution of 20,30 and s0% sand, silt ancl clay respectively.
Organic matteï content is about 10% in the surface layer
(18cm) and near zero beloiv that 1eve1" vegetation consists
of meadorv Élrasses and other forage plants grorving in un-

cultivated soi1, and the plant canopy is nncut except for
trimming of the ta1l weeds once or tivice a year 

"

A geological description by I{i11s and Zrvarich (1920)

mentions four basic units overlying bedrock; an upper lacustrine
silt unit (2-5 m), a lower lacustrine c1a1' unit" glacial
til1 and a sandy deposit on precambrian bedrock, for a tota!
of 10 to 20 meters.

Site

IVIETFIODS
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4 ,2 I{easurements

soil temperatures weïe measured rvith a stack of platinum



resistance thermometers fastened to a rr'ooden support at 1,

10, 50, 100 ancl 2a0 cn. The platinun sensor coils inside the

end of thin metal support tubes extended hori zontarTy about

40 cm into undisturbed soi1, towards the south. Four lead

wires lrere used for each thermometer to ninimize telemetering
error-s (ÞlcLernon 1969). sensor signals r./ere taken through

linearizing bridges to a 72 point strip chart recorder.

Thermometers l{ere sampled sequentially for six seconds each

to give a total cycle tine of 72 seconds. lvleasurement error
was conservatively estimated to be less than 0. SoC.

Daily soil moisture measurements tr'erê available from

electrical resistance sensors (Coleman et aI 1949) at 10 and

100 cm for a ferv years (1969,I970,1971).

Air temperatures were taken with standard lr{eteorological

service of canada (MSC) maximum and ninimun thermometers in
a stevenson screen" Hours of bright sunshine were obtaíned

from a Carnpbell Stokes sunshine recorder and rvind rvas rneasured

at seven meters above ground with a Bendix Fríeze aerovane "

Rainfall and snowfall r^/ere obtained from standard MSC rain
and snow gauges and snorv depth rvas read fron snolr stakes"
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4.3 Data Preparation

Soil temperature records were scaled hourly for 1, 10

and 50 cm 1eve1s and trvice daily (noon and nj-dnight) for 100

and 200 cm 1eve1s. Calibration corrections Here applied on

the basis of characteristic equations provided by the manu-

facturer of the thermometers. Five day means hrere calculated

and ensemble averaged over the five year period. Diurnal



cycles for each nonth rvere obtained b¡' averaging hourly temp-

eratures for the five year period.

Best fit Fourier series coefficients for the annual and

diurnal waves were obtained rvith a calculator program (Hp

98204, Irr-9) - and the curves weïe drarçn lvith an x-y pJ_otter

(HP9862A) (Figure 3,4 and 6). About gseo or more of the

temperature variance lvas accounted for by these curves"

The vertical time section of soil temperatuïes (Figure z)

was prepared by plotting five day mean temperatures on a large
rectangular gricl with each horizontar line representing a

particular soil depth. smooth isotherns rrere then clrar+n by

hancl at one degree c intervals by a linear interpolation
technique.

Thermal diffusivity of the soil betiveen l and 10 cm t{as

calculated for five day periods by- the arnplitude ratio and

phase 1ag nethods from the diurnal rvave. lrlaximum and minimum

temperatures and the phase at these points rn'âs estimated from

best fit curves for five day means. Fland smoothecl curves

drawn through these points rvere presented in Figure 1g" An

average annual cycle of thermal diffusit'ity based on these three
years (1969,r970,1977) rvas usecl for prediction purposes as

outlined in the next section (Figure 1g) " Thermal diffusi-
vities based on the annual wave r^¡ere also calculated by these

methods for 10,50,100 and 200 cm (Tab1e 1J).
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4 "4 Prediction

To preclict actual soi 1

month, it is necessary to

related to meteorological

OT

is

temperature for a particular week

unclerstand horv soil temperature

variables such as air tenperatures



sunshine, wincl, precipitation, sflorr, depth and so on. Linear
correlation ancl Tegression coefficients t\iere obtained for month-

1y mean values with a university of Manitoba program (srAT 1g)

run on a PDP/10 computer (Tab1e 1-6,10,11).

Daily soil surface tenìpeïature can be predicted in a

somervhat similar way. For convenience , ðai1,v prediction lvas

grouped into monthly units. The trend line or shape of the
nonthly unit was obtained from the annual soil tem.perature

curve" Then a regression equation based on daily meteorolo-
gical observations Í¡as used to estimate the departure of the

soil temperature from the 5 day mean" The mean of the resulting
daily estimates was then adjusted to the predictecl monthly

mean to give the final daily temperatuïe output. These

calculations rrr€Te executed on a progranmable calculator
(HP98204) and concurrently plotted on a temperature versus

tine graph with an X-Y plotter (Hp0962A).

The input data were subjected to symmetrical statistical
weighted smoothing to filter out unrvanted random fluctuations 

"

Care was taken in all smoothing processes to ensure that useful
frequencies were not distorted or filtered out"

The summer of 7976 was chosen to test the prediction
capability of this technique" As it turned out, June \gT6

was a very wet month in Manitoba (77 "3 cm at IVNRE), and

soil moi-sture rvas above f ield capacity f or a signi f icant period
of time (surface water). since soil thermal properties are

strongly dependent on soil moisture and since the surface

radiation balance is strongly affected by rnoisture conditions
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(Idso et a1 1975 a, 1975 b, Yu r97T) a soil moisture teïm

l{as introcluced for June. Rainfall hras used as a soil moisture

estirnator approximately along these 1ines. The first 0.s cm

of each rainfall rvas ignored, âs this arnount would not normally
reach the soil due to interception by vegetation and evapor-

ation. Daily evapotranspiration of 0"5 cm was assumed for
wet soil (Reimer et a1 7973). A moist surface soil would

require a nearly fixed fraction of available energy for
daily evapotranspiration as long as the moisture lasts (Rosen-

berg 7974). The term

a (1oe ACPN)

was used to express this, rvhere a is a constant (-2.0) and

ACPN is accumulated precinitation (5 ApcN 200 nm) " This

term operated for most of the month of June ivith the results
in Figure 7. This term was not used for July and August

(Figure 8"9).

Daily subsoil temperature prediction at 10 cm lvas

tested rvith an extension of the regression rnethocl outlined
ear\ier" The forcíng function based on equation (37) rras

combined rvith the regression equation to estimate daily
departure from the mean, and applied to July 1976 I,JNRE d,ata,

lvith the reinarkabll' good results seen in Figure 1s (s = 0 . 4oc) .

For subsoil temperature precliction equation (37) can also
be used to produce an annual soil temperature r,rave at any

depth provided the soil physical properties are knorvn" If
the mean annual soil temperature is assumed. constant with
depth (Tabl e 14) and the surface amplitude (Ao.,) of each

40



harmonic is knorvn and if K = k/pc is knorvn so that D rnay be

calculated, equation (37) is applicable" Predicted anci ob-

served annual soil temperature curves are presented for
comparison in Figure 16 for all four subsoil 1eve1s. Although

K is knorvn fron the amplitude ratio and phase shift nethods it
is also estimate.l by an iteration method. lvith equation (sT)
(Table 13)" This technique gives basically the same results
as Lettau's (1954) tenilrerature integral method.

IVNRE annual soil surface (1 cm) Fourier-series coefficients
are displayed in Figure 7 "
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A')+L

Five day average observed temperatuïes at five soil
levels are displayed in Figure 1. Large random, temperatuïe
fluctuations are apparent at the soil surface, but these

fluctuations decrease rapidly with depth. This is consistent
with the exponential damping terrn (exp -z/D) in equation (s5 ) .

For soil rvith a thermal diffusivity of rz x 10-4cr2r-1 this
gives a damping depth of about 1s cm for a hypothetical
periodicity of 5 days. Thus, the amplitude at 13, 26 and 39

cm should be r/e, r/ez and r/e3 of that at the surface for
a 5 day tvave.

In ivinter rvith snol,i on the ground somervhat less damping

is observed. Snow with a densitl, of 0.S g/cn3 and thernal
diffusivíty of 0 " 004s cmz /s would have a d.amping depth of
25 cm for a five day wave. Thus, r/e of the snoi{ surface
temperature wave is dampecl out before it reaches the soil
surface through a 2S cm layer of snow.

The vertical time section of soil tenpeïatures [Figure z)

clearly shows the tine of rapid soil rvarming in spring and

cooling in fa11, where the isotherms are crosely packed"

Delay of the maximum and minimum with depth is also 
"rid"r--_a=;...,....

Frost penetration does not seem to exceed 50 .*,¡.:;$fl;;:fi;';;¡i;t:¡:

the average, f or the yeaïs from 1968 to rglz uncler ,ir"orÇi":;.::.,;;'.,;

5. RESULTS AND DISCUSSION

Average Observed Soi1 Temperatures5.1

at:

-- -.. ..-..- -:;;ll



conditions. The presentation of an or¡era11 arrerage tenperature

for each measurement 1eve1 (FigLlre 3) clearlr'clemonstrates the

nearly sinusoid.al f orm of the annual tenperature l{a\re. The

anplitucle of the annual tenperature lvave decreases from 11oC

at the surface to 3.soc at 200 cm (Figure 3) .

Diurnal surface temperatrrre Ìr'â\¡es for June, July ancl

August (Figure 4) also have a nearly sinusoidal wave form.

About 95% of the variance is accounted for b1'the fundamental

wave" The arnplitude of the diurnal surface temperature wave

has a naximun in surnmer of soc ancl a nininum in rvinter (Fig. 6)

of near zero, The amplitude of the diurnal iiave also ciecreases

with depth to near zero values at 50 cm (not sirorvn) .

Prediction of the cliurnal tenpei"ature rra\¡e is not

attempted in this work. For an application that j-s not too

demanding, an observed long-term average diurnal tenperatul'e

wave in,posecl on a predicted dailv mean temneratrlre nay suffice "

In a more denancling application, a knol"ledge of cloud cover,

wincl and precipitation nnay be recluired. For a series of

completely clouci-free days rvithout rnuch l/ind and rvith fairly
dry soi1, the diurnal soil surface temperature h¡ave lvi1l be a

fairly symmetrical sinusoiclal rvave forrn with greater amplitude

(double) than the longterm mean. For a completely overcast day,

the amplitude rvi11 be sma11 or zero, provided there are no

other neteorological events ('i .e " a frontal passâge , thunder-

storm, etc.) to disturb this pattern"

Therefore, a tvpical soil temperature Ìiave for a clear

or overcast day is a somer\'hat idealistic conc€pt, and a good

example is difficult to find. For general infornation, however,
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clear day and overcast ð,ay srrmrner curves are given in Figure

5. Note, for example, that the amplitude of a clear day rvave

is about 10oc, trvice that of the mean rvave. Ivith a certain
amount of care and discretion, such knorvledge can give a more

useful estimate than a long-term a\¡erage curve.

In January the diui:na1 fluctuation of the soil surface

temperature is very smal1 - a ferv tenths of a clegree celsius
and out of phase with the above snorv diurnal cycle. This

damping and phase shift is, of course, caused by the layer
of snow on the ground (Figure 6) . For most applications, the

diurnal r{ave in winter can saf e1y be ignored, especially rvith

a normal amount of snow cover. For research pLlrposes , horn'ever,

the amplitude and phase shift of the diurnal rvave may be of
interest.

5.2 Prediction - lt{onthly Mean

By comparing Figures 1 and 3 it is obr¡ious that a surface
temperature for any particular time exhibits a 1ot of variation
about the long-term mean" To predict such a highly variable
quantity it is necessary to understand hois the soil temperature

(predictand) is related to the meteorological variables
(predictor) 

"
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Five-day mean values were stuclied individually and

grouped into pairs and tetrads, but the results were in-
consistent, and predicted v:aïues shor"ed an unacceptable amount

of scatter. A longer time unit rsas indicated for this study

and the month was chosen for convenience. This '¡/as done with
the realization that five years is not a sufficiently large



sanple to give stable regression coefficients. The problem

lvas largely o\rercome by pooling acljacent nonths rvith the month

in question (see Tables IrZ,S,10).
These monthly mean studies shoived that soil temperature

is strongly associated with air temperature in June, July and

August (see Tables 1-s) " Association lvith rvind. speed and

sunshine varies considerably over the summer months although
the correlation coefficient (r) is consistently negative for
wincl speed and positive for sunshine [Tab1e 1-3). The smallest

Irl values founcl were for precipitation.
Linear ïegression equations of soil temperature on air

tenperature, sunshine and precipi tation r,,'ere f ormed for
June, July ancl August (Tab1e 4- 6, 11) . Ifind ivas not used for
two reasons; (1) the relationship rn'ith soil temperature is
apparently not linear and (2) rvind is affected by 1oca1 surface
roughness r^¡hich presents problenis f or regional application.
It is obvious from the multiple coïrelation coefficients (R)

that air temperatures are the best predictors and precipitation
and sunshine add very 1ittle to the capability of the equations 

"

Predicted monthly soil temperatures r{ere compared with
observed values in Tables 7-9" The standard deviation of
the difference is less than one degree c in all cases and the

smallest value (best prediction) is 0.84 (August) .

wintertime soil surfacp tenperature estination intro-
duces another dinension - the effect of snorv cover. sample

size was even moïe inportant here, so the observations for
lvinnipeg , lvlani toba, with a longer recorcl, 1ì/ere us ed . January

4B



I1EAN ITONTHLY OBSERVED AND CALCULATED

SOIL IEI4PERATURES (C)

(1 cM)

J UiiE

THffiLT 7

OBSERVED REGRESS ] ON EOUATI ON I\UIÏBER

1968 14,45 13 ,87 13 ,94 13 ,95

1969 11,00 10,94 11,05 10,91

1970 16,36 16, g5 17 ,0I L6,92

IìTI 16, 94 16,02 16, 04 16,05

1972 16 , 05 15 ,62 15, 60 15 ,53

1976 15,46 16, 94 17 ,L0 16,99

49



rlEAN I4ONTHLY (]BSERVED AND CALCULATED

SOIL TEI1PERATURES (C)

(1 cM)

JULY

THffiLf H

OBSERVED REGRESSIOI'I EAUATI(]N NUPIBER

1968 17, 66 16,46 16,56 16,41

1969 15, 94 16,91 16, 95 16, Bg

1970 19,16 LB ,62 18, 59 18, 65

1977 15,93 15, g4 L5,92 15 "97

50

1

L972 75 ,93 15, 51 15, 54 15 ,39

1976 16, 45 17 ,63 17 ,59 17 "67

3



fliEAN pIONTHLY OBSERVED AND CALCULATED

SOIL TEMPERATURES (C)

(1 c¡r)

AUGUST

THffiLI 5

OBSERVED REGRESS I |]N EOUATI (]N i'lUIÏBER

1968 15,03 14,93 15 ,03 14,93

1969 18, 0g 18,56 L8,73 lg, 63

5l

1970 L7 ,69 16,35 L6,34 16,37

L97I 16, gg 16 ,57 16,29 16 , 62

1972 75,75 15 ,92 16,22 15, g0

1976 16,29 L7 ,29 17 ,LI 17 ,30
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[]IAI\ I'IONTHLY OBSERVED AND CALCULATED

SOIL TEI}IPERATURES (C)

(5 cm)

I^lINNIPEG I¡ì'ITL A

JANUARY

THEII I Z

OBSERVED CALCULATED -

1969 .4,72 -4,77 -5,08 -3,55

7977 -g ,72 -4, gg -5,23 -7 ,0I

1973 -2,50 -3 ,26 -3 ,20 -4 ,29

1974 -Lg7 -4, g5 -3,57 -2,79

1975 -3 ,L7 -3 ,64 -3 ,59 -3,05

1976 -2,33 -5,99 -4,69 -3,63

54
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was poolecl rvith Decenber ancl Februarl, ancl. soil ternperature

ïias correlated rr'ith air tenperatuïes , snor{ clepth, r,iind, ancl

sunshine (Tab1e 10) . A.ssociation irrâs rr,eaker than sumneï,

for rnost variables, but it was nore unif ornr-l,v clistributed.
Thus, a three or four variable equation is a n'.uch improvecl

predictor over a tr./o variable equation, j.n this case (Tab1e

11) . In soite of this, the best four variable equation
sti11 does not predict as rve11 (R=0.6) as those for the summer

months . The standarcl d.eviation of the cLi f f erence betrr'een

observed ancl preclicted is I.7 (Tab1e 12) .

5"3 Prediction - Ilaily Ì\fean

The daily prediction seouence begins b), smoothing the
input data with a moving th'ee-.lay function. The sr¡oothecl

values for a partrcular day are then appliecl to the reliïession
equation to obtain the departure fron the long-tern mean.

The Fourier Series exìlression (SS or 34) tvas then solvecl

for that day and conbined ir'ith the cleparture rralue to girre

the final estinate.

Trials r{ere run rvithout any snoothing and the result
Ìras a widely fluctuating output that overshot the observed

value by a rvi.de nargin. on the other hand e over-smoothecl

input gave a curve that snoothed out nuch or all of the
actual observed f luctlrations of a f eiv days in length " The

final choice of smoothing function rr,as a cornpromise betrveen

an overall best fit curve for a month ancl rounding off of
sone of the sharpest peaks and valleys. This -gave a standarcl.

deviation of less than loc for the c'r.ifference betr,veen predicted

55
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and observed for all the sumner rnonths except June 1976

(Figure 7 -9,72 and 15) (see Fig. 8 for a note on p.¡,{s-Error).

The phase of the input values rnust be acljusted to the
observed te¡nperatures to obtain a sy;ichronized output curve.

lr{inimum and rnaxinurn air ternperatures occuï about half a ciay

apart, i.e., the maximum occurs about half a day after the

rninimum for any girren d^y " since the tine step usecl here r,,'as

a whole duy, the rnaxirnum air temperature was clelayed one day.

In addit.ion to this, the f inal output i,ias delayed one day to
give the best fit to the rneasured soil tenperatures for tJre

summer months. The cause of this trâr, at least in part, be

attributed to the intervention of the plant canopy betrveen

the atmosphere ancl the soi 1 ancl the ef f ect that thernno regul ation
of living; tissue may have on soil tenperature. As it turned

out, the prec1iction scheme for Janr-rar1' hacl somervhat the sarne

features but perhaps for different reasons, as described

belorv,

Unusuaily high soil moisture rúas a factor to be reckoned

with because of its profound ef f ec-, on the air- soil energy

balance. The month of June in the test year (r976) had nore

than twice the nornal rainfal1, ancl- surface r,¡ater rr¡as observecL

on a number of days " Ii{uch of the incoming solar eneïgy r\ras

thus consurnecl by direct evaporation and the soil terl.perature

renainecl belolr¡ the long- terrn n)ean . An atteript was rnade to

simulate this v¡ith a precipitation terrl,, but the results wer.e

not satisfactory, to say the least " The nain dif ficult,v
seercd to be that Drecipitation was a poor estimator of soil

59



0 -3 -r
0

-lÀ -?
8

Lr
T

E
F

E
Ë

W
"

LJ n & þ-

-3
,r

4 
+

+
 0

,4
A

P
III

{ 
+

 0
,9

S
U

N
S

Ë
E

5E
R

V
Ë

Þ

F
ig

ur
e 

10
.

Ja
n 

ua
 ry

 1
97

 6

ø g
&

+
I

D
ai

 ly
 . 

ob
se

rv
ed

 a
nd

 p
re

di
 c

te
d 

s 
oi

 I 
s 
ur

fa
ce

 (S
at

 l{
i n

ni
 p

eg
 I 

nt
er

na
ti 

on
ai

 A
i r

po
rt

.

Ìo
t7

- 
,+

uj
F

4N
U

F
R

Y
 

I H
?H

s 
=

 1
.0

@
@

@
À

ts
 F

R
tr

Þ
 I 

C
T

Ë
Þ

t6
IB

îo
 

?z
&

+
zÇ

 ?
.8

 3
a

cm
) 

te
m

pe
ra

tu
re

s 
fo

r

O
r

C
)



moisture because soil moisture is a function of several other
factors such as plant canopy interception, runoff, evaporation,

tïanspiration, infiltration, recharge and clischarge, hydraulic
concluctivity, etc. Therefore actua-1 soil nr.oisture neasure-

ments should have been tested in such a prediction scheme.

For January soil temperature precliction, the same

smoothing technique rvas usecl, antl naximum air temperature

v¡as cielayed for one day. Ho\r'ever, a tivo-day delay for the

final output gave the best results (Figure 10). The goodness

of fit achieved for January was surprising (Fig. 10) in vieiv

of the snaller amount of association betrr'een the soil tempera-

ture ancl- the meteorological variables . The s tanclard

deviation of the dí f f erence \^/as 1 . ()oC .

5 .4 Prediction - R-egional

Regional application of this model seens quite feasible
when certain conciitions are met. lriean annlral soil tennperatnre

is a very conservative quantity and has been nnapped for most

of }lanitoba, south of 56 N latitude (Ì'{i11s et ar rg77) "

similar information is availa.ble for the other prairie

Provinces (Oue11et 7973) and so a suítab1e mean can be obtained

for equation (3V for most areas. The shape and amplitude of
the annual cycle can be estimated for key locations in the

Prairie R.egion, if dif f erent from that folind for pinarva,

Manitoba and this model is thren applicable.
Assuming a known nonthly mean, daily soil ternperature

prediction for lVinnipeg rvas attempted for July 1975. Agreement

betrseen observed and predicted is pooï (Fig. 11), but it is noted

ó1



that lVinnipeg soil temperature is
Applying a correction for clampirg,

exp(-z/D)

where z is depth and D is clamping

12 (for z=5 cm and D=10 cm) are ob

good.

Daily January soil temperatuïes Hel'e preclictecl for
saskatoon and Thompson (Figures 1s and 14). Appropriaie
corrections were again made for the damping effect of snow and
soi1. The results hrere most encouraging. The stand.ard
deviation of the diffeïence between predicted and observed
temperatures lvas 1.1 ancl 0. soc for saskatoon and Thompson

respectively.

5.5 Prediction - SubSoil

Prediction for subsoils hrâs better trran for surface
soi1s, âs night be expectecl, since random fluctuations are
ninimized or largely damped, out at deeper leyels. Soil thermal
properties as expressed by thernial diffusivity (K) or damping
depth (D) appear to be more stable and more representative
a.t subsoil levels of 10 to z\a cm than in the surface feiv
centi-meters, as is amply demonstrated by the results ín Figuïes
15 and 16.

A chi-square test of all the prediction results in
this work, assuming a normal'or Gaussian distribution of the
differences (trva1po1e 1g6B), inclicated that ar7 the variances
were less than 1oc at the gg% confidence leve1 for daily and
monthly means, except June Ig76.

rneasured at 5 cm, not 1 cm.

thus:

depth, the results
tained. The fit is

62

in Figure

renarkabl.y



v &
À

J
Ì7 = t- ffi

,
t-

d [1
-

f IL
J t-
-- J E
I

rjl

?g K
T t{ IB ¿

^

N
É

5E
F

V
E

Þ

?
4

F
ig

ur
e 

ll.
 

D
ai

lY
(S

 c
m

) 
te

m
pe

ra
tu

re

("
I

IO
 I

L 
14

ob
se

rv
ed

 a
nd

 p
re

cl
i c

te
d 

(w
i't

'h
ou

t 
da

m
p'

in
g-

-ió
¡ 

Ju
ly

 1
97

5 
at

 tn
lin

ni
pe

g 
In

te
rn

at
jo

na
l

hI
IN

N
IF

E
E

s-
J 
tl 

LY

tr
R

E
Þ

 I 
C

-T
E

Þ

t6
tB

 ?
.t3

 Z
L 

34

t 5
*7

S

t N
*r

 d 
å-

2{
" 

28
 3

B

F
q co

rr
ec

tio
n)

 s
oi

l 
su

rf
ac

e
A

i r
po

rt
.

('1 (4
)



F I 
ct t-
-

E
tr

,
v, f 

.l C
L

-J
- t-
.r [- J cf t-
¡-

l

zi A
IJ t{ t0 5

?

N
E

S
E

R
V

E
Þ

+

F
i g

ur
e 

12
 ^

 
D

ai
'ly

( 
S

 c
m

) 
te

m
pe

ra
tu

re

("
I 

lo
I?

. 1
4

ob
se

rv
ed

fo
r 

Ju
lyhJ

 I 
f\¡

 f
'-J

 I 
F

:3
E

E
ä

s-
.lt

JL
Y

@
 @

@
 F

jR
E

Þ
 t 

çT
E

Þ

f(
,

an
d 

pr
ed

i 
ct

ed
 (w

i t
h 

da
m

pi
 n

g 
co

rr
ec

ti 
on

 )
19

75
 a

t 
t¡

Ji
nn

ip
eg

 I
nt

er
na

tio
na

l 
A

irp
or

t"

tB
 ?

,tJ
 ¿

Z

t H
75

IN
T

'L

?4
26

 ?
B

 3
A

ffi

so
i I

 s
ur

fa
ce

or À



tr
l g r- tr
4

t{ E
L

L¡
-l

F
-- :d E
I

r.
'1

0

*5
:

*r
0

*{
5

*¿
0

@
.*

5g
*-

-\
o-

- -&
Þ

6 
@

@

È
æ

 tr
gs

Ë
ffi

vE
Þ

-*
@

@
 F

R
E

Þ
 I 

€T
E

Þ

t/)

**
 *

*.
* 

*ä

F
ig

ur
e 

13
.

Ja
nu

ar
y 

19
75

4-

D
aÍ

 ly
 o

bs
er

ve
d

at
 S

as
ka

to
on

"

,o

s 
=

 l.
l

5F
q=

F
<

F
{-

rr
:E

tN
IL

t4

an
d 

pr
ed

i 
ct

ed
 s

oi
 r

 s
ur

fa
ee

 (
5 

cm
) 

te
m

pe
ra

tu
re

 f
or

e-
.lF

qN
U

F
rF

f 
Y

 
[ =

?S

IG
t8

?o
'2

,L
 2

4 
3.

6 
2g

 3
0

ot oì



I 
.-

¡
rE E

N ffi E
LJ

&
-.

¡
F

-
.J sf

å

ffi

@
þ * 
E

t3

*¡
5

*Ë
ß

@
@

 ff
iff

i$
Ë

ffi
V

ffi
Þ

@
@

@
 F

R
Ë

Þ
8€

T
Ë

Þ
 

s 
=

 0
.5

T
H

nm
F

S
Ë

rd

F
i g

ur
e 

14
. 

D
aÍ

 1
y

19
75

 a
t 

T
ho

m
ps

on
.

*â
4

&

ob
se

rv
ed

 a
nd

rf
fi

df
fiN

LJ
nf

fiY
 [5

75

T
?

t4

pr
ed

i 
ct

ed
 s

o 
j I

f(
,

rê
 f

lw
 ?

î. 
æ

.4
 A

ç 
æ

ø
 g

0

su
rf

ac
e 

(5
 c

m
)

te
m

pe
ra

tu
re

fo
r 

Ja
nu

ar
y

O
r

O
ì



F T
J

=
l t-
-

ct
r

1V l.t cl
-

Ë
,

l*
.¡ t-
- J E
I

t.r
¡

?ç K
Û t{ r0 5

-r
ø

 -:
 

s 
*s

6t
ø

e9
Þ

\.
æ

."
+

*ø
sg

- 
"\

F
i b

ur
e 

I 
5.

 
D

aÌ
 1

y 
ob

se
rv

ed
19

76
 a

t 
W

N
R

E
, 
an

d 
s 

is
 t

he

2

s 
- 

0.
4 

0C

* 
å 

" 
ffi

 g
 * 

" 
å 
gf

fir
"r

ffi
K

* 
"f

fif
fif

fi$
€ 

g 
N

* 
" 

gs
$g

-g
s{

Ë

+
G

8 
l0

 
I 
L 

14
 t

6 
tB

 z
lJ

 Z
?-

 2
4 

26
 2

B
 3

t

@
@

@
 F

3R
H

Þ
g€

T
'Ë

p

an
d 

pr
ed

i 
ct

ed
 s

ub
so

i 
I 

(l 
0 

cm
) 

te
m

pe
ra

tu
re

s 
fo

r 
Ju

ly
st

an
da

rd
 d

ev
i a

ti 
on

 o
f 

pr
ed

i 
ct

ed
 m

Í 
nu

s 
ob

se
rv

ed
 v

al
 u

es
 "

f*
gg

--
3L

-V
 $

 5
7f

fi

o'
t \



1C

0

10

(-)
o

LLIÉ.
-_JF_
a't-,
LLI
o_
=LrJ
F

I

O
c./)

0

10 cl,i

10

PREXI CTEX

10

68

100 ct,l

0

10

0

Figure 16.
erature h,aves

*æ K = 22 x 10-4

10 20

TII4E (NO,

0bserved and
from Equati on

*e€
K=55

30

OF 5 XAY PERIODS)

.prgdicted subsoil annual temp_
(37 ).

x 10-4

40 50 60 7A



The tenperature climate of a soil nust be lve1l understood
before an effective prediction schene can hre brought into
existence " A nurnber of goocl ciescriptions of agricultural ancl

gTassland soils have been reviervecl.

The long tern (1969 -rgZz) r.ean annual soil temperature
at IVNRE is 5.45oc at 1 cm and 6.11oc at, 200 cn (Table 14) .

Þ'1o-qt of this increase rvj th depth occurs in the first 10 cm

of soi1. At the surface (1 cm) the nean seasonal temperature
ranges from 18oc in suilìneï to -4oc in icinter. At 200 cn the
mean temperature ranges from a nnaxinun of about 10oc in late
surnmer to a rninimun of Z.SoC in late r!inter.

6. SUI'ÍÈI/.RY AND CONCLUSION

F{ean hourly soil surface teri,rperature ranges frorn a

daytime maximum of about z()oc to a nightime ninimurn of lzoc
in sumrner " rn January the nean surface temperature is about
-4oc and the range is a few tenths of a clegree, or neglegibJe
for rnost purposes.

The rnechanistic approach, to give precise results
requires precise Ìneasuïenents of the heat sinks and sources

and the floiv of energy from one soil 1a1,er to another. If
the necessary transfer coefficients are accurately d.efined

and processes are r)recisely clescribed b), appropriate math-

ematical expressions then precise prediction is possible as

long as these parameters are va1id"
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The theory of non-equilibrium thernodynamics has
been appl ierì by several authors (Ta¡-1or ancl cary 1gó4, Bolt
ancl Groenevel t 1967, Jury ancl lri l l er rg7 4, Groenevelt ancl
Kay r97 4r t, rI etc. ) , anci if attention is given to all
phases of rvater and heat transfer, that is, total possible
coupling bet'een rvater and heat transfer processes, good
results can be obtained. uncrer controlled conclitions for
very specific applications these nethods give excellent results
and the potential of this apnraoch for future developinent is
very good.

The present model is hoivever basecr or-ì kno'n principles
and existing tecrrniques to rnoclel actual soil tenperatures
and it is ress sensitive to changing conditions. The precriction
technique consists of the follo'ing basic steps for any
location:

(1) 0btain nonthly nean so

available or estimate these

as outlinecl.

70

(2) 0btain a Fourier-series
surface tenÞerature rvave for
a nearbl' site.
(3) Estinate daily mean soil surface temperatures
frorn the Fourier-series curve plus the ïegïession
equation for the month. Adjust trrese varues to the
monthly mean from (1).
(4) calculate ð.airy subsoil te'rperatuïes if required
fron equation (s7) using the best availabr.e information

i1 surface temperatuïes if
fror¡ the regïession equations

equation for the annual

the site in question oï



(5) calculate subsoil annual temperature hraves if
requlred using soil thermal properties from (4)(Fig.16).
As is seen from figures 7 to 74 the stanclarcl deviation

of the difference betrr'een preclicted and observecl temperatures
for surface soils is less than 1oc (n=g9%), except for June
7976 (Figure T). precliction of subsoil temperatures is
expected to be better (Figure 15) since nost of the trouble_
some random fluctuations found at the surface have been damped.

out.

The ultir^rate accuracy of any preciiction scheme, horvever,
is dictatecl, first, by the accuracv of the infornation usecr

to cìesign the rnodel ancl, second, by the accuracy of the input
data" The oVerall erroï in the l!\RE soil ternperatuï-e neasure-
rnents usecl here is conservativel,v estimatecl to be 0. soc.
Therefore this is the limit of accuracl- of the present mocle1.

As noted earl ier, it is ciear f roni Figure 4 that tJre
Alf and Pll method of neasuring soil tenperatures is subject
to considerable uncertainty. Theref ore it is recornmendecl

here that an attempt should be macle to neasure the ðairy
nininun and the dairy maximun soil tenperatures in place of
the fixed tiine AI,i anct pl,f measurenents.

on soil thernnal properties (Figure 1S)
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DEPTIJ (cm)

YEAR

AVERAGE Af\¡i{UAL SOIL TEI'IPTRATURE (OC)

AT FIVE LEVELS AT I^Ii{RE
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17. I'lormalized spectrum estimates of dailye (SUNS) and dai 1y maximum ai r temperature
for January by ensemble averaging over five

1969-.l973) at l,Ii'lRE (see Appendix l).
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Spectrtrm analysis was done by IIISL (I977) subroutine

FTFREO on a CDC óó00 cornputer. Given a time series such as

air tenperature or sunshine the DTogram calcnlates the auto-

covariance and the pol{er spectrum of the series (Dixon 1965,

Jenkins ancl. 'lrratts 1968).

The porver spectrum of the dai1,"" naximun air temperature

and daily hours of bright sunslrine for five January months

(1969-1973) r,,Tas obtainecl. for each variate rvith FTFREQ"

These five por{er spectïa rvere then ensemble-avera.gecl to

produce the final spectrum estimate (Figure 17) "

h'hite noise filtering rvas not appliecl since the lvhole

freqlrency region is of jnterest ancl since ensemble-averaging

has somelvhat the same effect. Since the annual temperature

hrave has a maximurn in rvinter rvith a rather flat peak in

January no cletrending is required.

The lorvest freauency that can be resolr'ed is usually

assumed to have a period about 1/ 5 of the sanple length (I.{unn

1965), rvhich is onecycle in about six days in this case. The

upper linit of resolution, the Nyquist frequency, is one cycle

in trvo days.

APPENDIX 1

B3

l{ithin thís range there is one peak in the.{vlAX spectrum

and lrhat appear to be trvo peaks in the SUNS spectrun. The

AI4AX peak of 2 to 2 "5 days exceeds the 5% conficlence limit



for a 1 point peak and is just equal to the r% confidence

linit for a 1 point peak, using the chi squaïe and clegrees

of freedon criterion of Panofsky and Brier (196g). The

variance accountecl for by this peak is obviously smal1.

rn the suNS spectrtrm the peaks at 4 days and z.s days

are just significant at the 5z 1eve1 for one point peaks.

since these peaks are also trr'o point or rvider they like1y
are significant at the S% leve1.

significance tests for meteorological data are ahvays

open to question because successive <1ata points may not be

independent. Ilorvever since the final estimates are the

average of five inclepenclent data sets one can hardly reject
the reality of these period-icities conpletely (},'tisra 1971,

Ti11ey and lv{cBean 1973, Reimer et a1 Ig74).

Further rvork should be done to verify these find,ings

ancl also to broaclen the limits of ïesolution at both end,s

of the spectrum to attenpt to identifl. a one d^y cycle, if
one exis ts in lvinter, and- to inves t igate lorr' f requencies as

we11.
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