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ABSTRACT 

Sqil temperature measurements were made u~der different plant covers 

to the base of the rooting zone of the raised beaches of the Fudson Bay coastal 

tundra region to determine the relationship between plant cover and the soil 

thermal regime. Two methods of description were used for quantitative co~parison 

of temperature; 1) linear regression of daily avera~es and Fourier amplitudes 

over the field season to determine near-surface differences in energy entering 

the soil under different plant covers and 2) a soil temperature model was 

constructed to separate physical influences over soil t~perature from that of 

the plant cover. It was found that plant density had some control over the 

amount of energy transferred to the soil, caus~ng a maximum difference of 70 C 

a 
in the upper layers between differ~nt plant covers. From the modelling process 

it was found that rhe hYmus layer had essentially no e£fect in the transfer 
r-~ 

of energy, throughout the rooting zone during the summer months and it was 

postulated that the observed difference in soil temperature between ~ites of 
. 

different plant cover was due to a differential rate of spring thaw caused 

by the different thickness of ,humus between sites. 

\ 
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Section I 

INTRODUCTION 

Soil temperature, both near the soil surface and thr~ughout the 

rooting depth zone, is an imp6rtant factor in the growth of the low prostrate 

plants which occupy the coastal t'undra zone of the Hudson Bay Lowlands. 

f1 ·Metabolism of the aerial shoots and leaves is strongly influenced by the near 

~urface temperature while throughout the rootin~ ~epth zone, temperature, 

coupled with soil moisture flow, controls the rate of ro~t ,metabolism and nutrient 

uptake. 

'In studies of the interaction of soil temperature and plant cover~ 

the major concern has been the effect of temperature on the g~wth of a 

,sin&le plant species, usually of agricultural application; however~ to ,some 

extent plants can, influence the amount of energy reaching the soil surface 

and the resultant temperature fluctuation tht'oughout the soil profile, so that,~ 

'in effect, the plant has some control over ~ts physical environment. 

Restrict~on to a single plant, species is clearly not practical in 

the study'of a natural system where many species usually compose the,plant . 
~ 

cover. By segregating species into naturally occurring plant associations 

~t is pos'si,ble to estimate their influence over soil temoerature' and it ,is 
, . ) 

this empirical description which is the .<?bjective of my thesis. < The objective . , 

is dependent on a relatively homogeneous, soil -so that phy~ica'l and plant con-

trolled changeEJ in sO.ll ten1perature can b~ eas.ily separated,. ~ situation which 

-will be demonstrated for the Pen I8l~nd Site. 

, 
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(1.2) The Research Area . 
. 

. The research are~ for the st~dy was located on a fan-shaped series 

of beach ridges opposite East Pen Island in northwestern Ontario (560 46'N. 880 

46'W) along the southwestern coast of Hudson Bay. The beach ridge series is 

one of many which occur al~ng the coast from Churchill to Cape Henrietta 

Haria '-and for approximately 250 lan inland. The area is still undergoing . '\ __ 

isosta~ic uplift from the Wisconsin Ice Age and is at present rising at 

approximately .9 m/century (Weber et aI, 1970) which implies that distance 
I 

from the coast 1s also a relative measur,e of chronological age. The coastal 

tundra zone is composed of the beach ridge series interspersed with muskeg, 

paIsa mounds ,and other permafrost 'features and extends from the coast to the 

treeline which occurs appro~imately 8 lan inland. The ~idges are composed of 

sand with a variable g~'ave+ compo~ent, overlain by a'~ organic layer, and rise 

from 1 to several meters above the general lay' of the la~d which slopes to 

the bay. Ridge crests are lichen dominated (Kershaw, 1973) grading into 

grass and sedge covered s~ales (Kershaw, 1974). The entire area is underlain 

by c9l\tinuous permafrost (Brown, "1966) which occurs at various depths in the 

soil 4epenalng on soil therinal properties as well as the summer .~ther 

conditions. By the selection of beach ridges which are progressively more 

distant fr~ the coast, no~ only can a good contrast in vegetation ~ype be 

provided but i~ is also possible to determine the influence of fae'tors,. 
, I 

such as humus accumUlation, on the physical environment of the plant and the 
-

consequent ~hange of environment from the coast to near the treeline. 

With this in mind, three beach ridges at varying distances from the 
" . ' 

coast were selected for intensive study (Fig~ 1). The front site (1), 1.5 
. , 

Ian fx::om'the coast, had a c01'Dplete absence o,f tree cover while the middle site (2) 

1 
I 

, 

t 
I 
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- East Pen Island 

~1gure 1. Site Location Map 
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3 ~ from the co~st, and the back site (3), 4.5 km fro~ the coast, had a 

sparse cover of Picea mariana: In all cases the flat open ridge crest was 

selected to eliminate radiation differences due to slope, aspect, or shielding' 

by trees. Two plant associations were evident for each site giving a total of 

six associations for comparison. 

(1.3) Statement of the Problem 

To attaIn the objective of the study, it is necessary to separate 

4 

changes in the physical factors influencing the soil temperature from the changes 

in the vegetation. In the next sectipn, those physical differences of importance, 

such as humus depth and soil moisture, along with the vegetation d~fferences 

.between s~tes will be presented. Subsequently, in the Theory section (Section 

III) the relati~nship of these factors to soil temperature will 'be divided 

into t~ parts; those influencing the above surface transfer of energy to 

the soil surface and those involved in t~e relationship of that energy to 

soil temperature. 

By assuming those re~ionshiPs developed in the Theory section, 

it is possiole to estimate the plant influence over soil temperature. 

Analysis of the near surface temperatures (Section IV), where all physical 

factors can be assumed constant and where the largest difference in soil 

temperature due to plant factors may be expected to occur, will be composed 

of tbree parts; 1) a g+aphical presentation of daily averages 'to illustrate 

seasonal differences between associations and profile graphs to illustrate 

temperature differences i~ the 10wer levels ?f the rooting depth zone, 2) a 

linear regression analysis of daily averages to quantize difference~ under 

changing incoming energy conditions and 3) a linear regression of Fourier 

amplitudes, which aCt as a measure of diurnal temperature fluctuation, to 

I 
I 
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determine daily differences over the field season. 

In the lower levels of the rooting zone, there is an obvious difference 

on a physical basis between sites. By the assumption of conduction as the 

relationship between energy flow and soil temperature and by testin~ the 

assumption by the predicti~n of soil temperature (Section V) it Is possible 

to separate those physical factors influencing the soil temperature from 

those originating in the plant layer. Conclusions from the soil temperature 

model (Section V) coupled with those of the descriptive analysis (Section IV) 

provide the essential c~mponents of the relationship of plant association 

to soil physical environment at the Pen Island Site (Section VI). 

/ 

'. 
i, . 
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Section II 
) 

I . 
j 

A SITE DESCR·IPTION 

Separation of plant and physica-l influence over soil temperatu~ 

is based on an exact determination of di~erences in physical factors 

bet~.,een sites since humus depth, soil moisture and sand grain size can have 

appreciable effects on the distribution of heat in the rootin~ depth zone 

regardless of the plant cover. Differences in those factors which are 

important in the Pen Island area will be described in this section and their 

relationship to soil temperature will be established in the next (Section III). 
-, 

6 

Each of the three sites (Fig. 1) was chosen to include two contrasting 

plant associations which were assessed sub1ectively (Table 1). Recorders 

for the monitoring of soil temperature li'ere placed two to a site (refered in 

the tables as recorders a & b) with four profile rods per recorder for the 
. 

mea~urement of soil temperature throughout the rooting zone. Four rods were 

used for each association on each ridge site except for the front ridge 

where there were only two. Methods for the measurement of soil temperature 

are contained in Section IV. 

(2.2) Methods 

1) Vegetation Sampling and Microtopography 

A ten foot quadrat was placed around each recorder to includ~ all 

four rods. The square was gridded i~ 100 sq. ft. quadrats and micro-
./'- .... 

topography measurements were averaged for each quadrat to give a mean relative . , 

height. Vegetation ~over was determined for each quadrat using a pin frame 

of 10 pins. 

\ 
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TABLE 1 

SITE AND VEGETATION DESCRIPT~ON I 

Site 

1 

2 

3 

Number 
Location. of Mnemonic** 

Recorders . 

'Front ridge 1 
1 kMfrom the coast 

Middle ridge A~ ~ 
3,05 kmf'rom the eo~~ 

Back ridge 2 
40 S km from the coast 

A 
D 

D 
R 

R 
C 

* Assoc1ations'~re determined by dominant species only 

Associations* 

Arctostaphylos rubra 
Dryas integrifolia - Alectoria ochroleuca 

Dryas integrifolia - Alectoria ochroleuca 
Rhododendron lapponicum - Alectoria nitidula 

Rhododendron lapponicwn - Alectoria ochroleuca 
Clad ina alpestris 

** The mnemonic is used for q~ck reference to association in the Tables and in the text • 

• 

.... -~ M':" .,. ___ "... ... _... ~ ..... _"._ 
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For inter-ridge comparison, the cover data was averaged for each 

recorder and standardized to a total cover of 100% (Table 2). Any specles 

with less than 5% standardized cover was regarded as having little influence 

over the energy regime and not included in the table. 

2) Albedo, Humus depth, and Permaf~ost 

Albedo, or the reflectivity of the surface, was measured once per 

site, for an all day period, on nearly consecutive days with no cloud cover. 

}{easurements were made of incoming and outgoing shortwave radiation (Sellers, 

1965) (.2-3.0~) using an Eppley 48 junction pyrradiometer for each hour from 

10 am to 5 pm Eastern Daylight Time (EDT). The albedo was calculated as 

the ratio of the outgoing to incoming global and averages Qf three readings . ., 
about the solaL noon (1.00 EDT) were made for each site, since,differences 

were greatest for this time pe~iod (Table 3). 

Humus depth was determined for each profile rod by an average of 

(f~ight measurements around the rod and are listed according to site and rod 
r' . 

~~'. (Table 4). 

Permafrost measurements were made at the be~inning and end of the 

summer using an iron bar (Table 3). 

3) Soil Moisture 

Soil moisture was measured by the neutr~p moderation technique 

(Long & French, 1967) using a Nuclear Chicago neutron probe. Access tubes, 

stoppered at the top and sealed at the bottom to prevent moisture seepage, 

were inserted in tight fitting holes augured to the 100 cm level or the 

permafrost, whichever was reached first. Measurements at the 20-100 cm levels 

in the soil were made in 10 cm increments using a dep~h probe while surface 
. 

moisture measurements were ~de at ten different locations in a 2a' radius and .. 

8 
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averaged. For the surface measurements the vegetation was carefully removed 

before each reading to ensure a close fit between the surface and the probe, 

and then replaced. 

Slow neutron counts were made using a Nuclear Chicago scalar with a 

recording interval of ~ minute. Readings were ~nverted to percent soil 

moisture by volume using a calibration factor determined from sandy soils 

at Simcoe, Ont. (Rouse snd Wilson, 1972). Measurements for each recorder 

were taken approximately every four days and graphed for each level and 

recorder ~.Figures 1a 
• I 

& b, for the field season . 

4) \ '" Par"t:i~le Size Analysis " '. , -,., 
Soil samples were gathered at various depths within the soil 

~. ,'t-

profile, ad~~cent to the neutron access tube of each rec~rder in 2 lb. 

sampling canS. Because of this relatively crude method of gathering undisturbed 

samples, volume fraction determinations of the soli4 material were made using 

Archimedes principle of water displacement and were restricted to the first 
a 

decimal place in accuracy. " 

A particle size determination was made at the following sieve 

sizes using Canadian standard sieves of 2.0 rom, .5 rom, .05 mm with sieving 

times of approximately 20 minutes. 

-(2.3) Results 

1) Vegetation and Microtooography 

Of the vascular plants, only DryaS integrifolia was present in 

high abundance throughout all three sites, with a decreasing cover from the 

front to th~ back ridge (Table 2). The only other abundant vascular species 

of the front site were Red~sarum macken~ii and Ar~tostaphylQs rubra. Both 

9 
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TABLE 2 

COMPARISON OF P~7 COVER BETWEEN SlTES* 

Site 1 Site 2- Site 3 -
Species a b a b a b 

(X) (X) (%) (%) (%) (%) 

Vascular 
Arctostaphylos rubra 11.1 7.7 
D~yas integrifo11a 20.5 38.1 18.5 11. 7 7 .. 2 8.5 
Hedysarum mackenzii 15.~ .3 3.2 .1 
Vaccinium u1iginosum 2.7 5.8 8.0 6.9 
Rhododendron 1apponicum 5.6 3.3 6.2 1.5 
Empetrum hermaphroditum .4 5.4 8.3 

Total vascular 48.9 46.1 3n.3 21.0 26.8 25.3 

Lichens 
1 

Alectoria ochro1euca 3n.1 29.1 26.2 25.8 12.7 17 .8 
Cerraria islandica 8.7 2.8 .9 2.0 2.1 
Cetraria nivalis 4.0 5.3 11.7 6.3 12.8 9.9 
Alectoria nitidula 27.4 27.1 1.3 1.3 
eladina a1pestris 2.5 9.7 32.1 31.6 

I 
Total Lichens 42.S . 37.2 67.8 69.8 61.0 62.8 1 _ . 
Total of significant 
species 89.7 83.2 98.1 90.8 87.7 88.0 
Vascular/Lichen ratio 1.1 1.2 .3 .3 .3 .3 

*Standardized to 100X of total plant cover For each site. 



these species characterize the front site although H. mac~enzii occurs in 

small quantities at the middle ridge. 

Vascular species common to the middle and back sites but absent 

from the front ridge are; Rhododendron lapponicum and Vaccinium vitis-idaea, 

neither of which show any marked preference for either ridge. Empetrum 

hermaphroditum, although fo~nd in the middle site is abundant only on the 

back site. 

For both middle and back sites the ratio of vascular plant cover 

to lichen is small with a cover ratio of .3. This compares with a ratio of 

1.2 for the front ridge\site and effectivery summarizes the major vegetation 

distinction between the front and back two ridges. 

Of the lichen cover, Alectoria ochro1euca is the most constant of 
• 

the lichen species with a high percentage of the total plant cover, decreasing 

in importance only ~t the back site. Cetraria nivalis sho~s the reverse trend 

increasing in percentage cover towards the back ridge. 

The major distinctton between the front and middle ridges is the 

presence of Alectoria nitidula. Altnough,absent on the front ridge, it 

comprises over 25% of the total cover of the middle ridge but again decreases 

to low cover in the back site. 
. 

Clad ina a1pestris, present in the middle ridge with a relatively 

low cover in comparison with Alectoria ochroleuca and Alectoria nitidula is 

the dominant plant species of the back site with a cover average of over 30% 

and ·characterizes this particular ridge crest. 

In summary, the front rIdge is characterized by a high vascular 

plant t~ lichen ratio as well as th presence of A. rubra. The middle ridge is 

characterized by a high cover of A. nitidula and the back ridge by a htgh 

cover of c. alpestrts. 
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The maximum microtopographic variation occurred on the front ridge 

while the back two sites were roughly comparable. There was no significant 

correlation between microtopography and species distribution at any site, 

effectively removing this variable from further consideration. Slope differences 

from the front to the back of each site were also negligible. 

2) Albedo. Humus Depth, and Permafrost 

Albedo determinations, averaged over the h~ghest insolation period. 

showed a similarity between middle and back ridges of .14 and .15 for the 

middle and back ridges respectively. The front ridge had a slightly higher 

albedo of .18 for rhls time period. 

The largest difference of humus deoth occurred between the front and 

the back two' sites with a difference of as much as 3.5 cm. The middle site 

had 8 slightly greater humus depth than the back ridge which was unexpected 

from the relative distance of the middle and back ridges from the coastline. 

The duff ~omponent varies a maximum of 1 cm for all sites. 

There was a difference in the permafrost level at all three sites. 

At the beginning of the summer the permafrost was closest to the soil surface 

. at the, baC~ridge. The middle site was 16 em below the back site and the 

front site, 92 cm below the back site. The rate of decrease over the summer 

was approximately the same for the middle and back sites and could not be 
. 

estimated for the front site. 

3) Soil Moisture 

The back and middle ridges showed a similar surface water content 

of 13 percent by volume while the front site was slightly drier at 9%. (Fig. la). 
, 

~1 sites had a similar moisture profile from the 20 to 70 em levels/although 

12 



TABLE. 3 

termafrost Depths, Albedo, and Microtopography 

Site 
Permafrort (em below surfac~~ 

Start Finish 

la 
Ib 
28 
2b 
3a 
3b 

~160 

84 

68 

1 Start of the field season 
2 Finish of the field season 

below 200 

162 

147 

TABLE 4 

Albedo 

.18 

.14 

.IS 

Slope (m/m) 

.()! 

.01 

.03 

.02 
"'.01 
.01 

A CO}WARISON OF THE THICKNESS OF HUMUS AND DUFF LAYERS BETWEEN SITES 
(em) 

Humus 
Ouff 

Humus 
Duff 

Humus 
-~ - -Duff 

Humus 
Duff 

'Humus 
Duff 

D1 
.5 

1.1 

01 
3.9 
2.6 

01 
4.8 
2.0 ------

Cl 
2.1 
1.0 

Cl 
3.4 
1.1 

\ 

Site 1 

A2 
.5 
.9 

Site 2a 

D2 
3.3 
1.0 

Site 2b 

02 
3.8 
2.5 

Site 38 

C2 
2.4 
1.1 

Site 3b 

D1 
1.4 '---
1.2 

R1 
3.6 
1:8 

R1 
4.8 
2.1 

.~--

Rl 
2.7 
1.9 

Rl 
4.0 
1.4 

02 
1.1 

.4 

R2 
4.5 
2.1 

R,2 
1.6 
1.9 

R2 
5.1 
1.8 

~.' 
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the front ridge was always 1% drier. 

At 80- 100 cm, (Fig. 2b) soil moisture contents diverged according 
\ 

to site. The front 9ite clearly is much drier than the other two sites 

with soil moisture of 6% at the 100 em level and an almost linear soil 

moisture profile from the surface down to the 100 cm level throughout the 

study period. Soil moisture at site 2 averages 9% at the 100 em level, 2% 

.higher then measurements up to the 70 cm level and the back site show a 

large increase in soil moisture of 10-13% at the 100 em level. 

This difference in soil moisture at the lower levels in the soil 

profile is not due to a changing moisture characteristic since these have 

been shown to be constant over the research area for all levels including 

that of the 100 cm level (Rouse and'Kershaw, 1973). Rather, the difference is 

due to the different. permafrost levels at each site. In the baCK ridge the 

permafrost is 20 cm closer to the surfae~ than the middle site and at least 

80 em closer than the front site. Permafrost is i~penetrable to water and 

acts as the base of the water table, thus raising the table of the back site 

compared wit~ that of the middle or front and accounts for the diff~rent soil 

moisture at measured levels. 

This ~1fference occurs ~elow the bottom level of temperature 

measurement and since moisture near the surface is correlat~d with the depth 

of the organic layer (Rouse and Kershaw, 1973), there is litt1e moisture 

variation bet~een sites except ~ith humus depth, during the field season. 

4) Particle Size Analysis 

A soil particle size analysis showed a slight variation in the gravel 
-

c~poQent (? 2.0 ~l of the mineral soil material.oetween'sites and between 
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. 
different levels of the same site. The quantities of coarse and medium 

sands were approximately equal in both the surf~ce and subsurface layers of 

the two back ridges while the front site had an increased proportion of medium 

sand at all levels. The amount of "fine sand at all sites was negligible. 
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Site 

1a 
la 
Ib 
1a 

2a 
2a 
2b 
2b 

3a 
3b 
3b 

i 
" 

Level 
(em) 

$ 

40 
40 
60 

$ 

40 
40 
80 

'$ 

40 
80 

Sand Fraction 

Bulk Density ~ 1.90 

Volume fraction = .7 

TARI.F. 5 

SOIL PARTICLE SIZE ANALYSIS 

Gravel Coarse Sand 
(> 2.0 nun) (2.0-.5 mm) 

.08 .13 

.26 .15 

.52 .16 

.17 .20 

.24 .38 

.61 .20 

.47 .27 

.13 .30 

.45 .26 

.32 .33 

.57 .16 

!-ted ium Sand 
(.5-.05 mm) 

.79 

.59 

.28 

.60 

.37 

.19 

.26 

.58 

.28 

.35 

.28 

Fine Sand 
« .05) 

.003 

.009 

.002 

.03 

.009 

.002 

.002 

.001 

.005 

.003 

.001 
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(2.4) Summary 

Vege~ation differences are clear cut between sites. The front 

ridge is characterized by its low lichen to vascular plant ratio as well as 

the occurrence of Arctostaphylos rubra. The back two ridges differ in the 

high level of abundance. of Alectoria nitidula on the middle ridge and 

Cladina alpestris on the back ridge. 

There is also a clear cut difference between the front and back 

two ridges on the basis of humus, permafrost depth, albedo and soil moisture~ 

however, the only distinctions between the middle and back ridges are on 

the basis of permafrost depth and soil moisture. 

I 
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Section rII 

THEORY 

The relationship between those factors, which were measured in the 

last section, and soil temperature can be divided into two parts; 1) Above 

surface factors which affect the transmission of energy to the soil and 2) 

those factors which affect the distribution of that energy in the soil profile. 

ny establishing these two components it is possible to separate the ~nfluen~e 

of plant cover over soil temperature from physical differences between sit~s. 

(3.2) Energy Transfer to the Soil Surface 
t 

1) The Radiation Balance 
I 

i 
The source of ~nergy for all natural processes is the sun, and any 

site to site comparison of plant cover must take into account differences in 

the radiation flux due to plant-independent factors. The radiant energy 

\0 • 
flow at the soil surface can be spli~ into the followin~ components (Sellers, 

1965). 
Cle, I 

Ru - (Q + q) (1-«) + I~ - It (1) 

where 
Ru - the net radiation flux 

Q - the direct solar radiation (~3-3.~) incident on the earth surface 

q - the diffuse solar radiation 

ex - the albedo 

1+ - th~ incoming longwave radiation (3.0-l00.u ) 

It - the outgoing longwave radiation 



-
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i) The Short hI'ave Flux 

--Differences ,in the incoming short wave flux, 0 + q, between _sites are 

dependent only on cloud cover for the coastal tundra zone. In the study 

area, cloud differences between sites average out during the diurnal cycle but 

on a shorter time interval may cause some differences in the energy transmitted 

to the soil therefore for the purposes of this study it is necessary to make 

an inter-site comparison with ,daily representative data. 

ii) Albedo 

Albedo can be defined as the ref1ectivit~ of the earth surface to 

shortwave radiation and is a function of the angle of inc~dence of the radiation 

and the reflective characteristics of the surface. Since reflective character-

istics are largely a function of plant cover, in this instance only the an~le 

of incidence need be kept constant between sites and this is achieved by 

restricting the site to the flat ridge crest. 

iii) The Long Wave Flux 

The net long wave flux (1+ - It) is composed of an incoming and 

outgoing component. On a diurnal basis the incoming component is relatively 
.. 

invariant in a ~ite to site comparison but the outgoing component. because of 

the dependence of the long wave flux on the Stepban-Bo"ltzmann1aw (Sellers, 1965), 

-is determined by the surface temperature and may vary from site to site. This 

differenc'e in surface temperatur~ is ultimately a result of the amount of 

energy transmitted to the soil sur£ace and the thermal characteristics of the 

underlying soil, and, as such, is included within the objectives of the study. 
1/ 

By calculation of the maximum differenc~ in the outgoing longwave 

flux between sites it was determined that these differences were only a small 

portion of the net radiation flux over a day which, in effect, implies that 
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the critical factor influencing the net radiation flux at each site is th~ 

reflective characteristics of the plant surface. 

2} The Energv Balance 

The partitioning of the net radiation at the earth surface is governed 

by the general energy balance equation (Sellers, 1965) in tvhich 

2 
(2) ~ ~ H + LE + G (cal/cm hr) 

0 

where 

~ = the net radiation flux 

H = the sensible heat flux 

LE a the latent h~t flux 

Go = the ground heat flux 

An expression of the changes in Go' the amount of energy entering the soil 

under different plant covers, is one Qf the objectives of this study and will be 

discussed in the next subsection (3). 

The fluxes of the equation have been studied in the Pen Island research 

area (Rouse and Stewart, 1973) and. by a modification of the Slatyer-McIlroy 

equilibrium model (Slatyer and MCIlroy, 1961) the latent heat flow has been 

predicted by a combination of net radiation. ground heat flux and screen 

height temperature measurements. The prediction accounted for 91% of the 

measured latent heat flu~ and implies that water availability at the surface 
. 

is not an important consideration in the study area, as is usually the case. 

By applying the model on geographically separate areas as well as the 

same area for two summers, it was shown to accurately predict the latent 

heat flux for all xidge crest sites. Since screen height temperatures do not. 
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deviate significantly over the study area, changes in the latent heat 

flux in a site to site co~parison will be a function of net radiation and 

ground heat flux only. For a study of differences in ground heat flux. 

this implies that the major concern is differences in the net radiation term 

which. as long as aspect and slope are controlled, reduces to dijferences 

in the reflective characteristics of the surface for the field season. 

By restricting the discussion to the field season. differences in 

albedo due to changes in the reflective surface by an agen~ other than plant 

cover, ego snow cover, have been ignored. If one site is covered by snow 

for a longer period during the spring melt than another. this could make a 

difference in the temperatures of the rooting zone even though soil thermal 

characteristics and the energy transferred to the soil surface were the same 

throughout the field season. This factor can only be qualitatively treated 

in the thesis since it could not be measured or controlled. 

(3,3) Energy Flow in Soils and Soil Temperature 

1) Mechanisms of Heat Transfer 

Flow of energy in soils is predominantly by the mechanism of heat 

conduction and forms the relationship between soil temperature and the ground 

heat flux; however, other ~odes of energy transfer such as radiation, 

convection and chemical neat tra~sfer also occur and can become critical 

considerations in many soils. 

Radiation transfer is unimportant in all soils since it occurs only in 

the first few millimeters. Convectional heat transfer by the movement of 

water through the soil after rainstorms or under strong thermal gradients 

can be important because of the high heat capacity of water; however, 

fedistribution of water under thermal gradients is negligible in coarse sandy 

'_. ~ r _ • 
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soils (deVries, 1966). such as those which occur at Pen Island, and convection 

heat transfer after rainfall occurs only for a short period of time in the 

rootin~ zone because of the high hydraulic conductivitv of the beach ridges 

(Rouse and Kershaw, 1973). 

Chemical heat transfer in soil occurs through the phase changes of 

water. The transfer of energy due to thawing and freezing is an important 

consideration in a continuous permafrost region such as the coastal tundra 

~ zone (Brown, 1966); however, since the permafrost lay below the rooting depth 
'{,-o, . , 

zone during the field season, its influence on the measurements of this study 

was small. 

Heat transfer due to the evaporation and condensation of water 

vapour is reported to be of small concern in coarse textured soils such as 

occur at Pen Island, especially when they are below field capacity (deVries t 

1966). Recent evidence in finer soils (Rose, 1968, Jackson et aI, 1973 

Wieranga et a1. 1969 and Westcott and Wieranga, 1974) have indicated that 

vapour transfer out of the soil system may be an important consideration 

during peak temperature periods, ie. at noon. In soils corresponding to those 

at Pen Island (Nakano and Brown, 1972) some emphasis was placed on the importance 

of vapour transfer out of the organic layer so that vapour transfer may be of 

importance during the middle of the day in the field area. For the most part 

however, conduction may be considered as the mechanism of heat transfer in the 

Pen Island soils. 

2) The Theory of Heat Conduction 

At ~he soil surface, the heat flux through an ~nfinitesima1 

depth dz. is given by 

G .. o 
-2 -1\ (caJ cm hr I (3) 
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where 
1.0 : the ground heat flux 

~ = the thermal conductivitv (cal cm-l hr-loc-
1

) - ~ 

2T the temperature incrementL 

~z = depth increment 

and assumes that vertical transfer into the soil is the only direction of 

heat flow. 

This can be generalized for any level in the soil regime such that: 

(4 ) 

where 
G - the soil heat flux 

If there is a change in the heat flux over a depth increment, dz then 

the change is equal to the amount of heat stored in the increment assuming 

heat transfer by conduction. This is ~iveR by: 

where 

e ~T 
c?t = 

.;> 

o"z Ccal ~hr-l} 

e m the heat capacity (cal cm-30e-l) 

The left hand side of the equation represents the amount of heat 

stored in the depth increment in a specified time increment, dt. and the 

ri~ht hand side is the change in the heat flux through the depth increme~t, 

(5) 

dz. Small fluctuations in the heat capacity, e, and the thermal conductivity, 

A, can be used to include small changes in heat transfer due to other transfer 

mechanisms. 

If it can be further assumed that the thermal conductivity does not 

chan~e over the depth increment, Equation 5 can be re~rritten as: 

) 
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, 

where 
a "" \/e ,.. the thermal diffusivitv 

Equations 5 and 6 form the Fourier equations for h~at conduction 

in one dimension. 

The usefulness of Equation 3 to 6 is dependent on the accuracy to 

which each of the thermal properties of therma 1 conduc t ivity, thermal 
t;)J4.:.,,, -

dlffuslvity. and heat capacity can be defined within the soil, so that a 

separate discussion of each is necessary. 

i) The Heat Capacity 

The amount of heat stored in a solI column is determined bv the 

relative proportions of its soil, water, and air components. Because air has 

a small hpat storage capacity (.0003 cal/cm3 ) compared to that 6f soil and . 
water, it. can be neglected. 

The heat capacity of the constituents which make UP the soil material 

is the product of their specific heat and density. This is relatively invariant 

for both mineral and organic soil material ~Kersten. 1949, deVries, 1966) 

and does not vary appreciably with temperature (Kersten, 1949), so that the 

following equation describes the ~pacity of any soil. 

\ 
\.. 

where 
~ = the mineral volume fraction 

Xo ~ the organic vo1ure fraction 

'---- --
~ = the water volume fraction 

From this equation, increases in the volume fraction of water can 

significantly increase the heat capacity and emphasizes the importance of soil 

water measurement in this study. 

(7) 
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Ii) The Thermal Conductivity 
Q 

Thermal conductivity cannot be accurately predicted by theoretical 

means so that a mor~ empirical approach must be used. Te~oerature and 

density changes have only small effects (Kersten, 194q) the most significant 

factors being changes in soil moisture and soil constituents . 

. The effects of soil moisture changes are greatest in sands and silts 

• 
when these are very dryas is the case at Pen Island. Chqnges as small as 5 

volume percent in water content can double the value of the conductivity 

(Table 6) while sLmilar changes. in water content of organic soils such as peat, 

(Table 7) have only small effects (Kersten, .1949). 

From these two examn1es it should be noted that there is a considerable 

difference in the conductivity of sand and peat. 

of the . 
I 

is roughly comparable to humus, this establishes the import~ce 

layer in the distribution of heat et\ergy to the lower Ye1s,' 

Experimental determination of the thermal conductivity in the field 

(4anse and Borel, 1965) and in the laboratory (Kersten, 1949) must be made 

over relatively large depth increments in the soil so that small fluctuations 

are ignored. A more usual approach is made by the solution of Equation 5 for 

X, using soil temperature values for selected periods of time (Carson, 1963). 

This is termed the apparent thermal conductivity. 

iii) The Thermal Diffusivlty 

From Equation 6, the thermal diffusivity is the ~atio of the thermal 

conductivity to the heat capacity. It defines the rate at which heat is 

passed through the soil column relative to th~ amount that is stored. 

The change of thermal dlffusivity with changing moist~re content is 

much less than the corresponding change in thermal conductivity since both 

conductivity and heat capacity have a similar response to soil moisture. This 

• 
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Percentage Volume of 
Hater 

3 

5 

12 

20 

Percen~age Volume of 
Fater 

3 

14 

25 

38 

* from Kersten. 1949. 

, . 

TABLE h 

THERMAL CONDlTCT IV ITY'" 
FAIRRANK~ SAND 

'fABLE 7 

THERHAL CONDUCTIVITY* 
FAIRBANKS PEAT 

.. ~ "':. -- ~~ -"-' "" ~~ .. ~"".-'~ ~ ----
'. "... .... 

Thermal 
conduc t i vity 

(cal cM-2hr-1 ) 

10.3 

15.4 

18.9 

21.<) 

The,rmal 
conduqtiv1tv 

(cal crn:r-2hr-1 ) 

.54 

.79 

1.19 

2.16 
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makes the application of Equation 6 to the solution of the, soil thermal 

proper~ies easier than Equation 5 unless the relationship hett~een conductivity 

I 
and the soil moisture fluctuation is known. 
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(3.4) Summary . 

Prom the discussion of the energy transfer to the soi1" surface, it 

was established from the standpoint of the net radiation flux (Equation 1) 

and balance (Equation 2), that the critical consideration Was the 

change in the 1bedo due to differences in the reflective characteristics of 

the vegetation Control of physical factors above the soil surface was 
~ 

achieved by locating on the flat ridge crests. 

Within the soil it was assumed that heat conductio~ was the 

dominant mode of heat ~ransfer although the relative influence of rainfall 

and vapour transfer could not be specified. By aop1ication,of conduction 
/ 

theory to the prediction of soil temperature the relative importance of these 

modes of energy transfer can be ascertained. 

Fro~ the discussion of the thermal conductivity it.was shown to 
\ 

be sensitive to changes in the sand to peat compon~nts and to the fluctuations 

of soil moisture. This sensitivity can be reduced by using the thermal 

diffusivity in the modelling process. 

i • 
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Section IV 

THE NEAR- SURFACE TEMPERATURE FLUCTUATION 
UNDER DIFFERENT VEGETATION COVERS 

In any comparison of soil temperature under 'different plant 

covers, the largest differences should occur near the soil surface before the 

energy received at the surface is dissipated throughout the soil profile. 

For the three intensive study sites, near surface measurements were, for the 

mo§t part, contained in the humus layer, so that it is reasonable to assume 

that thermal properties are the same for all sites in the upper levels. 

This implies that the differences in energy received at the soil surface and 

near-surface temperature are a function of the reflective characteristics 

" of the plant cover alone. 

,- The section will he divided into three parts: 1) field methods 

of soil temperature measurement,~ 2) a graphical description of the seasonal 

temperature fluctua~ion and 3) the application of linear regression for a 

quantitative description of soil temperature fluctuation for the season. 

(4.2) Methods of Soil Temperature Measurement 

The nature of the terrain and the problems in travelling over it 

to sites several mile~ distant required that the 'equipment used for soil 

, temperature measurement be automatic, able to withstand backpacking and, 

once in the field, be able to op~rate for long periods of time without 

servicing. For this purpose recorders made by Grant Co., Toft, Cambridge 

were used to record temperature fluctuations using thermistors manufactured . . 
specifically for these recorders by the same company. ' 

.. ~~~::~ .. ,~ ~ • .-..,- ........ ; .. ~ ~~.: .,-,:.--:--,:-.~~, -~-"-'~ : ..... ~-,'!. 
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Thermistors are ceramic semi conductors with a negative temperature 

coefficient proportional to square of the change in temperature and do not 

. change their calibration characteristics appreciably over a year (Tanner) 

1963). The thermistors used in this study were calibrated at the beginning 

and end of the field season and showed no change. Their response to a 

IOoC temperature change was 5 sec or 20 C/sec ,~hich is quite adequate for 

the conservative temperature changes found in soils. 

The recorders, r.rant model no. LT-4. required a small 5.4 V 

battery as an energy source and had an automatic time scanner for continuous 

~, ~. and I hour time intervals. This, combined with their light weight 

makes them ideal for field studies over large areas although they are 

somewhat sensitive to rough handling. 

Current changes due to th~ temperature dependent resistance of 

the thermistors were measured by a light weight galvanometer. A stepping • - ~ switch insiae the recorder allowed a scan of a maximum of 28 signals in 

3-minutes. Calibration of the galvanometer to maximum and minimum current 

from the battery was made by two variable resistors. Because of the 

temperature dependence of the battery current, which c~uld not be controlled 

in the field, small errors in the recorded signal occurred throughout the 

measurement period. 
I 

The s~cond order temperature response of the thermistor was 

linearized for three temperature ranges by resistors within the recorder. 

The temperature range from 0-20oC was used for this study. 

o Calibration at 4 temperatures; 0, 5, 10, and 15 C, were made using 

a Lauda K-2!R water bath and a calibrated platinum resistance thermometer. 

All probes consistently over or under predicted ,for all tem?eratures except 

that of one recorder where the temperature response near O. was a11near with 
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the rest of the calibration temperatures. Those recorders with a response 

of .30 e above or belot~ the platinum resistance thermometer were corrected 

in the data assembly. 

Because of the inaccuracies of this calibration procedure 

as well as the problem of calibrating the recorder in the field, accuracy 

can only be claimed to ± .30 e. 

Two recorders were used ,per site. with four rods of six sensors 

each attached per recorder. Rods were made of 3/4 inch dowling and sensors 

were taped to lie at the 2, 5, 10, 15, 30 and 50 em levels in the soil. 

Measurement took place on an hourly basis over a 51 day period starting 
> 

at June 26 and ending August 15. Synchronization of the recording times , 
between recorders could not be made since the timer device could not be set 

manually so that comparisons of associations were made for each recorder of 

the site. 

Several problems_ were found in the data collection procedure 

resulting in the loss of data from one fro~t ridge recorder for the entire 

field season and considerable portions of several others. 

(4.3) Graphical Description of Seasonal Soil Temperature Fluctuations 

1) Methods 

The hourly data wqs averaged over a 24 hour period starting at 1.00 

pm EDT for all days, rods and levels measured. Averages were calculated only 

if there were 6 or less missing values over a 24 hour period. 

Averages were plotted according to site and recorder (a or b) for 
I 
: & 

each rod for the 2 cm level using a Behnson-Lehner offline pl~~ter programmed 

by the CDC computer. Actual dates were converted into day numbers out of 

the total 51 day field season to facilitate computing. 
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For an initial approximation of the daily differences between 

associations on both an intra-site (between recorders) and inter-site 

level, profile graphs, includin~ the six measured levels, were drawn for 

the time periods of 6 pmt 12 am, 6 am, and 12 pm EDT. It should be noted 

that these times are only approximately the same between recorders. 

2) Results 

i) Daily Average Graphs 

Graphs of daily averages for the field season are given for the 

2 cm level in Fig. 3. The 2 cm level shows a great similarity in temperature 

between sites and recorders. The front ridge recorder shows a small 

difference between associations on warming days but for periods when the 

average temperature is decreasing there is no difference. The middle ridge 

recorders show almost no distinction between measurements on either warming 

or cooling days except at the beginning of the season with averages slightly 

less than the front ridge. The back ridge recorders show a large difference 

between measurements especially on warming days where differences are as 

o 
great as 3 C, however, there is no obvious grouping into associations. 

Cooling days show the same trend as the other two sites, ie., the difference 
~ 

between measurements is small. On observation of the entire :empera~ure 

curve for each site it is apparent that the front site is more sensitive 

to changes in the incoming energy than the other two sites. 

At the 50 cm level differences between measurements are small in 

all recorders so that the graphs were not included. Temperature variation 

o 
at this level has a maximum fluctuation over the summer months of 2 C. 

o The front site has the highest average temperature at this level at 5 C, the 

middle site averages 3°C and the back site, 2oC. 
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ii) Characteristic Profiles 

Graphs of Day 9. a day of bright sunshine followed by a cloudless 

night, are presented for all recorders as representative of the trends 

observed throughout the summer. 

The 12 pm Profile (Fig. 4a) 

In a comparison of the profile shape, the middle and back 

ridges have a much faster decrease in temperatur~ in the 2-10 em levels 

than the front site, illu~trating the insulatin~ properties of the deeper 

humus layer. From the 15-50 cm levels the middle and back ridge profiles 

are 30 e colder than the front ridge. 

On the front site, there is some distinction In temperature 

between associations which, although not observable at the 2 cm level, is 

as much as 1 - 1.Soe at the IS cm level. All other recorders show differences 

between profiles which cannot be attributed to association differences. 

The middle site profiles are all similar except for one profile 

of 2a under the Rhododendron lapponicum-Alectoria nitidula association with 

a 2 cm tempe~ature which is much higher than the rest but which is not 

different at any lower level. On the back site the highest and the lowest 

readings at the 2 cm level are under the _R~.~l~a~p~p_o_n~i_c_u_m~ __ ~A_.~o~c~h_r~o_l_e~u_c __ a 

o 
association with a temperature difference of 12.5 e on the 3b recorder 

demonstrating the large association-independent variation at these two sites. 

The 6 pm Profile (Fig. 4b) 

The middle and back ridge recorders show a much wider variation in 

2 cm temperatures than the front site although this is not the case at the 

5 cm level and below. Below the 15 cm le~el temperatures of the front 

ridge are consistently 3°C warmer than the middle or back ridge sites. 
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The relations1,ip hctveen the recordcr~ and asqociations is Much the 

same for this time oeriod as at 12 pm with one sli~ht diff~rence at the 

b~ck ridp,e where the ranp,e of temperature of rccoroer 3a at the 2 em level 

is siMila~~ihat of 3h. The two extreme temperatures of each recorder occur 

under the ~hododcndron lao2onicum-A1ectoria ochroleuca association with 

o 
differences as great as 11 C. 

The 12 am Profile (Fig. 4c) 
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In a comparison of the entire profile the front ridge is consistently 

warmer than the middle or back sites by as much as 30 e from the 15-20 cm 

levels and as little as .SoC at the S cm level. All associations show 

stmilar profiles for this time neriod illustrating the conformity of each 

association under low energy conditions. 

The 6 am Profile (Fig. 4d) 

The change in the surface temperatures from the 12 am profile 

demonstrates the change frOM negative to positive net radiation however the 

same ~imilarity between rods is found for this tiMe period as at 12 am. 

3) Conclusions 

There are three major trends which are evident in these results. 

1) From the avera~ed temperature plots for the field season (Fig. 3) the 

largest differences between measurement occur during days when the average 

temperature is increasing, especially at the back site, i~plying that any 

further analysis should break the data into warming and coolin~ days to detect 

the Maximum differences between associations. This is to be eXpected since 

the largest difference 1n G shOUld occur during davs of high positive net o 

radiation. 2) Under hIgh incoming energy conditions, the large differences 

detected at the 2 em level unper the Rhododendron lapponicum dominated , 
t· 
! • 



association cannot be eXDlained in'simole terms suc~ as ~n alhedo difference 

. 
since the largest differences occured between measurements of the same 

association. The consistency of this result as ,~ell as the variability in 
.......... 
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other associations must be determined before any hYP?thesis can be formulated. 

3) The consistency noted in the average ~raphs of the 50 crn level is also 

found in the profile ~raDhs occuring up to the 15 em level of the back and 

middle ridges. The front rid~e shows some separation of the profile according 

to assoeiation down to the 30 cm level, hOtV'ever the difference is 1°C or less. 

In conclusion the differences detected bv this graphical approach 

point to an intra-association different une~pected from the field design of 

the proiect and imolv that some unmeasured parameter, either physical or 

plant related, is influencin~ the absorotion of energy at the soil surface. 

(4.4) Linear ~egression of Near Surface Temperatures 

1) ~ethods 

i) Interpretation 

The regression analysis serves ~wo purposes in the description of 

the soil temoerature fluctuations in the upper levels of the soil, in this 

case taken as the 2 cm level: a) a simple description of the temperature 

difference between associations under different ener~v conditions and b) a 

method of determinin~ plant control over the ground hea~ flux. 

a) By a combination of the slope, intercept, and temperature range of the 
c 

regression it is possible to describe the difference between sites as an 

absolute temperature differ,ence under a changing ground heat flux. For example, 

if the regression coefficient is 1.2 with an intet'cept of 0.0 over a 100e range 

the,depende~t site of the regression'is 2°C warmer under maximum Rround heat 

flux than the independent site and is exactly the sa~e as the independent site 

when ground heat flux conditions are at their minimum. This interoretation 

'. , 

I 
J 
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(~ 
makes no distinction between physical and plant controlled differences in 

the soil temoerature so that no assumption of anv particular relationship 

of physical factor to soil temperat~re need be made. b) By assuming that 

the relationship between physical factors and' soil terroperature Is described 
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) ~ 
by the Fourier heat conduction equation (EQuation 6) it is possible to determine 

the extent of pl~nt control over the ground heat flux. Since the humus 

layer extends to the 2 cm level in all sites except for the front'~itet it 

is reasonable to assume as a first approximation that the thermal properties 

to the 2 cm level of each site and association are the same. From this 

assumption the only factor controllin~ the energy transmitted· to the 2 cm 
I 

level is the reflective characteristics of the plant surface during the field 

season. Assuming the above the follo~ing cases can be made for the 

interpretation of the re~ression. 

Case 1: If the reflective characteristics of the surface are the same.for 

the year then temperatures at the 2 cm level will be exactly the same in a 

comparison, and the slope of the regression will be I and the intercept ~Y'ill . 

be O. 

Case 2: If the reflective characteristies of the surface are the same • 

throughout the field season but are different throu~h some other portion of 

the year (differential snow melt ,for example) then there will be a constant 

difference between temperatures. The regression coefficient will be 1, but 

the intercept will be equal to'the temperature difference. In this casejit is 

unlikely tha~ the plant cover has any effect over the ground heat flux. 

Case 3: If the refle~tive characteristics are differe~t, the regression 

coefficient will deviate from 1, however, if the differ.enqe is constant 

throughout the fLeld season, the standard deviation of the rep,resslon will be 

small. If the difference changes throughout the season or over a day. tne 
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the standard deviation of the regression coefficient will increase. 

For all these cases an increase in the standard deviation of the 

regression coefficient implies some fluctua'tion in the reflective characteristics 

of the plant surface over the field season. 

ii) Average Temperature Regression 

Linear regression of daily averages (calculated in Graohical Methods) 

were made at the 2 cm level for the enti1:"e season'. From the graphical 
I 

description some difference was found in the temp~rature response between 
"--.. /" 

sites when temperatures were increasing so the data was split into days of 

increasing and decreasing temoerature and regressed again. Because of the 

large number of regressions that this entailed, results are given in Appendix 

A. Only the observed trends will be presented here. 

iii) Fourier Amplitude Regression 

From the linear regression of avera~ed temperatures it is possible 

to determine changes in the soil heat flux over the field season but not for 

the diurnal period. Comparison using actual hourly data cannot be made 

since differences from site to site are no longer solely a function of plant 

cover. To simplify the diurnal variation to a single variable, Fourier 

series were applied to the actual temperature data~ This is based on the 

observation that diurnal temperatu~e fluctuation is very similar to a sine 

function. By applying a series of sine and cosines to the actual temperature 

, data, of the form 
n .. 
E 

T(t) a TAV + k-l ak cos(kwt) + bk sin(kwt) 

where 
T(t) - temperature at time t 

(8) 

I 

I 

t 
I 

I 
,/ 
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TAy Q avera~~ diurnal temperature 

k = harmonic 

w angular frequency = 2rr/period 

~.bk = Fourier coefficients 

n z maximum number of harmonic to be fit 

succesive approximatio~s of the actual temperature can be made. The 

coefficients ak a~d bk can be accurately aporoximated for several harmonics 

(van Wijk, 1966) by: 

N 
2 t 
N ial 

bk is caluc1ated PV the substitution of sine for cosine in Equation 9. 

This can be converted into the more interpretive form: 

n 

T(t} = TAV + ~-l Ak sin (kwt,+~) 

Ak = the amplitude of the kth harmonic 

Qk - the phase angle of the kth harmonic 

by the substitution of 

~-

When the first harmonic of the series accurately approximates the 
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(9) 

(10) 

actual temperature wave, then the Fourier amplitude can be us~ to represent 

the qaily fluctuation perature at each level. To estimate the accuracy 

of the first harmonic completeness criterion was used of the form. 

n 
Percent Variation a ~iEl(~)2 

N all 
E 2 
j_l(Tj - Ta~) 

I . 

I 
~ 

t , 
l 

1 



The first harmonic of the Fourier series was calculated for all 

days and recorders. When 'it accounted for 80% or more of the variation t the 

value ~fas used in a linear regression of Fourier amplitudes bebleen different 

associations and sites. In this manner sea~onal trends in the diurnal variation 

cou~ be established according to the regression interpretation already 

given. fourier amplitudes were calculated and regressed for two levels; at 

the 2 cm level to determine differences under-each association and at the 5 

cm level to determine the transport of any differences into the lower soil 

layers. 

,'Differences detected by the daily average regressions are essentially 

independent of the Fourier amplitude differences so that it is possible to add 

the average and Fourier differences to produce a combined temperature 

difference bebNeen associations. 

2) Results 

" In each comparison results are quoted to one significant digit after 
. 

the decimal place. _ Comparison for all sites and recorders were made on an 

inter- and intra- association basis and are included in Appendi~ 'A. 

i) The 2 cm Level; Total Data 

The 1i'ront Site 

Regression coefficients varied ~rom 1 - 1.1 with a standard 

deviation of .0 f~ all comparisons of daily averages (Table 1, Appendix A). 

No inter-asspciation differences were detected and the intra-association 
, 

difference under the Arctostapnylos rubra association was as much as .90 C at 

low soil temperatures to _,loC at the highest soil temperature, clearly a 

negligible difference. 

A variation of .9 - 1.0 was oDserved in the ~egre8sion coefficients 

" , ....... , , 
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of the Fourier amplitude comparison with (Table 5, Appendix A) with a standard 

deviation of .0 for all comparisons. This implies a maximum difference 

of .soe in amplitude over a range of SoC which is also clearly negligible 

so that it may be concluded that the front site temperature differences are 

so small that it is not possible to distinguish the influence of plant cover 

over the soil temperature. Because there was some variation in the humus 

depth above the 2 cm level in this site, it 1s also concluded that small 

differences in humus depth of less than 1 em has no measurable effect on 

soil temperatures. 

The Middle Site: 

The intra-site variation between 2a and 2b recorders causes some 

problems in interpretation of this site. S'ite 2b shows a similar variatio,", 

in the regression coefficients of the daily averages to the front sitet(l 

1.1) with a standard deviation of the regression coefficient of O.c~pich 
-- . 

'~ :implies a negligible difference on both the inter-associat.ion and intra-

association comparisons; however, regression of the Fourier amplitudes 

(Table 5) points to some differences between the association dominated by 

Rhododendron ~ponicum and A1ectoria nitidula with differences as great 

as 2.0oe in the amplitude of temperature variation on a sunny day. 

There is an increase in the standard de¥iation of the reRression 

coefficient in Site 2a which is onfy partly accounted for by the small 

number of measurements of this recorder (Fig. 4b). Regression coefficients , 
of daily averages vary from .9 - 1.1 with standard deviations of .1 - .2. 

Average temperature differences are therefore small between associations 

however re~ress~on of the Fourier amplitude sno~ a difference on-an intra-

~7 
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association basis of as much as 4°C under the Rhododendron ~onicum 

Alectoria nitidula association. The large standard deviation (of as much 

as .S) can be partly accounted for by the small rtumber of comparisons of 

this analysis. By graphing the comparisons (not presented) this fluctuation 

was of a random rather than a functional nature. 

It is evident from the 2 cm description of this site that a 

constant temperature difference between associations was not found. Distinctio'n 

between associations can be made on the basis of intra-association variation 

alone. Measurements of the Dry~s integrifolia-Alectoria ochtoleucp dominated 

association are nearly equal while Rhododendron lapponicum-Alectoria nitidula , 

dominated measurements are conSiderably more variable. 

The Back Site~ 

There was a considerable variation in the regression coefficients 

.in bo~h of the back ridge recorders even in the comparisons of averaged 

data'. Coefficient variation of daily average regressions was .7 - 1.1 in 

reForder 3a with standard deviations from .0 - .1. The largest difference 
co 

occurred uqper the Rhododendron lappon!cum-Aleptoria ochro1euca dominated 

association with differences as great as 3°C on a sunny day. Regression of 

the Fourier amplitudes showed a 1ar~er difference on the intra-association 

sc.a1e under Rhododendron with an amplitude difference as great as 4°c. 

Combined. differences on the intra-assoc.iation scale under Rhododendron were 

hoc on a sunny day. 
1 

A similar difference between measuremints under the Rhododendron 

lapponicum-Alec.toria ochroleuca association occurred in recorder 3b. however. 
I 

there was also intra-association variation under Cladina alpestris) ~th 

\, 
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differences as great as 4°C on a sunny day. This difference was mostly 

accounted for by a large difference 1n the Fourier amplitude of diurnal 

temperature fluctuation. 

Association controlled differences in this site are a minor consider-

ation compared to the.large ~tra-association found. Differences under the 
o 

same Rhododendron association were as great as 7 C, clearly indicating that some 

unmeasured factor besides ,the specific plant association is also affecting' 

the reflective characteristics of the plant surface. 

ii) The 2 cm level: Increasin~ and Decreasfn~ Temperatures 

There ,,'as no change in the relationship between _associations of 

the front site unner sunny or cloudy conditions or in one of the middle site 

recorders (2b), however, for the other middle ridge recorder there was some 

differences i~ the relationship bet~een ass~ciations depending on the incomin~ 
, 
I 

energy. Meas'urements under the Rbododendron lapponicum dominated associa tion 

of both ridp,es have approximately equal .avera~e temperature is increasing. 

-
there is a wide diver~ence in ~emperature. This points to some, diff~rence in 

the energy transmitted to the soil. which is not consistent for both cloudy,. 

and sunny days. An explanation of this factor cannot be made from this 

analysis and its solution must wait until the next section. 

iii) Differences between Sites (Table 7-10) 

For the purposes of this comparison, the data from all measurements 

for each recorder were averaged and then compared wit'h the averaged data of 

all other recorders. 
. 

From the regression of the 2 em averaged data, there is a variation 

in the regression coefficie~t from .8 to 1.2. o 
The front site r~ses 1 C more 

" 

than the middle or back ridge sites over a 1Qoe ran~e. Recorders 2b. 3a and 
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30 have approxiuately the same avera~e temperatures throughout the season 

" while recorder 2a Sh~WS some variation with the other middle and back rid~e 

" recorders. 

front 

Regression of av~~e 

site more variable ~ ~t 
temperatures at the SO em level sho\vS the 

least zOe warmer than the back and middle 

sites while comparisons betveen the middle and back rid~e sites are somewhat 
V 

inconclusive since the regression was over a very small temperature range for 
\ 

these ,recorders. 

Regression of th~ Fourier coefficients of the 2 cm level show a 

. wide variation between sites and recorders the only conclusive t~end being 

the ~reater variability of the'front si~e to chan~es io the incoming energy 

conditions. Fourier amplitudes at the 5 cm level are up to twice as larg~ 

under the front site than at either the middle or back sites. C~mp~rison 

of the Fourier arplitudes at the middle ~nd back sites shows that much of 

the variation occurring at the 2 cm level is damped by the time it reaches 

the 5 cm level, however results are not conclusive because of the small range 

of the r~gression_ 

(4.5) Discussion 

From both the graphical and linear ~egression analysis there was 
, 

very little difference between associations on the front ridge. Because 

of the small variation in reRression coefficients and standard deviation I ) 

it was also concluded that the Small differences in humus depth of this 

site had no appreciable effect on the soil temperature. 

From the regression analysis between sit~. the front site has a 

~reater temper~ture fluctuation at the 2 em lev~l than the middle or back site 

which was unexpected. Th~ front site has a greater alb~do than either the 

·middle or back which implies that less energy should betransfe~red1nto 

50 

.. 

.. 

.. -. < 

I · 
~ 

r' 

.' 



\ . \ ' 

51 

" -

the soil. Also, the sand layer which occurs just beneath the 2 cm level 

conducts heat faster and has a higher ~eat storaRe because of its lar~e 

volume fraction, than the corresvonding humus at this level in the middle 

and back sites. This should decrease the dailv temoerature fluctuation at 

the 2 em level of the front site compared ~o the back two. Since the opposite 

effect was observed there is some factor as yet unaccounted for. 

There ,.,as an increase in the variation of the re~ression coefficient 

and standard deviation in the middle and back sites uhich is mainly due to 

the variation observed under the Rhododendron lapponieum dominated associations 

of both sites. From the interpretation given at the beginnin~ of the 

re~ression analysis this implies that there is a change in the reflective 

characteristics between measurements of the same association as well as a 

variable component which chan~es throughout the field season. 

One of the factors contributing to this difference is the changes 

in above the soil surface. As plant density increases, more 

of is absorbed by the plant layer and is.convectively 

or into the atmosphere. Under a species with an 

open branchin~ pattern such as Rhododendron lapponicum Some of the incoming 

radiation will be absorbed by the branches and some will pass through to 

the soil surface. Since it is to be expected that the absorbing surface will 

change with sun an~le there will be some variation in r.o throughout the day 

as was observed in the increase of the standard deviation of the regression 

coefficient. 

The divergence in absorbed energy by the soil,surface points to a 

cnange in the energy balance for qifferent plant dens1.t,ies and appears to 

-
contradict other findings in the area (Rouse and St,ewart, 1973) ,. However .. 

i 
t 
f 
l 
I 

• t 
1 

'. 

I 



.. , 

since their measurements were made at the 1 m level it is likpl v tha t the 

small density differences found are averaRed out above the plant surface. 

The effect of plant densi~y may also explain the unexpected 

high temperatures fluctuation of the front site when compared to the back 

and middle sites. Because of the relatively thin vegetation coverinR of the 

front ridge, much of the incoming radiation is absorbed directly onto the 

solI su~face, increasing th~ amount of energy trans~itted to the soil, 

rather than convectively exchanged with ,soil and air as in the middle and 

back sites. 

Therefore, it is concluded that there are differences between 

associations mainly due to d~nsity differences. above the soil surface 

which can.effect the 2 em temperature fluctuation by as much as '70 C 

on a sunny day. 

The change in the temperature fluctuation of the Rhododendron 

association when conditions are cloudy and when thev are sunny is as yet 

unexplained. It implies that some factor which changes dependinR on high 

- ' 
or low incoming energy conditions is causing the difference. From this 

analysis it is not possible to determine whether the factor is contained 

in the plant or soil layer. 

" 
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Section Y 

PREDICTION OF SOIL TEMPERATURE 

(5.1) Introducti'on 

Changes 1n the thermal proper~ies of the Pen Island soils, either 

on a diurnal or seasonal time scale. can potentiallv invalidate the 

interpretation and discussion of the last section (Section IV). As well as 

the obvious utility of an accurate model of soil temoerature in the study of 

physiolo~ical responses of subarcti~ plants, the moaellinp, orocess of this 
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section provides the essential validation of the assumption of heat conduction 

for the Pen Island soils. 

1) Methods of Solu.tion 

Two types of model were investigated as a solution of Equation 6: 

an analytic solution, using a sine curve to define the upper boundary 

condition (van Wijk, 1966) and a finite difference aporoximation to the 

equation using actual data for both the initial and upper boundary conditions 

(Nakano and Brown, 1972). 

To derive an analytic solution for the soil heat flux equation - , 

it is necessary to approximate discrete actual data by a continuous function 

to determine the upper boundary conditions. Since of necessity this is only 

an approximation some accuracy from the original data must be lost. 

In most applications of the analytic model the upper boundary is 

approximated by an annuai and diurnally fluctuating sine curve of which only 

~he diurnal wave may be c~lculated from this study. This requires that init~l 

'conditions must be specified for the field season data thus losing the 

l 
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advanta~e of the analytical solution over the finite difference aporoximation. 

Also. not all days can be approximated by a sine wave necessitating the use 

of some other function to specify the temperature fluctuation for these 

time periods. Finally. incorporation of a step chan~e in the diffusivlty 

to account for· the di fferent layers of humus and sand in the profile adds a 

considerable mathematical complication to the model (van l~ijk and Kerksen, 

1966) so that application to the current research was ~ot attempted. 

Implimentation of the finite difference model to. the problem ,-1111 

be described in three parts; a description of the mathematical basis of the 

model follo'.red by a literature review. Subsequently. the, methods of inputting 

the model requirements for prediction will be discussed including sensitivity 

testing and tests for goodness of fit. 

Results will be pre~ent~d in four parts; p!ediction of soil 

temperatures 'usin~ literature values for diffusivity, the determination of 
.... 

"best fit" diffusl.vities for a single day throughout the ilrofUe ~ testing 
~ 

the "best fit" dlf!usivities on diffey;ent days and finally testing the "best: 
L 

fit" diffusivity over a several day period. 

The Finite Difference Model of Soll temperature 
J 

The finite approximation of the Fourier heat conduction equation 

is made by changing the differential into ~tscrete time and d~pth increments. 

• 
This is best represented as a grid of points (Fig. 5) uhere the ith 

column refers to the time i6t and the j th row refers to the d.epth jll.t·. '. 

" 
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, Figure 5. Mesh P~ints of One-Dimensional Finite Difference Scheme 

The l~ft hand site of the Fourier equation can be approximated 

by a forl~ard difference formula ~hile the ri~ht hand side is approximated bv 

a centr~ difference formula, of the form: 

Ti.1:H - 2Ti"j + Ti,,1-l 

f1zz 

,-
This forms the explicit solution of the equation where three 

elements of the ith time column are used'to predict one eleflent in the 1+1 

time column. 

There is a problem of instabi~ity in this solution ",hen Atl Az2 
at 

is greater than~. ltihen this occurs errors due to the finite ap~roximation 

accumulate to make the solut~on highly inaccu~ate after about twenty forward 

5S 

(12) 

sXeps in the solution (Bayley, Edgar, and Owen. 1972). For long time increments 
~ " ... . 

this restricts the size of dep~h increment and for lar~e depth and time 

increments th~ finite approximation of Equation 6 is inaccurate. 

To stabilize the solution, a central difference formula of th~ 

, 
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'. 
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i+1 time column is used instead. This is the- forM: 

(3 C'm · 1.
6 
~ T i • 1). .. C_i;...+_1_.:....,..::.1:..-+_1 __ t,z_Z;:::-i:..·+.:...:l::...;, ..... jl...-+ __ T_i_+_l .... , "",1 -_l_)-t 

(13) 

Use of this equation instead OF Equatio~ 12 in the ~ourier equation 
f/I 

results in the fully implicit solution in which three temn~ratures in the 

i+l time column are predicted by one temperature of the Ith time column. 

This results in a set of simultaneous equations of the form: 

. " 

and can be solved with set initial 'and boundary donditions by Gaussian 

elimina5=ion. 

In this study a c~mbination of the explicit and the fully implicit 

solution was used (Crank and Nicholson,1949) and this is of the form! 

Ti+l,j+l, - Ti,j 

At 

where 0 ya~tes from 0-1. 

) + (1-0) (Ti +l 
~z2 

(a,_~(e)(Ti,j-l - Ti,j) + (1-0)(Ti,j~1 '- Ti,j/) 

~z2 

. , 

When e>~ the solution is unconditionally stable ("1itchell, ,196-8). 

(5.3) Literature Review 

The first applicatiQn,of the finite difference model (Hanks et aI, 

1970) was of the fully implicit form and was app~ied to hourly ~emperature 

data from a M4lleville 'silt loan in California using thermal properties 
... 

- . ' 
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obtained by theoretical method~ (deVries, 1966) and errors were as great 
", I ; 

as laC for a 24 hour simulation at the 6 cm and '16 cm levels with an increase 

to a maximum of 20 e in the lower levels after two davs of simulation. It 

,.,as noted that there was little sensitivity of the model ov~r t~e 24 . ' 

hour interval to small changes in the calculated therMal pr~perties.\ 
Application of a resistance model (Weiranga and deWit, 197C) using 

r 

data collected at 10 minute interwlls was ,shoWn accura-te for moist soils 

of Yoho silt loam although it was ~oted that at,the· en? of the 24 hour 

simulation observed soil temperatures were generally higher than the 

,'predicted.~emperatures, especially the two top levels at 2 and 10 cm. It 

was also demonstrated that, for a dry soil,prediction was, less accurate, 

especially at peak 'temperatures in the uP?er layers where the simu~ated 
.: 

temperatures overpredicted th~ actual by as much as 2.SoC. This was 

attributed to vapour mass transfer out of the soil durin~ high incoming 

energy periods. 

Application of the finite diff.erence model to tundra soils ,was 

made at-Point' Barrow, Ala$~~ (Nakano and Brown, 1972) and was used t~ predict 

the thawing rate of permafrost over several months from data collected at 

half-hourly intervals using literature values for th~rmal properties (Kersten) 
J 

1949). The assumption of a constant thermal conductivity for the upper 

layers of the soil (above 15 em) is more accurate in a prediction over a" 

long time scale (Carson) 1963) as demonstrated by their outstandin~ prediction 

of permafrost levels. Prediction over a four day period with a diffusivity 

value constant over time for the~upper levels showed 'an over prediction "at 

peak temPerature periods of as much asl.SQCwhich was attributed to a diutnal 

vapour mass transfer in the organIc layer. 
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Each one of these studies used 'thermal diffusivity values derived 

from the literature and except,for peak incoming ener~y time periods 

showed good simulation of actual temperature variation, howev~r they could 

not be applied to the present problem for the following reasons. Firstly, 

there was no method other than visual for determi~ing the goodness of fit ..... 
of the simulated curve. For the project the num~er of ~raphs this would 

I 
• 

produce is prohibitive so that it is necessary to derive other criteria to 

determine goodness of fit and secondly) each one of these studies was . , 
performed on a bare soil surface where there was no interception of radiation 

by vegetation so that results obtained are nC}t, completely applicable', 

(~ Methods 

The accuracy of prediction of the model is dependent on several 

factors, the upper bounda~y condition. the lower boundary condition. the 

initial conditions and the correct thermal properties. In the following 
C> 

section the impl~menta~ion of the model to the Pen Island data will be 
~ 

discussed. The math~matical formulation f~r the purposes of computation 

are given in Appendi~ C. 

1) Input Parameters 

i) The Upper Boundary Condition 

. . . ~ 

Upper boundary conditions were described by the actual hourly 
, 

data at the 2 em level. A shorter time interval was used to inc~ease the 

accuracy of prediction by a Fourier approximation to the 2 cm data usin?, 

the first 4 harmonics and interpolating to ten minute intervals, however 
, 

"accuracy was not increased while computer time increased significantly so I 

that hourly data was used for the rest of tpe analysis. 

ii) The Lower Bou~dary Condition 

The lower boundary condition was set at the 20 m level below the 

" 
I 

.. 
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. , 
90il surface where the annual temoerature variation aporoaches zero 

'(Lachenbruch, 1962). Since the actual temperature at this level could not 

be measured, several different temperatures were ~ested to d~termine the 

effect of the base temperature., Temperatures from -200 e to -lOOoe in 20
0e 

increments were tested for on~ of the rods of the front rid~e and only the 

bottom measurement level at the 50 cm level ~s affected with a change in 

average temperatu~e of .20e y clearly insi~nificant, 90 that for the remainder 

() 
af the analysis -40 C was used as the lower boundary.condition. 

iii) Initial Condition: 

To increase the accuracy of the finite difference approximation 

to the Fourier heat conduction equation it is necessary t~t a .small increment 

size be used, especially in the upper levels where the temperature change 

with depth i~ great. For the analysis an inc~ement size of .2 qm was used 

for the first 100 cm and an "increment size of 1 m ,,,as used to the 20 m level. 
" "'-

Temperatures intermediate to those measured were interpolated 

from a polynomial fit of the second and third order as well as a linear 

fit between measured levels. Polynomial approximation only marginally 

increased the accuracy to the 15 cm level while substantially decreasing 

the accuracy in the lower levels, pro,bably due to the few measurement 
J ' . 

points to be fitted, so that linear interpolation bet,.,een meastrred levels 

was used. 

Two time periods were tested-for accuracy of fi~ for linear 

interpolation; 6-am, when the profile waS near linear and l2 pm when the 
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profile was distinctly non-linear and it was found that there Was no difference 

in the accuracy of solution for a daily or ~everal day. period. 
~ 

Accordingly 
\, 

it was concluded that any time period could be used for the initial con~itions 

using linear interpolation. 
;, 
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2) Sensitivity of the-Model to, Input Parameters 

i) The Upper Boundary Condition 

Two tests lvere app;Lied to the upper boundary to determine their 

effects on the accuracy of prediction of the model; ~a) the entire 2 cm 

wave lvas raised or lowered lOC and 30 C and, b) the amplitude of temperature 

variation was chan~ed by ~ to l~ times its actual fluctuation'. 

a) At the 5 cm level (Fig. 6a) the increase or decrease in the upper 

boundary condition is exactly mimicked after 3 forward steps in the model. 

Comparison with the actua~ wave at this level (AI, Site 1) shows some deviation 

from that expected however. Ideally the actual wave should occur exactly 

between the IOe increase and decrease in the upper boundary conditions and 

. although this is the case for the trough of the wave, there is sarne ~~viation 

durin~ the daylight portion. This finding is not consistent for other-ro.ds 
, , 

of the same site, however-it demonstrates a slight variation in the diffusivity 

over the diurnal, period. II" 
At the 30 :cm level (Fig. 6b) the temperatu~e wave 

is not affected until about 8 forward steps in the solution. Divergence 

is slow after this point tc about .Sop difference after 24 hours for diff~~ent 

upper boundary conditions. Fit of the _loC curve is very close to the actual 

temperature wave 'at this level also indicating a change in diffusivity over 

a diu~na~ period which is 'consistent with the rest of the rods at this leyel. 

,'change in amplitude of the upper bounda~y condition~ results in an 

immediate displacel'1ent of the 5 cm level (Fig. 7a) out does not.,4fect the 

30 Col level until almost 12 hours later (Fig. 7b). Chang~s at the, 30 em 

level are samilar to those' after ~n average temperature change in the upper 

boundary however a simila~ change i·n 'amplitude 'has less of 'an effe~t at 

these lower levels. 
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ii) The Initial Condition 

a a The initial conditions were changed 1 C and 3 C to determine the 

effect on the accuracy of the solution. In a comparison of two of the 

front site rods (Fig. 8a t b) of the 5 cm level, it can be seen that some 

rods have a very fast convergence to the actual solution while others are 

some\"hat slower. This illustrates that convergence is fastest when there 

are large temperature differences between measurements in the diurnal 

temperature wave. At the 30 cm level (Fig. Bc) convergence is very slow 

demonstrating ,the dependence of these levels ort the proper initial conditions 

for accuracy. 

3) Testing the Accuracy of the Prediction 
.: 

Of great importance for this stud,Y is the determination of t'he 

accuracy of-fit of the predicted to actual, firstly to determine the 

accuracy of the conduction assumption and secondly to determine the accuracy 

in-the prediction of the temperature fluctuation for studies of physiological 

responses of plants. 

Three indexes were used: average differences over 24 hours, and 

, Fouri.er amplitude and phase angle differences of the first harmonic over 

24 hb\1rs. 

Application of the Fourier coeff~cients as an index is based on 

the assumption ,that the first harmonic approximation of the actual wave is 

~ccurate so t~t,. for the purposes of the study, analysis will be restricted 

to days which the appro~imation of the surface wave accounted for 90% or 

better of the observed temperature variation as determined by Brunt's Complete-

ness criterjon'. 

.' 
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Tab~e 8 

Maximum E~ror for an Amplitude of 1°c due to Phase Displacement 

Haximum error(OC) Phase Displacement (hr) 

.25 1 

.4 2 

.7 3 

.88 4 

.98 5 

1.0 6 
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Amplitude deviations between predicten and actual are readily 

interpreted in °c however qeviations in the phase angle result in a time . , . 
displacement which a1 ters the difference between p-red ie ted and ae'tual from 

time interval to time interval but is not readily interpreted a6 a temperature 
v 

difference at first glance. For the purposes of the stud~ only the 

maximum deviation need be considered and this occurs at l2T 69 /2 hours 

where 6~ is the phase displacement. 
o 

For an amplitude of 1 C, maximum 

temperature differences resulting from phase displacements of 1-6 hr are 

listed (Table 8) and can be C,onverted to any size of amplitude by multiplying 

by the amplitude so that phase shifts are most important for the dete~mination 

of absolute error in the upper levels where the amplitudes of temoerature 

fluctuation are large. 

Because of the large number of indexes calculated. they will appear 

in a separate appendix (Aopendix B) but for the purposes of the discussion 

of the results the error determined by each of the three indexes will be 

summed and where one inde~ is responsible for a major part of the error this 

will be stated. 

Differences are given in the Appendix ,B as °c for average and 

amplitude differences and in hours for the phase displacements. Actual 
. • 0 "'-.....-

amplitudes and averages.are given in C while actual phase angles were left 

.. 
as calculated in radians. 

- Use of graphs is restricted in this ,presentation because of the 

large volume 'of the comparisons and will D~ used only to illustrate the 

information determined by the other three indexes. 
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(5.5) Results 

1) Diffusivitl~s from Literature Values 

A field determination of the thermal properties could not be 
~ 

made for the Pen Island soils, so that in the first approximation. literature 

values were used. The only extensive study of the~al properties (Kersten, 

1949) used a steady state principle for the determination of thermal 

conductivity which has been~hown to be less than ac~urate, so that some 

problems were anticipated by the assumption of these ~alues. 

The thermal 

Fairbankts peat (1.19 

conductivity of Fairbank's sand (1~.4 cal/cm2hr) and 

2 
cal/cm hr) were chosen as those bes~ corresponding to 

the Pen Island soils. The substitution of the conductivity of peat for that 
.~, 

of humus has already been shown to be successful in other tundr~ soils 

(Nakano and Bro~t 1972) and the particle size analysis of the Pen Island 

sand corresponded with that of the 'Fairbank's sand. 

Conductivities were converted to the thermal diffusivities by 

division 
? 

of Equation 7 resultinR in a diffusivity of 3.16 cm~/hr for humus 

and 41.25 
2 . 

em /hr for sand~ 

UsinR these values in a two layer model of Equation 14 with the 

measured depth of humus as the boundary betweeen the t'iO layers, the soil 

temperatures for one rod of each site were predicted for day 10 (Table 1, 

Appeqpix B). Agreement with measured values was not good witn a tendency 

to over predict on the front site and under predict at the back site. 

Diff 2.50C t th 5 1 1 erences were as great as a e cm eve. 

2) Optimizinv. the Fit 

t To determine better diffuslvity values it was decided 

the fit for one day and then retest ol,s~eral d~f£erent days. 
>-

to optimize 

Since the 

humus laver occurred only above the 5 cm level, the diffusivity of the 2-5 cm 

I 
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!~vel w~s allowed to vary independently of the rest of the Profile. 

i) The 5-50 em levels 

Different diffusivities were s~pplied for the lower levels 
. ( 

soil after first fitting the 2-5 cm level as exactl¥ as possible. Diffusivities ~ 

,2, . 2 
were varied from 10-40 em hr in intervals of 10 em !hr and the best fit 

determined by the fitness criteria previously described. 

2 
Best fit for most levels was achieved with a diffusivity of 20 cm./hr, 

less than ~ the literature value but comparable with that used in other 

tundra soils (Nakano and BrO\m, 1972). 

. Step chan-~es in the diffusivlty between levels increased the 

ac~urac~ of prediction for the lower levels (30-50 em) 'however, the 

improvement was not consistent for all rods ~nd only increased the accuracy 
.\ 

b~ .10C oyer all. Since this could not be ~orrelated to any observed chan~e 

down the profile, such as moisture or density differences a constant diffusivity 
. 2 

of 20 em Ihr was assumed for the rest 6f the analy.sis, 

ii) The 2-5 em Level 
12 

Diffusivities varying from ). to 20. C~ /hr were tested for all 

rods en each site usinS!; a constang:~-50 cm. d"1ffusivity of 20 clI1/hr for Day 
~, , 

In. in which the avera~e temperature was increastng (Table 3, Appendix B) • 
.. 

Judgement of best fit ~~s not restricted to accuracy in the prediction of 

the 5 em level alone but for the entire p:rofile. Results are SutDlIlttr'ized 

accordin~ to asso'ciation and site in Table 9. 

Prediction of the 5 c~ level was accurate to a maximum error in 
o ~ , 

prediction of ~ Cover 24 hours as d~termine~ the sum of the amplitude, 

phase and average differences. The greatest diffusivity 
" 

change w.as found in those rods with a low ,opthnized 
'2 cm /hr) 
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Optimized Diffusivities for Day l~ 
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o with an increase in maxl~um erro~ of as much as 1. C.for a diffusivity change 
~ 

of ± 4. cm
2
/hr. Sensitivity of hig~ optimized dlffusivities was .loC for 

the s~me diffus~vity change. 

Of interest is the fluctuation in ,the diffusivitj between two 

measures of the same association dominated by Rhodod~ndron lapponicum and 

the relative similarity between the diffusivities of other associations 

irrespective of the fact that there ,is a differen~e 6i 4-6 cm of ,humus ~etween 
t 

the front and back two sites. The consistency of these results remains to 

be tested hefor~ any interpretat~on can be given. 

There was some increase in the maximum error' of the solution a~ 

the 10-;L5 cm levels f?r some of the profil~s of the f'ront site by as much 

to' ! ,p.s .4. C which ~s ~inl~ )a.ccotinted for by an average temperature difference, 
, , .. ~ 
betl-leen predicted ,and actual. /" , 

In ,the 30-50 em levels ther-e ~s a decrease'in the accuracy of 

fit for bO,th the phase and amplitude tests es'pecia11y in the middle and back 

sites where the pr~dicted 'phase angle lags the actu~l by. as much as 3 hours 

and the predicted amplitude underestimates the actual temperature fluctuation . . .~. ~ -,' 

by' as much BS .4°c although a ~ore common,differenc~ is'.2oC. this impl~es 
" , " . 2 ' ' .. " 

71 

that the assumed diffusivity of 20 ~m '!ht fo~ the 5-50 em levels is inaccurate. 
, • ,~ • ~ t 

This c,ould be accounted for, in. part, by a change in the' conduc tivity d,ue 
" 

to the -increased p'roP~'I'tion of coarse sand in' the middle' and .back rid'ges. 
~ . , . ~ . 

Howeve~, .. oh .. the' front site the px-edicted and actual .amplit,udes at the 50 em 

level are equal :but there is a .phas~ lag of 1. 2 hours' indica t,~ng that some 
. ~.., ~ ~ ,... .. 

, .. ' .. 
diurnal period is affecting the disfribution of heat to the rower levels in '. ' . '\ ~ , 

th.e profife,. The absolute diffe;e~~e in tempers't;ure p'~~dictio'U ca~sed' .~y 
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this inaccuracy is ne~li~ible because the small temperature variation in 

-~ the 10\07er levels. 
/# " 

l,'-.."" . vA visual'representation of the effects of changes in the diffusivity 

: J ";f t~,level is presented in Fi~o 9, of rod Al of the front Biteo. 

From' the ~ em Rraphs it can be seen that there is some ~iffer,ences .' . . .. --'" ' 

in the shape of the pr.edieted curve to the actual. Although this results in 

a max~mum error of .20 C in the:predicted value, this implies that there is 

a change in the ,thermal dif'fusivity with time over a diurnal cycle. 

By inspection of the 50 em level it can be seen that there is some 

div~rgence of the solution near the end of the 24 hour period. Sinc~ this . 
is more pronounced after a simulation over several days this /t07111 be discussed 

later in this section. 
-\ 

3) 'Testing the Fit on DIfferent Days • 
Three ,days w~re selected t~ test the values determined from the 
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. , 

• < 

analysi~ of day 1D: ~ay 17, a day of alternating sun and cloud with t~~eratures 

at'the 2 em' level decreasing on average after a long period/ of sunny weather, 
'or , 

> • 

day 3&,'a day of sun with increasing temperatures on ~verage after a long 

period of cloudy and ~et weather, and day 40, a predominantly ~~nny day 

after a short p~ridd of s~nny weather. 

The initial ~nalysis used a constant, diff~si~ity of 8: cm2/~r .~~r 
the back two s~tes for ea~h rod for the purposes-of comparison. Then the 

~ . . 
optimized diffusivities calculated from day 10 we~e substituted and the, .... . -

. goodness qf fi~ compa'red for. at least 'two ro"ds under different ass()ciati.ons 

The w~rst' fit occurred on ~ay 17 ~or th~,~ack and ~id~le ridges 
" .. ,. ," 

with most of the differen~es'occ~r~ing'u~~er the Rhod~dendro~ laRPo~1cum 
" : ' . . 2 ' . 

domi,nated a:ssociation. "In sit€! .2a t- u':lin~ a diff';lsiV~~y of 4.,:cln /hr tqe 
• , . 

atnplitud7 ~f variation 'Wa'~ U'qderesti~ted'. by 1.,OoC' whi~e. a d;(ff';s::.ivi~y of' 
:' .~;:. ,- .' , 
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, , 

8. cm2/hr was accura~e in the prediction of the 5 em level but slightlv 

over predictive fqr the 10 to 50 -em levels. This is in contrast <to Day 

2 
10 in ,,,hich a diffusivity of 4. em /hr was the most accurate in the 

prediction of the 5-15 cm levels but sli~htly under p;edictiv~ f~r the 

lower layers. These results' are si~ila~ for the back ridge recorders 

as 'o1e11 so that there is some deviation in' the 2-5' em diffUSivity! from' 

day to day. 

Error under other 

o ' ,6 c,/ although some fits of 

assoria~ions y<as also increased by as much as 

the Dryas inteRrifolia and Cladina alpestris 
fo' • 

o 
Gominated associations were Q~ite accurate with a maximum er~or of .6 C~ 

/ 

There was a considerable impr6vement in the fit ~f the calculated 
\ ' 1 . 
diffusivities on Day 38. All di£f~siv~tie~ from pay 10 ~roved ~ost accu~ate 

,74 

: \ . 
. for the uppe;r levels 'however, there was sODle increase in the under prediction of . ", ......... 

the phase angle'irt the low~r levels (30-50 cm) of ~ll sites although the 
~ , 

absqlute deviatioh in temperature was quite small. ' . \ 

, .. , 

,O~ Day ,40 there was some increase in the accuracy o~. fit 1Si~~ 

optimized diffusivities ~~cept that, for all the Rhododendron lapoonicum 

the 

'associations tested, tbere '-7as s0'.Ile over P~.edioti;n of tbe, average tem"perat~re /" 

~y as much as .7oe at the 15 em level. There was _a ~onsistent ~vei prediction' 
. . 

of the 15 cm level temperature'for the'Drya~ integrifolia domin?ted association 
, - . 

of the f~6nt and middle,ridges for ea~h of the ~ays, tested'includ~~g Day 10.,' 

, ',: From these r,esults it can' be seen that, tb~re ,i.s some differen~es 

between sunny and cloudy days \;n4'er the RhodQdendron a~sociat:ion~ of tne m:f,dd1~ 
, . 

an~ ~a~k ridges. - Tftis ie. inter~retec{ as .;, ,d"if£eren~e in the vapour ~ransf.e~~ . 
_"f I, " _, 

... .. - 't ,. '. ~ '. ' f -

of heat -a:UEl! to the high. near-surface temp'erature under some of the ,Rhododendron . '- . ' . . 

plants. ';tn the previ~us, c,~p~er it w~s t>oatu1at~d, that the.re ~a$.' some .' ", 
.. ,> ~ ...... " ' • ,. • • , ." • " 

difference jn th~ ,radiation in~~rcept!o~ surface which was responsible for 
,., , 

" ' 

-, 
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.~ 

'; 

; 
" 

- . 

• I-
I ", 1 ~. 

/ 

,,, ... , 
, . 



temperature differences at the 2 cm level. Under Rhododendron, some of 

. the incoming radiation is absorbed directly at the soU s'urface causing high 

temperatures during sunny periods. The high temperature gradient in the . ) 

humus layer enhances mass transfer of water vapour from the soil surface 

and is ~esponsible for the change in apparent th~r~l diffusivity. Under 

cloudy skies, the interception of radia~on is less t s~ that the temoerature 

gradient is ~ot as large, reducing mJss transfer. 
~ 

This accoutits for the 

observed differenc~ in the response of this association under cloudy 

and su~ny conditions (Section 4.4 1, ii~. 

The l~g of the predict~d phase angle behind the actual appea~s 

to increase with s'unny conditi.ons and ~ecrease ut,tder cloudy. 

.' 4) Testing the Fit over Several Days 
\ 
\, 

For each recorder and site. the diff'usJvities determined for D,ay' 10 

'were used. to predict t~peratire fluct~tion ov'er' ·severe.l days s'~artihR' at 

pay·~)?r 9 and running to Day 11 •. This was a period of sunny w~ather where 
. 

the diurnal temperatu,re, fluctuation was mQst accurat'ely describ~d by a sine 
I 

function (Table 6, Appendix B). , ./ 
/ 

the ttost accurate 'simulation over, the three day period occurred 
> • 

at the 'front site ~bere 'ma~imum error of the ,5 em l~vel 'vas .4°C. There was 
. ' 

som~!-nc~eas~ in error ~.t. the 15 cm, level of Al: (Fig. ~l) but: not in 8;n~ . 
. " 

other profile,. There ~as ~lso some accumulation of~beat in the 30~50 em 

levels:' in the predicte~ tetl\p~r~tures which was not ,evidencea '1n 'th~ .• actu~l .. . ,', ./ , o . " , 
~easurements:' Accumulation was as gre~t as .7 C ~fter.3 days. 

• : • j. ,. • l ....... 

'Fi~ of the' ~ppeF leyels (5~15) of t~ middle ~idge and'back ridge . '. .' ,.' " 

. .. 
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-

, 0 
fitere ~ccurate to a maximum'deviation of .5 C with-no. apprectable h~at "accumulation 

, . ' 'J , , ~ .... ,.. • 

• • f • . ". . ~ " '. . 
after. three or four ,days, h~~ev~, predicted . . ., ~, ~ 

. . 0, \ 
leve~s was as great a~ 1.3 c~ 'In 'some r9ds 

. 
accumulation .0'£ the 30:-50 em. 

, ~ 
,:;~ ... 

this heat accumulatton had rat sed 

th~ predi~ted .average at the/.15 fcm, ~e\Tel after tht:"ee . .d.~!s" ' 
: 1 • ~ .' 

, . 

I .. 
" 



. ' 

Site 3a spowed the least accumulation of heat ldth a tempernture 
0 0 difference rafter ,3 days of .4 C while all other sites were 1. C out at the 

, , 

50 cm level. 

In some rods of 2a and 3b it was also noted'that there was 

some accumulation at the 10-15 cm levels even after 24 hours and comparabl~ 

with'that observed in AI of the front site; however, this is not 

restricted to any particular association but appears to be some difference 

in the thermal propertiea of the soil aJ this level or some error in ~e 
~ 

probe placement. 

A visual representation of the extr~mes in the goodness of fit fq~ , 
the front site is given in Figs. 10 and 11 for the t~.,o rods, unQ~r t.he . , " '. 

Arctostaphylos -ruora asso·ciation. In ,A2 (Fig. lO~ accura~'y of pr~diction 

,is good t; the 15 cm level below which there is some alterati9n of the 

phase angl~ and~ at the 50 em level, some heat accumulation as weil (.SQC 

after a three. day simul~t~on). 

t;7 A1 (Fig. 11), th,e accumulation "of heat and over prediction of 
. ' 

the wa~e crest is evident at the 15 em level and be~ow, althou~h the ove~ 
-.....;., , 

~ 
. , ~.. "-
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pr,e~,ictio~ is not aa pronoun~ed in ~he lower laye~s. This type of accumulat~on 
'\ • _, ,_ (' C", 

was also present in som~ of ,the 
i • 

proftles~ from th~ m~ddle" '~\ld bac}<, ~lite,s' . ,i, 

, ' 

and ~uggested a diurnal fluctu~tion in diffusivity or a diffusivity change 

down the profilel 
,t ~. 

5) Qualitative Tests for ChangeQ ~n Diffus!vity 'Down the 'Profile 
and -Diurnally . . , . ' -" ,/ .... , . ,::., 

Sin<:e . there w:~re ~? 'measuretnents cf whicry would i~d iea t~ s,' chEi,nge 
.,' . .. 

ot-dlf.fusl'Vtty down the pr6file, or' a d,iu;nal fluctua~i~m in d.iffu~ivit-f "the 
. . ". ~ ... . 

(!Tlanges .in the model to accommodate either occuti:-enc~ aie arbitr'ax.-y a~d are 
" 

1I1eant only t~ iiiustrate the ·.in'fi.uenc~ each mechani~m would hav~ on the soil 
'. . 
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temperat~re prediction. 

1) Change of ~he, Diffusivity Do~~ the Profi.le; t level. 
, i 

An incre~se of ~iffusivitie~ to 30 and 40 cm2Jh~ (Table 2, Appendix 

B) , increased the heat a't!cumulation in the lower' evel, of ~he predicted 

, pro~ile compared to actual although the daily temperat refluctuation as 

meaSiured by the Fourier ctmplitude, were cOlJlparabIe. , 

By decreasing diffusivities to 10 and 16 cm2 Cr ble 2) Appendix B) 

heat accumulation was reduced but underestimated the temper ture fluctuation 
~ • y- • • • 

, . 
at the 50 cm level by 60% although in actual degrees centigrJi e',the 

. ' ' 0 
fluctuation.w8& reduced by only .2 C • 

. , 

Irtcre8se~ in ~he diff~siv1ty ~elow the 15 em level 
~, 

i~c~~seq t.~e 
\. , ' 

19 

,aecur~ey of fiot ,at the.' '15 em, l~el but dramatieal~y increased heat:aceUtnulation 
I ,t 

by .4°C in a '24 hOl,lr period. From this ,it l"~S concluded' that a c'onstant 

diffusivity at all levels could not ,account for the dev~~tion of -pt:e:dic'ted 

t'empera,tur~ 'f'rom ~7tua1. 
:~ 

'ii} Di~rnal C~~ge~ 'in'Di~fusi~~~ 
~o • ~ ,~,. • 

iFrom the observations of' dai;ly and seasonai differences' there 
, . 

appears', to b~ a' ch~tlge ,in the energy flow whether the' tempel:ature', is 

increasin~ or decrea~ing so,tbat, for the first t~st, the diffusivity 'was 

doubled: during perio?s" of decreasing tetliperatlire a.t' the 2 em level in a 
• '. .. ,4 

step wi'se fashion for, t~~ 2":'5, em,' 2-10 em., and i-1S cm l~vels. In Fig.' l2a 

(15 ~m,l~~el~ it, can b~ see~ that,a~ ~he aiffusivity is adjusted furthe~' 
- \' . - '. 

tn:to the soil t~e pr,edit!tion of the wave trough becomes more, accurate. 
, .' 

Howe~erthere Js sttll'a cons~stent,9.ver 

i~6pectiqn of' the "50 ~~ level ~~ig .. ,12b) 

, . 

, , 

predict~on of the wave crest.~ By 
f!f ' ~ . , . 

ov~~ pred~ction ia ~ecreased but 
: . 

, ~ 
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there is consistent u er ptediction of the temperature fluctuation at 

this level which while not significant as an absolute temperature variation, 

implieR that there is some diurnal fluctuation of the diffusivitv even at 

the 50'em level. 

By assuming that m~transrer occurs onlv in the organic layer 

as has previously been suggested (Nakano and Brovn, 1972) and that it is 

controlled by temperature a1-one, (Westcott and Hieranga, 1974) the diffusivitv 

was decreased like the upper half of a sine wave during the high temperature 

periods of the day at the 2 cm}eve1 so that minimum diffusivity occurred 

\ " 2 
at maximum temperature and then increased to the original value of 12cm Ihr 

for the night. The minimum diffusivity over the diurnal period ranged from 

6-10 cm~/hr in 2 cm2/hr increments. Graphs of the prediction for all three 

diurnal changes in diffusivity are gtven in rig. 13. 
~ 

Predictive accuracy was greatly increased for the 15 cm level 

82 

although there ,.,as some over prediction during times of decreasing temperature. , 

Amplitude fluctuation at the 50 cm level was still under estiMated, and at 

2 the 5 cm the maximum decrease in th~ diffusivity (to 6 cm Ihr at 12 noon) , 

greatly underestimated the '" tem~erature yariation of this level. 
} 

From this test it is evident that there are two processes in 

operation which cannot be quantitatively specified. There is a diurnal 

f1uctuatio~ in the ther~l diffusivity even to the 50 em level and there . - " -

is also some change in diffusivity with depth which is not consistent for 

all sites and profiles. ' Since,there was not sufficient resolution in the 
I 

particle size analysis to determine the diffusivity fluctuaticn down the 
, 
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. . 

" 

" . . , 

profile and it was rrot.possilJle to measure vapour flux,chan~es in the soil, , 
~ , 

the separation of these t~"o "Processes which affect the't;hermal d:Hfusivity -

cou~d not be made, effecti~ely 4etermining the' end of the analysis. 
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From these qualitative tests of diurnal fluctuation of diffusivity, ' 
~ ~ . . 

'\. - , 

it has been established that the diurnal fluctuation ~n diffusivity does. 

~lst and that it occurs, even to th~ 50 cm l~vel. The heat acc~ulation 

observed over several days simulation is therefore interpreted as the result . 
" - . '. " 

of the constant therma~ conductivity used in the model~ 
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(5.6) Discussion and Su~ar¥ 

,There is ~orne va~iation in the thermal diffusivity depending, o~, 

the il}cotning energy ~onditi9'Ps, and site and as~oGiation, diffe~ences 1.,hlch 

tnust be d;lscu~sed before a sumnlary ~f the res"ui~~ can be given. 
, ~ 

." ,........ . 
There is' a ,.difference in diffu~;t.V'i'ty of the 2-5 ctn le~el beUleen 

. i 
. '. 

, ~ . . ~.. . " ~ 

the Dryas inte~rifolia-~~c~oria. ochroleu~a association of the frbnt ridge 

and all ~f \he othe,r sites a~d a~,~ociations'; how~ver it was noted in the . " 
• 

optindzat,ion ·p.r.ocedure fIlat :the Dryas il\te8r-~folia as~C?cia.tio~ was the teas~ 
, , ' -' " " 

sensitive to changes in diffusivity. The diffusivity under the' Arctostaphvlos 
, ~ 

rubra aSBocia,tion of the front ridge was compa,ra~le 'to all other, associations 
, . ~ .... 

including the Dr~a~ intesrifolia-A. o~hro~euc~ ass6ciati~n of the tni1~le ridge. 

'Th,is is in spit'e ~f t,he fact that t~er,e i~ ~~ ;lncrea~e in Jmmus dep.th of 2-4 ·em 
1 , 0 , 

between the ~rontand the ~Ack tl~o ridges. and impi1-es' t~at t~~ depth of 
, '~It. 

the humus 'layer beloW' the 2 em lei1~l has ~:ittl.e effect on the ~i~tr:ibuti~n 

1 . 
f 

, ,'. 
"'O"{ energy all-d the ~qbsequent soil- temperatur*T d,.1std.bution du~ing the field 

Q • 

. ' 
.season. 

., 
'. Title is 'su'pp~rte8, 5Y' t~e. o~s~~tt.Q'n of the actU9.1 ,'Fou~i~ amplibtcles 

o 
of th~ ,50 'c~ level.' tn~o1i~n:out all, c,9JIlpart~ons (Apoendix B). 

ba~l< sites te!Pp~iuc~atio" ".t 50 .emt~: lIl':atet :0>:,.1 
front site" under' sunny conditio~s. This'l~Lthe opposite of 

In the m~dd~e an~ 
'0 

- .'4 C than the, 

1 ., , 
the ,expected 

resul t 1'f the o;rganic l~y~r ~as ,att~n~t1~g' ~he temp,~rature £:luc~uation 
• " , '. ' >-

as. 

,('.,"~ 

,: . !'h~re WAs ·.~l~~,<·a chSn~'e in diffu~iVi~y, u~der the Rh~dodend~on, 
." • ~" ". ,t 

indicated by the assumption of literature~values~ , 
" , ' , ' • ~ " •• f' 

,ll;lppo~id.ttn a~soci~ tlon 'depe~ping on whether the' ~ay ,'wa~ cl~)Udy or s~nny, and' , 
, ~' • " ... • , •• " i .. ~ ~ ~II .... .. , ." "~' ~ <I ,,' • 

~as' deI!l~:m~~at~d .i9~"·~e ~~'~!~'e"fielcl ~eas.~,~· by th~ 2 "cm ,.analysis .of daily', 
.. . . 

incr~asi~g and d~cteasing t~pe~a~re,~ (S~et~on 4.4 (4). 11)., ~ese we~e tne 
I 

, .~, , . ! 
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" 

• 
( , 

.' 
. , . -. 

" . 
only instances of di££usivity ohanges on a daily basis and can be . ~ . -

inter~ed, as a plant density difference over the soil surface. The ope~ 
" 

• ~ , 0 # • '\; 

branching pattern of Rhodpdendron iapponicum allowed radiation to be 
" . 

absorbed by the soil surface d~rectly. In the ttbick organic layer of the 
o , _ .. 
mi..ddl~ and back sites the direct absorp,tion of radiation established a .. 
large temperature gradient in the first 5 cm·of ~oil induced a mass 

transfer of water vapour ~ut of th~,laier. The enet:gy required 'for' 
" , 

evaporad"n under this )ligh the~:r gradient .was res'pons,ible £JJr the 
• 

dec'rdase in diffusivity observed under ~unny day c~nditions. , It should 
, ' . \ 

b~ noted that under low ~ncoming energy the qiffusivity under Rhododendron 
, ~, 

• is comparable. to that of the rest of tQe associations. 

Altho\J8n :tt ap,!?ears that the di'fference in humus depth 
\ ',." ~ 

Pas l:tttle effect on the heat distribution during the field season 
'_ L ., , 

are differences in 't'emperatures throughout the rooting zone ,at,td in 

permafrost levels bet~een sites~ Differences in snow depth may explain 
v 

part of th~ diffe~ence in 'the petmafrost depth betYeen sites especially . \ . ~ 

-between the middle and the back s~t~s where the humus layer is of 

approximately the sa'Dle depth but the pennafro'st is' 20 cm closer to t'1!e 

~Qil surface at-the bac~ bite •. Since the back site" has a mu.ch shallower 
\ ' 

, . ' 

top~graphy and is more distant from the ~past, 'snow ~1 te~d tq remain on it 
\ ' . \. . '," 

. longer d~r~g the spring melt. ,Howev~rt it is unli~~y that the snow depths 
, " 

, , 

of the middle and' f+one site are sufficiently, different to accourit for the 
! • .T. 

. t; 
large dltfeJ:ence in pe~frost depth ,a~d the consequent inc.rease, in soil 

.1, 
temper,atur~f the rooti~g d~pth zone of the fron~ s~te •. 
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.. .. 

~,.lj:.J\.~~&e~n demon9trated (Nakano and Brown, 1972) that thaw of the 
-.~ :~~~~':# 

organic soils' -is "~uch s10'07er than that of mineral soils because of, the 

large latent heat function in the organic layer during the ~ha~. it is this 

difference between the front ,and the back tl070 sites which I postulate as. the 

main cause of the permafrost d'ifference. 

Tn conclusion the assumptio'~ of heat conduct"ion as the mechanism 

of energy tran$f~r made in Section IV is not entir~ly valid in the Pen Island 

soils-. A quantitative relationship between transfer of energy out the soil 

by mass transfe~ of water vapour an~ soil temperature could n;t be made but 

it was esta~ished that some vapour transfer occurred to the 50 cm level, the 

base of the rooting zone as defined in this thesis." How~er) by a combihation 

of the interpretation of the differences at the 2 em level under. Rhododendron 
.. 

and vapour transfer it was possible to explain t4e differences in thermal 

diffusivtty for sunny and cloudy cond~ti~n~ as a Vapour transfer induceq &y 

Qigh thermal gradients in the humus layer. 

Since there is ~o effective diff,er,ence in. thermal properties between 

Sites during the fi~ld season except under' the Rhododendron assoc~ation, it 

is postulated that the diffe~ential thaw of the thicker organic layer of the 
7-

middle site w~en compared to the sand of the fro~t site is tne determining 

factor in the differe~~, obse~ved in temperatures of the rooting zone and in 
. . 

~~e permaf~ost depth. 
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Section VI 

SUMMARY OF FINDINGS 

. 
There are tW'o,-'different aspects of the reJ.at;f.onship of p':mt 

~ 

association to physical soil environment wh~ch have been considered in 

this study: 1) the influence of the plant associatio~ over the soil 
~ 

temperature in the upper levels of the s01l and 2) the potential influence . ' 

of phy&ical differences, which are relate9 to the tim~ s~quence established 

from the Hutlson Bay coast to the treeline, over plant development. 

1) Plant ~sso~iation'~Qntrol over Soil Temperature. 
" , .-

Coupling the findings of ~he qua~titative description of the 2 cm 

level with the results of the model prediction it has been demonstrated 
, . 

that there are fluctuations in, the amount of energy transferr~d*to the soil . . . 
under different Iplant co"e~s bu~' t'hat this is .~ost likely a: res~lt of 

\ , . 
plant density differences in verti~al projection rather than'discrete changes 
. ' 

;ln,albedo from plant association to plant association~ The plant density. 

difference in turn, sets up dif~erent temper~ture gradi~nt~ in the upper 

. lay~rs ?f the soirwhich differentially alte~ the exchange of water vapour 
• , Q 

with the atmosphere, ,so that there a~e'two factors which ~re essentially 

inseparable that control energy. flow ~o the rooting zone duri~g the summer 
J • -

season: plant d~n~ity and ~ss transfer of water vapour in the humus layer. 

88 

r· ~ \ ," 
This points to an over-simplification of the ~nergy balance (Equation 1) 

in the determination of- the,microenviTonment of the plant. 
: ~ 

r) 
.. The 8ss~ption of a plant surface as the energy exchange boundary, 

is onl~e ~~ a limited extent in the resea~ch area. 

i' . 

When measurements 

.~ 

t , 
I 
! 

\ , 
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are made at the 1 m level (Rouse a~tewart, 1973) the surface of energy I 
'" . exchange is homogeneous as evidenced by the accuracy of their results, however, 

at the individual plant level there is a measureable di£ference in the surfaces 

of ~nerg¥ absorpiton and dissipation as evidenced by the combination of the 
J 
I 

2 cm description,under different associations and the model prediction of . 
• 

daily and diurnal fluctuation in the thermal diffusivity. 

The implications of this "slight difference it energy regime is 

not readily apparent since studies of growth of 'the va~cUlar flora of the 

coastal tundra are few. It is unlikely that this sma~l energy difference 

found in ridges close to the tree line has any effect!on the germination 

on! subsequent establishment of the seedlings, of Picea/mariana (the ~nlY 
ridge crest species) since this is a wide ranging sp ies which must germinate 

over a wide range of-environmental conditions (Ro~e, 

2) PhYSical Differences and Their Potent~ Influence ove~, 
Plant Development . J 

- ( . 
From the modelling of soil temperatu~e (S¢ction V) it was 

j 
d~onstrated that humus differences between sites had little influence 

over the distribution of energy in the rooting depth zone for the field 

season. 'However, it was noted that there were differences in soil temperature 

and pe~frost depths between sites and it was postulated that these 

differences were initiated in the spring thaw and were not related to the 
I 

physical or vegetation differences found b,:et'-1een sites during the field 

season. 

The argument is bafoed on the large latent heat function of the 

organic layer whlc'h has been demonstrated ies tun~ra soils (Nakano and Brown, 

: 
I' 

~< • 

j 

I 
r 
I 

\ 

I 

" 



1972). The thicker the humus layer the more insulation it provides 

during s;ring thaw but once it and the sa~d layer adjacent to it are 

thawed the humus layer has much less'importance in the distribution 

of energy in the soil. 

Since this directly affects the permafrost level and the . . , 
consequent availability of soil moisture, the middle and back ridges 

, 
will have a higher atmospheric ~emperature for metabolism when soil 

.......... 

moisture is readily available than the front site, where the fast 

thaw of the thin humus layer and the underlying sand quickly induces 

drought conditions. 

The increase in available soil moisture during warm periods of 

the year from the coast to the tree line \is of obvious significan,?e 

in the formation of the tree line. The similarity in the moisture 

.... 
characteristic of the rid~e coupled with their predictable above surface 

90 

and below surface energy exchange -and consequent levels of permafrost and 

soil moisture dem~nstrates the importance of the coastal tundra zo~e 

as a study area for the phenomena of the tree Itne. 
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Site Variable 
Ind Dep 

1 Al A2 
D1 
D2 

A2 D1 
D2 

D1 D2 

2a D1 D2 
Rl 
R2 

D2 Rl 
R2 

R1 R2 

2b D1 D2 
R1 
R2 

D2 Rl 
R2 

R1 R2 

3a Cl C2 
R1 
R2 

C2 R1 
R2 

Rl R2 

3b Cl C2 
Rl 
R2 

C2 Rl 
R2 

R1 R2 

• 
Table I 

LINEAR REGRLSSION OF AVERAGED DATA 
THE 2 eM LEVEL 

TOTAL DATA 

Regression Intercept 
Coefficient 

1.1 ± .0* -.9.:t .4 ** 
1.1 ± .0 -.2 ± .4 
1.1 ± .0 -.9 t .4 
1.0 ± .0 .8 ± .3 
1.0 ± .0 .2 ± .3 
1.0 ± .0 -.5 ± .5 

1.0 ± .1 .1 ± .4 
1.1 ± .1 -.3"± .7 

.9 ± .2 1.S± 1.4 
1.1 ± .1 -.S± .S 
1.0 ± .2 .3± loS 

.9 ± .1 l.1± 1.7 

1.1 ± .0 -.4± .2 
1.1 ± .0 -1.1± .4 
1.1 ± .0 -.6± .2 
1.1 ± .0 -.7± .3 
1.0 ± .0 -.2± .2 
1.0 ± .0 .6± .3 

1.1 ± .0 -.03 ! .2 
1.1 ± .1 -.3 ± .4 

.8 ± .1 .4 ± . 91 ~ 
1.1 ± .0 -.3 ± .4 

.8 ± .1 .5 ± .9 

.7 ± .1 .9 f1.1 

1.0 ± .1 -.S ± .8 
1.3± .2 -1 .• 6 fL.3 
1.2± .1 -1.7 ;!:1.0 
1.3± .2' -.4 f1.4 
1.2± .1 -1.1 ±' .6 

.8 ± .1 .1 ± .9 

Range (Indepen-
dent Variable) 

4.6-15.9 

4.1-15.5 

4.7-15.8 

4.1-13.1 

3.9-13.8 

4.1-13.4 

4.0-13.4 

3.5-13.8 

3.8-13.9 

3.5-14.2 

3.0-13.2 

3.3-13.8 

4.1-13.0 

3.2-12.7 

4.3-15.6 

* calculated as the standard deviation of the regression coef cient O-lang Lab. 
Ref. ~nua1, 1972) • 

• 'Ie calculated as the standard deviation of the intercept (f.Jang b. Ref. 
Manual, 1972) . 
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LINEAR REr.RESSI0N OF AVERAGED nATA 
THE 2 eM LEVEL 

DAYS OF INCREASING TEHPERATURE 

Site Variable Re~ressiot'l. Intercept 
Ina Dep Coefficient 

" . , 
" 

1 Al A2 1.I± .0 -1.4 ±.3 i .t.~\ DI 1.1± .0 -.7 ±.3 
D2 1.1 ± .0 -1.2 ±.3 

A2 Dl l.0± .0 .8 ±.2 
D2 1.O-± .0 .2 ±~2 

Dl D2 1.0 ± .0 ..... 4 ±.4 

28 Dl D2 1.0 ± .0 .4 ± .3 
Rl. 1.0 ± .1 .3 ± .4 
R~' .8 ± .1 3.0 ± .7 

D2 Rl 1.0 ± .0 -.2 ± .3 
, I R2 .9 ± .1 lo9±!.3 

Rl R2 .8 ± .1 2.9 ± .7 

o 2b Dl D2 1.1 ± .0 -.6 ± .1 
Rl 1.1± .0 -.7 ± .2 
R2 1.1 1 .0 -.6 ± .2 

D2 Rl 1.1 ± .0 -.8 ± .2 
R2 1.0 ± .0 -.2 ± .1 I 

Rl R2 1.0 ± .0 .6 ± .1 l 
I 

3a C1 C2 1.01 .0 .1 ± .1 t 
Rl 1.1± .0 -.2 ± .2 
R2 .8 ± .1 .4 ± .4 

C2 Rl l.l± .0 -.2 ± .2 
R2 .8 ± .1 .3 ± .5 

Rl R2 .7 ± .1 .6 ± .6 

3b Cl C2 1.1± .'1 -1.6 ± .8 
R1 1.3± .1 -.8 ± .7 
R2 1.3± .1 -2.5 ± .8 

C2 Rl 1.5± .1 1.3 ± .5 
R2 1.21 .0 -.6 ± .3 

Rl R2 , 
1.0 1 .0 -1.6 ± .5 





5ite 

1 

23 '-

2b 

3a 

3b 

LINEAR REGR.ESSI()~ 'OF AVERAGFD DATA 
THE 50 CN LEVEL 

Variable 
Ind ncp 

Al A2 
D1 
D2 

A2 Dl 
D2 

Dl D2 

Dl D2 
R1 
R2 

D2 Rl 
R2 

Rl R2 

Dl D2 
Itl 
R2 

D2 Rl 
R2 

Rl R2 

Cl C2 
Rl 
R2 

C2 Rl 
R2 

Rl R2 

Cl C2 
Rl 
R2 

C2 Rl 
R2 

Rl R2 

THE TOTAL DATA 

Regres~ion 

Cod f ic ient 

1.1 ~ .1 
1.0 + .1 
1.1 ± .1 
1.0 ~ .1 
1.1 ± .1 
1.1 ± .0 

.9 ± .1 
1.0 ± .1 
1.0 ± .1 
1.1 ± .1 
1.1 ± .0 
1.0 ± .1 

1.0 ± .0 
1.0 ± .1 
1.0 ± .1 
1.0 ± .1 

.9 ± .1 
1.0 ± .0 

1.0 ± .1 
1.0 ± .0 
lot) ± .1 
1.0 ± .1 
1.0 ± .1 

.9 ± .1 

1.1 ± .1 
1.0 ± .0 

.9 ± .1 

Intercept 

-.3 ± .S 
- .1 ± .5 
- 3 ± .5 
- .1 ± .4 
-.0 ± .5 
- .1 ± .2 

.2 ± .3 

.0 ± .2 

.1 ± .3 
-.2 1 .3 
- .1 ± .2 

.1 ± .3 

-.3 ± .1 
.1 ± .3 
.0 ± .3 
.2 ± .3 
.2 ± .2 
.0 i: .1 

.3 ± .2 

.0 ± .1 

.0 ± .3 
-.3 ± .2 
-.3 ± .2 

.0 ± .2 

.. 
.3 t .2 

-.1 ± .0 
-.4 ± .2 

j 

I ' 

r 



Site 

1 

• • 

2a 

2b 

3a 

3b 

Table 5 

LINEAR R~~(;RESSlON OF FOURIER COEFFICIENt'S 
THE 2 CM LEVEL 

Variable 
Ind Dep 

Al A2 
D1 
D2 

A2 D2 
D2 

Dl f)2 

Dl D2 
Rl 
R2 

D2 Rl 
R2 

Rl R2 

D1 D2 
R1 
R2 

D2 R1 
R2 

R1 R2 

C1 C2 
RI. 
R2 

C2 Rl 
R2 

R1 R2 

CI C2 
Rl 
R2 

C1 R1 
R2 

Rl ~2 

TOTAL DATA 

.. 
Rep.ression 
Coefficient 

.9 ± .0 

.9 ± . 6 

.9 ± .0 
1.0 ± .0 
1.0 ± .0 

.9 ± .0 

1.0 ± .1 
1.1 ± .1 
1.4 ± .5 
1.3 :t .1 
2.5 t- .1 
1.1 ± .4 

.9 ± .0 
1.1 ± .1 

.9 ± .1 
1.3 ± .0 
1.0 ± .1 

.7 ± .0 

.9 ± .1 
1.3 ± .3 

.6 ± .1 
1.4 ± .1 

.9 ± .1 

.6 ± .1 

.4 ± .1 

.9 ± .1 

.5 ± .1 
2.0 ± .'2 
1.0 ± .1 

.5 ± .1 

Intercept 

.0 ~ .1 

.0 ± .1 

.4 ± .1 

.1 ± .1 

.5 ± .1 

.4 ± .1 

.2 ± .3 

.2 ± .4 

.6 ±1.4 
-.5 ± .4 
1.1 ± .4 

.7 ±1.4 

.0 ± .1 

.0 ± .2 

.2 ± .2 
-.1 ± .1 

.1 ± .1 

.24 ± .Q 

.4 ± .3 

.0 ±1.3 
-.1 ± .4 
-.3 ± .2 

-1.2 ± .3 
.8 ± .5 

1.5 ± .2 
2.4 ± .4 
2.0 ± .3 

.1 ± .6 

.9 ± .3 

.6 ± .3 

~anp.e (Indepen
dent Variable) 

• 1.3-7.3 

1.2-6.1 

1. 2-6.6 

.6-3.9 

D 
.8-4.3 

.7--4.9 

.7-4.4 

.7-4.7 

.7-3.7 

.9-5.0 

1.2-4.7 

1.6-6.3 

1.1-7.2 

1.0--4.4 

-,2.1-8.6 
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" 

1 Al 

A2 

D1 

2a 01 

~~ '\ 02 

'0 
~ " R1 . ,v 

'2b /01 

.. 
~ D2 

R1 

3a C1 

C2 

Rl 

3b C1 

. C2 

R1 

Table 6 

LINEAR REr.RF.5SION OF FOURIER. COEFFICIENts 
TIlE 5 eM LEVEL 

TOTAL.. DATA ' 

A2 .8 ± .0 .'2 ± .1 
Dl 1.1 ± .0 .1 ± .1 
D2 1.2 ± , .0 .6 ± .1 
D1 1.3 ± .0 -.1 ± .1 
D2 1.4 ± .1 .5 ± .1 
D2 1.1 ± .0 .5 ± .1 

,D2 1.0 ± .1 .1 ± .2 
R1 1.0 ± .1 .0 ± .3 
R2 .9 ± .2 .3 ± .4 
Rl 1.1 ± .1' -.2 ± .2 
R2 1.3 ± .1 -.3 ± .3 
R2 1.0 ± .1 .1 ± .2 

'\' 

D2 1.0,± .0 .0 ± .1 
R1 .8 ± .1 .0 ± .2 
R2 . .7.±· ,.1 - .2 ± .1 
R1 .8 ± .1 .1 ± .1 
R2 .8 ± .1 .1 ± _.1 
R2' .9 ± .1 .2 ± .1 

C2 .8 ± .1 .2 ± .2 
Rl .9 ± .1 -.2 ± .2 
R2 .6 ± .1 .2 ± .1 
Rl 1.0± .1 .2 ± .1 
R2 .8 ± .1 -.2 ± .2 
R2 • 8 ± .1 -.1 ± .1 

C2 .9 ± .1 .1 ± .1 
R1 .9 ± .1 .4 '± .2 
R2 .6 ± .1 .2 ± .1 
R1 .9 ± .1 .4 ± .2 
R2 .7 ± .1 .1 ± .1 
R2 .6 ± .1 .1 ± .2 

) 
• 

97 

.8-4.2 
• 'or <I 

.8-3.8 

.9-4.7 "': 

.5-2.7 

.S-3.1 

.5-3.0 { 
J 

~ LO-2.4 ; 

j 1.2-2.7 

.9-2.8 
-J 

.5-3.2 i 

.5-2.5 :1 . 

.4-2.4 , 

.5-2.7 

.4-2.8 

.4-2.2 

J 

. " 



Site 

1 2a 
2b 
3a 
3b 

2a 2l> 
3a 
3b 

2b 3a 
3b 

3a 3b 

Site 

1 2a 
2b 
3a 
3b 

2a 2b 
3a 
3b 

2b 3a 
3b 

,3a 3b .\ 

Table 7 

LINEAR REGRESSION OF AVERAGED DATA 
2 CM LEVEL. 

Regression 
\. Coefficient 

. 
. 8 ± .1 
.8 ± .1 
.9-± .1 
.9 ± .1 

1.1 ± .0 
1.2 ± .1 
Ll ± .1 
1.0 ± .0 
1.0 ± .1 
1.0 ± .0 

Table 8 

(1 

LINEAR REGRESSION OF. AVERAGED DATA 
50 CM'LEVEL 

Regression 
Coefficient 

.7 ± .1 
, '.9 ± .1 

.9 ± .. 1 " 

.9 + .2 
1.1 ~ .1 
1.1 ,± .1 
1.3± .1 

.8 ±, .1 
1.0± .1 
1.1 ± .1 

98 

Intercept 

.• 5 ± .6 
-.2,± .5 

-1.5 ± .6 
.8 ± .8 

-.8 i .3 " 

-2.9 ± .4 
-1.8 ±~.7 f 

1 

-1.0 :t .3 l 
"'-.2 ± .6, 'i 

• 
.7 ± .4 I 

,1 
'I 

~ 

Intercept 

.-.6 ± .5 
-2.0 ± .7 
-2,.3 ± .7 
-2.8 ±l.1 1 

'-.5 ± .3 ; 

-1.3 ± .4 
'-1~8 ± .4 

-.1 ± .2 
.3 t' .4 

-.1 j; :'2 



Site 

1 2a 
2h 
3a 
3b 

2a 2b 
3a 
ab 

2b 3a 
3b 

3a 3b 

Site 

l 2a· 
2b 
3~ 
3b 

2a 2b 
3a, 
3b 

2b' 38 
3b 

3a .3b. 

, " 

Table 9 

LINEAR REGRESSION OF FOURIER SERIES COEFFICIE~iS 
THE 2 CH LEVEL 

Regression 
Coefficient· 

.8 ± .1 

.6 ± .1 
.. 5 ± .3 
.9 ± .1 
.S ± .1 
.6 ± .1 

1.2 ± .2 
1.0 ± .1 
1.4 ± .2 
1.1 ± .2 

Table 10 \ 

LINEAR REGRESSION OF FOURIER SE..~J;ES C9EFFICIENTS 
THE 5 'eM.LEVEL 

Regressio'!J. 
Coefficient 

• 6 ± .• 1 
.5 ± .0 
.5 ± .1 
.5 ± .1 
.9 ± .1 
.8 ± .4 
.8 ± • 2 
.9 ± .1 

1.0 ± .1 
~9 "± .2 . 

" 

99 , 

:\ 

Intercept 
' ~ 
.' 

,~~ '" , 
,-

-.2' ± .3 
~4 ± .3 
.7 ±1.5 Y\ 

-.2 ± .3 .' ' . 
• 4 ± .3 

1.5 ± .4 • -.1 ± .6 ,. 
.4 ± .4 .f 

-.3 ± .5 J 
t 

.0 ± .9 f 
), 

, 
Intercept 

.0 ± .3 . 
,~ 

.. 2 ± .1 
" 

~1 ± .4 
-.1 ± .2 
: .1 ± .1 
-.1 ± .9 . 

.2 ± ... 5 

.0 ± .'3 
-.2 ± .2 . 

.3 ± .3 
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Level 

5 em 
10 em 
15 em 
30 cm 
50 em 

5 em 
10 cm 
1'5 em 
30 em 
50 em' 

5 em 
10 em 
15 em 
30 cm 
50 em 

Table It Appendix B 

Prediction with Literature Yalues 
Organic diffusivity=3.16cm2/hr 

Sand diffusivity=41.25cm2/hr 
. (from Kersten, 1949) 

Site 1, Association Al 
,Humus Dep th = 0 . .0 cm 

Amplitude Phase 
P-A*(oC) Actual (OC) P-A*(hr) Actua1(r) 

+.6 3.9 .4 .9 
1.5 2.1 1.2 .5 
1.1 1.2 1.6 .1 

.4 .4 2.0 4.9 

.2 .3 1.6 3.5 

Site 2b! Association D1 
HumuS Depth ... 3.8 cm 

-1.1 2.3 -.4 .1 

I -.8 1.4 .0 5.8 
....... 0 1.0 .8 5.3 
-.5 .8 .0 4.0 
-.4 .7 -1.6 3.6 

-\ . " 
"' Site 3b z Association Cl 

Humus Depth = 2.6 em 

2.S! 

j 
-.4 -.8 

-.4 1.5 .. 0 

-.4 1.0 .0 
-.2 .7 -.8 

'* Predicted-Actual (PC) 

\ Average 
P-A*(OC) Actua1(oC 

.8 8.6 

.6 7.9 

.8 6.9 

.4 5.8 

.1 4.8-

-1.3 '6.1 
-1.0 5.2 
. -.9 4.9 
-.1 ,3.2 
-.1 2.3 

-1.0 '6.2 
-.3 5.0 

-.1 3.0 
.1 1.6 

lOl 
! 

l' 

I, 
t 
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Sen~itivity of the Prediction to changes in the Diffusivity 

Down the Profile 

102 

, : 

-1 



Levels 
1 2 

Amplltude**' 
3 4 5 6 

,5 em -.6 .0 -.2 .0 .0 -.3 
10 em .0 .4 .4 .4 
15 cm .2 .Ii .4 .3 
30 em .1 .2 .2 .2 
50 em .1 .1 .2 .1 

Level 1 
, 2- 5'cm 8 

5-10 cm 30 
10-15 cm 30 
15-30 em 30 
30-50 em 30 
50-2000 em 30 

"" 1?redictea - Actual 
**Legend 

~, 

.3 .1 

.2 .1 

.2 .1 

.1 .0 
Q 

Q 

Site 1, Association AI 

~ 

7* Act. 1 2 
)?hase 

3 4. 5 7"* 
.4 3.9 -.7 -.3 -.4 - • .3 .-.2 -.4 
.4 2.1 -.4 -.1 .0 .0 .1 -.4 
.3 1.2 -.3 .0 .4 .1 .1 -.4 
.1 .4 -.7 -.3 .7 .5 1.0 -2.0 
.0 .3 -.3 -.2 .6 .5 1.0 -1.2 

• 
• 
) 

.; 

Legend,* 

Diffusivity (cm2/hr) .. . 
23 6 

12 12 12' 
30 40 30 
30 4Q 30 
30 40 40 
30 40 40 
30 40 40 

" 

" T! ' j; I ; T lit F ,..., 

4 

I 

-60_'" _'" ~~~_ .. ~ . -

1-# 
o 
w 

-. ~-. 



Level I . 2 
5 cm .... 3 - '1'".2 

10 em -.t .0 
15 em -.2 .0, 
30 em' -.1 -.1 
50 em .1 '+.2 

Level 
2.. 5 em 
5-10 em 

lO-ls:'cm 
1'5-30 em 
30-50 cm" 
50-2000 em 

, 

'0 
Amplitude**( C) 

3 4' 5 
-.1' -.4 -'.3 - . 

.1 .. 0 -.1 '-. ... 

.1 .0- -,,1 -. 
",.0 " •• 0 -.1 
'7".3 .3".2 

1 
16 

, 16 
, 16 

16 
16 
16 

.. 
, .' 

* Predfeted ~ Actual 
** Le&~nd 

I. 

• 

/' 

Site 1, Assoeiation Dl 

Pha'se (hr) j> 

2 3 4 5 6* 1 
+.2 .4 .0 .3 .2 .1 

-.4 -.2 .0 ~.2 -.4 -.2 .5 
1.2 -.8 -;4 -.6 -.8 -.6- .4 
3.6 -2.8-1.6-2.0-2.4-1.4 .2 
3.2·-2.8-2.0-2.4-2.0~1.2 .3 

Legend * 
Diffusivity (~m2/hr) 

" 
0 Average( C) 

2 3 4 5 6* 
.1 .1 .0 .1 .0 
.5 .5 .5' .4 .3 
.4 .4 .3 .2 .2 
.3 .3 .3 .2 .2 
.4 .5 .5 .5 5 :of . " 

2 3' , 4 5 6 
20 -,- -~24 ----~18---~----- 18 -- --la' 
20 24 24 20 22 
20 . 24r 24 22 -- -----:.,. 26 
20 24 . 24 24 30 
20 ',t 24 24 26 34 
20 24 24 28 39 

"" ,~5h_-j.liIli' U ""M" ytr 1S,: 4}.' .- ~QI!-.~ ," itltVfli 1 r' J •• ~--'-. 
......:.:'. --~ ............ ' -- .~--...-

, 
~ 

i 
t 
i 

6 0 
lJ-

.' -'-
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TABLE 3 

PREDICTION USING DIFFERENT 2-5 CM DIFFUSIVITIES , ~' 

Day 10 

• 



~ 

SITE 1 

Assoc. Level Ampl1tude** ~e) Actual (Oe) Phase** (hr) Actual(r) Average** (oe) Actual (oC) 
4 8 12 16 20 24* 4 8 12 16 20 24* 4 8 12 16 20 24* 

Ai 5 em -1.3 -.3 ,.4 •• 8 1.1 c 3.9 -1. " .1 .3 .5 . 8.6 
~O em -.5 . J! .4 .6 .8 2.1 -1 .. 2 -.4 .0 .0 .1 .3 .5 .5 .6 7.9 
15 em . -.2 .1 .3 .4 .5 1.2 -1.6 -.4 -.4 .0 .5 .6 .7 .7 .8 6.9 
30 em ,0 .1 .1 .1 .1 .4 -2.7 -2.0-1. 6-1. 6 .3 .3 .4 .4 .4 5.8 
SO em .0 .0 .0 ,0 .0 .3 -1.6 -1.2-1.2-1'.2 ';. .1 .1 .1 .1 .2 4.8 

~ 

A.2 5 em, -.9 ~.6 -.4 .7 1.0 3.2 -1.2 .6 .4 .4 -.3 .0 .2 .3 .4 8.8 , 
10 em -.7 -...4 -.3 .1 .3 2.2 -1.2 -.4 .0 .0 -.3 -.1 .0 .0 .1 8.3 
15 em -.3 -.1 -.2 .2 .3 1.2 -.8 .0 .4 .4 -.1 .0 .1 .1 .1 7.6 
30 em - .. 1 -.1 .0 .0 .0 .5 -2.0 -1. 2-1. 2-1. 2 .1 .2 .2 .2 .2 6.0 
50 em .0 .0 .0 .0 .0 .3 -1.6 -1. 6-1.6-1. 6 .1 .1 .1 .1 .1' 4.8 

Dl Scm -1.8 -.9 -.4 .1 .2 4.3 -1.6 -.4 -.4 .0 .4 -.2 .0 .1 .1 9.6 
10 em -.8'-.3 .0 .2 .3 2.5 -1.6 -.8 -.8 -.4 .3 .4 .4 .5 .5 ' 8.5 
1:5 em -.5 -.3, .0 .1 .2 1.6 -2.0 -1.2-1.2 -.R .2 .3 .4 .4 .4 8.1 
30 em -.1 .0 .0 .0 .0 .5 -3.2 -2.4-2.0-2.0 .2 .2 .2 .2 .2 6.6 
50 etn .0 .0 .1 .1 .1 .3 -1.2 -1.2-1.2-1.2 .3 .3 .3 .3 .3 4.9 

D2 5 em -2.5-1.7-1.3 -.9 -.7 -.6 5.3 -2.0 -1.2 -.8 -.8 -.8 .6 -.5 -.4 -.3 -.3 -.3 10.0 
10 em -1.9-1.4-1.2-1.0 ·.9 -.8 3.9 '-2.4 -1.6-1.6-1.6-1.2 .4 -.4 -.3 -.3 -.3 -.3 9.4 
15 cm .... 4 -.1 .0 -.1 -.2 .2 1. 7 -1.6 -1.2-1.2 -.8 -.8 .4 .4 .4 .4 .4 .4 8.n 
30 em -.1 -.1 ,0 .0 .0 .0 .6 -3.6 -2.4-2.0~2.0-2.0 .3 .3 .3 '.3 .3 .3 6.S 
50,cm .0 .0 .0 .0 .0 '.0 .4 -2.0.' -1.6-1.6-1.6-1.6 .2 .2 .2 .2 .2 .2 5.0 

I 

* Diffusivity If the 2-5 em Level (cm2/hr~ 
'II'll Quoted as Pr dieted-Actual 

\) 

" •• t t" ,>, J at.,... .. r , .. 
• • -I't; oM_ y_ _ .... ~r ~,~ 
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o 
'" 



.) 

I 

SITE 2A 

Assoc. Level Amplitude**(OC)Aetua1(OC) 
3 4 5 8 12 16* 

Dl 5 em ... 1. -.7 -.2 .1 .1 • 1 
10 em -.7 -.5 -.1 .1 -.1 1.17 
15 em -.~ -'.4 -.1 .1 -.1 .89 
30 em -.4 -.4 -.2 -.1 -.2 .70 
50 em -.4 -.4 -.2 -.2 -.3 .6 

D2 5 em -l.0 -.7 -.3 .1 .3 2.2 
10 em .... 5 -.2 .0 .2 .3 1.2 
15 cm -.5 -.3 -.2 -.1 .0 1.0 
3(fcm -.4 -.3 -.3 -.3 -.2 .7 
50 em -.2 -.2 -.1 -.1 -.1 .4 

R1 5 em -1.2 -.-8 -.4' .1 .3 2.6 
10 em -.7 -.4 -.2 .• 1 .2 L5 
15 'cm -.6 -.4 -.3 ':'.1 .0 1.1 
30 ctn .... 3 -.3 -.2 -.2 -.1 .7 
50 em -.3 -.2 -.2 -.2 -.2 .5 

R2 5 em -.4 .0 .4 1.2 2.0 2.5 2.5 
10 em , .... 3 .... 1 .1 .6 1.0 1.3 1.5 
15 em -.2 -.1 .1 .3 .5 .6 .9 
30 em -.2 -.1 -.1 -.1 -.1 .0 .6 
50 em -.2 -.2 -.2 -.2 -.1 -.1 .5 

* D~ffusiYity of the 2~5 em Level (em2/hr) 
** Quoted 8S Predicted-Actual 

3 4 
....1.2 
-1.6 

' -1.6 
-2.8 
-3.2 

-.8 
.0 
.0 

2.0 
-2.8 

-1.6 
-.8 
-.4 

-2.4 
-3.2 

-.8 
-.8 
-.8 

-2.0 
-3.2 

Phase **(hr) 
5 8 12 16* 

-.8 -.4 ~O .4 
-1.2 -.8 -.4 .0 
-1.2 -.8 -.4 .0 
-2.9-2.4-2.0 .0 
-3.2-3.2-3.2-3.2 

-.8 -.4 .0 .4 
.0 .4 .8 .8 
.0 .4 .4 .8 

1.6 1.2 1.2 1.2 
-2.8-2.8-2.8-2.8 

-1. 2 -.8 -~4 .0 
. -.4 .0 ~4 .4 
-.4 -.0 .4 .8 

-2.0-2.0-1.6-1.6 
-3.2-3.2-3.2-3.2 

.0 .4 .8 .8 
-.4 .0 .8 .8 
-.4 .0 .8 .8 

-1.6-1.2 -.8 -.8 
-3.2-3.2-3.2-3.2 

, • • • t., 
','. - Ii,:. $] III ". .." 4* * ' t •• 0 '..... ; j) 'tit !.": _,"? ,I ~-4J. ___ • 

° 
. 

Actual (r) Averap,e**( C) 
3 4 5 8 12 16* 

.07 -.9 -.5 -.4 -.1 .2 
5.85 -.7 -.3 -.3 -.2 .2 
5.24 j5 - .. 3 -.3 -.2 .1 
4.11 .4 -.3 -.3 -.3 -.1 
3.71 -.2 -. - . -.2 -.2 

.36 -1.1 -.3 -.3 -.3 -.2 
5.99 -.2 .0 .2 1.3 .4 
5.57 -.9 -.8 -.6 -.5 -.S 
4.23 -.2 -.1 -.1 .0 .0 
3.79 -.2 -.2 -.2 -.1 -.1 

.51 -.8 -.5 -.1 .1 .3 
6.15 -.5 -.2 .0 .2 .3 
5.59 -.4 -.2 .0 .2 .2 
4.25 -.2 -.1 .0 .1 .1 
3.82 -.1 -.1 -.1 -.1 .0 

.62 -.1 .2 .5 .9 1.3 1.6 

.20 .0 .2 .3 .6 .9 1.0 
5.89 .3 .4 .5 .7 .8 1.0 
4.36 .0 .0 .1 .2 .3 .3 
3.84 .0 .0 .1 .1 .1 .. 1 

.....~ .......... ' '" --: oF' ~ ... ~ .... 

Actual (oC) 

6.06 
5.4 
4.9 
3·.7 
2.6 

6.8 
5.5 
S.8 
3.9 
2.6 

6.9 
6.1 
~.5 
4.0 
2.7 

6.7 
6,0 
5.2 
4.0 
2.9 

,.... 
o ..... 



SITE 2B -
tI 

Assoc. Level Amplitude** (OC)Aetual (OC) Phase** (hr) Actual (r) Average** (OC) Actual (oC) 
4 8 12 16* 4 8 12 16* 4 8 12 16* 

Dl 5 em -1.0 -.4 -.1 .2 -.8 -.4 -.1 .0 
10 em -.5 -.1 .1 .3 -.3 .0 .1 .2 
15 em -.5 -.2 -.1 .0 -.5 -.2 -.1 .0 
30 em -.4 -.3 -.3 -.3 -.1 -.1 -.1 .0 
50 em ':'.4 -.4 -.4 -.4 -.3 -.3 -.2 -.2 

D2 5 em -1.4 -.8 -.5 -.3 2.\4 -1.2 -.8 -.4 6.2 -1.1 -.6 -.3 -.2 6.6 
10 em -.8 -.2 -.2 ,:".1 1.4 -.8 -.4 -.4 5.6 -.6 -.2 .0 .1 5.6 
IS em -.6 -.4 -.2 -.2 1.1 -1.2 -.8 -.4 5.0 -.2~ ~1 .3 .4 4.6 
30 em -.4 -.3 -.2 .... 2 .8 -2.4 -2.0 -2.0 4.0 -.3 -.1 .0 .0 3.3 
50 em -.4 -.4 -.3 -.3 .6 -2.4 -2.4 -2.4 3.6 . -.1 -.1 -.1 .0 1.9 

Rl 5 em -.6 .1 .5 .8 2.0 -.4 .4 .8 .8 .12 -.3 -.2 .4 .8 5.6 
10 em -.2 .2 .5 .6 1.0 .4 1.2 1.2 1.6 5.65 -.1 .3 .5 .6 4.8 
15 em .3 .0 .2 .3 .8 -.4 1.2 1.6 2.0 4.99 -.1 .2 .• 3 .4 4.4 
30 em -.4 -.3 -.2 -.2 .8 -1.2 -.8 -.4 -.4 3.90 -.2 -.1 .0 .1 3.2 
50 em -.4 -.4 -.4 -.3 .6 -2.4 ~2.4 -2.4-2.4 3.58 -.3 -.3 -.3 -.3 2.3 

R2 S em -,. 7 -:.2 .1 .3 1.8 -.4 .0 .4 .8 .01 -1.1 -.6 -.3 -.2 6.1 
. 10 em -.5 -.2 .0 .1 1.1 .4 .8 1.2 1.6 5.57 -.6 -.2 .0 .1 5.4 

15 em -.5 -.3 -.2 -.2 .9 -.4 .0 .4 .8 5.10 -.2 .1 .3 .4 4.8 
30 'em -.4 -.3 -.3 -.2 .8 -1.6 -1.6 -1.2-1.2 3.96 -.3 -.1 .0 .0 3.4 
50 em -.4 -.4 -.3 -.3 .6 -2.4 -2.4 -2.4-2.4 3.62 -.1 -.1 -.1 .0 2.2 

2 
~ D1ffus1v1ty of the 2-~ em Level (em /hr) 
** Quoted a9 Predicted-Actual 

..... 
g 
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~ 

SITE 3A 

. Assoc. Level Amp1itude**(oC)Aetua1(Oc) 
3 5 . 8 12* 3 

C1 5 etn -1.2 -.7 -.3 .1 2.2 
10 CU\ -.6 -.3 .0 .2 1.3 -1.2 -.8 -.4 .0 5.6 
15 em -.3 -.1 .1 .2 .8 -2.4 -2.0 -1.6 ~1.3 5.3 
30 em -.1 .0 .1 ,1 .4 -2.4 -2.0 -2.0 -1.6 4.0 
50 em -.1 -.1 .0 .0 .3 -2.0 -2.0 -2.0 -2.0 3.4 

C2 Scm -1.0 -.5 .0 .4 2.1 -1.2 -.4 .0 .4 5 .. 9 
10 em -.5 -.2 .1 .3 1.3 -1'.2 -.8 .0 .4 5.4 
15 em -.4 -.2 .0 .2 .9 -1.6 -1.2 -.8 -.4 5.0 
30 em -.2 -.1 .0 .1 .5 -2.4 -2.4 -2.0 -1.6 4.0 
50 em -.2 -.-1 -.1 -.1 .3 -1.2 -1.2 -1.2 -1.2 3.2 

Rl Scm -.4 .3 1.0 1.6 1.9 -1.2 -.8 .0 .4 5.9 
10 em .1 .4 .8 1.2 1.1 -.4 .0 .4 1.2 5.2 
15 em .0 .2 .5 .7 .8 -1.2 -.4 .4 .8 4.8 
30 em .1 .1 .2 .3 .5 -2.0 -1.6 -1.2 -.8 3.8 
50 em .1 .1 .1 .1 .3 -1.6 -1.6 -1.6 -1.2 3.2 

R2 5 em -.9 -.6 -.3 -.1 1.4 -1.6 -1.2 -.8 -.4 5.7 
10 em -.6 -.4 -.2 .0 1.0 -2.0 -2.0-1.2 -.4 5.2 
15 cm -.4 -.3 -.2 -.1 .7 -2.4 -2.0 -1.6 -1.2 4.8 
30 em -.2 -.1 -.1 .0 .4 -2.4 -2.4 -2.0 -2.0 3.8 
50 em -.1 -.1 -.1 -.1 .2 -2.0 -2.0 -2.0 -2.0 3.4 

2 * Diffusivity of the 2-5 em Level (em /hr) 
** Quoted as Predicted-Actual 

/ 

/ 
,/ 

,..- ..... ..t ..... "" .... --------~--,t<"'..+'~.~II!'"'~.' 35 ... __ , 'Ii Sf 11...----~_ ..... ·f tl,t c_ -1 

-.3 
.1 

-.2 
.0 

-.7 
-.3 
-.3 
-.3 
-.1 

-.1 
.2 
.2 

-.1 
.0 

-1.0 
-. '5 
-.4 
..... 3 
-.1 

Avera~e**(Oc) Aetual(oc) 
5 8 12* 

.0 
.0 .2 .4 4.2 
.3 .5 .7 3.4 
.0. .1 .1 2.5 
.0 .0 .1 1.4 

-.2 .1 .4 5.2 
.0 .3 .5 4.4 
.0 .2 .3 3.9 

-.1 .0 .1 2.9 
.0 .0 .0 1.7 

.5 1.0 2.2 4.8 

.7 1.0 1.3 4.0 

.6 .9 1.0 3.5 

.1 .3 .4 2.6 

.1 .1 .1 1.'5 

-.7 -.5 -.3 4.6 
-.2 .0 .1 3.7 
-.3 -.1 .0 1.4 
-.2 -.2 -.1 2.4 
-.1 -.1 -.1 1.3 

~ 

o 
..a 



/ .. 
/1 .' 

. SITE 3B .-
'Ampli~ude ** (oe) Actual cOe) Phase** (hr) Actual (r) Average** (oe) Actual cOe) 

3 4 8 12 16* 3 4 8 12 16* 3 4 8 12 16* 
A8soc. 'Level 

C1· 

Rl 5 em -.7 -.2 .2 .4 1.8 -1.2 -.4 .0 .0 6.1 -.6 -.1 .1 .3 5.0 
10 em -.3 .• 1 .3 .5 1.0 . .4 .8 1.2 1.6 5.2 -.2 .2 .4 .5 4.0 
15 em I -.2 ,,0 .1 .2 .8 : ~1.2 -.4 .0 .4 4.9 -.1 .2 .4 .5 3.4 
30 em • -.5 :'.4 -.3 -.3 .9 -1.6 -1.2 -.8 -.8 3.8 -.3 -.1 .0 .0 2.4 
50 em -.5 -.5 -.4 -.4 .7 -2.8 -2.8 -2.8 -2.~ . 3.5 -.3 -.2 -.2 -.2 1.1('-

Rl, S em -.1 .3 1.6 2.5 3.0 .2.3 ,-.4 .0 .8 .8 .0 .3 .8 1.5 2.0 2.2 5.4 
10 em .1 .5 1.5 1. 7 2.0 1.2 .8 1.6 2.0 2.4 5.4 .6 .8 1.5 1.8 1.9 4.5 
l5 em .1 .1 .6 ·.9 1.1 1.0 .8 1.6 2.0 2.4 4.9 .6 .7 1.2 1.4 1.6 3.9 
30 em -.3 -.2 .0 .1'+.1 .9 -1.6 -.8 ~i'4 4.0 .1 .2 .4 .6 .6 2.7 
50 em ~.S r.4 -.3 -.3 -.3 .8 -2.8 -2.8 2. .~ 3.6 --.3 -.3 -.2 -.2'-.2 1.8 

-a2 5 em ... 3 .0 .9 1.3 1.6 1.4 .4 .8 1.2 1.2 5.9 :...2 +.3 .9 1.2 1.4 4.0 
10 em -.1 .1 .6 .9 1.0 .9 2.0 2.8 3.2 3.6 4.7 .1 .4 .9 1.1 1.3 3.2 
15 em -.2 -.1 .2 .4 .5 .8 1.2 2.0 2.8 3.2 4.3 .1 . 2-. . 7 . 9 1.0 2.9' 
30 em I -.4 -.4 -.2 -.2 -.1 .8 -1.2 -.8 -.4 -.4 3.7 -.2 -.1 .1 .2 .2 2.1 
SO em -.S -.S -.5 -.t -.4 .7 -2.8 -2.8 -2.8 -2.8 3.5 -.t-.3 -.3 -.3 -.2 1.3 

2 * Dt~fusiy1ty of the 2-5 em Level (em Ihr) 
** Quoted as Predicted-Actual 
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TABLE 4 

Sensitivity of the Model to changes in the Diffusivity . ' 

# , 

" 



Initial Conditions Set at 6 am . 
DSl 9-11 ** 

Assoc. Level Amplitude Phase 
P-A*(oC) Actual(oC P-A*(hr) Actual(i) 

9 5 em .2 3.7 
10 em .4 2.2 
15 em .7 1.6 
30 em .,. .5 .7 
50 em .1 .3 

10 5 em --.3 3.6 
10 em .3 2.2 
15 em .7 1.5 
30 em .3 .7 
50 em .1 .3 

11 5 em -~ 4.6 
10 em .5 2.8 
15 em .9 1.9 
30 em .4 .9 
50 em .1 • 4 

* Pred~eted-Aetua1 
** Diffus!vity 2-5 em ~ 8. c~/hr 

5-2000 em ~ 20 em /hr 

-.s 5.4 
-1.2 5.0 
-.8 4.5 

-1.2 3.6 
-.8 2.6 

-.8 5.4 
-1.2 5.0 
-.8 4.5 
-.8 3.5 

.0 2~6 

-.8 5.5 
-.8 5.0 
-.8 _ 4.'6 

-1.2 3.6 
-.4 2.7 

, 
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Average 
P-A*(oC) Actual (oC) 

.5 ,7.3 

.6 6.8 
1.0 6.0 

.5 5.2 
.• 1 4.5 

.7 8.8 

.9 7.5 
1.5 6.7 
1.3 5.6 
1.0 4.7' 

.8 9 .• 8 
1.3 9,0 .~ 

2.0 7.9 
Z.O . 6.4 
1.5 5.1 
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Initial Conditions Set at 6 am 
Day q-ll** 

Assoc. Level Amplitude 
P-A*(OC) Aetual(OC 

9' 5 em .1 3.7 
10 em .3 2.2 
1.5 em .3 1.6 
30 em .2 .7 
50 em -.1 .3 

19 5 em .1 3.6 
10 em .3 2.2 
IS em .3 1.5 
30 em .1 .7 
50 em .0 .3 

11 5 em .2 4.6 
10 em .4 2.8 
15 em .3 1.9 
30 em .1 .9 
50 em -.1 .4 

* Predicted-Aetual 
** Diffusivity 2-5 em = 8. cm~/hr 

5-2000-cm = 20 cm /hr 

Phase 
l'-A*(hr) Aetual(r) 

-.4 5.4 
-.4 5.0 
-.4 4.5 

.-1.2 3.6 
-1.2 2.6 

-.4 5.4 
-.4 5'.0 
-.4 4.5 

-1.2 3.5 
.0 2.6 

-,,4 5.4 
.0 5.0 

-.4 4.6 
-1.2 3.6 

.0 2.7 
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Average j 

P-A* (oe) Actual (oe) -
.{ 

!. 
.3 7.3 j 

.3 6.8 
I-

.4 6.1 

.1 5.2 

.0 4.5 

.4 8.1 

.5 7.5 

.8 6.7 

.5 5.7 

.3 5.0 

'" .5 ~8 

.6 9>.0 
1.0 7.9 

.8 6.4 

.6 5.7 

-' 

" 



Initial Conditions'Set at 6 am 
•. Day 9-11 ** 

Assoc. Level Amplitude Phase 
P-A* (Oe) Aetua1(OC) P-A*(hr) Actual (r) 

qn 

10 em .5 2.2 
15 em .4 ~ . ./ 1.6 
30 em .2 .7 
50 em -.1 .3 

10 5 em .4 3.6 
10 em .5 2.2 
15 em .4 1.5 
30 em .1 .7 
50 em .0 .3 

11 5 em .6 4.6 
10 em .7 2.8 
15 em .4 1~9 
30 em .1 .9 
50 em .1 .4 

* rredieted-Aetual 
** niffusivity 2-5 em a 10 em2/hP 

5- 20bo em = 20 em2/hr 

.0 5.0 
-.4 4:5 
-.8 3.6 
-.8 2.6 

.0 5.4 
-.4 5.0 

.0 ·4.5 
-.8 3.5 

.0 2.6 \ 

.0 5.5 

.0 5.0 

.0 4.6 
-.8 3.6 

.0 2.7 

.4 6.8 

.6 6.1 

.2 5.4 

.0 4.5 

.5 8.1 

.5 7.5 

.9 6.7 

.6 \ 5.7 . 

.4 4.7 

.7 9.8 

.8 9.0 
1.1 7.9 

.9 6.4 

.7 5.1 
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Initial Conditions Set at 12 em 
Day 8-11 ** 

Assoc. Level Amplitude 
P-A* °c Actua1(oC) 

8 5 em .2 2.9 
10 cm .2 1.7 
15 em .1 ~.1 
30 em -.1 .5 
50 em -.1 .2 

9 5 em .3 3.7 
10 'em .5 2.1 
15 em .3 1.3 
30 em .0 .5 
SO em .0 .3 

10 5 em -• 4 3.9 
10 em .5 2.1 
15 c:m .4 1.2 
30 em .1 .4 
so c:m .0 .3 

11 5 cm .6 4.4 
10 om .7 2.7 
15 em .4 '1.8 
30 em .1 .6 
50 c:m .0 .4 

I 
.' * Predicted-Actual J 

** Diffus!vity 2-5 em = 12 cm;/hr. 
5-2000·em = 20 em·fhr 

Phase 
P-A*(hr)Actual(r) 
.0 1.0 
.0 .6 
.0 .2 

-2.0 5.S 
-7.2 5.1 

.0 .8 

.0 .4 

.0 6.2 
-2.0 5.0 
-4.0 4.1 

-.4 .9 
-.4 .5 
-.4 .1 

-2.0 4.9' 
-1.2 3.5 

.0 .7 

.0 .3 

.0 6.2 
-1.6 5.1 
-2.4 3.7,' 
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, Average 'f P-A*{OC) Aetual(OC) ~ 

.2 5.9 i 
I 

.1 5.7 ,~ 

.3 5.5 

.1 5.1' 

.0 4.6 

.. 5 7.5 

.5 7.0 

.8 6.2 

.5 5.3 

.4 4.5 

.6 8.6 /' 

.7 7.9 
1.0 6.9 

.8 5.8 

.6 4.8 

.7 9.5 

.9 8.9 
1.2 8.0 f '~ , . 

6.6 
,I ~~ ~ 

1.1 '" 

.9 . 5.2 '. 

, 

" 
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Initial Conditions Set at 12 om 
Day 8-11** 

Average 
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Assoc. Level ' ,Amplitude 
P-A* 0 Aetual(OC) Actual (OC)P-A* (OC) Aetual(oC) 

5.~ em -. . 
10 em .0 1.7 -.4 .6 .1 5.7 
15 em -.1 1.1 -.4 .2 .3 5.2 
30 em -.2 .5 -.2 .4 5.5 .2 4.Q 
50 em -.1 .2 -7.6 5.1 .0 4.6 

9 5 em -.3 3.7 -.4 .8 .. 3 7.5 

10 em .0 2.1 -.4 .4 .3 7.0 
15 em .0 1.3 -.8 6.2 .6 6.2 
30 em .0 .5 -2.4 5.0 .4 5.3 
SO em .0 .3 -4.0 4.1 .3 4.5 

10 5 em -.4 3.9 -.8 .9 .3 8.6 
10 em .0 2.1 -.8 ' .S .3 7.9 

->~ 15 em .1 1.2 -.8 .1 .8 6.9 
30 em .0 .5 -2.0 4.9 .7 5.8 
50 em .0 .3 -1.6 3.5 .6 4.8 

11 5 em -.2 4.4 -.4 .6 .5 9.5 
10 em .1 2.7 -.4 .3 .6 8.9 

'15 em .1 1.8 -.4 6.2 1.0 8.0 
30 em .0 .6 -2.4 5.1 .9 6.6 
50 em .0 .4 -2.4 3.7 .8 5.2 

C 

r 
* Predicted-Actual 2 
** Diffusivity 2-5 e~ = 8. cm /hr 

5-2000 em = 20 em2/hr 
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Initial Conditions Set at 6 am 
Day ,9-11 ** ./ 

Assoc. Level Amplitude 
P-A*(OC Aetua1(oC) 

9 5 em -. 2 ~ 3.7 
10 em .3 2.2 
15 em .3 1.6 
30 em .3 .7 
50 em .1 .3 

10 5 em -.2 3.6 
10 em .2 2.2 
15 em .4 1.5 
30 em .7 .7 
50 em .1 .3 

11 5cm -.2 4.6 
10 em .4 2.8 
15 em .5 1.9 
30 em .3 .9 
50 em .1 1.4 

~4 
* Predicted-Actual 2 
** Diffusivity 2-5 em = 10,em

2
/hr 

,5-2000 em = 30 em /hr 

5.0 
4.5 

.0 3.6 

.0 2.6 

-.4 5.4 
-.4 5.0 

• 0 4.5 . 
.. 0 3.5 
.8 2.6 

-.4 5.S 
.0 5.0 
.0 4.6 
.0 3.6 
.4 2.7 

.2 . 6.8 

.5 6.1 

.3 5.2 

.1 4.5 

.3 8.1 

.4 7.5 

.7 7.5 

.8 5.7 

.6 4.7 

.3 9.8 

.6 9.0 
1.1 7.9 
1.2 6.4 
1.1 5.1 
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Initi~l Conditions Set 
Day 8-11** 

Assoc. Level 

8 5 em 
10 em .2 1.7 .3 
15 cm .• 2 1.1 .7 
30 em ~O .5 .5 
50 em .0 .2 -2.9 -! 

9 5 em -.2 3.7 -.3 
10 em ~4 2.1 .2 
15 eIIl .. 5 1.3 .7 
30 em .2 .5 1.0 
50 em .2 .3 -1.3 

10 5 em -.2 3.9 -.4 
10 em .4 2.1 .0 
15 em .6 1.2 .4 
30 em .2 .4 1.4 
50 em .1 .3 1.0 

11 5 em .0 4.4 -.2 
10 em .6 2.7 .2 
15 em .7 1.8 .6 
30 em .~ .6 1.1 
50 em .2 .4 .2 

* Predicted-Actual 2 
** Diffusivity 2-5 em = 12 em

2
/hr 

5-2000 em = 40 em Ihr 
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at 12~ 
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.6 .0 5.7 J 

.2 .3 5.2 ' i 

5.5 .2 4.9 i 
1\ 

5.1 .1 4.6 

i 

.8 .3 7.5 

.4 .5 7.0 
6.2 .8 6.2 
5.0 .8 5.3 't-

4.1' .7 4.5 . 

.9 .3 8.6 

.5 .6 7.9 

.1 1.1 6.9 
4.9 1.2 5.8 
3.5 1.3 4.8 

.7 .6 9.5 

.3 .8 8.9 
6.2 1.4 8.0 
5.1 1.7 6.6 " 
3.7 1.9 5.2 
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Day 17 

Site 23 

Assoc. Level Amplitude COC)* ° Act.( C)Phase*(hr) Act. Cr) AverageCoC)* 0 
~ct. C C) 

8 10** 8 10** 8 10 ** 
Dl Scm -.6 -.4 3.2 -.4 -.2 .0 .2 .2 9.8 

10em -'.4 -.3 2.3 -.4 -.2 6.1 .3 .3 9.4 
lscm -.5 -.4 1.7 .0 -.3 5.9 .2 .2 9.1 
30cm -.1 -.1 .5 -2.8 -3.0 5.0 .6 Q .6 6.9 
50em .1 .1 .3 -2.4 -2.7 3.9 .3 .3 5.1 

5 8 5 8 5 8 
R2 Scm -1.0 -.5 2.9 -.1 .0 6.2 -.1 .0 10.2 

10cm .7 -.2 2.1 .1 .0 6.0 .1 .2 9.6 
1scm -.7 -.5 1.6 -.1 .0 5.8 .1 .2 9.2 
30cm -.2 -.1 .5 -3.4 -2.4 4.9 .2 .3 7.2 
sOem .1 .1 .4 -2.3 -2.4 3.8 .3 .3 5.1 

Site 2b 

8 14** 8 14** 8 14** 
D1 Scm -.6 -.2 3.2 -.4 -.1 .0 .1 .1 9.8 

10em -.4 -.1 2.3 -.4 -.1 6.1 .3 .3 . 9.4 
Isem -.4 -.3 1.7 -.4 -.3 5.9 .2 .2 9.1 
30cm -.1 -.1 .5 -3.2 -2.7 5.0 •• 6 .6 6.9 

8 10** 8 10** 8 10** 
R2 Scm -.4 -.2 2.8 .0 .0 6.2 .1 .1 10.1 ' 

10em -.3 -.2 2.0 .4 .0 6.0 .2 .3 . 9.6 
lsem -.4 -.3· '1.6 -.4 -.2 5.8 .2 .3 '9.2 
30em -.1 -.1 .5 -2.8 -3.0 4.9 .3 .3 L2 
sOem -.1 .1 .4 -2.4 -2.4 3.9 .3 .3 5.1, 

Site 3a 

3** 3** 3** 
R1 Scm -.4 2.6 -.3 .1 .3 8.5 

10em -.2 1.-8 -.2 6.1 .4 8.1 
15cm -.2 1.3 -.3 5.9 .4 7.6 
30cm -.2 .5 -4.0 5.4 .3 6.1 
50em .2 .2 -2.3 3.9 .6 3.8 

8 ** 8** 8 ** 
C2 Scm -.1 3.0 -.1 .0 .,1 9.0 

10cm .1 2.0 -.2 6.1 ·4 8.5 
15cm .0 1.4 -.4 5.9 .5 8.0 
30cm -.2 .5 -4.0 5.5 .5 6.5 
50em .3 .1 -2.1 3.8 .8 4.1 
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Day 17 Continued 

Site 3b 

. 
Act. (oC) Assoc. Lev~1 Amp 11 tude* (DC) Ac t. (DC) Phase*(hr) Act.(r) Average*(OC) 

10 ** 10 ** ** ~ 

C1 Scm--=-. 2 2.8 -.1 .0 -.2 9.7 ,,\ 
IOem -.2 2.1 -.2 6.1 .3 9.0 
15cm -.2 1.5 -:2 5.9 .2 8.8 
30em -.3 .6 -2·t 5 •. 3 .4 ].1 f 
50cm , 

" 
~ I 
\ 

3 ** 3Jc* ! -Ax 

Rl Scm -.7 3.5 .2 .3 9.3 
10em -.3 2.3 -.1 6.1 .4 9.0 
1Sem -.3 1.7 -.3 6.0. .5 8.5 
30cm -.4 .8 -4.0 5.5 .4 6.9 
SOcm .1 .4 -2.4 3.9 .3 5.0 

* Quoted as Predicted-Actual 
** Diffusivity of the 2-5 cm Level (cm2/hr) 

. 5-2000 em Level is 20 cm2/hr 

\ 

f-
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Day 38 

Site 1 

Assoc. Level Amplitude*(OC)Act. (OC) Phase*(hr) Act. (r) 

Al 5 
10 
15 
30 
50 

Dl 5 

cm 
em 
cm 
~m 

cm 

cm 
em 
em 
em 

10 
15 
30 
SO cm 

10 18 ** 10 18 ** 
.1 .5 2.5 -.1 .4 .3 
.1 .4 1.7 -.1 .2 6.2 
.0 .2 1.3 -.1 .1 5.9 

-.2 .1 .5 -1.7 -L2 5.2 
.0 .0 .1 -4.6 -4.4 4.3 

12 18 12 18 
.1 .4 2.8 .0 .4 .2 
.0 .2 2.0 .0 .1 6.2 

-.2 ~p 1.6 -.2 .0 5.9 
-.3 -.3 .7 -1.3 -.8 5.2 

.1 .1 .1 -5.9 -4.4 4.8 

Site 2b 

* Assoc. Level Amplitude*(OC)Act.(OC)Phase~(hr) Act.(r) 
8 10 14** 8 10 14** 

="D':""l--'S=-cm---";:;'. -=-5-

10cm -.3 
IScm -.3 
30cm -.1 
50cm .0 

8 
R2 Scm -.2 

10cm -.1-
IScm -.3 
30cm -.2 
SOem .0 

-.3 -.1 2.1 -.4 -.3 
-.2 .0 1.4 -.2 -.1 
-.3 -.2 1.1 -.4 -.4 
-.1 -.1 .3 -2.4 -2.1 
.. 0 .0 .2 -3.6 -3.6 

. 
10 12** ~ 8 10 
.0 .1 1.9 .0 .1 
.0 .1 1.3 .2 .3 . 

-.2 -.1 1.0 .0 .0 ... 

-.1 Y.""~.L -1. .'J. 
.0 .Q .2 -1.5 -1.5 

Site 3b 

-.1 6.0 
.0 5.7 

-.3 5.S 
-1.9 4.6 
-3.6 4.0 

12** 
.2 6.0 
.4 5.6 
.1 5.4 

-1.8 4.7 
-1.5 3.5 

° ° Average *( C) Ac t. ( C) 
10 18 ** 
.2 +.2 7.5 
.0 -.1 7.8 
.2 +.2' 7.5 
. 1 -t.1 7.3 
.1 +.1 6.8 

12 18 
.0 -.1 8.0 
.2 .1 8.0 
,0 .0 8.n 
.0 .0 7.5 
.3 .3 6.7 

Average(oC) Act. (OC) 
8 10 14** 

~~-=-
.1' .1 
.2 .2 
.0 .0 
.3 .4 
.2 .3 

8 10 
.1 .1 
.2 .2 
.2 .2 
.3 .3 
.5 .5 

· 
· 
· 
· · 
1 

· 
· · · · 

1 6.7 
2 6.5 
o 6-.6 
4 5.6 
3 4.9 

2** 
1 6.9 
2 6.7 
2 6.5 
3 5.8 
5 4.8 

Assoc. Level 0 Amplitude*( C) Act. (oC) Phase*(hr) Act. (r) Average*(OC) Act. (oe) 
3 10** 3 10** 3 10** 

Cl Scm -.7 -.1 1.7 -.4 .2 .1 -.1 -.2 6.7 
10cm -.6 -.1 1.4 .0 .3 6.1 .3 .2 6.2 
ISClll -.5 -.2 1.1 .2 .2 5.9 . .2 .2 6.2 
30cm -.5 -.4 .6 -.8 -.7 5.3 .2 .2 5.6 
SOcm 

-~ , 
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Site 3b Continue~ 

. 
Assoc. Level,Amp1itude*(oC) Act. (OC) Phase* (h.r) Act. (r) 

3 8 3 8 
Rl Scm -.4 .6 2.2 -.6 .3 .3 

10cm -.2 .5 1.4 .1 .7 6.1 
lScm -.2 .3 1.1 .0 .4 5.8 
30cm -.4 -.2 .6 -2.1 -1.2 S.2 
50cm -.2 -.2 .3 -6.6, -6.3 4.9 

'. 

quoted ~s Predicted-Actual 
** Diffusivity of the 2-5 cm Level(cm2/hr) 

5- 2000 em Level is 20 em2/hr} . 

Average*(oC)Act.(oC) 
3 8 
.3 .2 6.2 
.3 .2 ., 6.2 
.4 .3 6.0 
.4 .4 5.4 
.4 .4 4.7 
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Assoc. Level 

Al ,-Scm 

Dl 

DI 

R2 

( 

D1 

10em 
1Seltl 
30em 
SOem 

Scm 
IDem 

. 15cm 
30cm' 
SOem 

Scm 
10em 
15cm 
30cm 
50cm 

5cm 
10cm 
IScm 
30cm 
SOcm 

Scm 
10cm 
lScm 

, 30cm 
SOCUl 

'. 

• Day 40 

Site 1 

Amplitude*(oC)Act.(oC) Phase*(hr) Act.(r) 
10 1&* 10 18** 
.0 +.5 2.2 -.2 +.4 .1 
.0 +.3 1.3 -.3 +.3 5.9 
.0 +.2 .9 -.9 -.6 5.4 
.0 +.1 .5 -2.1 -2.2 4.2 
.0 +.1 .2 -1.5 -l.S 3.2 

.1 2.4 .3 .0 

.0 1.5 .1 5.8 
-.1 1.1 -.4 5.4 
-.1 .7 -1.8 4.2 

.1 .2' .4 2.8 
~ 

Q 

Site 2a 

8 10 ** 8 10** 
-.3 -:1 1.l.. .,....R -.4 6.2 
-.1 .0 .9 -1.4 -1.0 5.7 

.0 .0 .6 -1.6 -1.3 5.1 

.1 .1 .4 -1.6 -1.5 3.8 

.1 .1 .1 -1.6 -1.2 3.2 

4 8** 4 8** 
-.1 .8 1.8 -.7 .0 .4 

.0 .. 5 1.0 -1.0 .3 6.2 

.0 .3 .6 -1.8 -1.0 5.7 

.1 .3 .3 -2.2 -2.0 4.~ 

.1 .1 .2 -1.6 -1.6 3.4 

Site 2b 

14** 14** 
-.1 1.5 - .. 4 5.8 

.0 1.0 -.5 s.r 
• 0 .8 -1.1 . 4.7 ... .0 .5 ':".8 3.6 

" -.2 .4 -1.2 3:1 '" 

.. 

.. 
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o ° Average*( C)Act.( C) 
10 18** 
.3 .7 9.9 
.2 .4 9.4 
.3 .5 8.6 
.1 .2 7.5 
.1 .2 6.4 

8 
.0 
.1 
.1 
.1 
.2 

4 
.4 
.5 
.7 
.3 
.2 

.1 10.8 

.2 9.9 
-.1 9.5 
-.2 8.0 

.3 6.1 

10** 
.1 7.9 
.2 7.2 
.2 6.6 
.1 5.4 
.2 4.1 

8** 
1.2 8.3 
1.1 7.5 
1.2 6.6 
.5 5.5 
.3 4.2 

14** 
.0 7.9 
.2 7.0 

-",1 6.8 
.3 5.1 
.1 4.~ 
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Site 2b Continued 

Assoc. Level' Amplitude(OC)Act.(OC) Phase*(hr)Aet.(r1 
o 0 

Average*( C)Act.( C) 

R2 ' Scm 
10cm 
IScm 

,30cm 
SOcm 

Rl Scm 

G2 

Cl 

R1 

10cm 
15cm 
30cm 
SOcm 

Scm 
IOcm 
IScm 
30cm 
50cm 

Scm 
10em 
lScm 
30cm 
50cm 

-... 

Scm 
IOcm 
15em 
30em 
SOem 

5 
.2 
.0 

- .. 1 
.0 

-.2 

10** 
-.1 
-.1 
,-.1 
-.1 
-.2 

3** 
-.1 

.1 

.0 

.0 
~O 

8** 
.1 
.2 
.1 
.2 
.1 

-.1 . 
-.2 
-.1 
-.1 

.8** 
.6 
.4-
.1 
.1 

-.1 

10** 
1.1 .1 

.9 .2 

.8 -.6 

.5 -.9 

.3 -.7 

Site 3a 

~* 
.9 -1.1 
.4 .0 
.3 -.4 
.3 -1.4 
.1 -1.3 

8>\-* 
1.2 -.1 

.7 -.2 

.5, -.9 

.3 -1.6 

.1 -.9 

Site 3b 

10** 
1.0 .0 

.7 .0 

.5 -.8 

.s -Z.2 

5 8** 
1,0 :~ • Y. ~.b. 

.4 .S .8 

.4 -.6 -:-.9 

.4 -2.3 -2.2 

.4 . -2.9 -2.6 

* quoted as rredieted-ACtual 
** Diffuaivity of the 2-5 em Level (em2/hrl 

5-2000 em Level (cm2/hr) 

10** 
5.5 -.1 7.8 
4.9 .0 7.1 
4.5 .0 6.6 
3.5 .1 ,5.2 
3.0 ,,3 4.0 

3** 
.2 .0 6.8 

5.4 .2 6.0 
4.8 .2 5.6 
3.8 .0 4.6 
3.3 .2 3.4 

&* 
6.1 .4 7.3 
5.5 .6 . 6.5 
4.9 ,.5 5.9 
3.8 .2 4.8 
3.1 

, 
.3 3.5 

.1 -.4 7.9 
5.7 .0 6.9 
5.1 -.1 6.4 
4.0 -.2 5.2 

; 

)5 8** 
~b -,.1 J..U J .• 7 

5.7 .2 1.0 6.1 
4.9 .2 .8 6.1 
4.1 .. 0 .3' 4.9 
3.7 -.1 .0 4.0 
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Prediction of th~ Finite Difference Model over Several Days 
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Site 12 Association A2** 
Modelled for Day 9-11 

9 5 em 
10 em .0 
IS em .0 
30 em -.1 
50 em -.1 .3 

10 5 em .4 3.2 
10 em -.1 2.2 
15 em .1 1.2 
30 em -.0 .5 
SO em -.0 .3 

11 5 em .4 3.8 
10 em .0 2.9 
15 em .0 1.8 
30 em -.1 .7", 
SO em -.0 .4 

* Predicted-Actual 2 
** niffusivity 2-5 em ~ 12 COl

2
/br 

5-2000 cm - 20 em Ihr 

hr) 

.0 
-.4 

.0 
-1.2 
-1..6 

.4 

.0 

.0 
-1.2 
-2.4 

128 

\ 
-1 
f 

.J .' 
i 

Actual r 1 

.7 1-

.4 
6.1 
4.8 
3.9 I 

I 
t 
! 

.8, .2 8.8 

.5 .0 8.3 . 
\ 

6.2 .1 7.6 'i 
4.7 .2 6.0 
3-.5 .2 4.8 

.5 .1 9.7 

.2 .1 9.3 
6.1 ~2 8.6 
4.9 .4 6.8 
3.7' .4 5.3 



Assoc. Level 

Site It A$soeiation D1** 
Modelled for Day 9-11 

Phase Amplitude 
P-A*(OC) Aetual(OC) P-A*(hr) Aetual(r) 

9 5 em .0 4.1 
10 em .1 '1.6 
15 em .0 1.7 
30 em .1 .6 
50 em .1 .3 

10 5 em .2 4.3 
10 em .2 2.5 
15 em .0 1._6 
30 em. .0 .5 
50 em .0 .3 

11 5 em .1 4.8 
10 em .1 3.1 
15 em .1 2.1 
30 em -.1 .8 
50 em~ .0 .4 

* Predicted-Actual 2 
** Diffus,ivity 2-5 em= 18 cm

2
/hr 

,~~2000 em= 20 ~ /hr 

.1 .8 
-.4 .4 
-.7 .1 

-1.0 \ 5.1 
-2.8 3.9 

~4 .8 
.1 .5 , 

-.5 .2 
-2.0 5.1 
-1.6 3.5 

-.2 .6 
-.4 .3 
-.7 .0 

-2.4 S.2 
-2.1 3.7 

\ 
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Average 
P-A*(OC) Aetual(oC) 

.0 8.5 

.4 7.6 

.3 7.2 

.1 6. O' 

.2 4.5 

.0 9.6 

.4 8.5 

.2 8.1 

.2 6.6 

.5 4.9 

-.1 10.7 
.3 9.8 
.3 9.2 
.3 7.5 
.7 5.4 

, 
" 

" 

• , 
1 

J 
'f 

; . 

~ 
I 
i 
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'. 
* Predicted-Actual' 

~** DiffusivitY' 2-5:em -= 8. cm2 /see 
5-2000 em = 20. cm2Jsec 

~ 

'-
, 
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,.; 

Site 2a z Association R1** 
Modelled for Da~ 8"-11 ~ 

let ~ 
• t, 

Day Level Amplitude Phase Average 
, 
" P-A* 0 Aetua1(oc) ~i 

8 5 em -.1 4.6 • 10 em .1 4.3 • 
15 em -.3 4.1 
30 em ":".3 -.1 3.4 
50 em ~. 2 -.1 2.7 to 

1 

9 5 .0 2.1 .4 .2 .0 5.9 
, 

em . 4 
10 em -.1 1.4 .6 5.9 .2 5.2 \ 

15 em -.3 1.1 .8 5.3 .2 4.7 
30 em -.3 .7 -1.2 4.1 .5 \ 3.4 
50 cm -.3 .5 -3.2 3.6 .5 2.5 

10 5 em .1 2.6 -.2 .5 .3 6.9 
10 em +.1 1.5 .4 -" 6.2 .5 6.1 
15 em .0 1.1 I .4 5.6 .5 5.5 
30 em -.2 . 7 I -1.2 4.3 .8 3.9 
50 em -.3 .5 -;302 3.8 .8 2.7 

11 5 em .0 3.0 .0 .3 .0 7.8 
10 em .1 2.0 .0 6.2 .4 7.0 
15 em -.1 1.3 .4 5.7 .5 6.4 , 

30 -.3 .8 -.4 4.3 .9 4.6 
. 

em 
50 em -.3 .6 -2.8 3.7 1.0 3.1 

" 

..,t 

I 

* Predicted-Actual 
_ 2~ ** Diffusivity 2-5 ern "'12. em sec · 

5-2000 em =20~ em !see 



.. 

, 

Site 2a z Association R2** 
Modelled for nax: 8-1g 

Day Level Amplitude 

P-A*!CO) Ac.t\1al(OC) . . 
8 5 em "'. 2 1.3 

10 em ",.1 1.2 
15 em '<'.1 .7 
30 em -.3 .5 
50 em -.2 .3 

9 5 em -.3 2.3 
10 em -.1 1.4 
15 em .6 .9 
30 em -~2 .6 
50, em -.4 2.5 

10 5. em -.4 2.5 
10 em -.3 1.5 
15 em -.2 .9 
30 em -. 3' .6 
50 em -.3 .5 

* Predicted-Actual 
** Diffusivity 2-5 em = 3.0 cm2/s~c 

5-2000 em - 2.0 cm2/sec 

Phase 

P-A*(hr) 
-.~ 

-.3 
.0 

-2.0 
-5.0 

-.4 
-.8 
-.4 

-1.2 
-.8 

-.8 
-1.0 
-.8 

-1.6 
-3.6 

d' 

Actual(r) 
~5 

.0 
5.7 
4.7 
4.3 

.4 
6.2 
5.6 
4.2 

.6 

.6 

.2 
5.9 
4.3 
3.8 

.\ 

Average 

P-A*(OC:) Actual (oC) 
.1 4.6 
.0 4.4 
.2 3.9 

-.1 3.5 
-.1 2.,8 

.2 5.7 

.3 5.2 

.6 4.4 

.4 3.5 

.2 2.5 

.2. <-6.7 

.3 6.0 

.6 5.2 

.6 4.0 

.7 2.8 
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Site 2b t Association Dl** 
Modelled for Day 8-11 

* ~realctea~Actual 
** D~ffusivtty 2-5 em = 12.0 em2/sec 

" 5-2000 em = 20.0 cm2/sec 

133 



Site 2b, Association D2** 
Modelled for Day 8-11 

Day Level Amplitude 

8 5 em 
10 em 
15 em 
30 em 
50 em 

9 5 em -.5 2.3 
10 em -.2 1.4 
15 em' -.3 1.1 
30 em -.2 .8 
50 em -.4 .6 

,.10 5 em -.5 ' 2.4 
10 em -.2 1.4 
15 em -.2 1.1 
30 em -.3 .8 
50 e~ -.4 .6 

11 5 em -.5 3.2 
10 em -.2 1.9 
15 em -.2 1.3 
30 em .... 3 .9 
50 em -.4 .7 

* Predieted~etual 

** Diffusivity 2-5 em = 12.0 em2/see 
. 5-2000 em = 20.0 cm2/sec 

Phase 

.0" 
-.4 

-2.8 
-4.8 

-.6 
-.0 
-.0 

-1.6 
-3.2 

-.6 
-.2 
-.2 

-1.6 
-2.8 

-.6 
-.2 
-: 2 

-1.4 
-2.8 

134 

Average 

Aetua1(Oc) 
4.3 
3.9 

+.1 3.4 
-.2 2.9 
-.1 2.0 

6.2 -.J. 5.6 
5.6 .2 4.7 
5.0 .6 3.9 \ 

t 
4.0 .6 2.8 i 

1 
3.7 .7 1.6 

~1 
6.2 -.2 6:6 

I .5.6 .3 .5.6 
5.0 .8 4.6 
4.0 .8 3.3 

~ 3.6 1.0 1.9 

6.2 -.2 7.8 
5.7 .4 6.6 
5.2 .9 5.6 
4.0 1.0 3.9 
3.6 1.3 2.2 



\ r 

Site 2b, Association Rl** 
Modelled for Dav 8-11 

Day Level Amplitude 

P-A* ('l 

8 5 em .1 
10 em .1 
IS em -.1 
30 em -.4 
50 em -.3 

9 5 em .3 1.8 
10 em .4 .9 
15 em .1 .8 
30 em -.4 .7 
50 cm -.4 .5 

10 5 em .2 2.0 
10 em .4 1.0 
15 em .1 .8 
30 em -.4 .8 
50 em -.4 .6 

11 5 em .3 2.5 
10 em .5 1.3 
15 em .2 1.0 
30 em -.3 .8 
50 ctfl -.4 .7 

* Predicted-Actual 2 
** Diffusivity 2-5'cm = 8.0 e~ Isec 

5-2000 em = 20.0 cm2~sec 

, 

Phase 

.2 
1.2 
2.0 
-.2 

-2.8 

.2 
1.2 
1.0' 

.2 
-2.6 

.0 
1.0 
1.6 

.0 
-2.4 

135 

Average 

Actual r °C) ~ 
.1 

5.6 '1 

5.1 I . 
4.3 . 
4.1 -.1 

.1 .4 4.6 .;. 
5.7 .6 4.0-
5.0 .6 3.6 
4.0 .6 2.7 t 

3.7 .6 2.0 l 
.1 .5 5.6 

5.7 .8 4.8 
5.0 ,.7 4.4 
3.9 .8 3.2 
3.6 .7 2.3 

.1 .5 6.5 
5.7 .9 5.7 
5.2 1.0 5.2 
3.9 1.0 3.8 
3.6 .9 2.7 
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Site 2b 2 Association R2** 
Modelled for Day 8-11 

.' 
.. 

Day Level Amoli tude Phase Avera~e 

P-A* 0 P-!1(OC) Ae tual(°C) 
8 5 em -.2 .1 -.1 4.2 

10 em -.2 .9 1.2 5.6 -.1 3.9 -I 
15 em -.4 .8 .8 5.2 -.1 3.7 -

30 em -.4 .6 -2.4 4.3 -.1 3.0 
50 em -.3 .4 -4.8 4.1 -.1 2.4 . 

9 5 em -.2 1.7 . 4 .0 .0 5.2 . , 

10 em -.1 1.1 1.2 5.6 .2 4.5 
15 em -.3 .9 .8 5.1 .3 4.1 
30 em -.4 .8 -1.2 4,0 .5 2.9 
50 em -.4 .5 -3.2 3.7 .6 1.9 

'# 
10 5 em -.1 1.8 -.2 .0 .0 6.1 

10 cm -.2 1.1 -.8 5.6 .2 5.3 
15 em -.3 .9 -.4 5.1 .3 4.8 
30 em -.4 .6 -2.8 4.0 .6 3.4 
50 em -.4 .6 -2.-8 3.6 .8 2.2 

11 5 em -.2 2.5 .0 6.2 .0 7.2 
10 cm -.1 " 1.6 .4 5.7 .3 6.4 
IS em -.2 1.2 .3 5.3 .4 5.8 
30 em -.4 .9 -.8 4.0 .7 4.1 
50 em -.4 .7 -2.4 3.5 1.3 2.6 

* Predicted-Actual 2 ** Diffusl~ity 2-5 em ~ 8.0 em ~see 
5-2000 em Q 20.0 em /sec 

-- "_ .. ----;.- - ~ - - . --:-:-, ---- .. . .- .-



,. 

$Ite 3a; Association Cl*~ 
~odelled for Day 9-11 

Assoc. Level Aroolitude Phase 
P-A* (oC)Aetual.(°C) P-A*{hr 

9 5 em .2 1.8 .0 
In em .0 1.1 .0 
15 em .0 .8 -.2 
30 em -.1 .5 -1.4 
SO em -.1 .3 -2.4 

~ 

10 5 em -.3 2.2 -.4 '6.1 
10 em .0 1.3 .6 5.6 
15 em .1 .8 -1.0 5.'2 
30 em .0 .4 -1.6 4.0 
SO em .0 .3 -2.0 3.4 

I 

11 5 em -.3 2.7 -.4 6.1 
10 cm .0 1.5 -.4 5.7 
15 cm -.1 1.0 -.4 5.2 
30 em .0 .5 -1.4 4.0 

/ 50 cm -.1 .3 -1.6 3.2 

* Ouoted as Predicted-Actual 
** . 2 4 

Diffuslvity 2-5 em = 8. em ~sec 
5-2000 cm A 20. em /see 

\ 
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DC) 
:t: 

.0 5.0 

.3 4.2 

.5 3.4 

.2 2.5 

.2 1.4 II , 

.0 4.0 

.4 5.1 

.8 4.2 

.5 3.1 

.5 l.B 

i , 



~ite 3a,' Association C2** 
Modelled for Dav 9-11 

... 

Assoc. Level 

9 5 em 
10 em 
15 cm 
30 em 
50 em 

10 5 em .1 2.1 .2 
10 em .1 1.3 .3 
15 em .1 .9 -.3 
30 cm ,0 .5 -1.8 
50 'em ~.l .3 -1.6 

11 5 em .0 2.4 .0 
10 em .1 1.S .0 
15 em .0 1.1 -.4 
3(' em -.1 .6 -2.4 
50 em -.1 .3 -2.0 

ro 
* Predicted-Actual 

** DHfusivity 2-5 cm = 8.0 cm2~see 
5-2000 em - 20.0 em /sec 

138 

· \ 

Avera~e 

Actua1(r)P-A*(OC) Actual (OC) .' 
, 

5.8 .1 4.1 
5.2 .2 3.5 
4.8 .0 3.2 
3.9 -.2 2.3 
3.3 -.1 1.4 

5.9 .2 5.2 
5.4 .4 4.4 
5.0 .4 4.0 
4.0 .1 2.9 
3.2 .1 1.7 

• 

6.1 .2 6.1 

. C 

f 
5.7 .4 5.3 • .t 

~ 

5.3 .4 4.8 
4.3 .3 3.5 
3.4 .3 2.1 

l. 

; 

1 
,J 

f 
I 

" t· , 

I 
1-
( 

* 

I 
t , 



Assoc. Level 

9 5 em 
10 em 
i5 em 
30 em 
~O ctn 

10 5 em 
10 cm 
15 em 
30 em 
SO em" 

11 5 cm 
10 cm 
15 cm 
30 cm 
50 em 

Site 3a, Association Rl** 
Modelled for Day q-ll 

•• 

Amplitude • 
P-A* DC) Actual Q C 
~.2 1.7 

.1 .9 

.0 .7 
-.1 .5 
-.1 .3 

~.4 1.9 -1.1 5.9 
.0 1.1 -.6 5.2 

-.1 .8 -1.2 4:8 
.... 1 .5 -1.9 3.8 
-.1 .3 -1.7 3.2 

-.f. 2.2 -.8 6.1 
.0 1.1 -.2 5.5 
.0 .8 -.4 6.0 

-.1 .5 -1.6 4.0 
-.1 .3 -1. 7 3.3 

* Predicted-Actual 
** Diffusivity 2-5 cm = 3.0 cm2~sec 

5~200~ cm= 20.0 em !sec 

... 
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-.1 4.8 
.2 4.0 
.2 3.5 
,0 2.6, 
.1 '1.5 

.1 5.5 

.3 4.8' 

.4 4.2 

.2 3.1 

.3 1.8 



',' 

Assoc. Level 

Site 3a, Asso~iation R2** 
Modelled for Day 9-11 

Amplitude' PhaRe 
P-A*(OC) Actua1(OC) p-A*(hr)Actual(r) 

9 5 em .1 1.3 
10 .0 - .9 -.2 em 
15 em -.1 .7 -.8 
30 em -.1 .5 -1.6 
50 em -.1 .3 -2.4 

. , 
10 5 em -.1 1.4 -l.2 

10 em .0 1.0 -.8 
15 em -.1 .7 -.8 
30 em .0 .4 -1.6 
50 em· -.1 .2 -2.0 

11 5 em -.1 1.7 -.6 
10 em .0 1.1 -."3 
15' em -.1 .8 -.8 
30 em -.1 .5 -1.6 
50 cm -.1 .3 -2.0 

* Predicted-Actual 
** Diffus1vity 2-5 cm = 8. cm2/sec 

5-2000 cm~ 20. cm~/sec 

.. 

, . 

..... - ~~ ~-.,.. ~ ... -~ 
":" ~ - ~ ~ 

5.7 
5~1 
4.7 
3.7 
3.3 

' 5.7 
5.2 
4.8 
3.8 
3.4 

5.8 
5.3 
4.9 
3.8 
3.3 

Average 
P-A*(OC) Actual(oC) 

-.3 3 .. 9 
.1 3.1 
.0 2.7 

-.2 1.9 
-.1 1.1 

-.3 4.6 
.2 3.7 
;1 3.4 
.1 
.1 1.3 

-.2 5.4 
.3 4.4 
.2 4.1 
.1 2.9 
.2 1.6 . 

" 
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Assoc. Level 

Site 3b, Association C2 
Modelled for Day 9-11 

'. 

Amplitude Phase 
P-A(oC)* ActualCoC) P-A hr)* Aetual(r) 

9 5 em .0 1.6 -.2 
10 em .1 .9 1.2 
15 em -.1 .9 .8 
30 em -.3 f.8 -1.3 
50 em -.5 .7 -3.3 '" 

10 Scm .3 1.8 -,.5 
10 em .4 1.0 1.0 
15 em .0 .9 1.2 

·30 em -·4 .9 ~.9 
50 em -~4 .. 7 -2.6 

11 5 em ~1 2.3 -0,3 
10 em .4 1.2 .8 
15 em ' .1 .9 1.2 
30 em -.4 .8 -.4 
50 em -.4 .7 -2.1 

* Predicted-Actual 
** Diffusivity' 2-5 em = 10.' cm2/hr 

5-2000 em = 20. ~2/hr 

, -- ----..:--"- .. - - -:; -~-

~ ,::: '.' - ~,-

6.1 
5.2 
4.6 
3.9 
3.6 

6.1 
5.2 
4.6 
3.B 
3.5 

_2 
5.4 
4.8 
3.8 
3.5 

Average 
P-A(oC)* Actual(oC) 

.0 .1 

.3 3.2 

.J. 2.8 
-~2 2.0 
~.3 1.2 

.3 5.0 

.6 4.0 

.6 3.5 

.3 2.4 

.f) 1.4 

.2 5.9 

.7 4.8\ 

.6 4.3 

.. 6 2.9 

.4 2.7 

.. ',:. 

'. 
rl • 

~ ~ . . , 



Assoc. 

9 

10 

11 

* 
** 

Level 

Site 3b z Association R1** 
Hodel1ed for Day 9-11 

Amplitude ' Phase 
P-A*(QC) Actual (OC) P-A*(hr) Actual (r) 

5 em -.1 2.0 -1.5 .3 
10 em' .1 ' 1.1 .6 5.5 
15 em -.1 ."9 .4 4.9 
30 em -.3 .9 -1.6 4.0 
50 em -.5 .7 -3.2 3.6 

5 em -.1 2.3 -.9 .0 
10 em .2 1.2 .5 5.4 
15 em -;1 1.0 .5 4.9 
30 em -.4 .9 -1.4 4.0 
50 em -.5 .8 -2.7 3.6 

5 em -.2 2.8 -.7 .0 
10 em .2 1.5 .3 5.6 
15 em .0 1.1 .5 5.0 
3() em -.4 .9 -1.1 4.0 
50 em -.5 .8 -2.3 3.5 

Predicted-Actual 
2 Diffusivity 2-5 em == 3:0 em2/hr 

5-2000 em ::: 20. em /hr 

142 

Average 
P-A*(oC) Actua1(OC) 

.0 4.7 

.3 3.7 

.3 3.2 
-.1 2.2 
-.4 1.5 

.5 5.4 
.7 4.5 
.7 3.9 
.4 2.7 
.0 1.8 

; 
" ., 
'1 

.7 f?2" :< 
1.0 5.3 If 
1.0 4.7 4. 

-l 

.8 3.3 J? 

.3 2.2 ~ :1 
t. 
If 
'; 
~ .. 
!! 
'I 
1 

5 
j~ .. ~ 
11 

t 
" 



Assoc. Level 

Site 3b. Association R2** 
Modelled for Day 9-11 

Amplitude Phase , 0 
P-A* °C) Aetual( C P-A*(hr) Attual (r) 

9 5 em .0 1.3 -.1 5.8 
10 em .0 .8 2:0 4;7 
15 em -'.2 .9 1.0 4.3 
:30 em -.4 .8 -1,5 3.8 
50 em -.5 .7 -3~8 3.7 

10 5 em .1 1.5 -.8 6.0 
10 em .1 .9 2.3 4.7' 
15 em -.1 .6 1.6 4.3 
30 em -.4 .8 -1.0 3.7 
50 em -.5 .7 -2 .. 7 3.5 <1> 

J,. 

11 5 em .1 1.8 -~ 6.0 
10 em .3 .8 2.2 4.9 
15 em .0 .8 1.9 4.4' ' 
30 em -.4 .8 - .. 6 3.7 
:SO em -.5 .7 -2.3 3.5 

! 
I , 

* Predie~ed-Actual '2 
**,Diffusivity 2-5 ~m ~ 4. cm'~hr 

, I 5-2000. em = 20. em Ihr 
I r 

" 

• 

Average 
P-A*COC) Aetual(OC) 

.2 3.1 .. 

.3 2.5 

.2 2.2 
-.2 1.7 
-.4 1.1 

.3 4.1 

.6 3.2 

.5 2.9 

.1 2.1 
-.2 1.3 

.5 4.i' 

.9 3.9 

.8 3 .. 5 

.4 2,.6 

.1 1.6, 

j 
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APPENDIX C 

PROGRAMS 
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PROGRA~ SrM(INPUT,OUTPUT,PUNCH.AF,TAPf~=tNPtIT,TAPF6=OUTPUT,TA~El= 

JAF) 

f 
i , 

145 .; 

\ 
( THIS PROGRA~ rs USFr> TO SOLVE THF F()lIRRIER HEAT CONDUCTION FOLIATION FOR ONE 

r ~1~F~~r~NftL ~F4T Flnw 1M ~nrlS t 
(" IT r< PASF~ ON T~~ ~RAN~ AN) ~1(HOLsnN(lo4~) SCHFMF OF FINtTF APDR()XIVATIO~t 
r INPlJT ~ATA 15 qFa~ FR0v A PER~A~F~T FILE FRO~ HnURLY TEMPERATUOE DATA 
\ 

1 T NIT F"'~ D ( ~ () r I ,y .. , D ( , (\, ,D J "1P ( 1 n ) ,(" ()~I( 1 0 I ,A ( P () n I 
rnvvnN/Q/ Pl~V(~) • 

D ~ 1\ l T "I T T ~ ,,~ P 
C 

(" THF ADRAY DL~V IS USF~ Tn STORF THE ACTUAL LFVElS OF TE~PFoATURE. 
r .f-AFI\.c:.URP/~NT 

(" flATA(OLFV( 11 ,r.",1 ,f,)/O.,~. ,R.,1"l..,7 1l • ,4~./ 

t • 

, 

i r ("n~FrIFNCIFNT OF TH~ FT~TTF APPRnXTMI\TrnN 
(" 

c 
(" ~F <:'PF("IFIFS THF ~U~QFR OF DTFFERFNT TNCPFME~T ~rZFS TO 8F USFn IN THE 
(" ppnr-.R A"~ 
r fiAT" FOQ 'THF 01t=~FR~'''H l~roP'~"'IT STlFS IS DFM) TN rw T~F Sl,pnouTI~~ If'-'CDF 
r \oJHTCH !'nFs, TI-lF ACTUAL (t.LrtJlATI()"l ;,'.r-!I' r)ETfPMINF<:' THI=' LOCATlnr-l nF THe:, ACTUAb 
(" .... F/lSUoFMfNT LFVEtS I'" THE. FI,NITf OTFFFPFNCF AROI\Y 

t .) 
C 

t.~F=4 

.CALL INCRE(N~) 

(" 

( RV ~PFCIFIFS T~F nISDLACfMFNT OF THE UPPFQ ~nl)NI'ARY CONDITln~ 
(" 

pv:n. 
(" 

( oT F ..... D T S THF L f)v/~D ~()1J"r,ARY (OND IT J 0', 
C 

RTfMD=-40. 
(" 

r NJIP SPFCIFIFS THF 
r 

"IJ I ~=?4 

r ~DT SDFCTFIFS l~F UDOFO 
( 

NPT=l 
L 01)=t'Q T + 1 

FOR TH~ FOuoRI~R ANALYSIS 

(" QFO 1<; Uc,~r') T'"' ")r~Pt Arr: luI=' P'TTll\!../rn/,'WrTToI\IS 
r 

(" 

C N sor:CTI:'IF<) Tf-JF ""U'/:;:;~P r"'F HOURS p~ HW ANALYSIS 
( 

.. 

,. 

, 
'. ", 



~=24 

PRI~T ~10,Kl,KM,KN 
,.,10 r-("IR~AI\T(lH(I,*~Ot'l*'I":\'* T(HI,T":I,* \oJT~H JlJ~~D STZI='·,I'=Il 

~~ 1001 K~KL,K~,~N 
~""=N-l 
~()Dl=l 
RF\oJl ND 1 

r 
( ~ATA IS RfAD IN FR("I~ THF DFRMAMFNT FILF 

C 

( 

(" 

,? P F /I., [) ( 1 ) ( u·HF A f) ( I ) , I :: 1 ,? ) , ( ( ( T F MP ( T • J , K T l ,J::: 1 , f, 1 , I :::, ,? 4 l , I( T = , ," ) 

IF(F("IF(l» 1001,)'=1 
1":\ PRINT 600,(MHfADIJ),I:::l,?) 

,.,00 FnRMAT(lHO,*QFcnQ[)ER*,17,*~AY.,I":\) 
DO IN T 6f; 1 , ( { ( T ftv'D ( I ,J, I( T ) • I::: 1 ,74 ) • J::: 1 ,I-. ) , I< T = 1 ,4 ) , 

A 0 1 F 0 1:>" A T Cl H (\ , ? 4 F C) • 1 /11-1 ,? 4 I=" C) • 1 / 1 ~ ,7 I, F ~ • 1 / 1 H .? I~ F c:. • 1 / 1 H , 7 I, ~ C, • 1 ! 
I1H ,?4FS.l) 

0("1 6":\ .)V="mT.6 
SUMT=O.O 
I)n 67 I=1,24 • 

1,7 <)U'vIT=<;IJ~q+Tc~,P( I ,JV,V) 
f.,":l hVI='T (JV) =<",uqT /71, 

146 

( THF FIRST .P0\-I OF THF pI:>FnJ(TI='I' Tr~pI='RATURr ARRAY IS SFT F011Al TO THI-"' FIoST 
( J\(TUAl TFMPFRATlJor. pn' .. ' f'FSIGI'.'hTff) PY MRT 

C 
DO 1 J = 1 ,N 

( 

r WHICH TN TURN SFTS THF IJPDFR p~UNn~oy (nN~ITI0~ IN THF ARRAY UPTFMP 
(' 

1)0 10 I Q= 1 ,~, 
10 upTF."p( T")::PTI="AD( I","'I:>T) 

( 

C f)FLT IS THF TIMF IN(RFtv'F~T 

( 

f)Fl T=]. 
(" 
(\-!HF'" ~~("\I)'=l THIS IS THF oU'" ('IF THF FIPST 74 HOUI:> SFT of (lI\TA, WHc/" 
r ""l)lTS fI THF I)ATr. IS FP("\"~ fI. SUPSF0UF",T nATA SrT 

IF(M('IDl) lA,1(,,17 ... 
( 

(" I) IFF lJ C; P ~ ( I I=" I r- C; T H I=' I) I F r U C; T V 1 T Y V f\ L U F C; A ~l () S I=" T S 1 H n... I N T () A R RAY A 
(" f'hTfI !e:, R[fI.f) IMT" TH~ ~IFrlJ C;VPp('uTIt,'F lUI.![) THE'" TRM~e:,FI='RRFn ~Y <"r,,,,,A,,r-! Tn TI-:C 
r ','ll. I'" PI:> 1"(: P t. II,! 
r .·I~. Ie, USFf) 1'" S"'4~ (A~r:c:, T0 <;f'T 1141=' r:lt:"FlJSlVTTY Vl\lUr:s FRI)'4 Tf-IF ,,.I/10"'! ~P(\(i:::>' 
r 

( 

17 (ALL OIFFU(Nr-,M0n,~IL) 
I~(v(\1)1 470,4?r,100, 

r Twl=' t'lJl='cUSIVTTY I='I/"IrTI""! I='(,R "LL T'JI=' n!I="FroF~'T TfI,I(prt'I='''lT <:'Tlrs IS ~rT p,~ Tl-" 
(" ~crTr~~ T" ST6TF~r"lT l~' 

( 

" 

.\ , 

,-! , 
: ~' 



IT=r~p(MF) 

D ('I 1 0 1 J P = 1 9 '" F 
IV<=t~P(Jq)-l 

n('l IO? ~p=NTF9rV 
10? A(KR)=(DFlT~ACVp»/(n~(JO)**, 

"I T ~ ~ I ~. 0 ( Jot 
101 ('rH'H Tf\'UF 

~UPROIJTtN~ ((''\1"' SC"T~ T~J:" T"!rTJAL (ONI"'TTIO~4~ 

Nn DATA IS QfAD IN Ta TH~ SURPnUTINF, RBG IS US~D Tn CHAN~F THF 
I~ITIAL (~NDITI~~S Apt\ITPAPILY 

("'IL (0~'f'I(N,~,c:-,DT'j:"VD,~.,PF~) 

147 

THF FIoST qn',: (lr THF PPFOI(TFf) TF~PFRATURF flRqAY IS SFT F01lAL TO THF INITIAL 
\nrM) I Tr""'S 

1")" () J"'="H~T,~ 

Q p T F~P ( 1 ,.10.) '" I ~ r T F"D ( "!I')q/ll ( J(j) ) 

IF, \nNTINlIF 
"'TVD:::T"'r(~'~1 

'" IVDVV:::'" I "'D-7 
I\J 1\ ( v "" '" I ,,~ D ',.~' - "("' p .. ( .. P T ) + 1 

Tn STAT~"FMT ~r~ T~~ (nrF~TCIr~T OF THF T~Q.r~ q~~~Fn ~ATRTX ('IJ:" THF CRANK A~n 

NI(H0LS(")N SCHF"':- ARI:'" rr'L(ULt:.TED 
ID IS VAoIFD DfDC"','I)II\'(i (W HHFTHER THIS IS THf" FIPST DATA SFT (\Q SUBSfOUFNT 

I"'n c:; () J::: 1 • '" v 
/17 IJ:"(W)f"\J) ?l,'l,?C 

70 1D=I+1 
(.,('1 T('I ?~ 

71 ID=J 
,~ nn ~o~ JV!)=l,~AC~ 

J=JVD+N(\Q~(NOT}-l 

JD=J+1 
lPP=J+? 

(('\FF( 1 "JVI")I",,_DH~~f;( J) 

(('\FF (~,JVI) =-DH~*,~ (,}O I 
(("IFJ:" ( ?, ,N"') =' +OI-tC:-* (r (.J) +1\ (Jo I I ~ 

(,('IF r F ( Jvn I '" ( , -Dl-I r- I .:f ( A ( J I 4 ( , N T T FP [') ( J) - J ,. I T F',4P ( JP ) I ~ A ( JP 1* 
1 (!NTTFf.'PLJoPI-Tr-·yTc· ... DUPIIl+INTTCMD(JPI 

.0'1 (('NT J NUf 

T~JS SfTS THF FIDST A~~ LAST OF THE (ONSTA~TS OF THE CqAN~ AND NICHOLSON SCFv 
f 

r()rFI='" (~A(I( )::: (f'I~l='"C' ("'!f r< ) +PI-fF4 (.A (N, fv'P;~~ I *'3nTp·p ( T P I I 

('('\r:"J:"r-(, )=('rrc:-r:-( 1 ) ... 01-11:"*( fl.(~!0R'.1(~JQTII{:·UPTFMO( TP) 1 

nIAG~ rs A GA('SSIh~ cLJYiNATJON PR0GQAM FOR A THRFF PANnFO ~ATQIX AVAILABLE 
FP0Y THE YCW~STFo DDrG?A~ LIRRARY, IT IGNOQfS T~F FIRST C0EFFI(IENT OF TAr 
FloST OAW ~N~ T~F TYI D0 rnCFFI(IFNT nF THF LAST ~ow 

(" 1\ L L I) J A(i ~ ( (" '" c ~ , r 1"\ r F F • "! /I ( I( ) 

~. T F F = ~,o T + , 
!)n I~O ,JT=~q::-l='tl=. 

,\'('\OT:, NnpM ( J T 1-" 1"',)" ( "p T') 

OTr:"~D(JD,JT)=(r~FF(MnpTI 

4(1 (0t-!TIr..IIIF 

l' 
( 
( . 

',' 

I 
I 

, , 

.' ; . 

" 

;.~" -

~.: ... ; 



'D0 ~O jVO=l,NACK 
J=JV()+'NOR~ (NRl)-l 
'JP:J"'l " 

, 
" 

148 

, 
SET THF PREDICTEO TFMPERATURE EQUAL TO THE APPR0PRIATE COFFFICIENT 
RESET INITIAL CONDITIONS AND OPPER AND lOWFR AOUND~RY CONDJJ)C~S TO THf 1+1 
TIJ.1F RO~ , 

~o INTTFMP(JP)=COEFFCJVDl 
tNITEMPCNO,R"1CNRT1)=OPTFtlPCIP) 
tNITFMP(NI~p)=~n~~~O(ID) 

"Q (nNT r ~IUE 

CAlCUAL TE TH~F.RCFNT AGE DEVIf, T ION AND THF PRE"D I ClEO "VERAGF Tff.'PF.RATup= 

DO 6 J=NRTt6 
CHtPCJ)=O.O 
SUt.q J) =-O~ 0 
00 7 1=1,74 
RLn=(TF~p(r'J,()-DTFMP(I,J)l 

CHIP(J)=CHTPCJ,+(APS(RlQ)/TEMP(T,J,K» 
? SU~(Jl=SU"'(J)+DT~~PCI,J) 

CHIP(J)=CHTD(J,/?4. 
h AVFP(J)=SU~(J)/?4 

PPTNT' OUT ' 
PRr~T 604 

~04 F()Q,MAT ( , Hn ,*/1 VFR f1GF5*/, H '*ACiUAL VS. PROt) 1 'c iED*, "X, H'FV 1 AT T ()~5* ) 
PlOT PR~4TP+F'4AN() I\("TUAL Vr.lUF5 ON'THf' l TN~ PRIMTFR 

DO R5.J=NRi,6 , ' 
PRINT 60S'AVFT(Ji~AVfP(J)'CHIP(J) 
FnRMAT~l~ 'F'O.6~4X,Flo.A'4X~F1Q.~) 
CONTt~UE ' ........ , 
DO 5] 1 JU'=7,6 . 
'00 6711(=1,74 ! 
CALL SCAL~CO.'?4;/o.,?n.) 
RO=IK 

• 

CALL PLOTPTCRD,TE~p(rK.JLQ'K}~') 
CALL PLOTPT(RD,P1F~P(IKrJ(n)'44) 
CALL nUTPLT ' ' 
CONTINUE . 

CA~CULAT~ THF FOU~Rr~R CQFFFICIfNTS FOR EACH LEV~L A~n PRINT 6~T 

PPJ~q 7Rl', 
'7A 1 !=()R~A l' ( 1 HO, ,?OX, ~P~FD I CT£0*/'1 H • i"OX, *AMPL I TUOF:*, GX:, *PHASF,*) 

. DO 81 jtO:;:.NRT,6' 
{) 0 6 R "Il = 1 , 74' 

f,A QrE'MP.(,IL ,,;::PTFMP ( I L ,JLO l 
CA~L,FOURFX(QiFMP,~JIq,PA~P,PPHI) 
p~l~T 64Q,PA~P,pPHJ 

A l' (flNT 1 NUF ' 
pp J''''''T 7 FtO' . 

" 
" 

\ 
7!=10 F'''P,~~ T ( , HO, ~ ~X, *ArrPA,l * I' H· ,?O X, *AMPt~ I TUOF*, J;:. X"1 ~'PHASF*) 

on ~O'JL~=NRT,~ l ' 

~O'6q lL=1,74 , 
60 nlE"MP( Tl.l:::·Tft.lP( tL;JUhK) 

CALL' Ft)\:JPE X «()TEtlP, "~J f p., ANAP ,AP~ J ) 

I 

'" 

. ' 

II · ' 

, .' 

.' '; 

,~!. • ~, ~." 

,'" 1';--: 

. . 
•• ,: >t' 

... ~ .. ::;--~ "'F ~ 
~~: .. ~~~.{ 

• ~'-"" '" >.,# 

_, • T ~ ~~, 

~:~:", ~.~.~ .. ~ 
~ • T ..; 

· , . 
: ' ~"" ,\ ; : 

• M ~ ....... 

'- , ~ T~~ 

'C:: 



Of? 1 NT \'6~;:' AAMP, APtil 
(-, 4 0 F 01< &,4 A T ( 1 H , ? 0 X , ? F'J 4 • 1 0 ) 

RO Cnt·IT 1 NUE 
nOR17J=1.6 '" '-., 
PUNCH p?0,(T~~P(1'J,~),r=1'12).(MHfA~(I},i=',?),K,J 

• 
PUNCH PrO, (TI="VP( 1 ,j,l() ,J::l ~'?4l, (MHEADC l)·d=1 ,?) ,K,J 

p,o c:'()Q~'AT(l'F~.?,'()X,*I'?*'Tl,*O*,I?,*S*'ll.*l·lf,J"*A*) 
DUNCH Plo,(PTI='t.'o(J ,Jl ,1=1 ,1;» ,(""'HFA~( T ),1=1 ,?"I(,j 

~,o 

R17 

P l J N C H j), 0 , ( P T ~~ P ( r ,.J ) ., I = , ':t , ? I~ ) , ( ~"'H E AD ( J ) , I =, ,? ) , K ,j , 
F(\R'~ A T ( ,. ? I=-" ~ • , t lOX, *P* , 11 ,*D*, I ? , *S* , r 1 , *L * , T 1 ) 
CONTr~UF . 

149 1-
l 
t , 
I 

. , .. 
\' 

'\ ~~b ~ r 0" C 1 , ( (0 T F. up ( I , j ) , r = 1 ., 24 ) , j = 1 ,6 1 

~~=~n 11 '1: 
.cm·,tT r r.,'lJE I ~ T('\P . 

C 

FND :.'.< 
SUPRnUTJt-JI:' DJFFU{I\IF,t-''''I),.tITL I 

C SUBROUTINE DIFFU ALLOWS FOR VARJA8LF THER~AL DIFFUSIVITtFS IN THE SOIL COLUMN 
C IT READS I~'. ITS ('\v~ 'OATA f\r\ID THE F~R'~AT VA~IFS I)EPENDTNG nN THE EXPERTV.~,NT TO' 
C TO PE PERFOR~~D 

OIMF~~I~N 9'1="c:'(~) ~ I ' 
CO~~ON M0PV,~),UHFAD(?I,TE~P(4j)'~'4),RoTFMP(~O),UPTFMP(GO), 

1 r '" r T F\oI D ( Ill) (}) , p,- p { 1 ~" ., P fMO ( 1 0) , C ('\~. ( 1 0) "~ ( ~ f1.P 1 
PfAn(~,?OO) ~!~F(l},D~T . 

'500 FORVA1:(2F5.2') 
00 1-6 J I( = 2 ,.C; 

1" DtFFCII()=f)"T 
OTP=f)f"T 

1 i.' IV=O 
PRTNT ACC,(nTFF(IK},J~=l'C;) 

,f.\}('l Fnf;H~ATilH(,,?~X,*ACTlIAi DJFFUSJVITJFS"/'HO'10x,"\Fln.~' 
, r 0=1 

DO; 3 1=1,5 , 
I0=NOPM(I+l)-1 
00 ? J= If,. 10 
JV=TV+l 

'? ACIV1=OlFF(rl 
:3 '10= 10+1 

IT=I"AP(NF) 
NO::N"R~(6) 
DO 6 lG=Nn,rr 
IV=IV+1 

(, A{1V)=OJP j" 
~ P~TLJRJ\\ 

F·ND 
SUBP()UTJt.J~ cnNQ(t.J,NF,QTEMP,K,RF(;) 

' .. 
(" 

C SUAROUTINE. IN(RE SETS TH.E DEpTH INCREMENT LEVELS AI'!O CALCULATES THE LfVfLS 
C ~OQAESPONOJ~~'Tn ACTUAL 
C • 

RF.AL J"'IT~"'P 
.0 r .... F 1\1 S T ",.,. . Sl ('\ 0 I=" L1 0 ) . 
("OtlP/A". 11.1(,0'," ( /. )., \"41=" 1\1'" ( ?) , T I:'~P (LA. ~ " ~, LA. 1 , ~()T I="MP (,r;o ) ,UpT F~D J ~~_ .. ~ 

rJ"l{ T n./p ( ~ 00) , f >,AI? ~ 1 C 1 '/~ I·AP ( ],0) " C0,,! { 1 Oil:;) '/. • -l--~ 
j 

... 

.. 



, 

(O~~ON/SI R~V(6) 150 

SU~ROUTINE COND SEtS THE!JNtTIAL CONDITtONS FOR THE FIRST TI~E JNC~EM~Nr EOUA 
TO THF L1NEAR INTFRPOLATION RtTWE'EN ACTUAL MFASURED VALUE'S 

'" 
THIS SU~ROUTINE CALCULATFS THF INITIAL CONDITJO~S FRO~ A pnLYNn~TAL FIT 
AND A LINEAR APPROX'~ATJON TO BASE TF~PERATURE'RTEMD 
IT ALSO SETES THF LOWFR RnUNDARY~CO~DITrOMS AT pTE~P 
UPPER 80UNDARY C0NDTTIONS ~U5T R~ SeT BY ANOTHEQ ROUTINE 
FIT POLYNOMlAL To INITIAL TEMPERATURE p~OFrLE ' 

0(1 ~21 JK':::lt6 
Yf~P(l,JKtK)=TE~P(l,J~.K)-RFG 

':\71 CNH 1 ""lIF 
f'l() c;00 Jf)= 1 t C; , 

JDP=JD+l 
~oo SLOPF(JD)=(TFMP(l,JOt~)-TE~p(l,.JnptK»/~RLtV(JD)-RLFV(JOP) 

051 1 JD=1,5 

JDD=JD+l 
NORTP,=t.!()f~t.' C Jf)P)-l 
,\U')RT = ,,'()OM ( In ) 
I(JMP=Jtv"P~I) 

IP=I+1 
tF(NORTP-IMP(I» ?t?,4 

2 CONT=O.O 
DO 3 IG=~()RT,NO~TP 
INJTF~P(IG)=TfMP(1,JO,K)+5LOPE(JQ)*CONT 
CONi=CNH+C()N ('( ) , 

~ CONT t NUE ' 
GO To 1 

4 cnNT=O.O , 
00 ~ JG::;t.!ORT,I(J~P 

JNJTEMP(JG)=T~~DP1'JDt~)+SLOP~(J61*CO~T 
CONT=-coNT,+CON ( I ) , 1 

5 CONTINUE ~. ~ 
J T::; t ~P ( t ) + 1 
cnNT=cnNT-C0~(I)+cnN(IP) 
Of) 6 IG=J T ,~I(,RTp 
TNITFvP(JG)=t~~P(l'JO'K)+SLnpF(J")*cnNT 
C~NT=cnNT+cn~(JD) 

6 (()NTINUE 
1=1+1 

1 ~()NT I NUF . 
I~ITF~p(N~R~(~»=TFWD(l'~'K) 

"n 0(\=1 
a Nl="""lRM(61+T 

~ :? = p.- P -( t..' 1 ~(') ) 
SL:(RTF~P-IMJT~~O(N"R~(6)}1/]O~? 

C"NT=O.O 
1S ~O 1? lR=Nl,N? 

C()NT=Cn~T+cn~(~I~O) . 

\ 

1? r N TT n 1P ( I P 1 = H! I T .. P"P (,W'lOM ( 6) } +Sl *(,ONI 
IF ( "'1 OO-f\'F) - 14 t 1 ? t 1 ":\ . 

14 M101"=14100+1 
"10="\1 0"3-1 
~q = PIP (NO) +1 

. N?=IMP(Nl00, 
(i0 Tt) 15 

. 
~-.- -

t 

, 

'. ' 

. " 
; . ... ., 

.'.~ '" ........ j 

'; " , . 

::~~: '- ~ .,' 
, " 

~ '.. " 

'. " 

>:,.;--..:~" 
- . .. ,~ 

," .. -, 



c 
(" 

1":\ on ? r; T Q= 1 ,N 
?~ ~~T~~O(IQ1=rMrT~~p(i~0(N~)1 

PPJt.JT 601 
n91 FI"'RoJA,TClHr.,*TNyTYAL C()t.,!f)}TIONS*) 

Q~TlJ"t.J 

FND 
SU~~n...ur t NF I ~ICR~ (NF» 
cnv'w~ M0D~(A)'~HFAD('1,TEWP(4~'~'4),~nT~MP(r;Ol,VPTEMD(r;O), 

, T ~J T T ~ v D ( ~ r·r, ) , , VD ( 1 (' ) ,0, ~ P ( 1 h ) , (" ()N ( 1 rj 1 
(~MU0M/RI RLFV(61 
~FAn(C,~001 (rnN('),I=l,~F) 
Q~A~(~,~COl (o,uO(fl,T=l,N~l 

r;OO C"~Q~·AT(10~1~·.h) 

.JP=l 
JlT=O 
DTLT=O.O 
00 1 1=1, NF 
rve( T )=( COI'.'oC I I-PIt Tl ICONC T) I+ILT+.()c;. 
TLT=J,~o(T) ~ 

RILT=PTVO(rl 

LIP=1 
RLFT=O.O 
~() r, 1=1,6 
IF (Dl 'fV: ( T 1-0 T ~o C JP I) l., ':I; , '3 . 

11 

? ,... ..... o\'C T )=( {~pm(JP)-RLFT)/C~NCJO} }+( CRLI="V( I )-Drt.~D(JP) >/('Of\"JP+l) 1 
l+l'IP+.01j 

DLI="T=RLe"V-<I> 
L tP="'~Q" ( I 1 
JP=JP+l 
r,f) TI') f.. 

4 ~OR~(tl=(CqLFV(tl-RlF.Tl/CON(.JPI)+Lrp+.05 
RLF:T=RLFVCI) 
l I D=,.,t"O~1 ( I ) . 

n (" ,,0,. T J ..... IF __ ''',) 
PPTt...IT 601 ,- \.l.:,..(. • 

~01 C"OR~4T(1~~'4X'.LnOD ~o.*,l.~t*LFVFL NO.*,7X,*IN("DFVFNT*,4X, 
l*ACTUAt*) ~ 

DO 7 I=l,NF . ~ 
poP..IT (.O?, J~'O(J),Pp.tO{I).CON(I),NORr-c<I) 

~O? ~0DvftT(1~ .~X,I~,7~,FD.~,7X~FP.~,7~,I":\) 

7 C0"'T T ~'UE 
NT:NF+l 
00 11 I=MT,6 
ep PIT 60':1;, "'I"\P~·q I ) 

~O~· FOP""ATClH ,47:<, r~) 
fl CO"! rr \!UE" 

QFTUI?N 
J:' "'f) 
~unOOUTT~~ F ..... UQ~X(T,~,AWp.PHt) 

~"'L:D I Fo ~xo.A"·' Tn!', 
T T~ r~ol:T ~AT~ F~n~ ~ FVFNLY ~oACfO 

~ ~ ~ 

151 

r1TLF J~ ~!~~NST~M~n (70A41 
THt:" OQI"\(;Q!l",··.·C" AS5U' .• FS AN PHr:QV~.L OF n.'o PI· T() 9[ VNIFf)Q"LY DIVI-DfC) INTf' 

~ = ,.0 ~~EQF. PFRI~O IS H~QE CO~SIOER~O AS P/2 

f 
$ 

t' ( 

' .. 

(f"I~PI!T;"T''"''! ~T"PS "'!-If"! (l\lCUlAII=",) V.t\PIAN(F T~ U~I!)FR 5 Q OQS~RVP), Vt.~!Af\("f~ 
UMV:~'S: ('\Vr..·o-oTPf'lC:", '1Y L. ::lFI"!G {.TVF"I r. SPF("IFlr Vt.LUF F'QUf.L TO· THf 
i-qr.hJ::ST YAr~~cn"n(" O~SJRFf) I"."X. ALL0WFn 15, 101 

: 

-~ -

. i ; .:" 
! . 

( . 
~~-':: 

·,ti:-·':': i ~ ~ ·:' 



( PRbr;RA~~F RFTUxNS VALUES OF -:::,*P=N,· NO. OF HARMONICS fl.), ~FI\N (AVF), 
C. AMPLIT,llDES(A~P) AND PHASf ANGLfS(PHI). '- / 

"C ", 
f)J"'~fNSJON ,T(Nh TITLF(20 ), A~P(lO" PHItlO" 

, TEXPC~O, iQ" F(~O), VARAMP(lO), PVAR(lO} 

C 
10 

c 

Z = PT I PF~IOD 

~ = A.7R~' I (Fl0AT(N» 
'lHALF = N/2 
FINO VAQTANCF AND OFVTATTONS FQn~ MEAN 
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