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_ * ABSTRACT -

[

snowpack vehtilation wvas studied in the field using a new
snow thermcmeter of high resclution, desiyned for this purpose.
The temperature observations indicate two distinct patteras of

temperature variations which appear to be caused by ventilation.

B ¢

one pattern+is mocturmnal and is apparently driven by density

gradients. The second pattern occurs in daytime and is

apparently driven by spatial variations in the surface pressuce

" field. Particularly large temfporal variationsdip temperature

vere observed near noon, when the stratification of the air just
above the snov surface is generally least stable. This coincides

vith the daily maximum temperature of the near-surface snow ;o

.

layers.

The heat balance of the snow cover was measured over

)

10-minute intervals. The measurements show that in a dry snow K

cover only a small portion of the absorbed solar radiation is &ﬂ;

partitioned so as to heat the sno; cover itself. A major fortion
of the absorbed radiation is used to heat the air above the snow.
Ventilatiofi of the uppermost few centimeters of the snow cover 'is
suggested as an imbortant heat removal mechanism in this process h

~and offers an explanation of why the near-surface layers of the '
[ .

snow cover do not melt despite the large amount of solar

radiation absorbed. ‘ |

Thée snov thermometer allows accurate measurements even when
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parts of the snov cover are melting. Thermal events associated
with a brief peribd of surface and near-surface pmelt were
recorded, and show nmeltwater percolating to the base of the snow
cover through channels (presumably isothermal at 0 deyrees C) in
a snov cover that was well below the freezing point.

The rapid temporal variations in the tenperaﬁure of fbe
near-surface layers-suggest two new factors that need to \be

N

considered in order to explain the metamorphism of the seasonal

snow cover. One is the movement of interstitial air which
affects hoth heat and mass transfers. The second factor is the

spatial variation in surface vapor pressure of the ice natrix

that is caused by rapid temporal variations in temrperature ' |
combined with a large spatial variation in thermal inertia of the

ice matrix. These t&é mechanisns mpay offer an explanation of the
rapid ndestructive wétamorphism” of nev snow that is observed in
ﬂature but that is not éredictable fros surface curvatures usiig

'

Kelvin's equatione.
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RESUME '
-
La ventilation d'un couvert de neige a ét& etudife en
utilisant un thermomdtre de haute précision, spécialement
construit. Les variations temporelles de tempétatuke prisent la

forme d'un signal & deux composantes: la premiére composante est

*

nocturnale et apparait d'étre causée par des variations spatiale§
dans la densité de l'air interstitial. La deuxieme composante
est causée par des variations spatiales de pression
atmospheériques prés a la surface de la neige. Des variations
Fempdrelles particuliereuent grandes de température etaient
observees prés a midi, quand la stratification de l'atmosph¥re
est moins stabile prés a la surface de la neige et guand on
trouve aussi le température maxinmum de la fegion surfigial de la
neige. Par cet coincidanhce la veniilation de la neige éeut

actuellement aider dans le réchauffement de la neige.

Le bilan thermigue du‘couvert de neige a pu ftre determiné a

toutes les 10 minutes. On a pu en conclure que bien peu de la .

radiation solaire’ absorbée pat un couvert sec me sert ) le

- v - .
rechauffer lui-meme, mais ju'en grande partie cette energie
contribue ultimement a rechauffer l'air au dessus de ce dernier. -

Il est sugggié que la ventilation des guelques centimétres

o

supérieurs du lit servirait de complément, sinon d'alternative,

au néchanisme d'absorption en surface suggéré par Ohmura, (1980)
N & ‘ ” .,
pour expliquer que les couches superieures ne fondent pas malygre
&
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les grandes quantités, de radiation solaire absorbees.
f A s
|des observations pxécises

Le thermométrel!nival a permis
alors méne qu'uﬁk partie du lit étﬁet en tfain de fondre. C'est
\ -
ainsi qui ont pu €tre dftectés et enregistrfs des incidents

14

ourtes périodes de fonte a la sucface

- : \ . &
_Adu-couvert ou immédiatement sous celle-ci. Ces deraniers

: -
indiquent gque de§ eaux de fonte ont pu percoler jusgu'E.la base

Al

'

|

du couvert a travers des canaux probablement isothermes
traversant la masse de neige elle uéne bien en dessous du point
de fusion.

Les variations rapides et 3 l'occasion grandes de la
tempéraﬁure des couches supérieures suggerent deux nouveaux
- ’ - e . L - .
processus qui devront @tre considerés par qui desire conmprendre
le nétamorphisme de la neige. Il y a en premier lien le

mouvement lui-néme de l'air gui se repercute a la fois sur les

transports de chaleur et de masse. Un second facteur est celui

‘"des variations spatiales dans la tension de vapeur en surface de

la ﬁatrice de glace, résultant de variatioqs teanX&les\ﬂe la
tenpérature et de varfations spatiales de l'inertie thermique X
travers la matrice. Ce second facteur pourrait expliquer le
m&tanorphisme destructif rapide la neige fraiche gque l'on peut
observer dans °la nafnre mais gui n'arrive pas a €tre expliquékpar

l'equation de Kelvin appliqué aux courbures de surface.

e
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CHAPTER I

INTRODUCTION

?

1. Ibe Prcblea

There is one important gquestion regarding the secasonal snow
cover that has so far remained largely unansvered. This’guesfion

concerns air movements inside the snow cover and may be

formulated: | ® '

(a) Does the wind akove the snov surface induce air flow
within the sncw cover? ’
" (b) If so, what are the spatial and temporal characteristics
of therinduced flow patterns? Haw do they relate to the
wind above the surface and to stability conditions in

the near-surface layers of the atmosphere?

‘Theoretical vork and laboraé%%y experiments have shown that, at

least néar the snowv surface, forceq, or vind-induced, convection

is possible., Forced convection haslglso been shown to exist in
soils and various mulches. However, to the hest’knowledge of the .
present author, there has beep no successful attempt to evaluate,
through field measureients,“the spatial and temporal patterns of
such forced éonvection in a natural show cover. /

The reason for this lack of success is, at least partially,

found inp the properties‘bf'snow. Snow is a structurally unstable

paterial that makes disturbance-free insertion of any instrument

{

I ¢
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nearly impossible. sSnow is also, at normal enviromaental
tel;ératnres, quite clcse to its triple point. Therefore, a;y'
thermal disturbance is followed by a structural disturbance
hecahsg éf vapor migration in response to thermal graaieﬂts.
Thermal disturbances are normally caused by inétnuments inserted
into a spoucover.hecause snow is tran§1ucent and allovs radiaat
absorption by the instruments. Even without any radiant
ab§orption, an instrumentﬁproguces a the:m;I disturbance since
its thermal conductivity ushally differs substaptially from that
of the snr:ounéing snow. |

The purpose of this study is to invéstigate, by field

measurement, temporal patterns of snow cover ventilation.

'
v

2. Background to the Investigation

During a sno¥ survey in a sﬂeltered~hai of Knocdb lLake, near
Schefferville, Quebec, the author observed that small pieces (5 -
10 cm in.diameter) of the)surfacegi?yar were missing as though
plucked from a few spots on the otherwise smooth snow snrface.
lﬂifine-grained‘uind-hlovn snow had accumulated in a layer
Mapﬁroxinatelyas e thick, overlying more pordus, recently fallen
_ snow. The author has subseguegtly observed many such rather

RN

anon5p1cuous feature< particularly in open woodland hut also in

a variety of other-.situations 1nc1ud1ng snow surfaces on:rooftops

’
v

in Montreal.

. » N s “
The reason for the missing surface pieces was-not
i o .

. S




impediately a‘pi:atent.l It was hot until later that the .author had
the ‘opportunity to cbserve how the‘suffaceﬁffature vas foramed.
The feature was formed by small but irelativel strong vortices
that lifted pjeces of the snow éurface layer alony their path.
Pieces of*the thin surface layef of wind blovn snow were lifted
some 20-50 ca into the air, and, probably on accoupt of acguired
rotafién‘and vwind shear, disi;tegrated into a puff sSnow grains
vhile airbcrne. ‘ . N '

It is evident that the surface layer could not be lifted

without some displacenent of air within the snow cover.p.A survey .
of the literature, however, revealed very little information on o
vind ¥nduced air’movements in snow. An experiment inm a wind

tunnel by cCura et 1 (1967) showed a relationship between the

air velocity in the tunnel and the air f;ﬁx,?t 5 an helou the

o |
snow surface in a layer of snow placed in the wind tunnel,

v

Recently, Beimer (1980) concluded, from an analysis cof snow and \Am;l
\ [

soil temperath;e variations, that ventilation is important in "

beat transfers through snow, , ' ,

The literature on the aeration of soils, a closely related

-

topic, is some¥hat more plentiful and shows that wind is an

important factor inducing ventilation of soil layers near ‘the

|
surface (Fukuda, 1955, Kimball, 1970; Kimball and Lemon, 1S71)..

The theory‘of such motion (Fukuda, 1955; Farrel et al.,.1966; ~

*
Scotter and Raats, 1969) is incomplete and has not undergone -

A

adeguate field testing in either soil or snow. The available

4
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field measurements of vagor tra%sport by air motion in soils
(e.g. gimball and Lemon, 1970; 1971) do not providg detailed-
information about spatial or temporal patteras.

' The process of wind induced ventilation of snow and soils
clearly merits attention for it imfluences life processes in the

negr-surface layers of the soil and beneath the seascpal snow

cover. A better understanding of snow ventilation would also -

s

provide a ketter understanding of processes influencing temporal
Ehanges of the seasonal spo; cover. At present wind induced
/ren&iigxion is not even considered a factor in snow metanorphism.
/;entilation could, perh;ps, help explain the high rates of
constructive metamorghism observed in the field kut not
replicated in laboratcry experiments (deQuervain, 1972). The
existence of vertical air flovws through the sncw surface would
aid in explaininy phercmena such as wind compaction and temporal
variations in snow drift transport during sndw storms. “Such
zlous Honld also greatly influence the energy rartitioning in the

.-

near—surface 1ayers of the snbu cover and would aid in the
exglanatlon of surface é:ust formations and many other yet
unexrlained snow cover features. .0f more recent concern i; the
possible atmosghéric filtering action by thegsnou cover
(6jessiny, j?}j). I1f the movement of ai; through the snow cover
results in the deposition of atmospheric contazinants, then the
spowpack, as a receptor of atmqspheric faflout, nust be

- considered far more ccoplex than is presently believed. If such
: e

e
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filtering occurs, an a\alysis of the patterns of deposition of
suitable contaminants éfuld yield valuable insight into spatial

r

. s . | . .
variations in snovpack ventilation.
. \ )
A suitable anemo-metric device for in-snov operation did not

\
exist at the outset of thks study. The purpose of the study thus
X ’ ’ .
became twofold. Before th% first purpose of the study could be
achieved an anemo-nmetric deiice suited €or this pafticular

appl}cation had to be designed. Close to two years of the study

were spent on the development and field testing of different such

devices before a successful design was aéconplished. The vork onm
developing suitable instrumentation thus forms a substantial part
of the overall study. ' ,
Initially a variety of hot-vire anemometers was developed
and field tested. 'Some success vas achieved\in that air '
movements were detected. However, a meaningful interpretation of
t&é observations was not possible mainly because the changing
geometry of the cavity-surroynding the various devices was

o

unknawn. )

The method of detectiéh\that wvas eventually adopted employs
the cbserved temperature changes in the gnou caver itself to
infer the ventilation patterns. One problenm vith this method is
that it réguire% snow temperature measurements of very high
accuracy and a thermometric device that does not significantly

disturb internal air flow patterns or internal temferatures of

the snov cover. A thermcmetric device fulfilling these

~

ot




. (ranberg, 1978). .

reguireneq{s vas designed as part of the study.

3. Qutline of Thesis .
The organization cf the thesis reflects the order in which

the individual sub-problens were attacked throughout the study.

Thus, the theoretical framework is given in Chapter II. This

_chapter exakrines the surface pressure variations induced by wind

an§ how such pressure variations may induce air flow in a forous
nedium. 'Thegtheory used for the interpretation of air povements
from temperature data is also given in Chapter II. Chapter III
deals with the experimental procedure. It explores the ~
theoretical and practical a;pecté of snowjéenéerature
measureueﬁts and describes the gnow thermometric device and other
instruments used in the field study. The fourth chapter gives
the details of calibrations agd data reduction. The fifth
chapter is a descriptive pregentation of variations in measured
and inferred quantities such as snovw and air temfperatures,
in-snow vapor presssures and wind during the measurement period.
It presents a unigue set of mea;urements,that{add significantly
to our knowledge about in-snow évents just prior to melt. An

% S,
o Toad ™

account of some of these events haéqbeéﬁ=p%blished elsewhere

( \»
The £ifth and sixth chapters analyse the fpatterns of wind

induced ventilation, Chapter VII summarizes the conclusions drawn

from the study and gives a few suggestions based on the

-
>
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( ¥ " experience gained during the ¢ourse of the study;
. ) P hd
4. Site of Study *
E The présent study could have been undertaken in any area
with a sufficient snow supply. The McGill Sub-Arctic Resaarch
Station at Schefferville, Quebec was .chosen bec;nse of recording
equipment, tools and\other,facilities‘aVailable at the station.
The area also ha§ an anple}and reliable supply of snow.
The instrumehieg site was located some 100 & east of the
,station, within 100‘g'o£ the screen of the Schefferville {a)
meteorological station,\which afforded valuable backup
information for the study. ;
The measurements reported -in this thesis vere ma&e~in a snow

( ‘ cover that accumulatéed during one storm. A seasqnal snov covér
has b9d a longer time to develop and may therefore be differeat,;
‘particnlarly‘in regard to the air permeability of its lower
strata, which could be two orhers of|nagnitude\greatef than the
perneagality of the sncw in which the presenf measurements were
made. The conclusions made in this study are therefore
conservative. A natural‘snov cover vith a well developed layer

of highly jermeable depth hoar might well have indicated much

greater air movements than the present snov cover did.




o r e

P ——

. &

CHAPTER II
THEDR/"ETICALH SETTING
1. Pressuc ons_at_a_Surface o v

When tur uleﬁt air flgws past aﬁ\imperneahle surface,
difgerent parts of the air flov have different Velﬁciiies and.
_directions re}é ive to the stationary surface. The sufface
limits notio; to'\two dimensions and therefore the velocity
component perpendiculat to the surface is reduged to zero at the
surface. In this ocess momentum is converted \into a pressure
potentiél that varies spatially in a fashion determined hf the
flow. The associated fressure gradient is responsible for the
deceleraticn of air ap roach}ng the surface and the ;cceleration
of air away from the sunface. Similarly, ho;izohtal radient
conponents due to”gpatial variations in the pressure pqtential
accelerate and decelerate the flow horizontally.

If the surface is not perfectly smooth, surface presgure
variations are induced through\deflections of the flow by the

surface. In general, the surface pressure is increased in

concave parts of the surface where the sur}ace forces the flow to
curve avay from its previous direction\bﬁ\?otion. Low pressures
are generated in convex parts where the suffaqg curves awvay fr
the direction of the flow, caufing the flow to adjust by

expansion.

it
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If there is rotational motion, vorticity, in the flow, a low

o~

pressure may be generated at the center of rotation. Such

rotation is part of the mechanical turbulence induced by’ surface

roughness, Pariic%larly strong centers of low pressure can be

generated at the surface when, during the rise of lover densityp;

e \

air, the flow near the surface, possessing vorticity, is forced
to converge. >

‘s

The surface pressuré field could, conceptually, be
subdivided into two component fields, one of which is
guési-stationary and is related to air deflections by surface
roughness elements. The second component field is mobile, is
caused by the more or less .random turbulence of thetair and moves

with the flow. These fields respond differently to variations in

]

atmospheric conditions. While the quasi-stationary pressure

~

field, for a given wind direction, depends mainly on varjations

in the near-surface-wind speed, the mobile fi@ld, in addition,

depends stronyly on the density stratification in the AN

!

. \
near-surface layer. Under stable conditions vertical motions are

attenuated resulting in a fairly even surface fressure
distribution. In unstable conditions vertical motions are
enhanced. Therefore spatial variations in surface pressure can

be expected to increase with increasing instablility of the air
9

just above the surface. .

There is not much direct information available in the

\

lité{ature regarding the possible magnitude of the horizontal

\

\
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. pressure gradients. Farrel et al. (1966) measured fluctuations
in pfessu:e difference Letween two points at spacings of 5 ca, 15

cm and 60 cm on the surface of a grassed area. For a horizontal

vind speed of 500 to 700 cm/s, measured with a cup ahemometer at -

a height of 200 cm, they found gradients of 0.0025, 6.0013 and
0.00075 cm of vater pressure per cm of horizontal distance
respectively for the different spacings (as computed iron their
figure 1 bf the present author). The measurements were made

using an induction-tyje diaphragm pressure transducer. No

< information was given about the stability conditioss during the

experiment.

o

¥

When the mobile pressure field moves past a poiant on the
surface_ it is perceived to be an infinite tréin of pressure vaves
of varying wavelength and amplitude. Some measurements of
pressure spectra are aQailable in the literature. Measurements
by Kimball (1970) indicate that the spectral density (mpicraobars?
/cycle/sec) decreases in a roughly linear manner with a slope of
about -6/3 when its logarithm is plotted against the logaritha of
frequency cver a fregquency range from 0.0001 to 100 cycles/sec
for all conditiomns. The spectral‘densityQ however, also changes
markedlg with wind speed. Invth§_freguency range rrcm 0.001 to
0.1 cycles/sec.a 500-fold increase vas observed-“between one run
vhen the wind velocity was 68 cm/sec’ and another when the wind
velocity was 552 cm/sec. Similar results are reported by

e

HcDonald and Herrin (1975) who report a much greater fower
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increase in the high~freguency than/kn the low-frequency part of

the spectrym iq response to an increase in wind speed. This-

Yo
NEL e

indicates that the horizonmtal pfégéur ra@iehts increase uitEf
increasiné Q%nd velogity. 1\

There is not enough information in the literature to
indicate the effect of stability on horizontal fressure
variatigcns. ©Nor is there much information regarding the maximum
and the minimuwm pressure in the field under different conditions.
Theoretically, the maximum presssures are the stagnation
pressures for air "parcels" moving towards the surfaces. The
minimum pressurés could, occasionally, be very low as in the case
of the eddies generating the surface erosion feature descriked in
the previous chapter. Iy ' |

The spatial aspects of surface pressure variations are
virtually unknown. Spatial information cannot be derived from
the spéctral information mentioned since it constitutes time
averages of the indiviQual pressure variations. It seems
reasonable to assume that undér stable conditions the areas with
a fressure above and below aver;ge vould be apfrroximately equal
in size. 7Thé spatial variations in surface pressure would Le
sligbt during stable conditions. With increasing instablility
the area of pressures less than average would decrease and th; ”
flow would increaéingly be characterized by rising low-density

air with near-surface convergence of air possessing vorticit \ind

associated spatially ceficentrated, fairly intense lov~pressutes>\

>

L
N

o
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The low fressure areas would be interspersed with larger areas of

slov subsidence.
)

u

”~

2. Induced Air Flow in the Snow_Cover

{a) Previous work on air flow i u
6ntil fairly recently it was believgd that win
much influence on air flow in soii (or snow). This nmay,
have been due to Romell (192;{ who concluded, from inductive -

, L]
reasoning, that diffusion is ,the most important mechanism in the

gaseous exchange bétueen soil and atmosphere. However,
experiments by Scheidt and lehmann (1929) and observations of
Diem (1937) led Fukuda (1955) to develop a simple, predictive
model for the effect of wind gustiness on air movements in soil.

Farrel et al. (1966) discuss two main limitations of

‘\ngpkuda's analysis, namely, that it deals only with the case where

\\\\ K] '
T

the soil is of infinite depth and that it ignores horizontal
gradient;?\\They develcred a model which assumes that the

S 1
oscillations é;\;zf\p£gssure can, be described as a train of

sinusoidal pressure ua;2§>\\?he model Show§ that wind has quite
‘an important influence on gas gange in soil. A&h;t wind |
influences gaé exchance in soils h;s also been shown |
experimenfaikf by Hanks and Woodruff (1958) who demonstrated that

wind can influence evagoration rates at mgre than 35 cm below the

surface of gravel and straw mulches. Later latoratory
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experiments by Benoit and Kirkham (1363) and Acﬂarya‘and Pribar
41969) supported these -results. Ajnuaber of field experiments,
notably Evans, Kraner and Schroeder (1962) and Kidball and Lemon

(1971) have further shcwn that wind is an important factor in the

- aeration of soils. \ \

One nain objecticn to the model by Farrel et al. (1965) is
‘that it treats the input ‘surface pressure field asoa wave train
of sinusoidal pressure- fluctuations. While ventilation by )
;io-dinensionél vave train ‘can be mathematically expréssgdfby

éha}ogy to a damped vave, the description of ventilation by a

natural surface pressure field requires a more elaborate

3

g, = . A
- approach. While a pressure sensor senses a tvo-dimensional wave &

. h train, the three-dimensional nature of the pressure field is

~  evident fr;n the pre;ious discussion. The pressure tgriations
‘sgnsed,by the pressure transducer are ihose parallel to the flow.
However, the: pressure gradients perpendicular to the flou{ which
are not sensed, are equally lmportant in acceleratxng the

1nterst1t1a1 air.

o

‘ / . (b) ZThe iniuced flow
. \\ © .
o When the surface and the medium below it are permeable, an
=7

internal flow field is initiated in response to the surface
,p:essure é1eld. Once a steady—state condxtlon has been reached,
the ‘flo¥ 0CCULS in accordance uﬁﬁg Darcy's law so that the

macroscopic flow velocity, under laminar conditions (less than 5

Q
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air permeability. There is therefore a certain lapse of time

cas/sec in fiﬁe—graiqeé spow,, less than 1 ca/sec in coarse-grained
snov; Bender, 1957) is a linear product of the air permeability
and the pressure gradient. It is important to note that this lav
appli;s only for the condition when the frictional reéistance
egquals the acceleration force. The acceleration force is a
linear function of the rressure gradient while thé frictional

resfistance is a pover function of the flow velocity for amy given

before a fluid element in a given porous mediunm reaches

egquilibrium velocity in response to a given pressure gradient.

This implies that for a step change in pressure at the surface

there is a lapse.of time before the flow field reaches an ,
egquilibrium state, or becomes a potential flow field. One
important consequence of this time lag is that the total
ventilation rate associated vith a give; pressure field, as it
moves across a porous surfa&é, might, in fact, decrease with-"
increasing wind velocity. This is a result of, on the one hénd.
the lower internal flow velocity attaine§ as a result of t&e

b

shorter acceleration time and, on the other hand, the shorter

period of influence and therefore distance of actual sovenment in
response to a given pressure gradient. A second conseguence of
this time lag is that the movement of air in response to the
pressurg field becomes more surficial as the horizontal velocity,
of‘the field increases.'

v There is not much information available regarding changes in

»
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the horléontal pressu:e gradients with increasing wind speed. It
is thereiqre not poss;ble to evaluate the relationship betveen
vind speed and ventilation rate. It appears probable however
that the increase in ventilation rate with wind speed is most
rapid ip the low velocity range and that the rate of inc:éase in
ventilation rate decreases rapidly with increasing wind velocity.
There may possibly even be a net decline in ventilation rates as
wvind speeds increase beyond a, perhaps f;irly small, critical
value. “ |

The permeability stratification of a snov cover is also
important to the ventilation mechanism. A simple computation
using data by Bender (1957) shows that the air permeability of
the coarse-grained depth hoar at the base of a seasonal snou‘
cover can Lé 50 or more times greater than the pérmeability of
nev fine-grained smow of the same density (0.27 g/cm3 ) at the
surface. This indicates that a given air flow in the near.
surface layers of a natural sncw cover requires a much steeper

‘

gradient than the same volume of flow near the base of the [

seasonal snow cover. fThis would suggest that near the surface

the flow is”predoﬁinantly vertical, controlled by small scale

surface pressure variations, while in the depth hoar layer, near

the base of the snow cover, it is painly horizontal and
controlled by larger scale surface pressure varlatlons. It is
also likely that spatlal varlatlons in surface pressure related

to surface drift formsxor local topggraphlc variations induce a

& . L ‘
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slow, more or less horizontal, flow of air in the bottom layers
of the spow cover. ‘ . .

BedepcsitioJ of matter by vapor transfer can grobably also
affect the snowpack ventilation mechanism. One inportant effect
of vapor traasfer by air moving in pore sbaces if ihat uhen the
alr sbeccmes supersaturated relative to the matrix, deposition by
sublimation occurs. As a result, when ventilation occurs under a
steep temperature gradient, matter is transported.ffan the wvarm
part towards the cold. Depositicn occurs within the fores and
reduces the air,permeébility. Thus it appears that the snow
cover can frovide ahnegative dynamic response to induced
ventilation under conditions vhen the surface is considerakly (

colder than the intermal parts of the snow cover.

It has been observed that the spatial variations in vapor

pressure caused by the surface curvatures within the ice mafrix

are far too small to explain the rapid initial'"dest¥nctive .
metamorphism® of newly deposited snow (Colbeck, }n‘press). The
process of snowpack ventilation could, however, provide aﬁ
alternate mechanisu that could produce spatial variations in

L]

vapor pressure of the necessary magnitude.

Because of variations in mass distribution across individual

snow crystals or within the ice matrix of the snow cover,
different parts of the snow crystal or ice matrix will respond at
dﬂ%fefent rates to a change in the ambient air temperature. If a

stellar crysihg is expcosed to a qhange in the temperature of the

ﬁ,gf

re o,
ki



)' 17

. ) )
surrounding air, the thin spiciles of the crystal will adapt more
rapidly to the temperature change than vill the thicker parts of
"the crystal. If w¢-let the tengerat;rg oscillate between two
extrege‘values, the non-linear relatién betveen vagor pregsure
and temperature will cause the thin parts of the‘ctystal to
gxpetience an average surface vapor pressure that is greater than
the average surface vager pressure of ﬁhe thicker rarts.
Conseguently, there will be a net transfer of vater vapor froa
the thin to the thick parts of the crystal.

Snowpack v?ntilation couid produce ﬁapidly oscillating
temperatures of the interstitial air, particularly in the
-near-surface layers of the snovw cover; vhere the tenfé:aturél
gradients are often steep and where tﬂe induced flow is
predopinantly vertical and, thus, paraliel to the direction oY
the steepest temperature gradiént. Ventilation of the snow cover
could therefore help explain the rapid.initial *destructive

a

metamorphism" observed in nature. -

t

In summary, a nueber of interestihg features appear to be

associated with wind induced ventilation of a seasonal sno¥

cover. First, the stability of the air above the surface appears

to influence the ventilation such that naximum veftical‘flon
th:ougﬁ the snov surface occurs ii unstable conditions. In
general this coigcides with inversion condiiions inside the snow
cover. Secondly, there appear to be rapidly diminishing reyﬁrns

in terns of ventilation induced by the novihg pressure field in

pags B TOATANLATE T, e B T T L T T LI N T JNPE i Ve




‘and vapor fressure within the snow cover.

. , ~

\\\\ g
responée‘to increasing wind velocity. hlfdly, the flow in the

hlghly rermeable bottom layer of the smaw cover is probahly

™~

mainly hcrizontal in Tesponse both to the mobile and the
staticnary suorface bressnre fields. Pcurthly, redeposition of
moisture within the snow cover can probably pro%ide a negative
feedback to ventilation uheg‘steep teugératnre gradients occur in

the snow. Ventilation may also be inporta&t in snow naﬁanorphisn

in that it can induce steep micrcscale yradients in teaperature

"

4

3. Detection_of Air Movements_in §g§g ” -
j

Xir movements influence the rate of propagatioh of heat,
sound and gaseous matter through the snou...COnseguentlf
infefénces may be made regardipg the air movements using o
observations of the =zcvements of heat, sound or gaseous matter.
In this study the heat transfers were monitored in order to

derive 1nformatlon about air movements in the SpOW « Infornatlon

about air novements can Le derived in two ways, one by flux

S .
" separation and the other by simply monitoring rates of

temaperature change.

%

(a) Conductive and non-conductive heat fluxes
The heat transﬁe;sdin_dhow have been ffeaéed in considerable

deta11 by several authors, notably Bergen (1963), Schlatter l

(1972), Goodrich (1976), Palm and Tveltereld (1979) and Chmura




e P R L L - ow RV M s e e km e R Lovel e g Ve g e n e ey

a9

'

(1980iQ ,Ig is'convenient for the present'study to separate the
heat fluxes intb conductive and non-conductive fluxes.‘ The '
conductive fluxes in this context include the transfer of heat by
conduction through the ice matrix and the void air spaces and the
transfer of heat‘by vagaor Aiffnsion ?Lrough the air spaceé. Both
of ‘these fluxes are predictable from knovledge of the temperature
gradient, the thermal conductivity of the snow and the-
coefficienthf vapor diff?sivity for the given tenpe:atﬁte. The
ef fects of still air vapor diffusion are nofnally %ncluded iny
field determined estimates of the thermal conductivity of snow
and may, fc; the prgEén&\ftudy, be iggqred vithout much error.
The non-conductive flu;és\ipclude solar radiation, thermal
radiation and fluxes arising from air movements in the snoa.‘ The
radiation fluges can be measured so that, their temporal variation
is known at é‘l times. This makes it possiﬂle tc separate the
radiant heat fluxes fron thegiotal non-conductive heat fluxes

which then leaves as a residual the fluxes of heat arising frdl

/ '

air movements within the snow cover. .

(b) The estimation of xir movements froa temperature
effects \

The thermal conductivity of snov can be determined with

4

reasonable accuracy fron field measurements of temperatureé

A,

gradients and measurements of teuperature chamge in the snowpack

over time. If the snow density is knovn, theg change in snow pack
%
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heat content can be detérmined vith an accuracy that depends
largely on the accuracy of the estimate of the snow temperature
change. If ndlti—levél temperature measurements are available,
the heat f£lovw through different levels of the snow cover can be-
deternined.‘ If the temperature gradient dT/dz and the heat flow,
Q, are known, the'thernal‘conductivity, ke is calculated bf:

1

ke = Q/(d1/d2). . 2.1

1

This is the effective thermal conductivity, averaged over the

period Letween the su?cessive tenperainre measurements, used in
order to determine the magnitﬁde of Q.

The effective thermal conductivity was found byvxen\(l962)
. to be a function of the mass flov rate, 6, such that

ke = 0.0014 + 0.58 G (cal/cm/sec/degree C) » . 2.2

for snow of an ajerage~density of 0.426 gs/cm’> . This result was
from a laboratory investigation using steady, unidirectioqal
. flow. The relationship was tested over a range in 6 from 0.001
to ahouéoo.opu g/cm /se;: No information outside this rangé is
available in the literature. Nor is there any information
regirding the effects of reversal in flow direction. 1In nature,
the flow of air im the snow cover is omnidirectional. This
affects'tHe relatibnship to an unknown degree. It would be
necessary to assume the reélationship to be valid alse for’
omnidirectional flo;. Such an assumption may be justifié® by the

very narrov air voids of the snow cover which would tend to keep

the Yoid air in close eguilibrium with the surroundi’ng ice matrix

ey
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at all times. This latter assumption has some weaknesses,
particularly in that'thg microscale va{iétions in tenpe;atute and
vapor pressure are igncred. .

l A more serious problem in using the flux Separation nethod
to assess ventilgtion rates is posed by the internal distillation
ef fects vithin the snov coluan. This effect has been discussed
in the context of soil freezing by 0utcalt(1971).1n snpow it
causes unknovwn latent heat transfers within the snov columa.
While the sagnitude of this effect is predictable in- ideal
conditions, there are at least two factors that n;ie ;t
unpredictable in a seasonal snow cover. One is the unknovn motion
of the interstitia)¥ air. The second factor is th? Riecke eftect
and the uvnknowf stress distribution within the ice matrix.

:It-is therefore not possible to evaluate, with acceptable
accuracy, the nagnitude of’the air‘movenents in the snow cover
using the flux separation ﬁ\;hod. The quantitative estimate of
air f;ow thus derived can, ‘at best, be used.as a general

indication of air movement magnitude. S
A

(©) A_simple indjcator of air movesepts
Only ventilation, meltwater percolation and temporal
variations in the absorption of solar radiation can cause sudden
tenperature changes in a snov¥ cover. All other heat exchanges

can oply cause relatively gradual chanbes in temperature. The

. £irst and second time derivatives of temperature should therefore

i, R . s -t - - AR v )
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be good indicators of temporal patterns of snowpack veantilation.
The thermal effect of a given volume of air moving through the

anu depends on the direction of motion and on the steepness of
the temperature gradient. A precise,lguantitative evaluation of

air mcvements is therefore not possible using temperature .

LA
)

N

neasurements. The thermal effects of the air motioa can, ™

»

. M \ /
however, be directly scnitored amnd can be used to. indicate 1
. /-

.. temporal patterns of snowpack ventilation.

.

+

i
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CHAPTER III

INSTRUMENTATION -

1. Iemperature Measurenents ip Snow

Ienpérature measurement is usua{ly accosmplished by measuring
physical changes in a kunovn substance which is inserted into the
substance of unknown temperature. The measured quantity may be
pressure, volume, elfectrical resistance or perhaps color change
and tBertenperature of the thermometer substance is inferred fron
tne Qeasured guaﬁtity. Furthermore, the assumption is made tha£~
the tenperatu;e of the thermometer egual; the unknown
temperature. The failure of this assunptidﬁ is the most conu;n
cause of temperature measurement error. - There are a number of .
reasons why the temperature of ihe sensor mﬁy differ from that of
the medium. In the case of snow, the wmost significant are:

(a) Thermal inertia effects

(b) Radiant absorptiom by the sensor

{c) Heat production by the sensor

(@) Conduction ¢f beat along the leads of the sensor’

(a) Ihermal inertia
If the specific Leat of the sensor is greater than the

specific heat of the surrounding material, then a lag is

introduced such that the sensor will react more slowly to
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temperature changes than the surrounding medium. Temperature
paxima and minima will therefore\not be reached. \?he sensor thus
smooths the tinme-temperature relationship. This lag effect is

A

usually described as a time constan$ as descriked by gfor example

‘Doebelin (1976). The value of the tine constant increases with

increasing héat capaciiy of the sensor, and vith decreasing *
thermal conductivity and specific heat of the surrocunding medium.
In snow, thgreforé, this error can be substantial, since snaw,
partly because of its porosity, has both lgn specific heat and .
low thermal conductivity.:

F

If the sensor has a specific heat that is less than that of

‘the surrounding medium and if it is of similar or greater thermal

conductivity it will follow the thermal changes of the

surrounding medium without introducing much error.

N

(b) Badiant absorption

+

When the temperature semnscr is e;posed to solar radiation
the sensor absorbs radiation at a rate that depeids on the
intensity cf the radiation and the albedo of the sensor. The
temperature of the sensor increases until an eguilibriunfis
reached vhere the rate of heat transfer avay froa &he sensor
ejuals the rate of radiant absbrption.

If the sensor is assumed to be an iﬁfinitely long cylinder

in a homogenépus medium, then simple geometry gyives that the: heat

flow per unit area at any distance from the semsor, Qry is

“ﬁ e ..
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; 3
vhere Qo is the heat flow-per unit area at the surface of the
sensor and r is the distance f£om the center of the sensor
expressed as multiples of the sensor iadius.

Io accomnodate this heat flow the tenperatnre g:adlent. )
dT/dr, declxnes with distance avay fron the sgnsor. S;nce

Cer = -k(@T/an) . //// 3.2 °

where k is the thermal conductLV1ty of the nedlum, the
temperatnre rise, Tr, at the sensor required to produce the
nece;sary gradigfts to conduct avay the absorbed heat can be

.
distance from the sensor. Thus,

Tr JdT/dr. \/\ - 3.3
r=1 :

The radiation error increases with the size of the sensor, with

found numerically by in;egrating the temperature changes over

-

decreasing albedo of the Seﬂ%or and vith decreasing thermal

conductivity of the surrounding medium.

(c) Heat prcduction by sensor

Some sensors may generate heat wvhen the temperature is

' measured. Such is the case for thermistors or other resistance

thernometers. The heating, ¢ (W/hr) is exéressgd by the relation
izrt =‘te2/r : 3.4
uﬁere‘r is the resistance of the path of the current
i is the current.in Amperes (Eor a/c ét is the ras value)

e is the applied volta
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t is the time, ih hours, of the flow of the cutremt.
. « ’ ~ ;
As in the case of radiant absorption, this heating riiEes\ |

the temperature qf the sensor until an eguilibrium is reached \\\\\\\4\;
vhere the amount of heat conducted away from the sensor by the .

°

induced temperature gradient eguals the amount of heat produced.
when thermistors are used in nedga that have a great ability to
conduct or convect he&at away from the sensor, the error induced
is small. However, when the thgrnal conductivity of the mediua
is low Such»as in snow, the heat generated by a thermistor.can .

seriously affect the accuracy of the measurement, unless speéial

precautions are takea to minimize the current and the duration of

mreasurement.

/-

The size and shage of the thermistor is of som importance
£€:rnistor and’

since it determines the contact area between the
the surrounding medium and it also determines the geometry of the

heat flow away from the thermistor.

(d) Conduction of heat along_the leads of the sensor

If the leads of the sSensor pass through zcnes of different -

~—

v ¥ . \
temperature,”the conduction of heat by the sensor leads may--be

sufficiently large to signifitantly affect the measureaent. The\

heat input, or loss Ql, may be estimated by: '

4

Ql"L = _ka dT/d! 3. 5

vhere k is the tﬁéfmﬂl\ggpductivity of the lead

~

a is the area of the 1ééd and

; -
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dIsdx is the temperatq;g/gnadiéit along the lead just

1

hefo:e<£pe/seﬁ§§i. ' .
Once thkis guantity has bLeen determined, the necessary temperature
change to accomblish steady state condition can ke estimated

[

using a ééchnigué similar to that outlined in- the grevious

44

section. : B

° obviousiy,/the cross-sectional area of the lead is a prine

parameter controlling this error, in addition to the farameters

mentioned in the previous section.” Thus, to minimize this error, _

the leads should be either as thin as possible or they should be

located so as to minimizé temperature gradients along thei.

L}

1

(e) SOm; addjtional problems in snow thernomgtry

* When show temperatures are measured, consideration must be

o

gigéh to the peculiarities of the snov cover that arise from the

structural and thermodynauic,;pstahility of snow. For exﬁlble,

it .is almost impossible to insert any kind of sensor into a snow

cover without seriously disturbing the surrounding snow

+ '

. structure. 0

If the sensor induces and maintains teaperature grédients
Q

around it, the properties of the surrounding snow will change
ie , f
rapidly in response to the gradieats. In severe cases a cavity
may develop around the sensor, in a fashion similar to the

ngreenhouse cavity” that develops around twigs in .snow.

The snow cover is not structurally stable and settles

o
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gradually over tipe in response to internal neténorphisg.

i

Therefore, betwegn two arbitrary ‘points in the snow there is,

usuallj, a slov relative motion. Any permanent sensor-inserted

v

in the snow will therefore experieEEe\ngghanical stresses. ¥While
the. mechanical effects of/such stresses are easily imagined, the
spurious thermal effects that might result in connectionm with use

of different sensors-are umknown.

2. Sode Previously Used Technigues in Snow Thermometry

A wide variety of thermopgtfic devices have been used to
measure snow témperatures. The devices have variéd depending on
the purpose of the measurements. Bader et-al. (1939) used l
mercury thermometers to measure temperature profiles in snow pits
in their time-profile study of the snow cover. They observed
taat r§diation heating was a problem.‘ In recognition of this -
problem, fine thernoccuplé wires have been used by several

subsequent researchers. The "Canadian Snow Kit" includes

)

E)

bi-metal stem thermometers which are inserted into the wall of
the snow pit. Provided the thermoneters are inserted inmediately
afte; the pit has been excavated, the measurements should -be
\abcurate to within about 1-2 degrees C, depending on the ambient
air temperature, the heat cépacity of the thermoﬁeters anq the
therpal prcperties of the smnovw. |

3 M -

The settling of t%e'snow cover poses problems in continuous
v m
nonitoring of snow temperatures. Experiments at Schefferville

N, .

A

‘e
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bave shown that the settling of the snow cover can campletely
Aistort a therngstor ar:ﬁy suspended on horizontal steel rods 2.5
& in diameter and about 55 cm {;ng. The rods were firmly o
anchored in a wooden post at one end (P.H. Nicholson, pers.
o&nn.). gtwater and La Chapelle (1961) and later Bergen (1963)
used thernistors attached to the edge of light styrofoam discs
vhich vere centered on a gpide vire by a mercury contact. ‘The
guide wire served as cone aram of a bridge circuit which allowed
the\hagght of the disc to beé accurately measured. The
peasurements by Bergen (1963) however show a laéi‘of detail inw
the daytime temperature readings that may be attributable to %,
radiation error, although this is not mentioned by ;hesauthor.

Attempts at Scheiferville to use“a‘Lanbrecht soil
temperature recorder to obtain multi—lévél'heasurements of snow
tenperatures failed because of the very lé:ge thermal inertia of
the sensor bulbs. Tne Lambfecht corder has nercurf'filled
sensor bulbs of approximately 500 g Wweight.

In rese;;ch in tye Antarctic, long\tetn records of x
multi-level snov ténperatures have been\bptain b severgl
researchers. Liljeguist (1956) used therﬁoéon 1% and aultiple
recorders to obtain continuous records of sgéu.ten;eratu;es.
Soviet expeditions have generaliy also used therrocougles to

measure snow temperatures. However, no information is available
. s \, )

-t ' L -
regarding how control cf the depth of the sensor ui*hin the snow

vas achieved. y \\\\ .
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One regording of snov temperatures extending into the melt
seas is reported by Kotlyakov (1961). The nethoé of
measurement is described as thermocouples at 10 cm intervals
throughout the uppermcst meter of the near surface layecs and the
data were plotted every four hpurs. The measurements give a
pattern of veryasudden increase in temperature throughout the
measured layer, which can be explainéd by the downward
percolation of meltwater. sdﬂsegnent sudden drops in temperature
below the surface while temperatures both higher up and lower
down in the profile are at the melting point (ibid, p- 114)-
cannhot be explained bx-one—dimensinnal heat flcw. The observed
temperature changes uere\prohably the result of meltwater
percbl;tidnlalong the sensor arrangement with subsequent
refreezing by heat loss to surrounding cald sncw.

Nowhere in the literature were snow temperatire recordings

¢ \
.found that gave-accurate daytime readings of snow temperatures in

near-melt conditions or in conditions that included melting
events., It became evident that for the present study a new

approach to snov temperature measurecments was needed.

-
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3. Design of the Snow_Thermometric Device

{(a) Some design considerations

To be useful for the present study the thermometric device

2

should have an absolute accutaci of better tham plus or minus 1
degree C. The relative accuracy should be sufficiently good to
resclve temperature changes smaller than 0.01 degrees C in the
lover part of the profile and smaller t@an 0.1 degrees C in the
upper-part of the profile. To achieve this accuracy it becanme
;pportant ;o consider the following factors in addition to those
previously mentioned:

1. Recorders available y

2. Matching signal strength with other

instruments on scan |

3. Cable characteristics

Recoxrders
The recorders available vere Esterline Angus fotentiometric
chart recorders. These recorders accept voltage analog inputs,.
/ ' ' . \

]

Scan . . ) .
A doukle, 24-point rotary switch (Péi:child,nfg:) vas used
in a coantinuous 1 rpnm ;otating mode to scan the various sensors

at the instrumented site. The signals were directed to two

recorders operating simultaneously either on the 2 and 10 aVv




ranges resgectively or on the 5 and 20 mv ranges dependipqvon

signal conditions. The operating ranges vere deternined by the
‘solar %hd net radiometers that vere av§ilablé/f0t the study. To
“opgimize syst;n accuracy, the aim in the design of the
thermcmetric device was a maximum output similar'to that of the

- \

radionpeters.

-

Cable chagacteristi ics_and electromagmetic interfereige

A' 48-conductor shielded telephone cable vas ted to link the
instrumented site to the recordérs in the laboiatory. The length
of the cable was 100 meters. The resistance of indiwidual
conductors was 3 Ohms. By pairing of conductors and by use of
conmcn grounds djtotal resistance of sligﬂtly less tha; 2 Chas
per channel was accomplished. Because of the low caktle

resistance and the low current in the circuit, errors due to

thermally induced variations in the cable resistance are

.negligible. The cable (Northerm Electric No. 2486) has a

random-twisted conductor arrangement to minimize signal
interference betwveen different channels. The aluminum shielding

\

¥
of the cable minimizes outside electroragnetic interference.

- lb)&‘ggge injtial designs_and field tests

To obtain some basic information on temperature conditions

‘

in the snow, a thermistor cable with five cylindrical, 2.5 nnm

diameter glass bead thermistors was used. Initially the

1

L




thermistors were encapsulated in thin, transparent plastic

tubing. This practice was abandoned after temperatures of eight
degrees above the melting point were recorded at 5 cm below the
surface 9£ a n;n-nelting Snov cover on a clear, sunny day. The
reading wvas reduced to +0.8 degrees C when the plastié tubing uaé
removed..and the beadé painted white. The size of the bead vas
apparently too large to give a measurenment ffee fron radia£ion
error. A specially aesigﬁed-resistance meter was used (Jessop,
1968) which .minimizes the current through the thermistor and thus
mininizes the self-heating effect. The thermistors were -
calitrated to an accuracy better than 20.01 degrees C, using
%alibration facilities at the Earth Physics Branch of the
Dominion Observatory in Ottava. It is therefore believed that
nost cf the error was caqged by the absorption ;f solar radiation
'by the sensor. The heat thus generated could only slowly he~
dissipated by the sqrtodkding snov¥ because of its low thermal .
conmductivity, raising the temperature of the sensor. |

One of the initial desigﬁs of snoL temperature'sensots that
was used concurrently uith'the'thernistor string was a string of
bunched io-junction thermopiles with sensor levels at 0, 2.5,
7.5, 37.5 and 77.5 cnm hélou the surface. The device was ‘
comprised of insulated 36 AWG copper-constantan wire. The string
vas. moulded into acrylic Qlastic and péinted white. To measure

surface tenperaiures, the individual upper junctions of the

uppernost thernoﬁile wvere spread over an area of approximately 10

v

B




ca radius. Spring action by the nylon—-insulated wires held the

!

junctzons against the snow surface. m&qp design also suffered
from considerable radxat;on error neaf the surface. On wvara days
wvith air temperatures just belcg freezing, this led to melting
near the surface and meltwater percolation dowvnwards aloné the
string.' There were aiso apparent problems with conduction of
heat. along the seansor st;ing.\ The absence of short-term slight’
variations in,tenperatureyat 2.5 cn Below‘the‘sucface indicated
that the thermal iﬁertia of the sensor was too high.

To reduce the error caused by radxatlon and by conduction-
along the seasor strxng, a thermoplle string was desigged vhere
the Junctlons protruded about 10 cm horlzontally from the main
cable. To install this cable it wvas necess&ry to dig a pit and

to insert the sensors horizontally into the pit walls. although

the radiation error and the thermal ineitia ef fects-  were reduced

by spreading the junctions individually at each level, the method

generated far too great a disturbance of the snow fpack to he

practical.

7

70 tinimize radiation error and conduction, a translucent

" probe of 8 mm diameter with 13-junction theimo;ileé vas designed.

The sensing levels wvere at 0, 2.5, 5, 10, 15, 25 and 35 cm helow
the surface. The leads from the thernoplles vere packed in
plastic foam inside t -3 hollow stem of the ptobe. At the base of
the probe, at the lével of the lovest set of junctions, a *

calibrated thermistor was embedded in the foam. Although this
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probe vas reasomnably free ffon‘thermal inertia error, there was
some radiation error iﬁ evidence just below the snow surface.
vith @ tendency f$¥ meltvater bonductién along the prche on wvarm
days. It was also apparent from multiple insertions and
excavations thaé the probe could not be inserted with a tight fi£
along its eptife length. Usually the snow would collapse and air
pockets develop along part of .the probe. It wvas felt at this,
stagé that the conventional methods of thernéneter design had

been exhausted and that a radicalfx nev Afproach vas needed.

7

s
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4 e
,
/ 7

(c) Ihe new snow thermometer /

The snow thermometer is shown in Figure 1. The design

0

ihborporates a number of features vhicp make it suitable for
accurate monitoring of snov temperdtures. it consists of

series of 20-junction copper—-constantan theflopiles suspended on
nylon wires within a nmetal framé. Each theinopile Spans a

" vertical distance of 5 cm. At each end about 25 cm of nylon wire,
aconmcdate vertical mcotion due to settling of the snow caover.

The thermocouple wire used is AWG 32 and the junctions were
‘twisted agd soldered. This gives thenm audialeter of
approximately 0.4 mm including a thin layefﬂof white, ‘dielectric-
lacquer. The radiaticn error is somevbat difficult to@@onpute
due to the chaﬁge in effective diameter at the junction and the

o -
presence of the mylon wire but according to estimates using

[

cylindrical geometry, an effective diameter of 0.5 em and a

*
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Figure 1. The snow thermometer.




. ‘sensqr albedo of 6.9 a radiat%on error greater than 0.1 degrees
Celsius can occur only in the uppernostrcentiueter of the snow
 cover. Below this level, radiation loads, according to field
measurements, do not exceed 0.4 ly/min for the snow condition$
that phevailed at Schefferville auri;g the experineng. The snow
thermal conductivity vas computed using Abels' formula, assuming
a snovw density of 0.2 gs/cnm 3.

Because of the gecmetry of the snov theraoneter it does not
condtct meltwater downwards. The conduction @f heat along wires
is minimal because of the small gauge wire used and is further

4 reduced by the diagonal arrangement of the wires.
The thermometer is installed by allowing it to be buried by
snovwfall or drifting snow. Since it is not easy to predict what
(, depth of snow will .accumulate it was necessary to furnish a
programaing unit sé that the aepth intervals over which
measurements are taken may be altered depending on snow depth.
Because thermopiles were used the depth intervals can ke extended
to different multiples of 5 cm simply by connecting the

' thermopiles in series. The error introduced by the increased

[V

;;/%ircnit resistance is negligiblé.
' The reference temperature is determined by using a
calikrated thermistor at the lowest seasor level. The
temperature differences between different sensor levels are then

added. Since the thermistor wvas located within 5 cm of the

ground/snov interface it vas assumed that hﬁaperature changes

[
\

s, ot = %

1
1
i
1
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vonld be gradual, and that therefore interpolations betveen
{Xterlittent readings/;f the thermistor would be sufficient to
provide an accurate reference temperature. This assuaption will
be further discussed in Chapter V. A‘ )

In the design 20 junctions of the upper and 20 junctions of
the lower thermopile altetnaée at each level. This gives a
reasonable cértainty that both thermopiles'iéasnre the sane
average temperature at each level. Within a snoﬁ cover there are
picrothermal variations due to the surface curvatures of the ice
matrix !COlbeck, 1973). When the temperature sensor is small, as
#n the present case, the measuted 'temperature can vary slightly
Me}ending,qn the characteristics of the ice matrix close to the
sensor. There may also be siight local variations in temperature
due to spatial inhomogeneities in the thermal properties of the
snow cover. ‘ - o

The number of junctions per thermopile (2 x 20) also
ascertain that calibratiocn differences between ‘individual
thermopiles are minimized. Although great care vas takenm in the
sanufacture of the thermocouple junctions, it is impossible to
make the®w all identical with tégard to electromotive force. When
a large nuwber of junctions are used in a thermopile, individual
variations /are avéraged over the total number of junctions. Thus
a theradpile can measure a ‘given temperature difference farrnore'
accurateix\than a single pair of thermocouple junctions can

uithoutﬁspégijl calikration.
{




When thermocohples.are used it is éssential to minimize ail
other potential sources of electromotive force in the circuit.
Vienever cables are joined, either by fplugs of material
dissimilar to that of the cable'or by soldering,‘it is essential
that e;ch plug or joint is kept At a spatially even telpe:atureq-
otherwise an electromotive force may be induced. By thermally
insulating the joints, temperature differences acgbss them can be
eliminated. The cable leading to the‘recorae;s !?s shielded to
preveat e;gctronagn;tic interference. The netai~frale of the
"snow thermometer helped eliminate possible electro-potential

’
gradients through the snov. Such gradients can possilly be

generated as a result of snow drifting. P
L4

S

" 4. Qther Jmnstrumenkation
,In addition to 6-level temperature measurements in the snow
or a minute-by-minute basis, the folloving measurements were .

4

made:
(a) Snov surface temperature (measured once per minute)

(b) 3-level air temperature (as abovey

(c) BNet radiatica (as abovef ‘

(d) 3-level in—énou solar radiation (as abave) .
‘(e) Beflected solar radiation (as abo;e) .

{£) 1Incoming solar radiatiom (coﬁtinuoqs recorad)

(g) Wind velocity ({(continuous record)

(h) 3-level wind speéd (intermittent)




T (a) Snow_sucface temperature

40
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Meteorological observations from the nearby Schefferville (a) '

meteorological siation were also available as backup information.

¥

’ o

A

The snov surface temperature was measured using a 2 x
5-junction thernopiie, one.end of which was encased in a high
/ thermal inertia device with a calibrated tpermistor. IThe
individual junctions at ‘the other end were spread out on the snow
surface oveﬂ an area of about 20Dcm diameter. The thgtnopile was |
manufactured from 32 ANG copper~constantan wire, twisted and
‘ Soldered and painted whéte with eiectrically insulating paint.
The twisted tips, about 5 am long vere insertqd'into the snovw
until the TI-shaped junction wag flh;hluith the surface.
The uncertaintieﬁ associated with the measurement of surface
temperatures of soil, vége:ation and wvater are guite well known

“

from the litetature. Marlatt &1967) providés a good summary of

the errors inherent in different measurement methods. The snow

surface temperatures may be glightly less prone to error because _
_ of the high albedo and the porcsity of the surface.

The radiation error, computed according to the method
‘outlined earlier in tanis chapter, is, for +a thermocowple of this
size at a radiﬁtion level of 1 ly/min, approximately 0.5 degrees%
C for homogenedusgsnoi'of a densitiﬁof 0.2 g/cm e However,
since half of the medium surrounding the thermccouple is snow and

& ’ .

half is .air, some uncertainty is introduced because of the

-
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va:ﬁ'tle ability of air to transport' heat away from the semsor. ~
It is‘%ft%nated that in calm conditioms t?e error may be as much
as 1 degree C, p;ovided the contact between the snow and the
sensor -is good. If it is not g&od. the error may be gre;;ér.
The maximum error may therefore be approximitely +1.5 to +2.0° o
degrees crin perfectly calm weather. The error decreases° with
increased ventilation ¢f the sensor. Duriné the period of
measurement calm conditiomns occurrid only‘dhriné the night and
eatly mornings wvhen little or no shortwave radiation vas present.
The overall accuracy of the surtface teﬁperature neasu:enents is

therefore regarded as good Hlth the error only rarely exceedinq

) o /
{(b) Air tenperature neasurepents %
Air temperatures were measured at three levels, 0.5 and 1 0 }
2 apart using th thermonettxc ladder technigue (Figure 2)., Tvwo
2 x 15—jnnct10n thermo;;les vere used and a third thermopile .with

2 1 5 junctions/was used to connect the lovest sensing level to

the same refeyence thermistor as vas used for the snow surface

.4

tenperaiure . /The ends of adjacent theruopileé were housed in

glass vials \of equal size (6 mm outer dianekef), with individual

junctions randorly dispersed within the common bundle of

L4

junctions fron the tvo thermopiles. This gives three vials vith

_ differing numbers of jnnctions vithin each. The top vial

~contained 15 junctions, the middle vial 30—jpnctions'an& the

’ '
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——Dbottom vial 20 junctlons. -
,~'(/ ' Lo
The vials weré encased in ventilated housxng manufactured

from acrylic plastic. A small vacuus fan was nsed for [ Sy

IS -

-ventilation. Double radiation shxeldlng was used. The inner

N

shield vas painted white while the outer radxat:.on shielﬂﬁuas -

c first painted black on the outside and then ‘clad vith aluninun

foil. The theory of this arrangenent is that the solat radiation

that’éﬂters the shield is absorbed where it can easily be removed

by sensible heat transfer to the ambient iir.

the wvials was guite efziciently trapped inside. The vials simply |

acted as a ¢greenhouse. To“ﬁvercone this-problen the vials were
- i

( fllled uxth heat sink compound (Dovw Cornlng No. 1B). Heat sxnk,,,,//~,,;~*

1

compound is a white paste that has a high thermal conductiv;ty.

In the present ggg;;gatiﬁn'it served tvwo purposes, to block

_——— " incoming radiation and to balance the response of the individual

sensors. The-time constant of the sensors éagﬂ@g,changed,by

varying the amount of heat sink compound and by varying the

s e g o

ventilation rate. Because of deficiencies in the  ventilation
i

—=- -———""gystem caused by the narrow ductwork used, the time constants of

2

the three sensors were unequidl. Some compensation was achieved -
by altering the amount of heat sink compound but tlhe time
¢ . ’ ’ v o @ e

constants could not ke accurately equalized. Conseguently, there

may be spurious temperatire gradients measured when the air

N hl




. temperature is risihg or falling rapid}y. Thexe are also

v fggig;inn/etrérs due to poq£>ventilaton and fan breakdowns. The

— :

daytime air temperature measurements are therefore ndf/very

accurate and may occasionally indicate a stable stratification

- -7 . . ‘
closely above the snow surface when, in fact, the s ification -

wvas unstable.

— {c) In-snow_solar_radiation

Solar radiation intensity was measured at three levels of

£

P

10, 20, and 30 cm below the snow surface. The radiometers vere

designed by the author, using silicone photoelectric elenments.
The reader is referred to IRC-handbook No. 3 (1966) for details
regarding'spectral response characteristics. The peak
( . sensitivity of the sengor is at 0.83 microns. -
T To measure solar radiation inside a multifle scattering
medium such as snov is a ;ather difficult tiék;. Any absorbing
object inserted into such a megdium will altér the radiation
: intensity locally. In—snou’raéiation measufeq by gyo different
radicmeter probes may thus differ,depéndind.on the amount of
radiaticn disturbance caused by eacn;i:obg.~ |
Another problem is that, because/of the difference in .
refractive index between ice and void air, the light intensity inl
the ice may be different froa that in the ait. The measured
intemnsity may therefore depend on the area of contact between the

ice matrix and the semsor. For a probe fnsérted tenporarily into

TN
Vg
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the snow the area of contact would debend‘on snov density, grain
size and water content. For a permanently 1nsta11ed prohe it

uonld depend on time-dependent contact changes.

r~‘/’__~#—,___,_——Qhewradtnneter frobe is shown xn Figure 3. It consists of a

sxlxcone photocell mounted inside a 10 mm brushed alu:innl tube.
The aperture of 6 nn axameter is covered by a diffuser lens of
opalescent aerylic plastic. The lens'is cenénged directly oato
the silicone cell and the front of the diffnserxis l?tted, using
fine emery cloth, to produce a good cosine Eesponse. "The
circunference of the diffuser vas painted opague blaﬁk to avoid

stray %ifi:; It was necessary, for calibration purposes, to

allow radiation to enter only through the flat front surface of.
the diffuser. n ‘ )

A load resistor of 50-150 Ohms (depending on desired
sensitivity) vas used to match the sensor output range 'to that of
other jmstruments on the scan. The load resistor also to soae

extent linearizes the output Gf the sensor.

Since thermal variations encountered in operaticn would

J

(produce less than about 10 per cent variation in vol tage output

(under constant resistance) and the ratio o£~voitage to current
is hlgh the total error due to thermal effects is small. The

sensors were therefore used without tenperature conpensation.

Calibration was accomplished by reco:ding the outputs of the

. . . . A .
in-snov radiometers parallel with an Eppley solarimeter the

calibration of which was known. The in-snow radiometers were

1
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placed near the solarimeter with the front surfaée of the
diffuser hc;izontal.’h typiéal calibration curve is shown in
Figure 4.

. At times,. nelting occurred'around the prokes in the region
just telov the snow surface. The melting was caused by radiant
absorption by the|probe and caused meltwater to percclaée o
downwards along ;he probe. On wars days melting caﬁsed the
prooes to lean over and they had to be repositioned guite

frequently. Use of the probes in a stationary mode in

near-melting conditions is thus not feasible. The continuous

measurements wvere therefore not suited for further analysis.

The probes appear useful, hovever, if they are applied in a
portable mode. Figu:e‘s shows some radiation measurements that
:ﬁ}e-taken in Schefferville on a.clear day at about 1300-1400
hrs. The neasurenénts vere taken along the eastern shore of Knob
Lake and scme of the variations in the measured radiation density
reflect slight variations in the iron ore dust %ontent of the
sno¥W. Another set of measurements (?igure 6) vwere taken in clean
siou at Churchill Manitoba. Thé profiles were obtained Hitﬁin a
fev peters from each cther on amn open uilloﬁ—uuskeg site. These
variations in radiation density are related to variations in the
amount of vegetative matter vwithin the snow. Profile 3 shous the
ef fect of a willow branch acting as a local radiation siqk.

Below the bramch, the radiation density increases again after

reaching near zero adjacent to the branch.

’
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,Figﬁre 4. Calibration curve for in-snow radiometer probe.
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.t'd) ‘Bagig.t_i.gn_u.g;e suycements above the snow suzfage °
Net radiation was measured péing a Fritschen net radi;;ete:.
The radiometer was suspended at a‘height of approximately 1.25 u
above the snow surface, at a distance of 1 ;h%:on the snow

o

thermoneter.

Reflected solar radiation was measured using an inverted
Eppley pyranometer suspended at a height of 1.0 a above the snow.
surface aﬁ33t=2 n fronm the snovw thermometer.

G%ghal radiation was measured ‘continuously using an Eppley
pyrgnoueéer. The recofder used was a Science Associates No. 644
pyranometer recorder. The sensor, a permanent installatio; at -

the McGill Sub-Arctic Research Station, is xgggted approximately

80 meters from the instrumented site.

(e) Continuous wind measurement

A continuous reccrd of wind velocity was cbtained using a
conical-cup direct-current generator type aneamometer (Sciénce
Associates No. A06) at a height of 2.0 m'at the insttunentgd
site. The recorder was an Esterline Angus Potentiometric Chart
Recorder. \

The anemometer has a starting speed of approximately 1 m/s.
The output :;IEage~ts linear and directly propertional to
cup-vheel rotation with an output of 5.0 ¥ (open circiit) at a.

vind speed of 47 n/s.

4




(f) ¥ind profile megsurements
Intermittent neasurements of vwind speeds were made at three
levels using anemometers that vere manufactured by the author.
The bearing assembly and switching mechanisa is made by nodifyiqi
a small 3-pole electric motor. The motor's collector is turmed.
into a switching device by remc;ing the perianent magnets and the
rotor winding and by shorting two of the three poles on the

£

rotor. This changes the motor into a rotary switch that switches
on and off twice percreﬁolution.é‘rhe cup assenmbly is
manufactured using a hub, machined from plexiglass. Three
hemispherical plastic cups, 55 mm in diameter are suspended on

i

arms of 2 nnm carhon/steel rod. The radius of the cup assembly is

175 mp. ’

The threeyénenonete:s were each series-connected with a
gotalizer {(Hecon GO 856 002-3) which operates on 12 VDC power and
is capable of 20 counts. per second. .\inthree counters vere
q&nnected with a comsmon on-off switch for ;inultaneous operation
of the counters. The anemometers at the instrumented site were
connected to the laboratory via a separate, shielded cable as a
precaution against electromagnetlc interference vith signals from
other 1nstrunents¢

Ca;zbratlon was accomplzshea by runnxng the three sensors at
the same height against the calibrated generating anemometer and

against each other. A set of nine anemoneters was manufactured

and in all nine cases the inter-reproducibility was withim plus
T \/‘-
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- -
or minus 5 per cent over 10 ainute runs for indivudual pairs of
sensors at the same height. ) +
Figure.7 shows some wind profiles measured during the

experinent. The range in roughness length deterained by

log-lincar extrapolaticn is from about 0.903 to 0.5 mm. There is

a marked diffeienqe between the roughness léngths measurad over

the various height intervals. A much lower surface roughness is

indicated Ly the upper interval. No attempt will be made here to

assess the cause of this difference. It is not caused by.

&

instrumental error, for the anemometers vere shifted around vhen
the effect was noticed, and the shifging did nct chaﬁga the
results. The temporal trend suggests thai'the cause aay be a
stability gradient, but it is also possible that slight spatial

variations in surface roughness may have produced the effact.

-
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‘L T © CHAPTER IV © "gﬁ

FIEID MEASUBEMENIS, CALIBBATIONS AND DLIA REDUCTION

IS

A nine-day coatinaous set of neasuﬁé;ents using the nev snow
theracmeter vas obtained from April 12 to April 21, 1976. A
heavy sncvfall allowed the snou thermometer to be buried by
drzft;ng snow backfillzng a wige deptess;on in which the snow
thermometer was centered. The measurement period ended when oqa

\ Lt

of the junctioms in the thermometer yielded to the stxess hnildup

|

due to snow settling. : |
!
. |
.The two chart recorders that were used to monitor.the snov
|
tenperatures vere used at different ranges thraughout the

measurement }etiod. This was necessary because si&nal strength
varied considerably depen@igg on condi}ionsl The -easurelent}
error depends somewhat on the range used. Figure 8 shows the
times uﬂen the recorders uére operated at different rangeé

throughout the survey.

A

2. §22__2$_E§£.1-§—3£-9£&-9

The regulrenent of an undisturbed snov cover in the vicinlity -
of the snow thermosmseter precluded the simultaneous mcnitoring lof

snow propgrtiés since there ®as no equipment available for

The snow density was measured after the end of the .

*
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me'asurement period u;engthe thermometer vas excavated. Three 250
cc samples were taken at five levels at the snow thermoameter
site, parallel to the snow thermpmeter and within 20 cm-of it.
The density was gquite uniform, fanging from 0.21 to 0.25 g)cu3.
Mach of the densification occurred after the end of the
measurement period, befo:e the sno¥w thernoﬁétex ¥as excavated.
The most probable density range during the'beriod of measureaent
is 0.16 to 0.20 g/cn3. i )

The snow cover at the sit?‘hay be chatactegiéed as a
nodérately fragnmented wind slab. It consisted of fine-grained

snow ¢f low air permeability throughout its depth. The snow

‘cover lacked the basal layers of highly permeable depth hoar that

are pormally found in seasonal snov covers of similar depth. o8

@

3. Meteorological Events Recorded by the Schefferville ()
Feather Station | ' o /
The weather events recorded by the Schefferville (A) weather
station are shown in Figure 9. Although the period of
S/

measurement is relatively short it encoqp&éses a fair variety of .

veather events.. Three frontal systems moved through the area

‘during the period. The first was an occluded system moving south

of the field area on April 13. The second} vhich exhibited a

i ‘ NN |
fairly typical varmfront-coldfront situation amoved through during
April T4 - April 16. 1he third, of which the low pressure center

passed north of Schefferville caused some snow surface melt

f
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dnring'the passage of the warm sector on April 20. 7The aneen\
tenperatnre, hovever, did not exceed 0 degrees Celsius éh:oughont
the period. . '
The screéen instrumentation is standard for A.B.s. Class A
stations. The screen temperature is measured usxng a remotely
sensed thern}stor, The lithium chloride deupoxnt cell is also
sended remaotely from the weather station. It is described in the
Atmospheric Environment Instrument Hanual N¥o. 32. According to
A.E.S. personnel at Schefferville the dewpoint system performed
normally throughout the survey perxiod. Unfo:&unately, the
continnous vind recorder at the meteorological station had broken
doun before the measurement p;rlod Therefore the windspeeds

indicated in rxgure 9 are observer estimates from the u;ndspeed

dial instead of the wind chart.

'

4. Becorder accugacy and reading gégg;ggz ‘ ¢

The signals from the different instruments vere reéorded
onto charts and thence transferred to comp&ier cards for the
analynis. Errors are'added’to the signal in both of these steps.
The manufacturer gdotes a recording accuracy for the recorders
used  of 0.5 per cent of full span and a dead band of 0.25 per
cent. A full scale reading or 150 mm on the 10 aV scale
cdrrespcnds to a temperature difference of 12.5 degrees C for the
snow thermometer. The accuracy with which this temperature

diiference is recorded is thus plus or minus 0.065 degrees C.

- \
- - . s
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' Similarly, the error due to the dead band is 0.031 C on the 10 nv

‘

scale. On the 2 ay scale ‘it is 0.006 degrees C with the present

'snov thermometer. For the snow surface: temperatn:e sensor the

accuracy on the 10 mV scale is 0.25 degrees C per tenperature

dlfference of 12.5 degrees C betveen the snow surface and the

1

reference thermistor. The error due tg the dead band is 0.13

degrees C c¢n the 10 nV scale and 0.06 degrees C,on the 2 Vv
scale. The overall effect of the dead band is to reduce somewvhat
the sensitivity of the recorder to mi or'flucteations in the
ingut signal. '

The charts were ané%ysed using a transparent ruler with
subdivisiorns to the nearest half millimeter. The charts were
read to the nearest 0.1 mm which is abo&; 0.06 per cent of full
scale or akout one order of magnitude bé&ter than the nominal
recorder accuracy. . The fiiiqyaccutacy of the thermormetric .
instrumentation is discusséd further in Chapter V. :

The charts were analysed for 10 pinute intervals between
obsérvation§ throughout the period. Except for the radiation
eéasnrements, the rates of change in the paiameters peasured vere
not snfficieptlj'b;eat to seriously affect the assumption of
simultaneity of measurement. Where the rate of change is high, .
such as in the'case of near-surface spov eehpenature gradients,
the scan was arranged so that the level nearest to the suiface
vas measured first and then the snbsegueqt two levels on one

S
recorder while the second recorder simultaneously scanned the

[}

. &

/

<3
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three levels farther down. The on-time for each ibhstrument was ,

six seconds. ;

5. Beference Thermistor Readings .

The fesistances of the two rqférence thermistors were
measured at approxinatgly hourly intervals, though from time to
time longer intervals were hecessitated by the absence of the
observer. The thermistors were calibrated at the Barth Physics
Branth of the Domimion oﬁservatory in Ottawa to an absoiute
accuracy better than flus or minus-0.01 degrees C.

It vas assumed that the change in temperature at the
reference level could ke reasonably represented by a least
sguares semi-linear apfproximation between temperature
measurements. This assunptioh was valid for the calibration

thermistor cavity for the air and snow surface temfperatures,

" which was &€ high thermal inertia. For the snow thermometer

reference, however, it will be shown that this assumption was not

] .

valid. .

6. gCaljbrations

Iyperfections, and slight variations in alloy composition
and differences in the ﬁethod of manufaciuring can cause -
individual copper-constantan thermocouples to vary their
eiectromotive force by as,much as 2 per cent. Due to their

designs, the snov thermometer and the air and snov, surface

-
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thexncmeters are somewhat di}ficult to calibrate. The noaminal
output per pair of junctions is 0.039 nV per‘degree C, which for
\the spow tliermometer gives a nominal output of 0.78°|v per dégreg
C. For the snow surface temperature énd the lcwest air
temperature sensor the outputs are 0.2 aV per degree C. tSince
all of these in?ruments vere manufactured from the same batch of
thermocouple Hiré and the junctions were made in a similar manner
for all instruments and were manufactured by the same person,
sinilar,ify between the different instruments couldrearsonah‘g) be '
assumed. In addition, the multi-junction désign would tend to
average out individual variatioms. )

The brief event of surface melt between 9 and ‘11 hrs on

April 20 indicated that the calibration factor supplied by the

manufacturer could be used directly. There is a slight

4

~ nom-linearity in the relationship betwveen fémperatute difference

and electrcmotive force. The error iptroduced by this
non-linearitf is aboutvfz degrees C for a temperature of =25
degrees C vhen the reference is at +25 degrées C, an
insignificant érrgr for the purpose of this studf. Since the
reference vas usually at between -5 and -10 degrees C, .and the
lowest temfperature extreme was about -28 degrees C, no correction

vas applieé. ,

* o
Chart Analysis . .

In this study %t was neceSsary to have information ‘about the

7. kind

=
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character o; the wvind for the interval ovér thch thernal changes
vere measured. In particular, wind speed and wind speed
variation data vere regarded as essential; the first because it
‘indicates the wind stress at tﬂe surface and the second because
ii indicatés accelerations ahd deceferations and thus pressure
\gradients within the flow. It was assumed that the turbulence

recorded at 2 m above the site is indicative of the microscale

turbulence that is responsible for snow cover ventilation. This 7(

2

assumption may not be valid under the sometimes ext;enenstability

. .
conditicns occurring over snow.:

{a) Method o¢f analysis

The wind chart vas marked at intervals synchronous with the
scan in;;rvéls. Each 10-minute period vas subdivided into 20
iute:vals?gf 30 sécbnds each. The naxiPumﬁénd minimum 'wind speed
in each 36—second interval was recorded and punched anto coipufgg\_“
cards for furthef analysis. . //w

Avérage vind speed, Umean; over each 10-minute fperiod was

cogputed by

. { .
Dmean = {2_(Uxi+Uni)/2)/N - 4.1
' i=1
where Uxi is the maximum vind speed in the 30-second

\ 1 - e,

interval, i. '
Uni is the ainiaum vind speed in the 30-second’
interval, i..

and . B is the numker of 30-second intervals.

~
3
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- 3

Rmean sft_;(tlx i-Uni) /N.
i= .

=3

‘The average wind éﬁaed range, Rmean, over each 10-ainute

qQ

$.2




CHAPTER V

ANALYSIS OF THE SNOW TEHPERL&URE MEASUREMENTS

Ed

1. S_gz.lgwss_ﬂ_r.é_ﬁsm ,

The temperature differences over the diffe:ent depth
intervals in the snow cover are shown in Figure 10. The time
interval Letveen measurements is 10 minu;es.

The elevation of the snow surface varied from about 85 to
aboutluo ca above the reference throughout the period of. .
measurement. The g;eateft decrease in surface elgvation‘occétred
on April 12, the first day of measurement, and was caused by
inital settlement of the snow deposii. Subseguent variations in
surface eIev%tion were sligﬁ}. Some snovwfall occurred during the
nefsurement period, accompanied by snow drifting, but these
events did not change the depth of snow hy\more than one to two
cn. The temperature differences measured at the uppersost level
thus cccur %t a depth of 5 ¢cr or nmore below the snow surface.
Figure 10 also shows the first and second de:;vatlves of the
temperature gradients. —

To estimate the noise inherent ja the measurenments through
errors in recording aﬁd data reduction,'réa&ings were taken at
one-minute interyals to obtain the record shbwn in Figure 11. 1In
comparison to the readings taken at 10-minute intervals {Figure
10), this figure shows am essentially smooth line at the lovest

level, where real changes in temperature over one-minute
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Figure 10. Temperature differences over different depth
. and their first and second time derivatives.
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g,;Figure 11. .. Temperature differerces between reference level and
~ different levels in the snow cover and their first -
and second time derivatives (one-minute }ntervals).
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intervals are slight. Since the sane data reducticn procedure
vas used we may concltde that éata transfer errots‘are slight and
that the majority of the observable variations represent real
thersal events in tpe snovw cover. There is no apparent relation
betwveern the variations shown by Figure 10 and the changes in
recording ranges shown by Figure 8.

A!series of large, rapid teamporal variaticns occurs in the
uppermaost layer during days when the net radiafion also varies
strongly (Figure 12). These variations might at first sééu to
indicate a possible radiation error in the‘snou ther mometer.
Houever; they are about one order of magnituge larger ‘than the
congnted maximum radiation error. Variations of similar
magnitude also occur at night. Therefore it must be the whole
snow layersand not just the temperature sensor that heats and
cools. The likely céuses(qre variations in radiant absorption

and -heat transfer by veantilation of the near-surface layers.

-

2. Integrated Snov Temperature Gradients

The change in temfperature inside a snow cover is not smooth
and gradual. This is shovn both by Figure 11 aand Figure 14, 1In
t@ése figures, the temperature gradients have Leen integiated
over depth to yield snow temperatures with the reference
temperature not yet added (snow temperatures with refgrence

temperature included are shown in Figures 12 and 13).
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Figure 12.
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14.
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Background da/ta for 10-minute intervals.
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‘Figure 13. Background data for one-minute intervals.
(a.r. - above reference) )

P
(a.s. - above surface)

1. Temperature at reference level 1 inch ~ 5.0 °C

2. Temperature at 10 cm a.r. l‘inch = 5.0 % -.
3. Temperature at 20 cm a.r. 1 inch -~ 5.0 zc

4. Temperature at 25 cm a.r. 1 inch -~ 5.0 ¢

5. Temperature at 30 cm a.r. 1 inch - 5.0 °¢

6. Temperature at 35 cm a.r. / 1 inch - 5.0 ©C

7. Surface temperature (approximately 40 cm a.r.) 1 inch - 5.0 %-

T

8. Temperature difference, 180 cm a.s. to 80 cm ais. 1 inch - 0.5 °c

9. Temperature difference, 80. cm a.s. to 30 cm a.s. 1._:£nch - 1.0 %

10. Temperature differemce, 30 cm a.s. to surface 1 inch - 3.0 %

11. Temperature difference, surface to 35 cm a.r. 1 inch - 3.0 ¢
12. Net radiation 1 inth - 0.1 1y min~T
13. Wind speed range 1 'inch - 10.0 m 3-1
14. Mean maximum wind speed ) - 1 inch ~ 10.0'm s-i
15. Mean wind speed 1 inch - 10.0 m s~
16. Mean minimum wind speed , 1 inch - 10.0 m 8~
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Time interval between measurements is

»

10

minutes

Figure 14. Temperature differences between reference level and
different levels in the snow cover and their first
and second time derivatives.
S , . R
- A\ .
(a.x. - above reférence) P
- - Scale .
1. Temperature difference, 35 cm a.r. to reference 1 inch - 5.0 9
2. Temperature difference, 30 cm a.r. to reference 1 inch = 5.0 °c
3. Temperature difference, 25 cm a.r. to reference 1 inch - 5.0 °C 1
g. Temperature difference, 20 cm a.r. to,reference 1 inch - 5.0 °c‘
. Temperature difference, 10 cm a.r. to referecce 1 inch - 5.0 °¢
6. First derivative of 1. 1 inch - 1.0 OC
7. First derivative of 2. 1 inch - 0.5 0¢ ~
8. First derivative of 3. . ‘ 1 inch - 0.5 9¢
9. First derivative of 4. 1 inch ~ 0.5 ¢
10. First derivative of 5. ’ 1 inch - 0.5 °C
]

_ 11. Second derivative of 1. . ¥ 1 inch ~ 2.0 %
12, Second derivative of 2. 1 inch - 0.5 %
13. Second derivative of 3. 1 inch - 0.5 %
14. Second derivative of 4. 1 iach -~ 0.5 %
15. Second derivative of 5. 1 inch - 0.5 °C
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(a)i!gg;i a 'on'ggtggggg' B ‘ .
There are two/patterns present inm the variations indicated
by the first and the second derivatives in Figure 4. One occurs °
at night and is characterized by variations that gradually ’ o
penetrate deeper into tée snowpack. The pattern apparently is
related to the overall steepness of the negative tenperathre
gradient in the snow cover. The pattern is absent around 5200
and 11000 minutes when the gradients were slight. This pattern
is helieved to be a result of free convection inside the samow
cover as a response to the unstable stratification (Scheidegger,
1960). The pattern is consistent with results obtained by Ber;:n
{1963) uho\feports free convection in a Rocky Mountain snowpack.
It is often claimed that the pores of a,gnéupack are tgo
small to allow free convection. This assunmption arises from the
treatmentocf the pore spaces as c¢losed cells in vhich the hriving

force becopes equal to the viscous dissip&iion at fairly large

pore sizes. Since, hovwever, a low demsity snowpack has

r
)

interconnected pores thtoughout, a simultaneous retyrn flow
vithin the same pore space is not necessarj. The flow in any one
pore space is therefore Et any instant unidirgctignal. The
resistance to such flow is velocity dependen; and approaches zero
at zero velocity, uithout'exceediﬁg the driving forcef\\a

slow

) ,
flow of air is therefore possible in the snow cover even at

s

roderate density gradients.

»

Except for the near-surface layers, the pattern is

1
A




PR N

94

Y " . . / "

S
i

~ " { '
|
apparently unaffected by wvind above the surface as indicated by
»  the similar{ty of the patterns at 900 and 2300 minutes. However,

H
at 9500 minutes, during a night with intermittent wind at low

speeds, fairly large variations ex tend deep into the snowpack.
These may te relﬁted to individual gusts of wind. The °’
near—-surface temperature gradient was steep and variable on that

night and this may have iqﬁlu%nced the convect}on at greater

depths below the su?face. :

. The second pattern occurs in daytime. The depth penetration
of the variations is usually greatest at around noon but it say
vary from day to day. OUnfortunately the temperature gradiénts
measured above the snow surface are not very reliable. If,
however, we use the temperatures at the meteorocloyical screen, we
find that the depth penetration is generally better deva;gped
when the snow surface temperature is near or greater than the
screen temperature. This indicates conditions of relatively
steep horizontal surface pressure gradién;ﬁ.

The observed temperature variationg cannot easily be |
explained without assuming the existence of convective heat
transfer through the snow cover. The temporal patterns indicate
that two driving processes are involved. It is concluded that
one pattern is wind-induced and related to the unstable density
stratification of the air that occurs just above the surface in

" daytime. The second pattern is an appareﬁt result of free

convection caused by the unstakle air density stratification
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inside the snov cover at night.

The very rapid changes in temperature gf the near-surface
%

snow layers could be sufficientlj large to produce tke prariousiy
. . v

D

discussed spatial variations in vapor rressure of the ice matrix.

’ Il

N .
3. Snow Surfacée Tenreratures , ,

One characteristic feature of snov surface temperatures is

'

their rapid teamporal variation (Figures 12 and 13ﬂ. The
fluctuations coincide with fluctvations in temperature recorded
at deeper levels in the sno; and they also correlate with
observed air temperature variations. The rate of temperature
change is high, as caéche expected for a surface material of
low(still air) theeri conéuctivityvand low heatxﬁipaciig. - The
greatest temporal variations tgnd to occur partichlarly on Clear
fights with strong radiative cooling. On such nights, in the
absence of wind, the surface temperature drops tovards the
dewpoint, but even minox gusts of wind raise the temperature,
presumably towards that of the wetbulb.

These rapid fluctuations show that the surface temperature

is very strongly{influenﬁed by changes in the

turbulent fluxes. Thermal scanning of snow surface temperatures

}so show that-

¥ be fat~nore

e

in the turbulent fluxes. The rapid fluctuatijons A

il
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tempeftature of the sncw surface.

o

In snovw hydrology, for the purpose of estimating heat

<

fluxes, three common assumptions regarding smow surface

temperatures are: ‘ . -

(a),The.snow surface tempefhture equals screen“aiff
temperature when this temperature is beloi‘agﬁeééées C
, (e.g. ¥endler, 1971). . . . ‘ .

(b) The snow surface teaperature eguals the screen dewpoint
temperature when the latter is belaw 0 degrees C.

(c)uThe snow surface temperature equals the screen uetﬁbnlb
temperature‘qhen the air temperature is colder than 0
degrees C (Price et al., 1976; FitzGibbon, 197f).

»i The data presented in Figure 15 Shows that screex | ,

tenpefature is generally the best estimator. At night, ;n'cdln;

clear conditions the devpoint t?nperature may\gizg the best

]
estimate. In windy conditions at night, the best es%imate is

\

i

Q v \
- '

often given by the Het—bulb“température. L
AR
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Figure 15. Snow surface temperature compared to Dew-point,
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4. In-Snow_Temperature : . X

An important factor influencing snow temperagure variations
is the integnal absorption of solar radiation. From Figures 5‘
and 6 it may be seen that the amount of radiation available for
absorption is at a maximum within the upperiost centineter of the
snow cover and declines quite rapidlf with depth belowv the
surface. )

* The temperature seasurements show that on several days the
tém;eratnre,at 5 cm belov the surface was considerably varmer
than the surface temperature. This indicates, when ve gonsﬂde:,
the radiation profile, that a néjor part of the absorbed
radiatigh must be néed to heat the air‘asove the snow. Figure ie
shous this to be the case. This figure shows the measﬁred neé
radiation, the computed heatfpenetiation through diffegent léiels
of the smow pack, and the couputed turbuleat fluxes. The
turbulent fluxes were computed over 10-minute intervals as a
residual £Xom tpe measured net radiaéion and the computed change
in heat ccnteiit of the snow cover.

When the snow cover is isothermal, in.a melting state, a

! net radiation has been observed to

much greeater p;oportion of the
go touards (melting'of)“thé snow (ac;ay and Thur;ell, 1978) .
This can partialiy be explained by the fact that when the snow
cover is isothermal, therexis no gradieant to coﬁduct‘%he heat
from internal raéiaut ahsorpt%cn tovards the surface. One ﬁasic

condition for isothermal snow, however, is that the turbunlent
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fluxes are directed towvards the surface or, at least, do aot

transfer much heat away from the surface.
It is interesting to hote that the intéfnal absorption of

solar radiation provides a w%ery efficient mechanism for the

recovery of nocturnal heat ldsses. This\gliowﬁ the tase of the

snovwpack to balancé at a high

N 3
\

temperature than would be
b eR

N

possible without internal abs&{ Q}on. On severaf\dafs surface
\ \

temperatures well above the melt

ny point would have been
\ N v
required in order to conductively replace nocturnal heat losses.

5. A_Meltwater Percolation Event
The soil heat deficit plays an important role durlng snoh
nelt and is probably quite 31gn1f1cant both hydrologxcally and
ecologically. The data obtained in the present study give some
observations relatlng to thls toplc. ‘ )
At the study s;te, the temperatures at t \@e snov/so0il
;nterface were about -6 degrees C. With the gxpund frozen to a
depth of 1 m and a volumetric heat capacity of &\ZHJ/mB, the
vinter soil heat deficit is sufficient to refreeze atout 4 ca of
water or aktout one day's melt at above average rates (cf Price et

. ]
al., 1976). 1In Schefferville, winter soil heat deficits may vary

considerably, particulariy in tundra locations (cf monthly N
tautochrones shown by Annersten, 1964, pp 59-62). Not much of
the latent part of the winter heat deficit is recovered during

melt as is evidenced by the groupd often remaining frozen guiée

3]
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close to the surface after the snow has melted. A large portion
of the ncn-latent winter heat Qeficit is moved to the bottom )
‘layers o} the smov cover in the early staées of melt when vater

' frem trief melting events percolates to the bdse of the snow pack
and then refreezes. The §§freezing is a result of the non-latent

heat deficit of the ground. In this pfocess a layer of snov ice

is formed at the snow/ground interface. Measurements by

Annpersten (1964, p. 68) clearly shov the effect of such meltwater

percolation on soil temperatures at a tundra site near

"Schefferville. . o
One brief melting event with percolation of meltwater
- occurred on April 20 when surface melt was recorded ketween 900

and 1100 hours. For tvo hours the surface was at the melting

s o v o A e

temperature and then the %enperature dropped belaow freezing after

a reduction in the humidity ocurred at about 1100 hours. Belting

must have continued, hovwever, in a layer just below the surface.
At 1300 hours meltwater percolated through to the base of the

snow cover causing a sudden increase in temperature at reference

_.«......,_,.-,.V__...ﬂ_
I

level. 1The total increase amounted to about 0.5 degrees C. The
temperature at 5 cm below the surface remained well below 0

degrees C and reached a maximﬁ; of about ~-1.4 degrees C §
exhibiting a characteristic "zero curtain effect" as a fesult of

the surface and near-strface melting.

Many snow melt prediction models and snow hydrology

' texttooks state that it is necessary for the snow cover to be

Al

I &
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isotﬁefmai at 0'degrees C for snovmelt runof £ to occur. Howevaer,
the presené data set shows that thi; is not a necessary
condition. The Eecording, which shovs meltwater percolation
through 40 cm of relatively cold snow, shows that it is not

| necessary for the snow cover to recover the nocturnal heat
deficit refore meltwater percolation and, presumably, runoff can
start. It shows that in cold snow, funnels (presumably A
isotherwmal) develop through which the runoff occurs. These
tfunnels are surrounded by areas of cold snow where temperatures,
in ddep sncv, may remain well belov the melting point for days
af ter the ;eltuater percolation has started. Funnels would tend
to develop around stems and twigs in the snow cover shere |

¢ metamorphic processes have already produced routes of least
‘resistance for the meltuatér; The character of the vegetation at
a site may in this way ke important to the character of the
runoff from that site.

On excavation of the snow thermometer, a few percolati?n

hJ
paths were identified ip its vicinity. Snow ice had formed where

the funnels reached the ground surface.

6. Discussion of the Vapor Pressure Regime in_a_Snow_Cover

Vapor pressures were computed at' 100-minute intervals,
assuming equilibrium with a plane ice surface, and are shown by
Figure 17. This figure also shows the variations in vapor

pressure gradients at different levels in the snov.
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The ccmputations of in-snow vapor pressures vwere made using
the formula: .
log e = tu/(t+v)+y . (Tetens, 1930) ° 5.1

vhere t is the temperature (degrees C)

e = vafror pressure (mb)

v o= 6.7858 for vapor pressure in mb |
u = 9.5 over ice . .

v = 265.5 over ice

This formula gives only an approximate estimate of vapor

pressure. For the present purpose, however, it is guite .

adequate, as a greater potential error lies in the assumption of
equilibrium vith a plane ice surface inside the¢snow fpack.

~ %

‘ (a) Effects of surface curvature v

‘A porous snow cover could produce an average in-snow vapor .

pressure different from that above a plane ice surface. Some

field measurements by Van Haveren (1971) using a thermocouple
psychrometer (Brown, 1970) indicate that the relative vapor i
pressure of snowpack void air, or the ratio of the measured to
the computed vapor pressure is normally less than unitf and can L

'

reach values below 0.985. Van Haveren postulates that this :

undersaturation is caused by ventilation of the snov cover. B

However, the saturation profiles do not clearly sugport this idea
since, in several of the profiles the greatest saturation deficit

is found, not at the surface, but at some depth below it.

3
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ok

Ihe temporal variations in Vapor ressure def1c1t displayed

by van Haveren's profile measurements show that the shape and

size of capillaries cannot be the only factor influencing the
vaéor pressure measurements. Al&hough a laboratory accuracy of
0. 0005 units of relative vapor pressure is ciaimed, Van Baveren
does not indicate the field accuracy of his Vafor [ressure
measurements. It is evident, however, (FigureKBb, Van Haverea,
1971, p. 181) that the time allotted for the probe té'cone to an

eguilibrium with the snow temperature was insufficient.

Considering that the probe length is 60 cm, the temperature

éhange that is indicated is guite unusual whén compared to the
in-snow temperature changes recorded in this thesis. omn p. 180,
Van Haveren indicates that ambient tenpefatures need to ke held
withip 0.001 degrees'C during the 30-40 second measurement
periocd. From the temperature graphs in the accompanying figures
it is, however, evident that this requirement was not fulfilled.
‘Given that the aforementioned factors introduce but

negligible error, the measurements indicate that' the errorcc;used -
by .assuming equilibrium with respect to a plane ice su;faéenis |
generally less than 0.1 mb vapor pressure in the old snow\pack at .

Van Haveren's test site. In a new spow pack the errcr could

probakly be considerakly greater. Figure.17 shoulﬁ be viewed

- - l’
with these constraints in mind. ' v

2l
Ry

~g
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(b) .Effects of g;rungvgmgng on _void varor PLegsure

An interesting effecé of surface curvature oR vapor pressure
is that it prob%hly makes the eqguilibrium vapar pressure of th;
voids a function of the velocity of fléu, for the most sharply
convex parts of the ice matrix protrude into the air§traaﬂ vhile
the concave parts are more sheltered from the moving air. 1Ia
still air both convex and codta}g parts are of similar importance
in determining the average void vapor pressure, but with
increasing rates of aiT\ﬁGGZ;;;t, the vapor pressure at the
protrusions would take an increasingly dominant role. . Thus, the
vapor pressure of the void air should inéréase as the rate of
flow increases. No suitable measurements are available in the
literature to evaluate whether or not such a velocitg depeqdence'
exists. Neither Yosida's (1950, 1955) nor Yen's (1962, 1963,
1965) exfperiments include measurements suitable to answer the
guestioﬁ.w Yen's experimental apparatus could, however, be used
for this purpose, if the moisture content of the air were also
measured just befare the-wet test meter.
| If we re-interpret the relative varor pressures shown Ly Van
Haveren, (1971) it is gcssiSIe that the higher relative vagor
[ressures néar the surface result from the movement of air in the
snowWw cover. The measurements may thus indicate snowpack
ventilation but for reasons quite different from those given by
Van Haveren.

£

A second, most inpoft?bt effect of air movements on vapor

pressures inside the snow cover is the previously discussed

& -
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from the rapih changes in tempé¢rature caused by veantilation.

(c) The vapor pres

Given the aforementione

Le_regime

constraints, it is possible ‘ta make
some observations regarding /the vapor pfessure regime during theu
period of measurement. Throughout)the 9-day ge:iod evaporation t

from the surface prevailed/ (Figure 15). Oniy at night, under
o - . /
calm conditions vas ccndedqgtion onto the surface possible.
L

Figure 17 shovs that the movement of water vapor by diffusion wvas

@ J

mainly upvards, particularly in the uppermost 5 cm. Farther down

, )
there vas daytime downward migration of vapor, but at the lovest

N

levels, the movement of vapor %as, again, mainly upwards. ZThere

|
. was a zone of apparent/daytime mass loss just Lelow the snow

surface. sidilarly, there was an apparent nocturnal mass gain in

this zone. The explanation fpr‘this apparent mass gain must be
thag ventilation caﬁses a reduction in fhe steepness of;the .

gradient of the uppermost layer by increasihg igk ef fective
thermal conductivity. No known energy transfer mechanisa could
selectively remove the ngcessarylenergy fof the aforenentioned

mass gain., The daytime mass loss can be explained by internal

absorption of solar radiation and by coolin§ of the snovw surface
by ventilation. —
The patterns of moisture migration are of importance im snow

cover nmetamorphism. La Chapelle and Armstrong (1977) identified

¢




5

a vagor pressure. gradient of approxlngtely 0 05 mb/ce as a

c:it‘val limit betveen "temperature gradient metamorphism" and
“equi-temperature petanorphisn" .(Sommerfeld ;£d La chapcl*e,
1970) . " This limit was periodically exceeded in the 1oves‘ 20 ca
of ihe snow cover during the 9-day perioad. "It vas eiceeded in
both positi&e and negakive directions in the uppermost 15 cr of
the SnoWw cover. Theﬂalfernating direction of moisture flow aust

be guite important to the metamorphic processes in this layer.~'/4“\\

\
.
7
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CHAFTER VI

ANALYSIS FOR VENTILATION EFFECIS

t

-

g:ne insight may be gained into the patterns of ventilation
by comparing the total heat flux to the conductive he;t flux.® In
this chapter such a ccnparison is attenpted under the constraiots
inpased Ly (i) the previously nentioned interpclation error
associated with the assumption of semi-linear temperature chéuge
at reference level and (ii) the announ thermal properties of the

—snov.cover and (iif) the unknown distillation effects within éhe
Snow cover. . ‘

A computer program %as written to pérfbrm the calculation of
both the conductive and the total heat fluxes in a multi-layer’
model where the snoﬁ density can be specified for individual
layers and the respective thersal properties af the snov are
copputed accordingly. The program computes the difference
between the two fluxes at four different depths below the snov °
surface. It also computes the cumulative differences betvween éhe '
fluxes. The output frce the piognan is gr&éhical, obtained
di;ectlyqén the CALCOMP plotter. This makes it convenient to

manipulate the propertieé of the. snow cover and to observe the

effects of the manipulations.




1. Bethod -

( | ; ; '

. The conductive heat flu;, Qé, through a given &eptﬁ interval -

]

in the snow cover may ke estimated by:

Q¢ = <k (dT/dz) C 6wt

vhere dI/dz is the tegserature gradlent estimated fron the

observed temperature dlffeneng across a vertzcal LnterVal in “the

.
’

Snoy cover. N

In the present analysis, the conductive heat flux.across a

depth interval is coqﬁared to the chdhgeliﬂ-heat'contentlof e '
snow slab Lelow that level. The gradients Eontrailing the
conduction into or er of the snog\slab\afe.mainly the gradients
right at its upper and lgwer surfaces, Because of the

’

non-linearity of the temperature gradient, the actual conductive

( neat flu¥ may differ somewhat from the’flux(inferredyfrom the
\ temperature differehce across the intervals. The actual flux
will also lag behlnd the predlcted flux somewhat. | ~
) ~The total heat flux at the top of}a slab, Qt, can be
- estinated‘from the kgoun'femperaeure change per umig Eﬁqe,¢3T/A£
N of a given slab of snow and the heat flux at the bottom, Qb, of
s that slab. Thus, ) .
Y =/JsHCi (AT/At) +0b : ‘ 6.2
‘uhere‘, /A s is spow density(gscmy - - \ ,
. B is the height interval(cm)
fci is the specific heat of ice {cal/g).

The toal heat flux estimate is also sllghtly affected by the




:1394) to 0.0085 (Kondratyeva, 1945). Although Kondratyevas

, estipate of the conductive heat flux, for when compared to other,

The accuracy of this estimate depends on the accuracy of the

non-linearity of the temperature gradient. Since the measurement

method precludes destructive monitoring of the thermal progerties
of the snov pack, and since no non-destructive metliods vere

available, the snow density and the thernal:prcperxies are

unknown and need to be estimated.

Recent reviews of different proposed relations between snow

density and thermal conductivity, ks, are gived 51 Goodrich
(1976), Beimer (1980) and Ohmura (1980). For the présent‘stndy
kbels!' (1894) formula was used where

ks = cpzs . (cal/cm/s/degree C) - 6.3

and where ¢ is a constant that norﬁally ranges fron O;QOGT(Ahels,

constant was established for snow densities greater tham 0.3 §/mn5

, the latter value ratherthan the former was used for the ipitial

more recent estimates of the thermal conductivity of snow it - .

-+

falls closer to the centre of the range‘of;fﬁese estimates than

Abels' foraula. ] s -

The volumetrig specific heat vas determined using the

fornula

ts = PNs(0.5057 + 0.0018631)0i . 6.4

vhere T is temperature (degrees C) and ) ’ ‘ \

\ pPi= 0.91689/cn? , \ 6.5 K -

0

estimated snow density. A density survey at .the end of the

1
-

-
~ - |

-
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\

measurement period, taken as the snow thermometer was excavated,
yielded a density of aprroximately 0.2 g)an. The estimated
range in density is -from not less than 0.16 to a maximum density

equal to that measured at the end of the&neésnrenent period.

-

2. Run 1 | R
An initial rup vas pade using a upiform snow denéity of 0.2

g/cm 3.‘ The result is shovn in Figure 18.

© The two flﬁxes shov apparent differenges of several k;ndé.
First, the short te?n variability is far greater for the total
heat flux than for the conductive heat flux. This can be
expected since the temperature gradients change anly gradually
and other factors governing the conductive heat flux al;3 change

\

Secondly, there is an apparent lag of apprbximateiy 100

very slowly.

minutes betveen the tuo'fluxeS‘with the conductive heat flux
preceedlng the total heat flux. ‘

Thlrdly, at the 1owest level there are large differences
beFueen the two fluxes. These differences can be seen throughoui
the entire depth of the snow cover. The difference is
paiticularly visible at 6100 iiqutes.

In part, the differences are caused by the method of i
compﬁtation (particularly_theAtime'lag). It is also gu;te

apparent that the semi-linear interpolation between thermistor

e
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Figure 18. Run 1. Conductive and total heat fluxes . . .-
(a.r, - above reference) '

a

o . Scale
1. Total minus conductive heat flux\at 30 cm a.r. 1 inch - 0.02 1y min-l

2. Total minus conductive heat flux at 25 em a.r. 1.inch - 0.02 1y min~!
3. Total minus conductive heat flux at 20 om a.r. 1 inch - 0.02 lf min~t

4. Total minus conductive heat flux at 10 cm a.r. . 14nch - 0.02 1y min"L

‘ , . L 1

. . ' A
5. Cumulative total of 1. . 1 inch - 20.0 cal cw 2
6. Cumulative total of. 2. ; ' © 1 dinch - 20.0-cal cn~2
7. Cumulative total of 3. 1 inch - 20.0 cal cu™?
8, Cumulative total of 4. - 1 inch - 20.0 cal cmez
9. Total heat flux at 30 cm a.r. ) "1 inch - 0.02 ly m:l.n'.'1
10. Conductive heat flux at 30 cm a.r. 1 inch ~ 0.02 ly min-l .
11. Total heat flux at 25 cm a.r. . 1 iach - 0.02 1y min~l
12. Conductive heat flux at 25 cm a.r. 1 inch - 0.02 1y min™!
13. Total heat flux at 20 cm a.r. » 1 inch - 0.02 1y min™l |
14. Conductive heat flux at 20 cm a.r. 1 inch - 0.02 1y min~l
© ' 15. Total heat flux at 10 cm a.r. ' " 1 iach - 0.02 ly'min-l
16. Conductive heat flux at 10 cm a.r. - 1 inch ~ 0.02 1y min~L
f ’ ’ : 1 4
The assumed snow density is 0.2 gem™3 - . ,
\n N 9 ) ( .
v v“‘\/_/-’) ' . - =
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-

readings is inadegquate. The total heat flux exhibits
considerable temporal variations throughout the snow cover, down

to the lowest measuring level, This suggests that the sudden

‘ L . 4
changes in temperature extend right to the base of the snow

cover. The intermittent reference temperature readings miss the
sudden temperature changes. The semi-linear interpolgtio;
removes these short:term fluctuations in tempera;urg, not only at
the base but thrduéhout the snovw column.l An error of longe€r
wvavelength is also present due to the interpolation over long
t?ne'intervals vhen fhe actual temperature change vas strongly
non~linear.

If we adjust for the lag by simply delaying the conductive
heat flux Ly an appropriate amount and ve assume a perfect fit
between the two fluxes at the lowest level (after lag adjustment)
and remove the actual difference at that level and the effects of
this difference throughout the snow cover, we can filter oﬁt the
error due to the interpclation over iong timé intervals. GW®hile
the conductive heat flux remains unchanged, ve are nao loager
dgalihg with the total heat flux dcross the dif%erent levels.
Instead "total heat flux" nov means the effects of chgnge in the
heat content of the upper levels Af&the snow cover addgd to the
conductive heat flux at the lowest level. This, of course,
precludes an accurate guantitative evaluation of the ventilation
effects. However, the distortion is in most cases small. A
gq?litative analysis should, therefore, still Le meaningful.

o
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The data manipulation described above affects the time lag
betveen the conductive and the total heat fluxes. This is
because the previously discussed lag at the lowest level is
filtered out. Therefore a change in the assumed thermal
conductivity of the snow will change the lag somewhat since it
influences the difference betveen the two fluxes at the 1oues£
level.
3. Buns 2, 3, 4 and 5 : | D

A- second run (Pigure 19) shows the output after lag
ad justment. In this run the non-conductive heat fluxes a:e‘
assumed to be egual to the conductive fluxes at the lowest layer.
This run shows that on several occasions the conductive heat flux
exceeds the total heat flux both in the downward (ppsigives and

upward (negative) directions. When the snow density is modified

from 0.20 to a value of 0.16 g/cnm 3 (Figure 20), the fit imgroves

somewbat. -The nocturnal conductive heat fluxes still at times
considerakly exceed the total heat fluxes. Sinilarly, on some
days the conductive heat fluxes exceed the total fluxes.

Any further lowering of the snow density would bring it well
beloy the estimatéd,minimum snaow dens%ty for ghe experiment. The
ratio betweeﬁ,thé two fluxes can, ho;evgri alsa be changed by
altering the Val;e of ¢ in Abels' formula. A value ¢=0.0060

, . . . 3
gives a reasonable f}t for an assumed snov¥ density of 0.20 g/cm

(Figure 21). This brings c outside the normally observed range

N
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Figure 19. Run 2. Conductive and total heat fluxes.

(a.r. - above reference)

Scale -
1. Total minus conductive heat flux at 30 cm a.r. 1 inch - 0.02 ly min~1
2. Total minus conductive heat flux at 25 cm a.r. 1 inch -'0.02 1y mix;'l
3. Total minus conductive heat flux at 20 cm .a.r. 1 inch - 0.02 1y min-l

4, Total minus conductive heat flux at 10 em a.r. 1 inch - 0.02 1y min -

t

5. Cumulative total of 1. 1 inch - 20.0 cal cm~2
6. Cumulative total of 2. ’ ;/ inch - 20.0 cal cn”?
7. Cumulative total of 3. 1 inch - 20.0 cal cn~2

;-2

8. Cumulative total of 4. . 1 inch -~ 20.0 cal cm

3

:I.nc::{f 0.02 1y min;l
incH - 0.02 1y min~1
inch - 0.02 1y min~1
inch - 0.02 1y min™}

9, Total heat flux at 30 cm a.r.
10. Conductive heat flux at 30 cm a.r.

11. Total heat flux at 25 cm a.r.
12. Conductive heat flux at 25 cm a.r.
pa

[

13. Total heat flux at 20 cm a.r. 1 inch - 0.02 1y min~}
14. Conductive heat flux at 20 cm a.r. 1 inch - 0.02 1y min™t
15. Total heat flux at 10 cm a.r. "1 inch - 0.02 1y win”l

16. Conductive heat flux at 10 cm a.r. 1 inch - 0.02 1y min~

The assumed snow density is 0.2 gcm—3.

Lag adjustment is 100 minutes,
Total heat flux is set e€qual to the conductive heat flux at 10 cm a.r.

il

1.
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Conductive heat

Q

The assumed snow density is 0.16 gem

-

-3

L

inch - 0.02

4
Figure 20. Run 3. Conductive and total heat fluxes.
(_a.];. - above feference) ‘ ,

: . S Scale :
1, Total minus conductive heat flux at 30 cm a.r. ‘L inch - 0.02 1y min~1
2. Total minus conductive heat flux at 25 cm a.xr. 1 1hch‘- 0.02 1y min~1
3. Total minus conductive heat flux at 20 cm a.r. 1 dnch - 0.02 ly min™t

v ‘ .
4. Total minus conductive heat flux at 10 cm a.xr. "1 inch - 0,02 1y min "t
5. Cumulative total of 1. ,. 1 inch - 20.0 cal-em™2 -
6. Cumulative total of 2. _' J + 1 inch - 20.0 cal c.lu_\2
7. Cumulat':ii}e total of 3. 1 inch - 20.0 cal ¢:xn,‘2

" 8. Cumulative total of 4. 1 inch - 20.0 ca’l cm"’2
9. Total heat flux at 30 cm a.r. "1 inch - 0.02 1y min-}

10. Conductive heat flux at 30 cm a.r. 1 inch - 0.02 1y min~1

" 11. Total heat flux at 25 cm a.r. . 1 inch - 0.02 1y min~}

12. Conductive heat flux at 25 cm a.r. -1 inch - 0.02 1y min~L

13. Total heat flux at 20 cm a.r.- ;. 1 inch - 0.02 1y min'l

14, Conductive heat flux at 20 cm a.r. v+ 1 inch - 0.02 1y min™

15. Total heat flux at 10 cm a.r. - .1 inch - 0.02 1y min"l

16. flux at 10 cm a.r. -1 ly min -1

Lag adjustment is 100 minutes.
Total heat flux is set equal to "the conductive heat flux at'10 cm a.r.
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Figure 21. Run 4. Conductive and total heat fluxes.

/
¥

(a.xr. ~ above réference)

. X . Scale
1. Total miﬁus conductive heat flux at 30 cm &.r. ‘1 inch - 0.02 ly min~1

2. Total minus conductive heat flux at 25 cm a.r. .1 inch - 0.02 1y min~1

3. Total minus conductivé heat flux at 20 cm a.r. 1 inch - 0.02 1y ux:ln_l

) 4. Total minus conductive heat flux at 10 cm a.r. 1 inch - 0.02 1y min-l
. - , .
5. Cumulative total of.l. . 1 inch -~ 20.0 cal cm~2
6. Cumulative total of 2. 1 inch - 20.0 cal ™2
7. Cumulative total of 3. 1 inch - 20.0-cal cm'z
\ 8. Cumulative total of 4. " 1 inch - 20.0 cal cm 2
(¢ o ' ’ ’ N ; -
' 9, Total heat flux at 30 cm a.r. - "1 inch ~ 0.02 1y min~!
10. Conductive heat flux at 30 oma.xr.. 1 inch - 0.02 1y mint |
11. Total heat flux at 25 cm a.r. '1 inch - 0.02 1y min:i
12. Conductive heat flux at 25 cm a.r. 1 1 inch - 0.02 1y min
13. Total heat flux at 20 cm a.r. .1 inch - 0.02 1y .
14. Conductive heat flux at 20 cm a,r. 'l inch - 0.02 1y min~!
> 15. Total heat flux at 10 cm a.r. ‘1 inch - 0.02 ly min L
> 16. Conductive heat flux at 10 cm a.r. 1l inch - 0.02 ly min

'~ Thé assumed snow density is 0.2 gcm'3.
* Lag adjustment is 100 minutes.
Total heat flux is set equal to the conduc¢tive| heat flux at 10 em a.r. .
‘'« The constant used is 0.0060. e p
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of 0.0068 to 0.0085, possibly as a result of the £lux | Lo
equalizaticn at the basé.d - C ,
Heat gains due to absorption of shortwave fadiation are -
apparent in the foram of daytiue‘total heat fluxes ékcéeding the
pondhctive heat fluxl However, if the heating were by radiant
abso:piion only, it uculd decline muchfmo;e raéﬁd%y with debth
tiian is presently indicated. It is guite possible that the
~ observed heating is related to snowpack ventilation and is caused
by downwards redistribution of radiant heat absorbed in the -
near-surface layers of\the SOV cover. Although the therl;lx
effects of ventilation appear to be relatively small, Figure 21
shows that ventilation cannot be discounted as unimportant to
heat transfers through the snaow cover. From about uood zinutes
to about 6000 niputes, a period of warm air advection and fairly
high wind speeds, the total heat gain of the SIOW COVer vas-
consistently'abont 20 to 50 per cent gre;ter than the heat gain .

¥
by conduction. The mnet radiation during the night falling within

that period was close tc zero, and the snow suzface teliperature

1
t
t
!
3
i
i
i
i

was uarigf than the temperature inside the snov cover. Another,
similar, occasion is in-the evening bgtuégn 10600 minutes and \
10800 minutes when, again, the surface temperature was warmer
than the irternal parté. )

There is aé apparent strong response to variations in net

radiation at night. This response, however, is more apparent

than real and is caused by an excessive lag between the two

-
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fluxes. - If the lag is reduced to 20 minutes, the effect
dlsappears (Figure 22). Thzs 1s probahly a more appropriate lag
for the presently used constants than the 100—n1nute lag
deteru1ned for the initial run. . The variation in lag time is a

/

result of the assumed lovwer boundary condiiion.)as previously !

)

mentioned. ' "

The reduction in lag time enhances the aprearance of
. » /

absorption of solar radiation. it also adjusts the timing of the'

radiant absorption to correspond better with dstrononic‘rgality.

One interesting pattern appears in this figufe, namely thatithe

A
tvo windiest days are also the two days when the greatest

differences between the gonductive and non-conductive heat fluxes
occur. The effect extends through the entire depﬁh of the
snovpéck., This may be the previocusly discussed effect of' ‘
véntilatigg redistriputing dovnwards into the snow cover radiant
heat' abscrbed neak the surface. * |
The periods of ncn-confiuctive heat gain coincide with the
periods‘of inctegsed variation in the first and second |
derivatives of teuperatﬁre (Chaptequ). Beéquse of the

uncertainty introduced Lty the various assumptions used, howvever,

‘this coincidence may be fortuitous.

There‘are several .vents when ‘there is a close tempq:al

correspondence between the differences between EK; total ‘and

conductive heat fluxes for different depihs within the show

N

gpver. This is valid for fluctfiﬁ;ons of both long and short

-4

7

%'
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Figure 22.
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Run 5. Conductive and totall heat fluxes.

(a r. - above reference)

i)

1. Total minus conductive heat flux at 30 em a.r.

Fd
2.

"3,
4.

9.
10.

11.

T 12,

13.

14.

15.
16.

The assumed snow density is 0.2 gem ~.

Total minus conductive

Total minus conductive

heaﬁ flux at 25 cm a.r.

‘heat flux at 20. cm a.r.

Total minus conductive heat flux'at 10 cm a.r.

Cumuiative

,» Cumulative

Cumulative
Cumulative
Total heat
Coqguctive

Totaléheat
Conductive

Totai heat
Conductive

Total heat
Conductive

total of 1.
total of 2,
total of 3.

total of 4,

N x4

-

flux at 30 ¢ém'a.r.

heat

flux at 30 cm a,r.

flux at 25 cm a.r..

heat

flux
heat

flux
heat

at 10 cm a.r.
flux‘ at 10 cm N 3

flux at 25 cm a.r.

at 20-cm a.r.
flux at 29 cm a.r.

-3

Lag adjustment is 20 minutes.
Total heat flux is set equal to the conductive heat flux at
The constant used is 0.0060.

)

-

b b fed e

o T e

-

i

e

inch

-1 incb

inch - 0.

inch

incb»-

inch

inch

inch

inch
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wvavelength. This uouid suggest that the differences are related
either to the error introduced by the equalization of the two
fluxes at the lowest level or that they are related to
ventilation events, si?ultaneously effective tﬂroughout the
snoLpack. Neither the timing, nor the direction of the " ~
differences at the lowest level, howevgr; coingi&e vith the
aforementioned pattern, so the pattern is not caused by the
artificial egualizationrof the fluxes at the lowest level. The
pattern may thus Le related to snowpack ventilation.

Onersuch event accurred at approximately 1800 minutes when a
large, positive difference between the conductive and total heat
fl uxes sﬁddenly‘changed to a much smaller difference. Kot much
in the backup information can explain this sudden change. There
is a decrease both in uindsbeed and in wind gustiness at the éine
and also a decrease in net radiation. However, such events
occurred on mosé afternoons throughout the period of measurement

wvithout producing the same spectacular effect. There is,

however, also a sharp drop in the temperatﬁre difference between

i

' the snovw surface and the air at 30 cm above the surface that

coincides with this particular event. The absclute value of the
temperature difference is unknown because of the previously

di scussed intrg?ent trouble but\tbe relative change in |
temperature is a real one. The change is from an unstable to a
less unstable thermal stratification in the near-surface layer of

the air. Coincident with this.event there is also-a drop in the
' ¢
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relative humidity gf the air at #creen level. Since the
near-surface temperature was higher than the temperature of the
lower parts of the snow cover, ventilation would produce a heat
gain. The surface tenmperature also drops sharrly at the same
time as the change in difference between the two fluxes occurs,
possibly as a result of the changing radiation Ealance,‘bnt mgre
likely as a result of cooling\by evaporation, caused by the
reduced relaéive humidity of t he air. The sinultaneity of the

»

change at the different levels suggests that the sudden change in
th; dif ference between—the total and the conductive fluxes is the
result of a sudden reduction in snowpack ventiiaticn.

- An eveut‘at 1500 minutes is shown as a marked fluctuation in
the difference between the two fluxes that extends throughout the.
snowpack. There were coincident variations in both net
radiation, wind speed and relative_humidity of the aif‘at‘this,
time. A similar event at 7150 minutei is similarly acconpanied
by fluctuations in windspeed, net radiation and a drop in
relative humidity. In addition, there is a reversal in the
temperature gradient between the surface and 30 cm abovelthé
surface. The change was from unstable to stable stratification
and the temperature distribut%on was such that ventilation would |
increase the heat gain by the snowpack. These events also
suggest effects of snovpack ventilation.

It is evident that many of the observed fluctuations that

penetrate through the snow cover are related to events akove the

»
1
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- spow surface. Hosever, there is no clear relationshiﬁlﬁetveen
the difference between the tyo fl&&es and fhe above-snow eveats
as vas anticipated. At times there isaanmapparent relationship

to changes .in wind, ten;enature'gradient and relative humidity.

Oon many occa§ions, houe%et, there are large changesain wind speed

with no apparent response in the‘difference bétﬂeén the }vo

fluies. On other occasiens there is covariance between wind

speed variations and variations in the flux differqpheé.

™
»

-~
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CHAPTER VII
PéSHCLugiONS AND RECOMMENDATIOQNS
1. gonclusions S
- A;neu‘snow thernoneterﬂgés'designed and manufactured in
order to investigate the temporal patterns of smowpack
ventilation. The design was successful and enabled an accurate
sgt of snow temperature measurements to be taken through a set of
dinrnal cycles that in;lude an event of snow Surfgce melting.

The bhigh resolution of the temperature measurements allowed sonme ’
new observations to be made regarding snowpack-temfperatures.

The study shows that thére are tempor&i variations in
felperéture inside a snow cover that camnot be explained in teras _
of condﬁctive or radiative‘ﬁe;;/fluxes. It is qoncluded that ’
they are caused by air novements inside thé:snow.

The thermal ef feats of the air movements show two distinct
patterns. One is particularly apparent ip<£he daytime when the
snow surface temperature is near its daily-haxinum. This
coincides with the least stable density stratification of the air
inmediately above‘the surface. The patternnihus sugpports the
notion that ;he §urface pressufgifield drives the air moticn
inside the snow. : , ' | .

There is a ﬁecond‘paitern of irregular changes in /

tenberature that occur at night. This patférn cqinciﬁes with
¥

¢
1




steep negative teiperatuhe gra&ients in the sncw cover and
appears to be caused bty the unstable density stratification in
the spow cover. ’This is in ggreengnt wi;h conclusions reached by
Bergen (1963).

The relationship tetween wind above the surface and air

/

movements inside the snow cover is not a simple one. The theory

proposed in this ‘thesis suggests that an increase in vindspeed
Bay not necessarily result in an increased ventilaticn r;te, bntl
that there may, in fact,nbe’a decrease in ventilation rate beyond
a certain, perhaps fairly low, wind speed. Tpe theory -also
suggests that vapor tramsfer mechanisms may produce iegative
feedbacks to ventilation in the'ptdbence of steep temperature
gradients. It was, however, not possible to verify these aspects
of the theory using the present data ‘set.

The snovw thermometer desién does not encourage downward
percalatidh of meltwater along the sehsor a;ray.‘)This allows
accurate temperature neasurements to be made even when parts of
the snow cover are melting. Thus, a temperature maxinum of -1.4
degrees Cywas recorded at 5 centimeters below the surface during
a brief period of surface and near surface melt. Thére uas a

vell developed zero curtain effect during this period.-

The data set shows one event of percoliticn of meltvater
from a melting near-surface layer through a snav cover that is
vell lelov the freezing poiﬁt. The mechanism c¢f such percolation

has been discussed by iankieiicz(1§76) but it is the first tine

4
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The data set shows rarid temporal variations which are
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ihat‘;he associated sthermal events have been recorded‘in,a
natural setting. ‘ J

It was possible to éetermine, with reasonable accuracy, the
heat-talance of the sncw cover over 10-minute intervals. 1The
measurenents shov that although the snow cover may aksorb only
some 20£per cent. of the incident solar radiaticn, only a small
éoxtion of the absorbed-radiatién is actually used to elevate the
temperature of the snow cover itself. A major portion of the ﬂ
absorbed radiation is used to heat the air above the snow. ngs
is acconpli;hed, at least in part, qY‘ventilation of_the
uppermost few centimeters of the snbw~cover where most of the

radiant absorption occurs. Ventilation of the uppermost few

centimeters of the sncw cover is suggested as a conplement aﬁ%,

" perhaps, an alternative to Qhmura's (1986) surface absorption

hypothesis. This hypothesis was put forward tc explaim why the
ne;r—surface layers of the snow cover do not melt despite the
large amount of solar radiation absorbed by the\shov cover.

Snow surface temperaiures vere monitored with good accuracy.

particularly marked at night, in near-calm conditions. A test of

tqree methcds of estimating snov surface temperatures indicated

o

‘that screen air temperature is generally the best estimator. At

night, in calm conditions with clear skies, the screen dewpoint'
temperature is the best estimator. 1In uindf ccnditions, at

night, the best estinate is often given by the screen wet-kulb
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temperature.

\ -
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2. §_gg ested_ ggg;;;gg_;gg ;gg Snow Ihernogetg;

' - The present therlometer/suffered from a design error which

-

‘was due to an assumption, based on avazlable llteratn:e, that the .
tenperatn:e variations at the base of the snow cover would be
negligible. It vas assumed that éeml-llnear interrolation
between intermittent reference thermistor readings would give a
suificiently accurate tenperature'referencé; The temperature -
measuréneuts show, however, for the first tine, that there are |
sudden changes in tebperature that’extendﬁt;roﬂgpént the snow "
cover. ; | ; \ f \

The desién error is easily corrected by 'using a reference
theraistor ca§ity of high thermal inertia. The reference cavity
should be linked to the lowest level of the snow therroneter ’ “

using a fast-response thermopile. The output from tte thermopile

~
~

should be monitored with the other sensors on thé scan.
\ AN
\3- - MWW ' -~
//‘ it would’ have been desirable to repeat the expgr;ment using : .
a correctly designed snow thersometer. Hoﬁever, the eiperience |
gained in the experiment showed that a more comprehensive  change

in the experimental design is necessary.

First, the‘detailed analysis of minute~by-minute data

indicated that a much greater scan rate, of several scans per //////

€ » ‘1 , .
1 ' - /
i -
- 5 ’ )
i B .,
, .
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sec?nd is required in corder to study individual ventilation

events. fhis requires a further improvement in the resolution of’
tﬁe data recording sgstem.‘ Such an imprpvement can be'achigved .
with a bettet_data logger. A digital daéa(logge: is iequi:ed for

_tﬁe necessary speed of response. The output shoul'd be directly

borizontal components were to be Simultanmeously nqpitored. The

i

_monitoring of surface pressurfe variations presents its own

-~ 9

problems, however, and it is anm area of research that $till needs

/

the atial variations in surface pressure, would be greatly
cilitated by a high-speed data acquisition system. The large
time coustant, necessary for a steady éignai on the chart
recorder, forces a sensor ‘geometry ihat nakes artificial
ventilation of the sensor imperative. Using a high-speed data
acquisition system, air temperature sensors sufficiently small to

eliminate the need for agptificial ventilation can be used.

RN

4, ~ Some Slggestions for Future Research




g g
+

. However, many more guest%gns were raised than answered.

n

i

This thesis has pgpvidgd-some, ﬁt least. tentative, answers
to scme éf the ﬁueétic@?\regarding anupack-vbntilétiﬁn.
It is
‘clear that much work remains before the factors controlling
sﬂowpaék ventilation asze fully understood. The bresen¥ vork has
concéntratéd on tbe tésporal péttern§\at a site located in flat
terrain. 1t thus largely ignores the effects of. the ’
quasi-stationary surface pressure variatid?é. Iet; these lay‘be
the ones nainly,respo:siblé for snowpack‘ventilation in terrain
that is not flat.

The spatial and temporal aspects of near-surface turbulence

and of the associated surface pressure fie%? is a tofpic thgt“

merits considerable attention. It is impogﬁant,‘not only to

hsnpwpack‘and soil ventilation’but also to energy exchanges at thé

surface and to aeolian étanspértfﬁfocesses. : ~

It is easily imagined that d;fferehces in vegetation and
topography influence tke character of both éhe quasi-stationary
and the mobile pressure fielﬁs. The ecolbgieal effects, both
iong-tern and short-term, of such variations are unknown.

The vapor transfers within a snow cover merit fuxther
aétentibn. Of particular interest in this context is the .
proposed neéative feedback to ventilation in the presence of /
particularly strong, negative temperatﬁre gradients.' A
telationshié between the vapor pressure of the pore air and its

velocity is also suggested.

AN
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/WIn turbulent transfer theorj the assumption is often uade.'
that both khé horizontal and the vertical coﬁpcnénts of the flow
céne té\zeto near"thé surface. 1The present\study shous tﬁat
there is a vertical flcw component thtough the sﬂ&v surface. The

effect of this vertical éomponent on the heat flux estimates

. obtained by standard gradient measurement méthods needs to ke

‘inwéstigated. . r

The vertical component through the surface may ke an

important factor in aeolian transpoﬁt pnbcééses. The observed

‘snow erosicn feature described in the introductory chapter

certainly suggests this to be the case. It would be most
interesting to knbu the magnitude of the vertical cohponent at ..
the surface under différent conditions. From the point of/viéw'
of snow drifting and energy exchange it would be particularly
interesting toé}now the influence of the near-surface air
peimeabilityﬂon the vertical comfopent through the surface.

The accessory instruments, develofped duriné the course of

this study open possibilities for several new investigationms.

¢

. . r
The radicmeter probe aprears promising for research on radiation

penetration into the sncw cover. The probe could be modified by
adding filters for ;iiferent spectral bands. The aneuoﬁeter§
have already beem modified and developed ingo a low—cost
totaliiing anemometer that makes spatial éigd surveys- feasikle
(ockwell, 1980). Further understanding of the spatial Variationg

in wind speed is needed and the high cost of anemometers is a

- .




factors that need to Le considered in the theory of snow

mechanisa may offer an explanation to the rhpid‘ﬂdest:nctive‘l

- metamorphism" of new snow observed in nature but not predictable

159

!

main bottleneck in this field. ) | ‘ B
Finally, the rapid tenperafnre‘fldétuations and th94 ,

ventglétion they indicate suggest not only one but two new

metamorphisa. PFirst, the movenment gf ai; iﬁflugnces both~nass
and heat transfers. Secondly, the rapid flu&tnations in .
temperature can cause spatial variations in the temperature and
the vapor fressure of the ice matrix as a résq;t of épétial ’ !

1

variations in the thickness of the ice matrix. The latter

i

from surface curvatures using Kelvin's egquation.

I

Ve
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